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Numerous important processes occur 
at/through the solid/liquid interface 
of battery electrodes and hence under-
standing processes at these interfaces 
is pivotal when looking to improve the 
performance of LIBs or related alkali ion 
batteries.[3] For example, the chemical, 
morphological, and mechanical proper-
ties of the solid–electrolyte interphase 
(SEI) at the graphite anode are key factors 
in defining LIB efficiency.[4–6] Similarly, 
particle expansion, strain evolution, film 
cracking, dendrite growth, phase transi-
tions, and changes in the ionic/electronic 
properties of electrode materials all have 
important interfacial components that 
can all be probed during electrochemical 
processes.[7]

Enormous efforts by the battery research 
community have been put into the study of 
these issues, with in situ/operando spectro-
scopic, microscopic and diffraction charac-
terization methods proving to be vital for 
the investigation of the operation, degrada-
tion, and failure of batteries.[8,9] Diffraction 

and spectroscopic techniques, including in situ X-ray diffraction 
(XRD),[10] in situ Raman spectroscopy, and Fourier-transform 
infrared spectroscopy (FTIR), have been used to study interfa-
cial layers;[11] whereas the morphology and structure of electrode 
materials have been studied via microscopy techniques such as 
in situ scanning electron microscopy (SEM),[12] in situ transmis-
sion electron microscopy (TEM),[13] and operando X-ray com-
puted tomography (X-ray CT).[14]

Similarly, atomic force microscopy (AFM) and other 
advanced scanning probe microscopy (SPM) techniques are 
becoming crucial platforms for the study of batteries, enabling 

Although lithium, and other alkali ion, batteries are widely utilized and 
studied, many of the chemical and mechanical processes that underpin the 
materials within, and drive their degradation/failure, are not fully understood. 
Hence, to enhance the understanding of these processes various ex situ, in 
situ and operando characterization methods are being explored. Recently, elec-
trochemical atomic force microscopy (EC-AFM), and related techniques, have 
emerged as crucial platforms for the versatile characterization of battery mate-
rial surfaces. They have revealed insights into the morphological, mechanical, 
chemical, and physical properties of battery materials when they evolve under 
electrochemical control. This critical review will appraise the progress made 
in the understanding batteries using EC-AFM, covering both traditional and 
new electrode–electrolyte material junctions. This progress will be juxtaposed 
against the ability, or inability, of the system adopted to embody a truly rep-
resentative battery environment. By contrasting key EC-AFM literature with 
conclusions drawn from alternative characterization tools, the unique power 
of EC-AFM to elucidate processes at battery interfaces is highlighted. Simulta-
neously opportunities for complementing EC-AFM data with a range of spec-
troscopic, microscopic, and diffraction techniques to overcome its limitations 
are described, thus facilitating improved battery performance.
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1. Introduction

With the advantages of high energy density and long cycle life, Li 
ion batteries (LIBs) have become one of the most widely inves-
tigated and most successfully commercialized electrochemical 
energy storage system of modern times, with applications in elec-
tronic devices, electric vehicles, and beyond.[1] However, an ever-
increasing demand for higher energy and power densities, higher 
charging rates, higher Coulombic efficiencies, longer cycle life, 
and better safety are driving the need for a greater understanding 
of battery materials on the microscopic-to-atomistic scale.[2]
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the versatile characterization of the morphological, mechanical, 
local-electrochemical, and other physical properties of battery 
materials as they undergo charge and discharge processes.[15,16] 
This allows for the investigation of nanoscale processes at the 
electrode–electrolyte interface.[17–19]

Unfortunately, the choice of nonrepresentative electrode 
architectures, overly idealized electrode materials and 
unrealistic electrochemical cell designs often raise questions 
regarding the degree to which in situ/operando findings can be 
relied upon for understanding commercially-relevant (i.e., real-
istic) battery systems.[20] This is particularly the case for SPM 
studies as they usually rely on flat homogeneous substrates for 
imaging. To date, reviews detailing AFM[21,22] and SPM[23–25]  
approaches in battery research have not fully considered the 
degree to which the limitations of the systems being studied 
impact our ability to translate the findings onto our under-
standing of real batteries.[26]

This critical review will appraise progress in the study of LIB 
(and other relevant alkali-ion) interfaces via electrochemical  
AFM (EC-AFM) and select alternative SPM techniques,  
covering both traditional and new electrode–electrolyte material 
interfaces. This progress will be contrasted against that made 
in the use of other tools for battery characterization, comparing 
the information the different techniques can provide as well as 
their relative ability to represent practical batteries.

2. Technical Background: EC-AFM and LIBs

2.1. Working Principles of EC-AFM

In contrast to microscopies that produce images by the interac-
tion of light or electron beams with a sample, SPM techniques 
harness local physical and electromagnetic interactions taking 
place between a probe with a sharp tip and the surface of a spec-
imen, providing nanoscale, or below, resolution imaging.[27,28]

In its most common form, AFM provides topographical 
information about a sample by measuring the displacement 
of a laser reflected from the back of cantilever attached to the 
probe, which is moved across the sample surface, as shown in 
Figure  1a.[29] The process can operate in contact, noncontact 
and intermittent contact (tapping) modes, providing high-
resolution surface topography data (typically ≈1–20 nm lateral 
and <0.025 nm height resolution), alongside a diverse range 
of information on compositional properties, including stiff-
ness, elasticity, adhesion, magnetic and electrostatic fields, 
spreading resistance, and conductivity, under the appropriate 
experimental setup.[30] Importantly, this can be achieved for a 
large variety of materials (metals, insulators, organic, inorganic, 
biological) in many different environments (atmospheric, liquid, 
thermal).[31] This is key for the in situ study of LIBs, as a solid 
sample must be evaluated in a liquid electrolyte[32] and, due to 
the air sensitivity of most electrode/electrolyte materials, these 
studies must often be conducted in an inert environment.[33,34]

To avoid confusion it is necessary to explicitly define the 
difference between ex situ, in situ and in operando AFM charac-
terization methods at this point. Ex situ experiments are those 
where the material characterization (i.e., AFM image capture) 
and electrochemical measurements (e.g., cyclic voltammetry) are 

conducted separately, with the sample commonly being moved 
between experimental environments (e.g., moving an electrode  
from a coin cell to the AFM). These measurements can  
therefore often replicate the electrochemical environment of 
a battery well, but suffer from many disadvantages associated 
with sample damage, degradation and inconsistent measure-
ment location. They also only provide ‘snapshots’ of electrode 
processes, meaning subtleties can be missed. There is a more 
subtle difference between in situ and operando EC-AFM tech-
niques. In situ EC-AFM entails the imaging of the sample within 
the electrochemical cell (i.e., within the ‘battery’), but it does not 
explicitly need to be under electrochemical control, for example, 
imaging an electrode in liquid electrolyte, but only before 
and after charge/discharge. This is common in the study of  
battery materials as AFM imaging is often slow, meaning 
imaging is undertaken while potential control is ‘paused’ to avoid 
missing fast-changing reactions. However, this can still result 
in phenomena being missed. In contrast operando EC-AFM 
involves the simultaneous imaging and electrochemical  
measurement, revealing details in real time and providing 
directly correlated electrochemical and morphological data.[35]

In an in situ or operando EC-AFM experiment the AFM scan 
head is usually placed inside a glovebox filled with Ar gas, to 
isolate the battery materials from the oxygen and moisture in 
ambient air. Furthermore, the sample under evaluation must 
be electrically connected to allow a potential to be applied 
and coupled with a reference and counter electrode (or single 
counter-reference), forming the electrochemical cell that is the 
key defining feature of EC-AFM (Figure  1b).[36] As the AFM 
probe is usually submerged in the liquid electrolyte within an 
open cell while scanning (with a cover surround to prevent elec-
trolyte evaporation), the laser must be focused onto the canti-
lever via an optical window, meaning angle compensation must 
be applied to mitigate refraction between the gas/solid/liquid 
interfaces. For all-solid-state batteries no liquid cell is needed 
but the scanning probe is configured to image a cross-section 
of the battery, or the electrode (electrolyte free) or electrolyte 
surface.[23] In these forms, a battery electrode can be cycled in 
a galvanostatic or potentiostatic manner, for example, enabling 
the evolution and degradation of anodes, cathodes and other 
relevant interfaces to be studied as a function of time, applied 
voltage and current.

Although similar in principle to EC-AFM, conductive AFM 
(C-AFM) utilizes a probe with highly wear-resistant electrically 
conductive coating, to simultaneously provide topographic 
imaging and measurement of the conductivity in contact 
mode (Figure  1c). A typical current resolution is ≈10 pA.[37,38]  
Current–voltage (I–V) spectroscopy allows the recording of 
the bias dependent resistivity by ramping the voltage bias over 
a sample location of interest, even in a liquid environment  
under some experimental conditions. However, liquid imaging 
is significantly less common than with EC-AFM. Nonetheless, 
C-AFM can be applied to perform advanced in situ 
measurements, for instance, localized AFM-based impedance 
spectroscopy under controlled environments.[39] Closely related 
techniques have utilized various input/detection arrangements 
to provide high-resolution contrast in the electronic proper-
ties (resistivity mapping) of electrode components which, for 
example, can enable different materials to be distinguished.[40]
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AFM also provides the opportunity to evaluate the mechan-
ical properties of a sample.[41–43] The deflection of the cantilever 
as it approaches, interacts with and retracts from the surface is 
a direct manifestation of the interaction force (both attractive 
and repulsive), producing force–distance curves. As shown in 
Figure 1d, this force curve provides access to several key micro-
mechanical parameters: maximum indentation (the indenta-
tion depth depends on the stiffness of the probed area when a 
constant force is applied), adhesion between the cantilever and 
the sample, and elastic/plastic deformation energy. The Young’s 
modulus can also be extracted by fitting the retraction curves. 
For a sample with hard surface, the retracting force-distance 
curve usually overlaps with the approaching curve, as the most 
significant force is repulsive contact (indentation) between tip 
and sample. However, for most cases that involve solid–liquid 
interfaces, the adhesion force between the tip and sample sur-
face during the retracting becomes more significant. Hence, 
the retracting curve is selected for Young’s modulus calcula-
tions, to ensure the adhesion force between the tip and sample 
is considered. Generally, the reduced modulus E* is obtained 
by fitting the retraction curve to the Derjaguin–Muller–Toporov 
(DMT) model:
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assuming that the tip modulus (Etip) is infinite; where νtip is the 
tip Poisson ratio and νs the sample Poisson ratio. This model 
is suitable for testing materials with moduli in the range of  
≈700 kPa to ≈70 GPa (which includes most battery electrode 
materials and interfacial species formed), provided an appro-
priate probe is selected and calibrated.[42]

If force curves are performed at every point across a surface, 
as is the case with ‘peak force’ imaging modes, real-time 
mechanical maps can be simultaneously gathered alongside 
topographical data. When combined with EC-AFM, this allows 
both changes in topography and mechanical properties to be 
visualized with relation to the applied potential. This capa-
bility is particularly important for battery electrodes as it can 
provide extensive interfacial understanding, allowing examina-
tion of important process such as the evolution of the SEI, an 
area where there is still significant debate within the battery 
research community.[44]

2.2. LIBs: Structures and Materials

Since their development in the 1980s, LIBs have become 
the preeminent portable energy storage technology and 
they have revolutionized modern life. In recognition of this, 
the 2019 Nobel Prize in Chemistry was awarded to John B. 
Goodenough, M. Stanley Whittingham and Akira Yoshino.[45] 

Figure 1.  Schematic of a) AFM, b) EC-AFM, c) C-AFM. d) Schematic diagram of a force versus separation curve in the PeakForce tapping mode. 
Reproduced with permission.[42] Copyright 2015, Elsevier.
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Commercial LIBs commonly consist of a graphite anode, 
layered metal oxide cathode, and organic liquid electrolyte 
with polymer separator between the electrodes. They usually 
adopt one of three cell format types: cylindrical, prismatic, and 
pouch, as shown in Figure 2a–c.[46]

Despite their commercial success, to meet the growing 
demands of the energy storage market there is a need to 
improve the energy and power densities of LIBs, as well as 
minimizing their performance degradation.[47] Investigations 
of the fundamental processes in LIBs in representative envi-
ronments and under electrochemical control are required to 
achieve these goals. This will allow us to develop a deeper 
understanding of the chemical, mechanical, and electrical 
stability of LIB electrodes, their morphological evolution and 
structural transitions, and the quantification of the reaction 
kinetics of important interfacial processes. However, the 

electrochemical environment inside a battery is complex.  
For example, Figure 2d–j shows the configuration of a typical 
18650 cell, revealed via X-ray CT. Double-side coated current 
collectors, cathode, separator and anode materials, electronic 
connections, safety devices and cell casing structures can all 
be seen. The electrodes themselves are composed of active 
materials that are mixed with conductive additives and a 
binder (carbon-binder domain, CBD). These components are 
usually mixed to form an ‘ink’ which is deposited as a film on 
a metallic current collector; these electrodes are compressed 
to increase density.[48] Only a small excess of liquid electro-
lyte is used in most commercial LIBs. The electrodes there-
fore possess a compositional and structural heterogeneity 
over a wide range of length scales.[49] However, in a majority 
of the in situ investigations undertaken to date, individual 
micro/nano-structured materials are targeted because of the 

Figure 2.  Three representative commercial cell structures, a) cylindrical-type, b) prismatic-type, and c) pouch-type. Reproduced with permission.[46] 
Copyright 2016, Nature Publication Group. d) Volume rendering of a reconstructed cylindrical battery scanned by X-ray micro-CT. Magnified virtual 
slice showing e) periodic layered structure of the cell, f) configuration of the graphite anode, polyolefin separator, and lithium nickel manganese cobalt 
oxides (NMC) cathode (from left to right), g) SEM image of CBD surrounding NMC secondary particles, h) virtual slice of the 3D electrodes with an 
enlarged image of CBD phase, i) macro-pores indicated in blue, j) the resultant full microstructure of the NMC cathode. The scale bars in (d, e) are 
10 mm and 240 µm respectively, 10 µm in (f–j) and 2 µm in the inset of (h). Reproduced with permission.[48] Copyright 2020, Nature Publication Group.
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technical complexity required to ‘observe’ the buried inter-
faces inside batteries.

Many developments are needed to further improve battery 
technologies. Continued materials discovery, including those for 
both electrodes and electrolytes, is certainly required to provide 
batteries with significantly reduced cost, enhanced power and 
energy densities, and improved safety. For instance, silicon-
containing anodes, nickel-rich layered cathodes, sulfur and oxygen 
cathodes, as well as Li-metal anodes with solid-state electrolytes 
(SSEs) are all exciting areas of development. However, advancing 
and optimizing new materials can be highly inefficient unless 
an understanding of their functional properties and degradation 
mechanisms are simultaneously progressed, both within their 
bulk and at the solid-liquid interface.

Although a tremendous amount of work has been carried 
out over the last three decades, the characterization at the elec-
trode–electrolyte interface, in particular, is still a difficult, com-
plex and disputed area of research. The deeper mechanisms of 
degradation are still somewhat ambiguous in most cases. Key 
open issues include SEI layer characterization, volume change 
of electrodes, dendrite formation, thin-film electrode evolution, 
intercalation/deintercalation processes, surface degradation and 
ion diffusion, detection of intermediates, electrical double-layer 
structure, and more.[50] This is, in part, due to the complicated 
chemical, mechanical and geometric environment within bat-
teries, meaning most imaging methods are unable to immedi-
ately and locally reveal the real interfacial properties and changes. 
In addition, the ‘cross-talk’ in full cells (reactions at the cathode 
affecting the anode and vice versa) is more complicated than in 
half-cell configurations.[51] Compared to many other microscopies, 
EC-AFM provides the possibility to monitor the interface between 
an electrode and electrolyte with nanoscale resolution, revealing 
morphological and mechanical changes that can be linked to elec-
trochemical phenomena. Nonetheless, EC-AFM and related SPM 
techniques still commonly rely on electrochemical environments 
that substantially differ from those in a real battery.

In EC-AFM and related SPM techniques the structure of the 
battery being studied is, in the vast majority of cases, much sim-
pler than that of a real battery, discarding the closely and multiply 
stacked/wound parallel anode, separator/electrolyte, cathode layers 
found in cylindrical, prismatic, or pouch cells for a single working 
electrode that is well geometrically separated from any others, 
making enough space for the scanning probe. It is also common to 
utilize a three electrode system, introducing both a simple counter 
and reference electrode, as opposed to a second complex ‘active’ 
(e.g., a metal oxide based cathode) electrode, despite the fact that 
this will exclude any influence of the redox processes at this elec-
trode on the electrochemical environment. The complex working 
electrode itself is also commonly replaced with a relatively flat 
analogue, highly unrepresentative of most battery electrodes, but 
often deemed necessary due to the perceived vertical height limita-
tions with AFM. Finally, although many other differences exist on 
a case-by-case basis, it is usual to utilize a vast excess of electrolyte 
in these studies, in comparison to the ‘lean’ electrolyte conditions 
in many modern batteries, necessary to fully submerge all the elec-
trodes and the probe. These simplified conditions are beneficial 
for expanding our understanding of the basic mechanisms occur-
ring during battery electrochemical processes, in particular at the 
electrode/electrolyte interface (pseudo 2D). However, it excludes 

contributions from more complex phenomena in 3D, such as elec-
trode strain, electric field distribution, the nature of the conductive 
network and ionic transportation and more, all of which we must 
understand to help improve batteries. Hence it is essential that 
the data collected to date is critically appraised, considering the 
degree to which it can truly be used to expand our understanding 
of processes within real batteries.

3. EC-AFM for the Understanding of LIBs 
and Their Materials
In situ EC-AFM has been widely used to visualize the formation 
and evolution of SEI films, reveal particle expansion, strain, 
cracking and isolation, as well as measure mechanical and 
electrical properties of electrode and electrolyte materials.[52] 
Below, progress made in the use of EC-AFM for analyzing the  
morphological, mechanical, and electrical changes in anodes, 
cathodes, and electrolytes using EC-AFM is reviewed and com-
pared to that made using other prominent characterization 
tools. In each case, the unique capabilities of state-of-the-art 
EC-AFM analysis is discussed.

3.1. Anode Materials

3.1.1. Graphite Anode: SEI Characterization

Graphite is the most extensively used anode material in 
LIBs due to the reversible intercalation of Li ions between 
its layers at low potentials, leading to a theoretical capacity of  
372 mAh g−1.[11] During the first cycle, an SEI passivation layer 
is formed on the graphite anode, driven by electrolyte decom-
position that deposits inorganic and organic species. According 
to chemical composition analysis, such as X-ray photoelectron 
spectroscopy (XPS) and FTIR, the SEI layer generally contains 
a lower inorganic layer and an upper organic layer, which are 
mainly comprised of Li2CO3 and alkyl carbonates, respectively, 
depending on the type of electrolytes and additives.[53–55] The 
formation of the SEI causes an initial irreversible capacity loss 
in the cell, but it is vital for its long-term cyclability, rate capa-
bility, self-discharge characteristics, and safety.[56] Therefore, 
understanding and ultimately controlling the properties of the 
SEI layer at the graphite anode/liquid electrolyte boundary are 
of great importance for maximizing the performance and life-
time of LIBs. However, the structural features of the SEI are 
not easily observed by common microscopies, such as SEM and 
TEM, due to its fragility and sensitivity to atmosphere, electron 
beam damage and vacuum, as well as its amorphous nature. 
However, with the unique advantages described above, in situ 
EC-AFM has been proven to be a powerful tool to visualize and 
investigate the SEI.

Highly oriented pyrolytic graphite (HOPG) is the most com-
monly-adopted type of graphite used for AFM studies, instead 
of less ordered graphite materials (more typical of those used 
in real battery systems), because it can be cleaved to leave flat 
surfaces of relatively large areas. Early AFM studies of SEI  
formation on HOPG confirmed that SEI layer deposition occurs 
below 0.9 V (all potentials in this review are referenced vs.  
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Li/Li+, unless otherwise specified), followed by lithium inter-
calation below 0.2 V.[57,58] Other similar investigations have 
been conducted with a particular focus on the effect of 
electrolyte composition on the SEI morphology.[59,60] Through 
the use of in situ AFM, the following conclusions have been 
drawn: The electrolyte solvent (e.g., ethylene carbonate (EC), 
diethyl carbonate (DEC), propylene carbonate (PC)), or elec-
trolyte salt (e.g., LiPF6, LiClO4), has a significant influence on 
the nature and quality of the SEI layer, and therefore battery  
performance.[61–64] Using additives (e.g., vinylene carbonate 
(VC), fluoroethylene carbonate (FEC), and ethylene sulfite (ES)) 
is one of the most effective and economical ways to improve SEI 
morphology and stability.[65–68] Factors such as operating tem-
perature and electrolyte concentration have a great influence on 
the structure and properties of the SEI layer formed.[69–72]

In general in situ EC-AFM imaging on HOPG in LIB electro-
lytes shows that an SEI with a thickness of 1–200 nm is usually 
observed on the first cycle,[73–75] although many studies show con-
tinued growth during subsequent cycles,[76] which is somewhat at 
odds with the general perception that a stable and consistent SEI 
forms in commercial cells on the first cycle.[56] These studies also 
observe a very inhomogeneous SEI structure, with an accumula-
tion of SEI at the well-defined step edges.[77,78] This is expected 
as lithium ions only intercalate into graphite via the edge plane, 
rather than through the basal plane,[79] meaning step edges expe-
rience a higher Li+ flux and faster electron transfer kinetics.[80] 
Combined with effects from the higher step edge density of func-
tional groups and defects,[81] it is therefore unsurprising that a 
thicker SEI and higher local current density results.[82] These edge 
effects may be exacerbated as in situ AFM studies have also indi-
cated that the electrochemical reactions between cations/anions at 
graphite edges induce exfoliation, causing anode degradation.[83] 
This exfoliation has been attributed to 1) the mechanical stress 
induced from the co-intercalation species, and 2) subsurface gas 
evolution resulting from the electrochemical reduction of co-inter-
calated solvent molecules at lower voltage (<0.6 V).[84]

While beyond the scope of this review, it is interesting to 
note that although anion intercalation into the graphite layers is 
undesired in LIBs, intercalation of anions such as PF6

− between 
carbon layers contributes to the energy capability of dual-ion 
batteries (DIB) at high potential when it is used as a cathode.[85] 
In situ AFM has been employed to observe this intercalation 
above 4.8 V,[86] demonstrating that PF6

− intercalates in one 
of every three graphite layers with an intercalation speed of  
2 µm min−1. It was shown that the graphite wrinkled and  
suffered structural damage at high voltages, along with severe 
electrolyte decomposition on the surface, both of which account 
for the degradation of the cycling performance of DIBs.

Alongside in situ analysis of the morphological and chemical 
properties of the SEI as it forms, it is also important to under-
stand its mechanical properties; a mechanically unstable SEI 
can be a driver for increased rates of degradation. The Young’s 
modulus of a LIB anode surface is known to change as electro-
chemical processes proceed and SEI forms, resulting in inhomo-
geneity over the anode surface.[87] To uncover the mechanisms 
behind this, Deng et al. used EC-AFM on HOPG (in an electro-
lyte of lithium bis(trifluoromethane sulfonyl) imide (LiTFSI)/
EC/DEC) to show that the initial SEI formed had insufficient 
electron blocking ability to hinder further growth, meaning 

the thickness of the SEI increased as cycling proceed;[87] the 
Young’s modulus of the SEI was measured to vary between 
23 and 67 MPa across the surface. It was later shown by Shen  
et al. using EC-AFM that FEC-based electrolytes enable the for-
mation of an LiF-rich SEI that is harder and denser (average 
1498 MPa) than that formed in equivalent EC electrolytes 
(average 916 MPa).[88] This system can also suppress Li-dendrite 
growth, which was attributed to a higher mechanical strength 
and larger resistance of the SEI layer, preventing reduction 
and deposition of Li+ ions on the anode surface. This shows 
that an SEI layer with a uniformly high modulus is important 
for maintaining the cycling stability of electrodes. The impact 
of electrolyte composition on SEI stability is supported by the 
wide variation in measured Young’s modulus of the SEI by 
EC-AFM in different reports. For instance, it has been shown 
that the presence of imide-based Li salts (e.g., LiTFSI) induces a 
thinner and less thermally stable SEI layer than using VC addi-
tive,[89] which might lead to smaller Young’s modulus (45 MPa)  
of the SEI.[87] This is contrasted with an aqueous electrolyte with 
LiTFSI, which led to a Young’s modulus of 30  ±  10 GPa for a  
4–6 nm thick SEI layer.[90] Work which combined AFM and 
atomistic simulations indicated that the Young’s modulus of SEI 
layers (1 m LiPF6 in EC/dimethyl carbonate (DMC) 1:1) can have 
a wide variation that ranges from 2.4 GPa to 58.1 GPa, depending 
on polymeric, organic, and amorphous inorganic components.[42]

Recent measurements have compared the morphological 
and mechanical SEI changes at both HOPG and industry-rel-
evant graphite anode materials through operando EC-AFM.[91] 
It was found, via continuous imaging, that on HOPG the SEI 
forms simultaneously in two distinct morphologies at the edge 
and basal planes of graphite (Figure 3). The SEI at edge sites is 
much thicker and softer than that at the basal plane. In addi-
tion, VC/FEC additives in an EC/EMC (ethyl methyl carbonate) 
electrolyte were shown to induce reduced SEI thickness and 
roughness and increase Young’s modulus, which would lead to 
enhanced battery performance. When compared with operando 
EC-AFM of individual, commercial-battery-relevant graphite 
particles, it was clear that the same basic processes occur at 
HOPG and the graphite particles, but the significantly different 
starting material structure (density of step edges, size/consist-
ency of particle, mixed-size particles, strain behavior) leads to 
different behavior; the graphite particles displayed more SEI 
covering and a lower SEI modulus due to their high edge-to-
basal ratio. This difference would have a significant impact on 
device performance, correlating with the differences observed 
between HOPG investigations and coin cell measurements.

Combining in situ EC-AFM with other analytical methods 
has allowed a more detailed picture of the SEI formation, 
composition and structure to be revealed. For example, com-
parative analysis of SEI composition has been undertaken with 
combined surface averaged neutron reflectometry (NR)[92] and 
in situ EC-AFM. The information on SEI composition, thick-
ness and roughness, provided by NR at ≈Å height resolution 
complemented the high lateral resolution provided by EC-AFM. 
Similarly, combining ex situ XPS with in situ EC-AFM on 
HOPG has revealed a two-layer SEI structure (Figure  4a–d). 
The SEI layer was found to be composed of a soft upper layer 
which could be easily scratched away with the AFM probe and 
a hard lower layer that remained after scratching, covering both 
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edges and basal planes of graphite.[93,94] The XPS results of the 
two different SEI sublayers confirmed the organic nature of the 
soft upper layer and the salt-like nature of the hard under layer. 
The SEI was later revealed to have an even more complex struc-
ture by combining electrochemical quartz crystal microbalance 
(EQCM) data with morphological change information indicated 
by EC-AFM of HOPG.[95] Quantitative monitoring of the inter-
phasial component mass change by EQCM confirmed the SEI 
formed in five distinct stages (Figure  4e–m): 1) LiF formation 
at 1.5 V (Figure 4h); 2) co-intercalation of Li+(solvent)x at 0.88 V  
(Figure 4i); 3) initial EC reduction at 0.74 V (Figure 4j);  
4) major EC reduction at lower potentials (Figure 4k,l);  
5) lithium alkylcarbonates produced by EC reduction were 
partially re-oxidized during anodic scan above 0.3 V (Figure 
4m). While EQCM can provide electrode mass change informa-
tion during electrochemical reactions, in situ EC-AFM images 
reveal how the HOPG interacts with Li+ during the initial 
lithiation and delithiation processes, establishing an atomistic 
picture for the formation mechanism of the SEI.

It is clear from these studies that EC-AFM can reveal inter-
esting processes at graphite anodes, including a complex and 
evolving SEI. However, on the whole, these findings have been 
shown at the surface of highly ordered, flat electrodes (i.e., 
HOPG). This structure contrasts to that found in ‘real’ LIB 
anodes, as described above. It has been shown that there are 
changes in SEI behavior when simply moving from HOPG to 
a single graphite particle,[91] so it could be reasonably assumed 

that there would be a greater difference at a full and complex 
battery anode, particularly when natural graphites are used that 
have a highly roughened surface.

Like EC-AFM, neutron scattering techniques are well suited 
to SEI investigations due to their ability to provide atomic reso-
lution and sensitivity to light elements, including lithium. As 
a probing species, neutrons have the benefit of a high pene-
tration depth allowing investigation of layered samples buried 
within other solid components, and thus unlike most other 
characterization techniques allows investigation in full cell 
configuration (with current collectors, separators and casings, 
etc.). Atomic-scale structural and compositional insight into the  
mechanism of SEI formation and evolution are critical para
meters that can be observed with NR,[96,97] alongside insight 
into the evolution of the underlying electrode materials, 
including Li intercalation and volume expansion.

The main drawback of NR is the requirement for extremely 
thin and smooth samples, such as Cu[96] or carbon deposited on 
silicon.[97] These are highly unrepresentative of true LIB anodes. 
In comparison, small-angle neutron scattering (SANS) is a 
powerful method for determining the average morphologies 
of nanostructures, based on the difference in scattering length 
density between components, on the order of 1–100 nm.[98] 
Collected data is representative of the entire cm-scale sample, 
thus allowing investigation of commercially relevant battery 
electrodes within full cells, but it must be acknowledged that 
these data provide an average structure weighted toward the 

Figure 3.  a) Schematic of the different SEI morphology at the edge and basal planes of a graphite anode. b) Enlarged images of height (left) and 
modulus (right) mapping of a HOPG surface in an EC/EMC electrolyte between 1.0 and 0.0 V. In c–e) force–distance curves of the three selected 
spots in (b) are shown. f) and g) show 3D images of height (upper rows) and modulus (lower rows) obtained in EC/EMC between (3.0–2.0 V) (f), and 
1.0–0.0 V in EC/EMC, EC/EMC/VC, EC/EMC/VC/FEC (g) during the first discharge process, depicting the SEI formation. h) Similar height increase 
and modulus reductions observed on an individual graphite sheet. All images are in an area of 10 × 10 µm. Reproduced with permission.[91] Copyright 
2020, American Chemical Society.
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strongest comprising scatterers. This means localized or site 
specific processes are difficult to uncover. Therefore, although 
neutron scattering techniques can provide insight into the  
evolution of SEI chemical and morphological properties, there 
is a trade-off between site specific knowledge and the level to 
which the electrochemical environment represents commercial  
batteries. EC-AFM, in comparison, can be seen to provide direct 
observations of localized morphological and mechanical prop-
erties at very small lateral scales (1–20 nm), as electrochemical 
cells operate. However, to date investigations using EC-AFM to 
study graphite anodes have relied overly on model electrodes, 
limiting the degree to which the data collected can apply to 
industry-relevant battery systems. Although coupling these 
EC-AFM measurements with data from neutron techniques is 
an exciting route to support the proposed models,[92] there also 
would be enormous value in improving the industry relevance 
of the anode structures and electrochemical environments  
utilized in EC-AFM tests.

Another commonly-employed experimental technique to 
investigate graphitic battery materials is microbeam Raman 
scattering. The relative intensity of G- and D-peaks is com-
monly used to infer information about the nature and concen-
tration of defects within the graphitic materials, predominantly 
to characterize the graphitic anodes before cycling or as part 
of ex situ, post cycling studies.[99] For graphite anodes in LIBs, 

analysis of the G-peak has been used during operando and in 
situ charging studies to reveal that the intercalation occurs in 
distinct steps forming high stage graphite intercalation com-
pounds (where ‘stage’ refers to the number of graphite layers 
between each of intercalant) eventually forming stage 1 LiC6 at 
full charging.[100–102] For hard carbon-based electrodes, by fit-
ting the G-peak position and width with doping, it has been 
shown that Na-ion intercalation is incremental (and associated 
with the sloping part of the voltage profile),[103,104] similar to the 
incremental charging found in single to few layer graphene.[105] 
However, the lateral resolution limit of Raman scattering is far 
larger than for AFM, being limited by the diffraction limit of 
light, thus blind to the detailed atomic-scale changes that can 
occur. Similarly, while Raman scattering can provide infor-
mation of chemical changes that are occurring in a particular 
sample, it is very much material specific and features from one 
material can completely obscure those of another. Nonetheless, 
Raman and EC-AFM have great potential for complementarity, 
pairing nanoscale morphological and chemical characterization.

3.1.2. Si and Other Alloy-Type Anodes: Volume Change

Alloying anodes (e.g., Si, Sn, Ge, Al, SiO) hold great promise 
for LIBs due to their high theoretical specific capacity (e.g., 

Figure 4.  a) Formation of SEI on a HOPG surface in 1.5 m LiTFSI dissolved in EC during a cyclic voltammetry (CV) scan (5 mV s−1) over an area of  
3.5 × 4.5 µm. b) Topographic AFM image (8 × 8 µm) at 0 V after repeated scanning of the inner 5 × 5 µm region. c) Line profile of the white line in 
(b). d) The features of the upper and lower SEI layer in the black dotted (1 × 1 µm) region. Reproduced with permission.[93] Copyright 2014, Amer-
ican Chemical Society. e) Morphological observation of the SEI via in situ and operando EC-AFM measurements during the first lithiation of HOPG.  
f) Correlation of morphology and potential during the cathodic scan. Scale bars are 1 µm. g) Height distribution along the blue line in (f). h–m) Schematic 
illustration of the interphasial formation chemistry during the first lithiation. Reproduced with permission.[95] Copyright 2019, Nature Publishing Group.
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4200 mAh g−1 for Si).[106] With these materials an SEI layer 
forms on the anode surface at a potential of ≈0.68 V (for Si) 
during the initial cycle, as with a graphite anode, but this is  
followed an alloying reaction with lithium below 0.25 V.[107] The 
lithiated amorphous alloy phase (e.g., Li15Si4) enables these 
materials to possess large specific capacity, but is accompanied  
by significant volume expansion, which causes particle 
fracture and pulverization. This leads to particle isolation and 
failed electrical contacts, leading to capacity loss.[108] The SEI 
is also damaged during this expansion/contraction, leading 
to it reforming on subsequent cycles, increasing irreversible 
capacity losses and lowering the Coulombic efficiency.[4] Many 
approaches have been attempted to solve these problems, such 
as carbon coating,[109] structure engineering,[110] and electrolyte  
optimization,[111] but alongside device performance more  
evidence is needed to confirm the mechanisms behind the suc-
cess of these strategies; this is possible with EC-AFM.

Silicon is the most widely studied alloying material for LIB 
anodes to date. Due to the anisotropic lithiation and volume 
expansion, polycrystalline Si-particle-based anodes show a 
dramatic increase in surface roughness.[112] By contrast, amor-
phous Si (or indeed Sn) has been found to effectively alleviate 
the negative effects of volume expansion and contraction.[113] 
This differing behavior in volume change between crystalline 
and amorphous Si has been evaluated using patterned elec-
trodes via in situ EC-AFM. Although the amorphous phases 
also suffered from large volume expansions, their shape and 
volume changes have been shown to be reversible due to the 
homogeneity in expansion and contraction, which resulted in 
better stability than crystalline Si materials. This led to thin 
films of amorphous Si, and a Si0.64Sn0.36 alloy, showing good 
capacity retention after long-term cycling.[113] Later, the relative 
degree of volume change of amorphous ‘Si pillars’ was shown 
to depend on their initial size, such as diameter and height of 
the pillars.[114] The theoretically expected volume expansion of 
≈300 % was only achieved for Si pillars with diameters larger 
than 200 nm, whereas the volume expansion of the 100 nm  
pillars was limited to below 200 %.

Interestingly, a volume expansion ratio of ≈420% has been 
found for Sn particles during sodiation.[115,116] To alleviate the 
expansion of Sn anodes, Sn1-x-yCoxCy alloys with different 
compositions were proposed, and using in situ EC-AFM it 

was confirmed that the volume expansion could be lowered to  
142–204%, depending on the composition.[117]

To withstand the large volume expansion of Si anodes, a 
robust and stable SEI layer is important to maintain battery 
performance. As with graphite anodes, SEI layer degradation 
at alloying anodes may be evaluated using EC-AFM.[118] SEI 
thickness, mechanical strength, electrochemical stability, and 
resistance have all been studied, exploring the effect of factors 
such as electrolyte composition,[119–121] additives,[122] tempera-
ture,[123] crystal plane orientation,[124] binder materials,[125] and 
more. Similarly, it has been shown that the battery operating 
conditions may also influence the properties of alloying anode 
SEIs.[118] A combination study of electrochemical impedance 
spectroscopy (EIS) and the potentiostatic intermittent titration 
technique (PITT) with in situ EC-AFM found that a longer dura-
tion at higher potentials (i.e., at full charge) produced a softer 
SEI with mesoporous structure and lower ionic conductivity;  
by contrast, lower potentials led to more inorganic phases with 
higher elastic moduli, as shown in Figure 5a.[126] In fact, it has 
been shown that SEI layers continuously change during elec-
trochemical cycling of Si anodes. During the first lithiation, 
the modulus of the SEI layer has been found to decrease with 
the increased degree of lithiation, only partially recovering 
upon delithiation.[127,128] In subsequent cycles, the thickness of 
inorganic constituents grows slowly, resulting in reduced SEI 
resistance and increased SEI mechanical strength.[129] Surface 
coatings on the electrode have been shown to improve the 
quality of SEI layers. For instance, an atomic layer deposited  
3 nm-thick Al2O3 layer was demonstrated to induce thinner and 
more stable SEI layers, thus improving capacity retention.[130]

The use of ‘model’ alloying anode systems has enabled 
direct observations of mechanical degradation of SEI layers. 
For example, a patterned Si film (Figure 5b) was studied by in 
situ EC-AFM showing the crack formation on the Si film during 
the first lithiation.[131] In the following cycles, the crack repeat-
edly opened and was filled with new SEI layer at lithiation and 
delithiation stages, respectively. Integrated ex situ focused ion 
beam (FIB) measurements, EC-AFM and finite element mod-
elling later provided more detailed information about the SEI 
layer.[132] As shown in Figure 5c, a bilayer structure of the SEI 
was observed, and tensile stresses in the SEI layer resulted in 
through-thickness cracks that appear at the rim of the outer SEI. 

Figure 5.  a) Model for the SEI growth showing that initially mesoporous organic material forms at higher potentials, then an inorganic SEI forms at 
lower potentials and continues to fill the pore space during subsequent cycles. Reproduced with permission.[126] Copyright 2016, Wiley-VCH. b) AFM 
images (7 × 2 µm) showing the cracking of a patterned Si film (≈15 × 15 µm) due to volume change during electrochemical cycling. Reproduced with 
permission.[131] Copyright 2016, American Chemical Society. c) Sketch figure, AFM image, and diagonal FIB cross-section of the Si anode (≈15 × 15 µm) 
with a double-layer SEI structure. Reproduced with permission.[132] Copyright 2020, Elsevier.
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These continue to delaminate and crack with subsequent cycles. 
The inner layer, on the contrary, had a high fracture tough-
ness and was well adhered to the underlying Si. Delamination 
at the rim from loosely attached SEI was therefore thought to 
be a result of interfacial instabilities from the repeated expan-
sion and contraction of Si. This multi-layered SEI layer was con-
firmed in another study, and 3D Young’s modulus mapping was 
obtained using the scanning force curve method.[133]

It can be seen that studies of alloying anodes with EC-AFM 
rely, possibly to an even greater degree than for graphite, on 
greatly idealized anode material analogues. In the cases where 
Si has been utilized in real battery systems, it typically consists 
of a low fraction of a nanoparticle additive held within a carbon 
(conductive and graphitic) framework with a binder.[134,135] This 
differs greatly from, for example, lithographically patterned Si 
thin films, which may mean the real physical phenomena that 
define the challenges of alloying anodes diverge from those 
observed on these model systems.

Detrimental pulverization of alloying materials has also 
been studied by using various other characterization methods. 
Among them, in situ TEM has the ability to directly observe 
volume change, phase transformations, elemental mapping, 
and the development of crystalline defects during electro
chemical processes through in situ experiments.[136] The new 
understanding of material change that this technique has 
provided has greatly enhanced the development of alloy-type 
electrodes, by informing improvements in the electrode stability 
via surface and nanoscale engineering.[137] In addition, due to 
the high spatial resolution and capability to produce elemental 
maps, the structure of the SEI layers on alloying electrodes can 
be analyzed by cryogenic-electron microscopy (Cryo-EM).[138]

The use of EMs for battery analysis does, however, also have 
drawbacks: 1) The energy of the incident electron beam is high, 
which may cause side reactions in sensitive materials, adversely 
affecting the imaging process and giving misleading infor-
mation; 2) electrolyte-free experiments are common, where 
lithium metal with a significant surface oxide is used as the 
counter electrode, the Li2O acting as a solid electrolyte,[139] a  
geometry that is enormously divergent from that in real batteries; 
3) thin-film liquid cells also differ greatly from realistic batteries 
due to their highly unrepresentative mass transport regimes; 4) 
complex specimen preparation is needed, as very thin films are 
commonly required.[140] Comparatively, the visualization of struc-
tural and property changes provided by EC-AFM can be achieved 
in more representative electrochemical environments compared 
to ‘real’ batteries. Similarly, more realistic battery materials can 
be studied, although further efforts are needed to improve this. 
Hence, with the advantages of in situ imaging in a commercial 
liquid electrolyte and electrode surface mechanical measurements, 
AFM offers distinct advantages for detecting material structural 
evolution and SEI properties. When combined with multi-modal 
analytical techniques, for example dilatometry,[141] chemical com-
position and electrochemical tests, in situ EC-AFM can provide a 
deep understanding of electrode expansion and capacity fading.

3.1.3. Li Metal Anode: Dendrite Formation

The demand for high-energy-density next-generation batteries 
requires using electrode materials with higher theoretical 

capacity. Li metal anodes, with a specific capacity of 3860 mAh g−1  
and electrochemical reduction potential of −3.04 V versus the 
standard hydrogen electrode (SHE), may be the ideal candi-
date.[142] However, non-uniform metal stripping and deposition 
upon cycling, partly originating from the presence of discon-
tinuous SEI layers, leads to dendrite formation. This not only 
reduces the Coulombic efficiency, results in lost lithium inven-
tory and consumes electrolyte, but can also cause internal 
shorting, potentially leading to thermal runaway, cell fires and 
explosion.[143] Studying the interfacial processes at Li metal 
anodes during Li plating and stripping is crucial for under-
standing this mode of battery failure and for improving the 
design of future LIBs.

The earliest lithium deposition study by in situ EC-AFM was 
achieved in 1996, an early demonstration of the applicability of 
this non-destructive characterization method.[144] It has been 
shown that the structure of the Li surface consists of grain 
boundaries, ridge-lines, and terraces, which induce an uneven 
SEI layer in electrolytes.[145] In addition, 3D AFM morphology 
images have revealed the swelling and shrinking of the Li  
surface during the deposition and stripping processes.[146] This 
means the SEI layer must accommodate significant morpho
logical changes; otherwise, breakages, cracks or any hetero-
geneous conditions of the Li metal surface can drive lithium 
dendrite growth.[147] Therefore, it is generally believed that a 
SEI with a high modulus must be formed if the growth of Li 
dendrites is to be suppressed or prevented.[148–150]

To date, various methods aiming to engineer the electrode—
electrolyte interface have been shown to be effective in opti-
mizing the SEI layer and suppressing lithium dendrite growth. 
Strategies include optimizing electrolyte composition,[151] 
using additives,[152] constructing an artificial SEI,[153,154] use 
of graphene,[155,156] or covalent organic framework protection 
layers,[157] and lowering anode roughness and stress.[158,159]

A smooth and flexible SEI on an Li metal anode, which 
appears to be mainly determined by electrolyte composition, 
is thought to mitigate dendrite nucleation and growth in the 
electrolyte.[160,161] For example, the concentration of lithium 
bis(fluorosulfonyl)imide (LiFSI) in the electrolyte was dem-
onstrated by in situ EC-AFM to significantly influence the 
thickness, roughness and modulus of the SEI layer on a Li metal 
anode.[162] A moderate concentration of LiFSI generates a rigid 
LiF-rich SEI with a modulus of 10.7 GPa, which is much higher 
than the threshold value for Li dendrite penetration, providing 
sufficient protection to the anode. A LiF-rich SEI has high 
chemical stability, low solubility in carbonate-based electrolytes, 
and high shear modulus.[163] In addition, a mixed multi-layered 
SEI structure has been shown to offer coupled rigidity and elas-
ticity.[164] For example, Gu et  al. developed an electrochemical 
polishing method that produced an inorganic-rich and organic-
rich multi-layered SEI on a lithium metal anode (precisely 
probed by force curve analysis via AFM), which effectively 
suppressed dendrite growth.[165] Alternatively, according to a 
study comparing the Li plating at different operation tempera-
tures, it was suggested that it is not necessary to construct a high 
modulus SEI layer, rather it is essential to decrease the surface  
tension and increase the elasticity of SEI to achieve a stable and 
dendrite-free Li anode. It was also shown that a lower temper-
ature (−15 °C) induced a higher modulus SEI layer than that 
obtained at higher temperature (60 °C).[166]
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Rational design of a stable artificial SEI with a controlled 
structure and stability is an exciting route to controllably 
suppress a constantly reforming SEI, preventing dendrite 
growth.[167,168] Li et al. have shown that a Li polyacrylic acid 
(LiPAA) SEI layer could mediate the dynamic Li plating/strip-
ping processes by self-adapting interface regulation.[169] Using 
in situ EC-AFM it was demonstrated that the LiPAA polymer 
SEI could accommodate the deformation of Li and restrain the 
dendrite structure (Figure 6a–d), leading to a much smoother 
anode morphology after plating/stripping. Similarly, Gao et al.  
utilized a reactive polymer composite as the SEI precursor, 
introduced on the surface of Li metal, which formed an SEI 
layer with excellent passivation properties, homogeneity, and 
mechanical strength. It consisted of a polymeric lithium salt, 
lithium fluoride nanoparticles, and graphene oxide sheets.[170] 
Shen et al. used graphite fluoride (GF), enabling a more elastic 
and flexible protective layer (confirmed by AFM indenta-
tion tests) for preventing dendrite growth during the electro
chemical cycling (Figure 6e–i).[171]

Unlike graphite or alloying anodes, where model anode 
analogues are widely used, studies of Li metal anodes utilize 
electrodes that do truly represent those found in full cells. This 
means it may appear more straightforward to transpose these 
findings to the understanding of commercially relevant battery 
systems. However, these studies are still commonly undertaken 
in cells with a significant excess of electrolyte, an unrepresenta-
tive cell geometry (non-parallel electrodes, large electrode sepa-
ration) and without a separator in physical contact with the Li 
metal surface. Hence, comparison of any data collected with 
that from techniques that can study more representative cells 
would be of great benefit.

Continuous monitoring of metal dendrite growth during 
electrochemical plating/stripping cycles has been conducted 
by various microscopies.[172] However, in most cases, lithium 
dendrites grow large and fast, so monitoring the micro-
structural evolution of lithium morphologies in real-time is 
important. One time-resolved characterization technique, 
successfully adopted for elucidating changes of dendrites at the 
micron-scale, is in situ optical microscopy (OM). OM requires 
transparent view-of-field on the target area, which means no 
separator and excess electrolyte is generally used in the in situ 
cells, hence experiments are unrepresentative of a real battery 
configuration. Nonetheless, this flexible technique can be easily 
utilized for in situ experiments, allowing it to be adopted to 
compare the effects of various conditions on the suppression 
of dendrite growth by directly measuring the uniformity and 
kinetics of plating reactions.[173–175] For example, when used to 
validate the effectiveness of modifying electrolyte composition 
on dendrite growth, in situ OM has clearly shown growth was 
smoothened in tailored electrolytes, compared to the mossy 
structures grown in standard carbonate-based electrolytes.[176] It 
has also been possible to identify similarities and differences of 
lithium penetration mechanisms through pre-existing defects 
of various SSEs during galvanostatic lithium plating.[177] How-
ever, despite having the resolution to visualize lithium dendrite 
growth, OM techniques lack the spatial resolution to study the 
initial stages of metal plating, which are key to control electrode 
morphology, as well as being blind to driving factors including 
SEI build-up.[178,179]

The difficulty in controlling the position and speed of den-
drite growth, along with their complicated and rapidly changing 
structure, means they can often be highly challenging to image 

Figure 6.  AFM images of a pristine Li anode during a) stripping and b) plating processes, and LiPAA modified Li anode during c) stripping and d) 
plating processes. Reproduced with permission.[169] Copyright 2018, Wiley-VCH. e) Schematic illustration of graphite fluoride - lithium fluoride protected 
Li (GF-LiF-Li) preparation and its protective effect for Li metal anodes. f–g) topography images (scale bars are 400 nm), h,i) indentation curves of SEI 
layer on bare Li (f, h) and GF-LiF layer (g, i). Reproduced with permission.[171] Copyright 2019, Nature Publication Group.
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beyond their nucleation using AFM. Because of this OM is 
often better suited to capturing the progress of Li dendrite 
growth. However, by carefully controlling the electrode cur-
rent density it is possible to utilize EC-AFM to reveal nanoscale 
changes at Li, or other metal, surfaces under electrochemical 
control. For instance, in situ EC-AFM imaging of Zn dendrite 
growth at low current density has been achieved, revealing the 
initial nucleation crystal morphology.[180–182] The initial rough-
ness of the Zn electrode surface was shown to be highly impor-
tant in determining dendrite growth, a flatter Zn produced less 
dendrites.[183] This was only possible by complimenting AFM 
data with that from OM. Hence, although EC-AFM can enable 
the versatile and realistic in situ/operando characterization of 
the morphological and mechanical properties of metal elec-
trode–electrolyte interfaces with high spatial resolution, it is 
better applied to the study to the early stage of dendrite growth, 
such as the nucleation of Li metal, or for studying the fine 
structure of the SEI at metal interfaces. Nonetheless, these pro-
cesses are of great significance to prevent dendrite growth and 
optimize the interface materials, and due to their instantaneous 
and nanoscale nature, they are less well understood.

3.1.4. Conversion Type Metal Oxide Anodes: Thin-Film 
Electrode Evolution

Metal oxides are widely investigated as substitutes for graphite 
anodes because of their much higher specific capacity, based 
on the conversion reactions with lithium, and their low cost.[184] 
However, they experience large volume expansion upon lithiation, 
as the active material oxide reduces to form metal nanoparticles 
in a LixOy matrix. As with alloying materials, this leads to not only 
pulverization and breaking of electrical contacts to conducting 
supports, but also repeated SEI formation, driving low Coulombic 
efficiency. Although engineering of nanostructured metal oxide 
nanoparticles is a common approach to mitigate these issues, 
using a thin-film electrode is a promising alternative. This archi-
tecture is advantageous because it provides shorter diffusion 
pathways for ions and electrons, although it is restricted in terms 
of volumetric and gravimetric capacities.[185] As these metal oxide 
thin films are flat and require no binders/conducting additive 
materials, they are well suited for in situ EC-AFM studies.

Once again, EC-AFM studies of conversion materials have 
largely focused on observations of the structural evolution of the 
active material upon cycling and SEI formation/degradation. 
For example, in studies exploring the lithiation of CuO thin 
films prepared by sputtering, a “breathing” process involving 
the opening of cracks during charge (volume contraction) and 
their closure during discharge (volume expansion) has been 
observed by EC-AFM.[185,186]

Alternatively, AFM topographical imaging and force spectro
scopy measurements have been employed to examine the mor-
phology, structure and mechanical properties, as well as the 
evolution of SEI, on MnO thin film anodes.[17] Similar to other 
anode materials, the formation of SEI in EC-based electrolytes 
was observed to start at ≈0.8 V. Below 0.3 V the conversion of 
MnO into Li2O/Mn was observed, alongside excess SEI genera-
tion and the accumulation of lithium at grain boundary regions. 
Quantitative indentation tests of the SEI by AFM confirmed it 

comprised of an inner inorganic layer and a soft outer organic 
layer, consistent with that found at carbon anodes.[93] It was also 
shown via AFM and force spectroscopy that electrolyte additives 
affected the mechanical properties of the SEI layer on MnO.[187] 
VC additives promoted a thick and soft SEI, which partially 
decomposed upon charging. This is again consistent with the 
findings at graphite.[91] Bis(oxalate)borate (LiBOB) additives, 
alternatively, led to a thin, stiff and electrochemically stable SEI 
layer. However, although these properties are sought after for 
graphite, they were found to be unfavorable for accommodating 
the volume change of conversion anodes. Eventually, a combi-
nation of both VC and LiBOB was found to produce a stable 
SEI with moderate thickness and stiffness.

For investigating the electrode—electrolyte interfacial 
properties of thin-film electrodes, in situ EC-AFM is advanta-
geous because of its ability to image surfaces at high resolu-
tion. However, although in thin films the surface constitutes a 
significant percentage of the material present, simply looking 
at an electrode interface can mean key processes that occur in 
the bulk are missed. This problem becomes more significant 
at bulk electrodes. In situ XRD measurements allow the study 
of buried crystalline materials, showing processes, including 
non-equilibrium phase transitions, with high precision and 
reliability.[188] To achieve this, specialist electrochemical cells 
are needed to facilitate the entry of the incident, and exit of 
the diffracted, beam, which penetrates the electrodes and the 
electrolyte.[189] This can cause issues in the case of thick film 
electrodes, and the cells can lead to non-uniform pressure on 
the electrodes within the cell and background diffraction fea-
tures from the transparent window. Nonetheless, cells can pro-
vide an environment that is relatively similar to that in a coin 
cell.[10] In one example study, Kim et al.[190] studied a RuO2 con-
version anode in situ using a synchrotron XRD, showing the 
initial phase change from RuO2 to LiRuO2, and the consequent 
conversion to Ru metal and Li2O. However, inhomogeneity of 
electrochemical process are hard to understand as the data is 
averaged across a significant electrode area. XRD is also blind 
to amorphous materials, which are important in batteries. In 
situ EC-AFM and XRD experiments are, however, extremely 
complimentary; EC-AFM can be used to reveal local surface 
phenomena, while XRD probes the bulk. For example, these 
tools have been combined to provide detailed insights into the 
reaction pathways associated with the ZnO conversion and Zn 
alloying reactions using a pseudo-solid-state cell.[191]

Similar to Si systems, most of the metal oxide anodes suffer 
from serious volume change during lithiation/delithiation, 
causing an unstable electrode structure, extra side reactions, 
and unsatisfactory cycling stability. Thin-film electrodes have 
been shown to alleviate many of these problems, and hence it 
may be suggested that the flat films utilized in EC-AFM studies 
might represent a real practical solution. However, outside of 
niche applications,[192] thin film electrodes are unlikely to attract 
substantial commercial interest due to their highly limited 
energy density. Instead, if conversion materials are to find a 
widespread use in future batteries it is most likely to be as an 
active component held with in a bulk electrode matrix, much 
like the current use of Si and related alloying materials. Many 
reports on metal oxide anodes focus on improving the electrode 
structural stability using novel structures such as 3D hollow 
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spheres or with surface coatings.[193] If EC-AFM experiments 
are to better reflect ‘real’ batteries, users should develop experi-
ments to better investigate electrodes within this 3D geometry.

3.1.5. Insertion Type Metal Oxide Anodes: Conductive Phases

Metal oxide based insertion-type anodes are typically based 
on Ti, Nb, or V as the redox-active center (such as titanium 
oxides, niobium oxides, vanadium oxides).[194] Titanium oxide, 
for example, uses the simple redox reaction between Ti3+ and 
Ti4+ during lithiation/delithiation, which does only provides 
relatively limited lithium storage capacity, but offers excellent 
cycling stability and the ability to cycle at high rates. These 
materials are therefore favorable for long cycle life, high power 
density applications.[184]

Li4Ti5O12 (LTO), the most widely studied metal oxide inser-
tion anode material, has a relatively low capacity (175 mAh g−1) 
and high redox voltage (1.55 V) compared with other anode 
types, meaning it has limited practical usefulness. However, 
it only experiences a 0.2% volume change of the spinel lattice,  
hence LTO has the merits of excellent mechanical stability and  
safety as an anode material.[195] The nature of the surface layers 
on LTO has been a subject of controversy, with discussions of 
SEI layer formation,[196,197] absence[198] or continual dissolu-
tion[199] being complicated by the delicacy of any layers formed 
and the limited ability of characterization methods to visualize 
their properties. Consensus was only achieved through the use 
of in situ EC-AFM imaging of the surface of LTO electrodes 
under controlled potential.[200] It was demonstrated that rather 
than SEI formation in the common potential range of 2.5–1.0 V,  
an SEI layer formed on an LTO anode surface at a reduction 
potential of near 0 V. As a result, by controlling the SEI forma-
tion down to 0 V in the first cycle, improved LTO battery per-
formance was achieved in the subsequent cycles in the normal 
range of 2.5–1.0 V.

Understanding exactly how the phase transformations occur 
within LTO is important for the design of anode materials and 
optimization of electrode performance. Unfortunately, the direct 
observation of the structural change between Li4Ti5O12 and 
Li7Ti5O12 crystals is difficult to characterize during lithiation/
delithiation due to the zero-strain transition, unless employing 
in situ diffraction techniques such as neutron powder diffrac-
tion (NPD).[201] However, due to the difference in electronic con-
ductivity (i.e., Li4Ti5O12 is electronically conductive and Li7Ti5O12 
is insulating), C-AFM provides the ability to locally monitor the 
phase transition.[202] Figure 7 presents the ex situ C-AFM char-
acterization of an LTO film during a discharge/charge cycle. At 
various states-of-charge (SoC), current and topography maps of 
the LTO are shown to demonstrate the transition between the 
two phases by measuring their electronic conductivity. When 
combined with XPS results, C-AFM provides a more detailed 
understanding of the lithiation/delithiation mechanisms for 
insulated electrodes. It was determined that the transition of 
the two phases was via percolation channels in grains where the 
lateral propagation is forbidden across grain boundaries.

C-AFM is a very attractive method to investigate the conduct-
ance characteristics of electrodes at the nanoscale, a unique 
advantage over all other techniques. Moreover, by optimizing 

C-AFM (with a linear current amplifier), scanning spreading 
resistance microscopy (SSRM) enables image acquisition of 
both electrical properties and topography images.[203] How-
ever, the successful application of in situ/operando C-AFM in 
liquid electrolytes is only reported in a small number of cases. 
Which may be attributed to experimental difficulties such as 
rapid wearing of tips, degradation of image resolution, and low 
signal-to-noise ratio.

3.1.6. Layered Sulfide and Carbide Anode Materials: Mixed 
Storage Mechanisms

Layered materials beyond graphite, such as transition metal 
dichalcogenides and carbides, are a group of promising elec-
trode materials for alkali metal ion batteries due to their theo-
retically high specific capacity. MoS2, the most widely studied 
transition metal dichalcogenide, has a graphite-like lamellar 
structure with a van der Waals gap that can accommodate the 
intercalation of Li/Na ions above 1.1 V. An irreversible conver-
sion reaction to Mo and Li2S occurs below this potential.[204] 
The investigation of the reaction pathway of these insertion-
conversion steps has attracted extensive research interest.[205]

In situ EC-AFM investigation of the evolution of MoS2 sheet 
anodes in a Na-ion electrolytes has demonstrated that SEI 
formation is initiated below 1.5 V, followed by the intercala-
tion of Na ions around 1.1 V. The material was then found to 
‘wrinkle’ at 0.4 V, which corresponded to the irreversible con-
version from MoS2 to Mo and Na2S species.[206] In another 
study, the interfacial processes of SEI formation and lithia-
tion/delithiation on ultra-flat monolayer MoS2 were monitored 
by in situ EC-AFM. Here, a chemical vapor deposition grown 
monolayer MoS2 material was supported on, and electrically 
connected via, a Si substrate.[207] The growth of ultra-thin SEI 
was quantitatively elucidated, as shown in Figure  8. The SEI  
film was found to initially nucleate in isolated areas before 
spreading across the entire electrode with a thickness of  
0.7 ± 0.1 nm, accumulating to a final thickness of 1.5 ± 0.7 nm. 
The LiF-rich SEI film in an FEC-containing electrolyte was 
demonstrated to show a more sparse and stable wrinkling net-
work after delithiation than that seen in an FEC-free system, 
leading to better performance. It must be noted, however, that 
although the authors show background data for the charging 
of the Si support between 1.23 and 1.0 V (their chosen cut-off 
voltage), Si is a non-ideal support material in most cases as it 
is itself capable of becoming lithiated (see section 3.2). In fact, 
these experiments were likely only possible as the authors did 
not cycle below 1 V. This did, however, mean they did not inves-
tigate the conversion aspect of the mechanism at all.

Titanium carbide (Ti3C2Tx, where Tx stands for surface termi-
nations such as OH, = O and F), is an MXene, another class of 
layered materials that can be employed as anodes in LIBs due 
to their good electrical conductivity and the ability to host alka-
line ions via intercalation into their layered structures.[208] In situ 
EC-AFM has been used to monitor the macroscopic deformation 
in a delaminated Ti3C2 paper electrode in aqueous electrolytes 
containing Li+, Na+, K+, and Mg2+.[209] The electrode was found 
to undergo a large contraction during cation intercalation 
(except for K+), differing from conventional electrodes that suffer 
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from volumetric expansion, indicating that the deformation is 
strongly dependent on the charge/ionic radius ratio.

Although flat, planar material anodes beyond graphite are well 
suited to evaluation via AFM in liquid electrolytes, many of these 
materials are highly unlikely to ever be utilized in this format in 
commercial batteries, due to the problems of large initial capacity 
loss and high voltage plateau of the anode. If used, they are most 
likely to be held within a carbon and binder matrix, where they 
could suffer from issues relating to layer restacking and agglom-
eration.[210] This once again raises questions of the relationship 
between the fundamental discoveries made by EC-AFM and real-
world phenomena, but work to date undoubtedly shows EC-AFM 
can provide insight into how these layered materials should be 
incorporated into an electrode matrix for optimal performance.

AFM has limitations in its ability to observe intercalation/
deintercalation of alkali metal ions into layered materials, 
such as long acquisition time, small observable scan areas, 
and depending on the probe selection, possible perturbation 
or damage of the thin layered materials. Specialist optical 
techniques are an alternative that are convenient for observing 
changes in layered materials with a larger field-of-vision during  

electrochemical reactions. For instance, laser confocal micro
scopy combined with a differential interference contrast micro-
scope uses a narrow laser beam to control depth-of-field and 
a pinhole to eliminate out-of-plane images, thereby increasing 
optical resolution and image contrast (revealing single atomic 
steps of ≈0.2–0.3 nm).[211] By capturing images at each plane 
slice, a 3D reconstruction image of the sample can be made. 
Atomic height resolution has been achieved in the study of the 
dynamic intercalation of Li ions into MoS2 large single-crystal 
sheets, allowing visual contrast between lithiated and delithi-
ated areas to be captured. In addition, optical transmittance 
microscopy is able to detect electronic transitions in active 
materials upon lithiation, which again is not possible with 
AFM. Within a planar microbattery, changes in optical trans-
mittance, electrical resistance, and the nanoscale structure 
of MoS2 during electrochemical lithium insertion have been 
observed in situ.[212] This type of in situ observation at the 
single MoS2 crystal scale offers strategies for enhancing the 
performance of layered electrode batteries, even though the sit-
uations (structures and surrounding environment) of layered 
materials in a ‘real’ battery are much more complicated.  

Figure 7.  a) Electrochemical profile of the first charge/discharge cycle of a LTO film, with squares indicating points where samples were characterized. 
The first 10 cycles are inset. b) Illustration of capability of C-AFM to detect the presence of each phase due to their unique conductivities. AFM deflec-
tion (left) and current (right) images of LTO thin-films cycled to various SoC, corresponding to c) pristine, d) discharged 50%, e) discharged to 1.5 V, 
f) discharged to 1.0 V, g) charged 50%, h) charged to 2.0 V. Reproduced with permission.[202] Copyright 2016, American Chemical Society.
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Comparatively, these optical techniques provide in situ obser-
vation of the thickness (contrast) change of layered materials 
during reaction in a nondestructive way, while EC-AFM is 

superior for in its ability to reveal detailed SEI layer characteri-
zation (including thickness changes), something that optical 
microscopy is blind to.

Figure 8.  a–i) Quantitative insights of the in situ formation of ultra-thin FEC-derived SEI films on monolayer MoS2 in [BMP]+[FSI]− containing 0.5 m 
LiFSI electrolyte with 10 wt% FEC additive at different potentials. All scale bars are 600 nm. d′) Line profile showing SEI film of 0.6 nm. j) Quantitatively 
measured thickness of FEC-derived SEI film upon charging. k) Cycling performance of Li/MoS2 coin cells in FEC-free and FEC-containing electrolytes. 
l) Schematic illustration of the structural evolution and reaction mechanism of the monolayer MoS2 electrode. Interphasial formation and lithiation/
delithiation at the interface in FEC-free and FEC-containing systems. Reproduced with permission.[207] Copyright 2019, Nature Publication Group.
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3.2. Cathode Materials

3.2.1. Li Transition Metal Oxide Cathodes: CEI, Surface 
Degradation, and Ion Diffusion

Transition metal oxides with a layered structure that allow 
Li ions to intercalate into the host network reversibly are the 
most common cathode types. LiFePO4, LiCoO2, LiNixCoyAlzO2 
(NCA) and LiNixCoyMnzO2 (NMC) are all widely studied and 
commercially available.[213] Although the majority of EC-AFM 
battery papers to date focus on anode systems, the fast degra-
dation of cathode materials is, in fact, a much more signifi-
cant problem limiting the performance of LIBs.[214] Hence, 
a wide variety of characterization techniques have been 
developed for investigating the degradation mechanisms of 
cathodes.

AFM has shown particular promise for the analysis of the 
structure and properties of cathode interfaces due to its ability 
to reveal nanoscale changes at a high resolution.[215–218] For 
example, AFM has been utilized to reveal the coarsening and 
agglomeration of LiFePO4 nanoparticles during aging in an 
electrolyte, which induces hardening and increased internal 
stress.[219] The grain size change due to phase transformation 
during charge and discharge of LiFePO4 particles has also been 
observed by EC-AFM.[220]

Although most intercalation-type cathodes show only 
minor structural changes during intercalation/deintercalation 
of ions,[221] Liu et  al. have visualized the dimensional evolu-
tion of LiMn2O4 in aqueous electrolytes by in situ high-speed 
EC-AFM.[222] Furthermore, they suggest that constructing ‘sur-
face area-potential hysteresis loops’ (i.e., analysis of nanoparticle 
surface area as a function of potential) of individual LiMn2O4 
nanoparticles at different sweep rates enables a quantitative 
method to study Li-ion diffusion kinetics within the materials.

LiCoO2 cathode materials also only exhibit small dimen-
sional changes upon cycling (<2%); nonetheless, they experi-
ence heavy mechanical damage after a small number of electro-
chemical cycles.[223] Measurements of the Young’s modulus of 
LiCoO2 particles before and after charging by an AFM nanoin-
dentation technique have shown the modulus decreases from 
≈70–80 GPa to ≈40 GPa after delithiation, indicative of incom-
plete, or conversely, over-delithiation of the crystals, which may 
drive the fast degradation.[224] Through the use of C-AFM to 
study the local Li-ion diffusion induced conductance change 
behavior (spatial resolution of ≈10 nm), it was found that the 
area near grain boundaries is more conductive than grain inte-
riors under a certain bias voltage (Figure 9a–e).[225] This is in 
agreement with first-principles calculations that suggest the 
LiCoO2 grain boundary area has a lower Li-ion diffusion energy 
barrier and higher Li-ion diffusion rate. This inconsistent lithia-
tion may also drive degradation. Nonetheless, this suggests that 
smaller LiCoO2 grains have a lower threshold voltage to switch 
the grain to a conductive state, indicating that high-rate LIBs 
can be achieved by using nanostructured LiCoO2.

LiCoO2, like many other cathode materials, can form a 
cathode SEI, otherwise known as a cathode electrolyte inter-
phase (CEI). This occurs at high potentials as electrolyte 
decomposition products deposit on the cathode surface. Under-
standing the structure and properties of this CEI is crucial for 

high voltage performance of cathode materials. The morpho-
logical evolution of the CEI film at a LiCoO2 surface, as studied 
via EC-AFM during electrochemical cycling, is presented in 
Figure  9g–i.[226] The CEI film was found to only form at the 
edge plane of LiCoO2 microcrystals, with no interfacial reac-
tions appearing to occur at the basal plane due to the Li+ inter-
calation/extraction activity in LiCoO2 being highly dependent 
on crystal facet orientation. This CEI was found to exhibit a 
loose fibril structure under high voltage, whilst decomposing 
at lower voltages. This unstable CEI is incapable of limiting 
competing interfacial reactions. A thin layer of Al2O3 was dem-
onstrated to completely suppress the formation of CEI at the 
edge plane, and significantly improve coin cell high voltage 
cycling stability. Facet-dependent CEI formation during charge-
discharge processes has also been shown on LiNi0.5Mn1.5O4  
particle electrodes.[227] A surface film with a thickness of  
4–5 nm was formed on the (111) surface at ≈4.78 V which then 
stayed stable. No detectable CEI film growth was observed on 
the (100) surface during the first cycle.

Ni-rich NMC cathodes with a specific capacity of >200 mAh g−1  
and high working potential of >3.8 V are attracting increasing 
attention.[228] Their poor structural and interfacial stability, 
however, still hampers their large-scale application. While exten-
sive investigations have been conducted by a variety of analysis 
methods, EC-AFM has been used to make important contribu-
tions to this area of study. In situ EC-AFM was employed to 
observe the dynamic evolution process of the CEI layer at the 
surface of LiNi0.5Co0.2Mn0.3O2 cathode particles in a solid-state 
LIB (poly(ether-acrylate) solid electrolyte).[229] Combined with 
DMT modulus measurements, XPS, time-of-flight secondary 
ion mass spectrometry and EIS analysis, it was discovered that 
LiF-rich species first form at 4.08 V on charge, followed by the 
formation of organic species such as ROLi and ROCO2Li; sub-
sequently, inorganic components of Li2CO3 and LiF formed at 
3.4 V on discharge, which was confirmed by the real-time DMT 
modulus change (Figure  10a–i). In addition, in situ EC-AFM 
was also capable of observing the planar gliding and microc-
racking of a single-crystal LiNi0.76Mn0.14Co0.1O2 cathode.[230] As 
shown in Figure 10j–m, the different regions, as marked by B 
and C, of a ≈3 µm-sized single crystal display nanosized crack 
domains and lattice-invariant shear (planar gliding) during 
charging to 4.50 V, respectively. These deformations of the 
NMC crystal were demonstrated to be reversible during dis-
charging. The in situ EC-AFM observation using micron-sized 
single crystals provides a clear platform for the investigation of 
mechanical degradation of NMC materials, which correlates 
well with data from scanning transmission electron microscopy 
(STEM).[230]

SSRM with a logarithmic current amplifier was utilized 
to study the evolution of electrical conductivity of NMC 
cathodes.[231] A remarkable reduction in electronic conductivity 
in the core region, rather than on the surface of secondary 
particles, was detected, causing capacity fading. Li intercalation-
deintercalation was not achievable in the electronically insulated 
primary particles at the core region of NMC particles. After 
300 charge/discharge cycles, the overall electrical resistance of 
the secondary particles substantially increased, accompanied by 
the formation of microcracks.[232] These results suggested that 
grain boundary engineering in secondary particles should be 
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effective in improving the electrochemical properties of NMC 
cathodes.

EC-AFM has also been utilized to study promising next-
generation layered metal oxide cathodes. Vanadium oxides are 
one such group due to a high theoretical capacity of 450 mAh g−1  
in the 3.5–1.5 V potential range.[233] However, like other cathodes,  
they suffer from capacity fading during electrochemical 
cycling; this has been studied by in situ EC-AFM, showing both  
morphological and interphase layer change. Swiatowska-
Mrowiecka et  al. have shown a reversible grain size variation 
during Li-ion insertion/de-insertion into V2O5 thin films, ena-
bling distinction of the ε-Li0.5V2O5 and the δ-Li1V2O5 phases 
via the degree of volume expansion observed.[234] It has also 

been shown ex situ via AFM and XPS that an SEI-like thin film 
forms on the surface of a V2O5 cathode after the first discharge, 
which thickens in the following cycles.[235] In situ AFM has 
shown that LiClO4 salt in the electrolyte suppressed the exces-
sive formation of the surface film, when compared to LiPF6.[236] 
These works highlight the fact that EC-AFM can be a powerful 
tool to understand and inform the development of new battery 
electrode materials and their electrolyte systems.

EC-AFM shows advantages for the in situ characterization 
of the cathode/electrolyte interface, providing high resolution 
morphological, mechanical, and electrical images, in a large 
range of length scales, from nanometers (primary particle) 
to tens of micrometers (secondary particle). Unfortunately, 

Figure 9.  a) Schematic of the experimental setup for C-AFM measurements of LiCoO2 films. b) Small area morphology of the LiCoO2 and c) cor-
responding I–V curves showing different conductance change behaviors of two grains with different size. d) Morphology of an LiCoO2 grain and  
e) corresponding I–V curves at different positions away from its grain boundaries. f) Location dependence of the threshold voltage obtained from 
various grains. Reproduced with permission.[225] Copyright 2013, Nature Publication Group. g) Morphology of the basal plane: before and after charging 
to 4.5 V. h) In situ AFM imaging of the CEI film formation and decomposition on the edge plane of LiCoO2 crystal: immersed in electrolyte, charged to 
4.25 and 4.5 V. i) Discharged to 3.9, 3.0, and 2.5 V. Reproduced with permission.[226] Copyright 2017, American Chemical Society.
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EC-AFM is unable to detect the bulk structure degradation and 
chemical property evolution in a buried battery environment.

Although it is clear that interfacial processes at layered metal 
oxide cathodes are important in defining their electrochemical 
performance, commercial active cathode materials commonly 
consist of ≈5–10 µm particles held within a carbon matrix.[237] 
With particles of this size and morphology, their bulk proper-
ties are also a major factor in defining their behavior, such as 
irreversible capacity fade (decreased Coulombic efficiency) and 
voltage loss (increased cell impedance). The causes of bulk 
degradation of cathode materials include micro-cracking, struc-
tural disordering, dissolution and migration of soluble species, 
gas evolution, loss of contact, and more. For characterizing 
these phenomena, synchrotron or laboratory ex situ/in situ/
operando X-ray CT has been developed, providing 3D or 4D 
imaging of electrode particles and tracking relevant degrada-
tion mechanisms.[238,239] With resolution capabilities spanning 
tens of microns to tens of nanometers, X-ray CT is excellent 
for characterizing micro-cracking and structural disordering of 
secondary particles.[240,241] The multiple modes of absorption, 
phase-contrast, diffraction, and fluorescence, offering unique 
information capable of building a more complete description of 
the structure, composition, strain, and stress of electrode mate-
rials.[242] Moreover, Bragg coherent diffraction imaging (BCDI) 
is an advanced X-ray imaging technique, which provides the 
crystal morphology and phase information (spatial resolution 
of down to 10–20 nm), corresponding to the projection of the 
lattice distortions within the crystal (picometer level resolu-
tion);[243] though for the high resolution studies synchrotron 

X-rays are necessary. X-ray CT importantly, and rarely, provides 
an opportunity to study battery materials in a ‘real’ environ-
ment, as they can stay within commercial or home-made cells 
during in situ characterization. However, the spatial resolu-
tion is significantly lower than that achievable with EC-AFM 
and low Z materials, for example, Li, C, and interfacial struc-
tures are very difficult or impossible to visualize, especially 
when information of the fine structure of materials is required 
(e.g., CEI layer).

7Li nuclear magnetic resonance (NMR) is another non-
invasive, non-destructive technique that can provide informa-
tion on Li-ion local environment and dynamics in layered oxide 
cathodes due to its sensitivity to the Li chemical shift, especially 
in the presence of surrounding paramagnetic transition metal 
ions. Thus, redox changes to the surrounding coordinated 
transition metal ions lead to observable chemical shifts. NMR 
is well suited to the study of full (although specially designed) 
cells, revealing the different environments and dynamics in 
both the graphite anode and metal oxide cathode within a full 
cell in operando.[244] For example, the dynamics at different 
SoCs of NMC cathodes have been studied by solid-state NMR 
and XRD, which provides insight into the evolution of crystal 
lattice and lattice strain during battery charge/discharge.[245,246] 
In addition, combined with magnetic resonance imaging, NMR 
is very effective in monitoring the in situ structural and quan-
titative changes under realistic cell conditions. However, it is 
a challenge to separate the resonance from different battery 
components (electrode, electrolyte, interface) as 7Li is used as 
the probe nucleus.[8] NMR therefore is another technique that 

Figure 10.  In situ EC-AFM images showing the topography a–g) and DMT modulus mapping a′–g′) of NMC electrode surfaces during charge and 
discharge. The scale bars are 500 nm. h) The Gauss statistic distribution histograms of film thickness. i) Quantitatively measured average DMT 
modulus of the red frame during charge/discharge. Reproduced with permission.[229] Copyright 2020, American Chemical Society. j) AFM images at 
the OCV state of NMC single crystal surface, and the morphology evolution during charge/discharge in the selected regions B and C. k) Schematic 
illustration of the structural evolution of the single crystal NMC upon cycling. l,m) COMSOL-simulated shear stress along the yz direction during charge 
(delithiation) and discharge (lithiation) at scale time of 0.1T, respectively. Reproduced with permission.[230] Copyright 2020, the American Association 
for the Advancement of Science.

Adv. Energy Mater. 2021, 2101518



www.advenergymat.dewww.advancedsciencenews.com

2101518  (19 of 34) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

provides information that is averaged over the whole sample. 
Nonetheless, if combined with in situ SPM techniques that can 
reveal specific localized detail, such as AFM, extensive mecha-
nistic detail can be revealed.

3.2.2. Lithium–Sulfur and Lithium–Air Battery 
Cathodes: Detection of Intermediates

Sulfur offers exciting possibilities as a cathode in lithium-
based batteries due to its significantly greater theoretical spe-
cific capacity compared to metal oxides (1675 mAh g−1 vs 
280 mAh g−1 for LiNi0.33Mn0.33Co0.33O2).[247] However, lithium-
sulfur batteries are hindered by problems related to the low 
conductivity of sulfur, cathode volume expansion, and capacity 
loss due to the ‘shuttle effect’ originating from soluble lithium 
polysulfides (LiPS). The electrochemical reaction:

/8 S 2e S , S 2 2 e S 4 88
2 2 2n n n nn n� �( ) ( )+ + − ≤ ≤− − − − − � (3)

is a multistep redox process which produces these LiPS inter-
mediates. They are soluble in most useful battery electrolytes, 
which allows them to diffuse to the anode where they can be 
oxidized, leading to irreversible capacity loss and hampering 
battery performance.[248] Direct characterization of the deposi-
tion and dissolution of intermediate lithium sulfides at the 
nanoscale is important for an in-depth understanding of the 
electrochemical mechanisms. However, this is very difficult to 
achieve due to the delicate structure and properties of these 
intermediate species. EC-AFM can provide in situ/operando 
observation of the products at the electrode–electrolyte interface 
with a high spatial resolution.

The dynamic nucleation, growth, deposition, and dissolu-
tion processes of insoluble Li2S2 and Li2S on HOPG substrate 
were observed by Lang et  al. (Figure  11).[249] The carbon elec-

trode was cycled in a catholyte containing Li2S8 with LiTFSI in 
1,3-dioxolane/ 1,2-dimethoxyethane (DOL/DME). Once a reduc-
tion potential was reached, Li2S2 nanoparticles were observed 
to deposit first, before sediments of lamellar Li2S appeared. 
During oxidation, Li2S decomposed while the Li2S2 is oxi-
dized incompletely, accumulating over the following cycles. 
The irreversible deposition of Li2S2 was suggested to indicate a 
mechanism for capacity fading in Li-S batteries, which was con-
firmed by EIS. It was also demonstrated that the insulating Li2S 
lamellar structures undergo preferred deposition at higher cur-
rent densities, which inhibits subsequent reactions at the inter-
face. Later, these authors showed that electrolytes containing 
LiFSI help form an LiF-containing film that can both physically 
confine and chemically anchor the LiPS intermediates, which 
facilitates Li2S and Li2S2 redox reactions.[250] By comparing the 
same process at room temperature and 60 °C, it was verified 
that elevated temperatures help maintain a better functional 
film that retards side reactions and facilitates interfacial revers-
ible LiPS redox reactions.

C-AFM can also be used to measure the evolution of sulfur 
cathodes. A PtIr coated Si cantilever was designed to acquire 
conductivity maps corresponding to the topography of a com-
posite sulfur cathode.[251] It was demonstrated that as charge/
discharge cycles progress, battery capacity reduces, surface 
morphology becomes smoother, and the average surface con-
ductive area decreases due to the formation and dissolution of 
LiPS. These studies provide direct information on the nano-
scopic structure and support for the modification and optimiza-
tion of Li–S batteries.

As previously discussed EC-AFM can directly reveal the 
formation of LiPS species and reversible dissolution of Li2S. 
However, although they play a role, other intermediates are 
soluble in the electrolyte and therefore undetectable by this 
method. By employing advanced AFM-scanning electrochemical 
microscopy (AFM-SECM), Li-S interfacial redox reactions have 
been revealed in real-time at a nanoscale spatial resolution. This 

Figure 11.  a) Representative CV curve of the first cycle in a Li/LiPS cell, and AFM topography images of Li polysulfides LiPS deposition at different 
potentials, b–f) show reduction (scale bars are 100 nm) and g–l) oxidation (scale bars are 1 µm). m–t) Schematic of interfacial processes upon the 
discharge/charge cycling. Reproduced with permission.[249] Copyright 2016, Wiley-VCH.
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shows the potential ability of advanced AFM techniques.[252] 
AFM-SECM images of Li2S/Li2S2 particles revealed both electro-
chemically active (conducting) and inactive (insulating) features 
within the species. During charging, the conducting phase is 
reversible and undergoes further conversion reactions, while 
the insulating part (Li2S) is irreversible and tends to react with 
intermediate LiPS. At higher oxidation potentials, an increased 
quantity of insulating Li2S products accumulated, leading to 
capacity fade. This agrees with the results obtained using in situ 
EC-AFM, revealing the practical chemical reactions that occur 
in a realistic battery, despite the different cell configuration.

The true nature of LiPS at the electrode—electrolyte interface 
is difficult to explore due to the complicated phase transforma-
tions taking place during charge/discharge and the limitations 
associated with the interfacial nature of AFM characteriza-
tion.[253] Designing optimal conditions for Li–S battery commer-
cialization is not possible without a nanoscale understanding 
of the parasitic reactions and SEI layer evolution. A variety of 
in situ X-ray related spectroscopy and microscopy techniques 
have been developed to reveal the existence of LiPS intermedi-
ates and structural change of sulfur particles. For instance; 1) in 
situ XPS has been combined with ab initio molecular dynamics 
(AIMD) computational modelling, which was capable of spa-
tially resolvingchemical species. This has revealed the distinct 
roles of SEI evolution during cycling, giving insight that is not 
possible by EC-AFM alone.[254] 2) X-ray absorption spectroscopy 
(XAS) can reveal the existence of and Li2S2 and Li2S interme-
diates, and spatially resolved SoC of LiS.[255,256] 3) In situ and 
operando XRD is able to detect some of the intermediate sulfur 
phases during the redox process.[257] However, these methods 
are unable to detect all species and morphological changes 
associated with the SEI, thereby significantly limiting the field 
of view with respect to all parasitic reactions taking place. 4) 
In situ transmission X-ray microscopy[258] and 5) X-ray fluores-
cence microscopy (XRF)[259] have also been used to observe the 
spatial changes of sulfur particles. However, these hypotheses 
only give indirect evidence of lithiation and dissolution of LiPS 
species. In addition, these techniques require specially designed 
cells, which often diverge greatly from ‘real’ battery conditions.

Like the Li–S system, non-aqueous Li–O2 batteries offer great 
advantages over the current generation of batteries, including a 
theoretical specific energy density (≈3 kWh kg−1). Unfortunately, 
another similarity is that they still need to overcome significant 
obstacles, including poor cycling stability and huge cathodic 
polarization, before they can be widely deployed.[260] Key to the 
function of Li–O2 batteries is the electrochemical reaction: 

2Li O g 2e Li O s2 2 2( ) ( )+ ++ − �
	

(4)

But this is not usually the only reaction occurring in the  
Li–O2 cell, as it is accompanied by parasitic side reactions 
resulting from the instability of the non-aqueous electrolytes 
and lithium salt. Visualization of the oxygen reduction reaction 
(ORR)/oxygen evolution reaction (OER) activation process at the 
triple-phase boundary (catalyst/electrolyte/gas molecules) ena-
bles the investigation of the correlation between product mor-
phology and chemical species during the Li–O2 reaction.[261,262] 
In situ EC-AFM has been employed to observe the morphology 
of Li2O2 films on HOPG, glassy carbon and nanoporous gold 

substrates during the ORR and OER.[263–265] The ORR products 
were directly observed by in situ EC-AFM to be fully decom-
posed at a high potential of 4.4 V (vs Li+/Li) in the subsequent 
OER process.[266] Moreover, accurate potentials of the electro-
chemical reactions were confirmed by combining the results 
of in situ microscopy (EC-AFM) and spectroscopy (such as 
infrared absorption and surface-enhanced Raman spectroscopy 
(SERS) measurements). In addition, the nanostructure of the 
gold electrode was found to impact the morphology of the Li2O2 
produced.[267] In situ EC-AFM is therefore ideal for directly 
observing the electrochemically induced reaction intermediates 
with a nanoscale resolution, which is of great significance for a 
deep understanding of the catalytic mechanism of electrodes in 
this case.

3.3. Electrolyte Materials

Commonly used liquid electrolytes in commercial LIBs are 
a mixture of cyclic and linear carbonates with a lithium salt, 
for example, EC/DMC/LiPF6. Although these organic electro-
lytes have some advantages, such as high ionic conductivities 
and a good SEI forming ability, they suffer from significant 
drawbacks, particularly in terms of chemical stability, overall 
safety, and environmental friendliness. To address these issues, 
alternative electrolytes such as ionic liquids, inorganic, polymer, 
and hybrid composition electrolytes have been developed. The 
following section provides a survey of the AFM-based research 
on these novel electrolyte materials.

3.3.1. Ionic Liquid Electrolytes: Electrical Double-Layer Structure

Ionic liquids, pure salts in a liquid state at ambient tempera-
ture, are attractive electrolyte solvents for LIBs due to their 
large electrochemical windows, high thermal and chemical 
stability, low vapor pressure and flammability, and inherently 
high ionic conductivity.[268] However, understanding the perfor-
mance of these electrolytes has challenges, including the fact 
that the standard electrical double-layer (EDL) models of liquid 
electrolyte–electrode interfaces are not suitable for explaining 
their behavior.[269–271] Hence, it is necessary to investigate the 
interfacial morphology and electrode surface properties of elec-
trodes in ionic liquid-based LIBs. AFM is well suited to this 
task, enabling the determination of the nanostructure of the 
ionic liquid EDL with molecular resolution and the study of the 
interfacial dynamics between the electrode surface and ionic 
liquid.[272,273]

In situ amplitude-modulated AFM, measuring the tip-sample 
distance by the actual value of the oscillation amplitude in a 
non-contact mode, has shown the interfacial nanostructure of 
an ionic liquid electrolyte on a HOPG electrode at different 
potentials.[274] A well-formed Stern layer (the compact inner 
structure of the EDL) is thought to be produced on the solid sur-
face in ionic liquids due to increased ordering of ions. Applying 
a surface potential induces a reordering of the normal Stern 
layer structure to compensate for the interfacial charge. This 
Stern layer structure was observed by AFM between ±1 V in a 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
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([EMIm]+ [TFSI]−) ionic liquid, with Li[TFSI]− or Li[EMIm]+ Cl 
additives.

Based on sensitive force detection, EC-AFM can be used to 
measure the 3D EDL structures by performing force–distance 
curves (Figure  12a,b).[275] In ionic liquids this technique has 
been used to demonstrate that the EDL contains multiple 
discrete ionic layers with a quasi-periodic molecular density  
distribution, which is dependent on the potential of the 
graphite electrode in the electrochemical cell. The dimension of 
the steps in the force—distance profiles provides an indication 
of the composition of the solvent layers. This unique feature of 
AFM experiments enables the analysis of the layered electrolyte 
structure in ionic liquids near the surface of the electrode.[276] 
The force—distance spectroscopy obtained by the AFM probe 
shows a series of steps at discrete separations within 4.5 nm 

of the electrode, with each step corresponding to an interfacial 
ion or ion pair layer (Figure 12c–h). The peaks observed qualita-
tively correlate with those predicted using molecular dynamics 
(MD) simulations, although direct comparison is complicated 
by the fact that the calculations were based on potentials from 
the point of zero charge (PZC), whereas the experimental data 
was collected at potentials based on the open circuit potential 
(OCP). Alternatively, due to the special structure of the EDL 
on electrode surface, super concentrated (e.g., 1:1 ionic liquid: 
alkali ion) ionic liquid electrolytes were demonstrated to enable 
uniform metal deposition and prevent Li/Na dendrite growth 
for Li/Na metal anodes, when combined with anode precondi-
tioning at more negative potentials.[277]

The EDL at the electrode–electrolyte interface is thin and 
delicate, hence the interaction between tip and EDL must be 

Figure 12.  a) 3D image of the electrode-electrolyte interface of HOPG surface revealing the EDL in an ionic liquid electrolyte. b) Series of 50 force-
distance curves, red arrows mark the position of the three EDL layers. Reproduced with permission.[275] Copyright 2020, American Chemical Society. 
c–h) AFM force-distance 2D histograms with probability color bar on the right-hand side and ion number density profiles of [FSI]− (red curve), [C3mpyr]+ 
(green curve), and Na+ (yellow curve) from MD simulations. AFM histograms, (c–e) are obtained at OCP, and (f–h) at OCP-0.5 V. MD profiles, (c–e) 
are obtained at the PZC while (f–h) at −0.5 V versus PZC. C3mpyrFSI ionic liquid with different NaFSI salt concentrations of 0 mol% (c, f), 10 mol% (d, 
g), and 50 mol% (e, h) are also compared. Reproduced with permission.[277] Copyright 2020, Nature Publication Group.
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considered. Generally, AFM force curves can be obtained while 
imaging, providing both mechanical properties and topography 
imaging. However, for a precise measurement of the EDL struc-
ture, the force—distance curves in these papers are acquired 
by ramping the AFM tip slowly onto a relatively small area 
(smaller than that shown in topography images), for example 
Begic et  al. used a 2 Hz ramp rate in a 30–50 nm2 area,[276]  
whereas Zhou et  al. used a smaller 10 × 10 nm zone.[275]. 
Therefore, the slow data generation is compensated for by the 
small image size, meaning they can be collected in reasonable 
timeframes. Intermittent contact modes are used to minimize 
surface disruption/damage and since alignment of the anions 
and cations near the surface is driven by the applied poten-
tial,[274] forming a 3D EDL structure at the electrode surface, 
any disruption caused by the tip is restored immediately after 
the retraction of the probe.

An SEI layer can still form in ionic liquids, as shown by com-
bined AFM and MD simulations which have revealed the SEI 
layer on a Na metal anode surface. In a C3mpyrFSI ionic liquid 
electrolyte with different concentrations of NaFSI salt, the 
steps of AFM force—distance profiles on electrodes at different 
potentials were used to determine the mechanical strength of 
the layering structure of the SEI. Similar to that in standard 
organic electrolytes, SEI film formation was also observed in 
the ionic liquid-based electrolytes with LiFSI + [BMP]+ [FSI]−, 
LiFSI + [BMP]+ [TFSI]−, and LiTFSI + [BMP]+ [TFSI]− with 
HOPG substrate by in situ AFM.[278] The first lithiation pro-
cess was shown to follow two steps of initial SEI formation and 
subsequent intercalation of Li ions, which exhibit different phe-
nomena at the basal and edge planes. Topographic analysis by 
in situ AFM revealed that [FSI]− anions beneficially formed a 
uniform and stable SEI film, which promoted Li-ion conduc-
tivity and prevented [BMP]+ cation intercalation.

For the in situ investigation of electrode–electrolyte interface, 
EC-AFM has shown the ability to investigate the EDL struc-
ture of the ionic liquid electrolyte, which cannot be achieved 
with other techniques. Whilst this is a relatively novel area 
of research, many more related investigations by the use of 
EC-AFM will likely fill the gaps in our understanding soon, 
such as analyzing the chemical composition and mechanical 
properties of SEI layer formed in an ionic liquid electrolyte, 
which will provide a deeper understanding of the mechanisms 
and improve the battery design of this type of electrolyte.

3.3.2. Solid-State Electrolyte: Solid–Solid Interfacial 
Characterization

LIBs with SSEs possess the merits of safety (as they can be 
dendrite-suppressing and non-flammable), environmental 
benignity and suitability for high energy density devices  
(in ultrathin batteries).[279] To date, two major types of SSEs 
have been developed, namely, inorganic ceramic or glass mate-
rials (such as garnet type, thio-LISICON type) and organic 
polymer materials (polymer with dissolved lithium salt). Both 
exhibit a wide electrochemical stability window and excellent 
lithium metal compatibility.[280,281] Generally, inorganic ceramic 
SSEs have higher ionic conductivity but an unstable interface 
and weak contact with electrodes, while polymer electrolytes 

show good stability and better electrode—electrolyte contact, 
but lower conductivity and mechanical strength.[282] This is 
important as it is commonly accepted that a high mechanical 
strength electrolyte can physically suppress the Li dendrite 
growth in solid-state LIBs.[283,284] However, research also sug-
gests that dendrite formation still happens inside SSE mate-
rials due to high local electronic conductivity (derived from 
impurities, defects, grain boundaries, or electrochemical reduc-
tions).[285] The formation and growth of dendrites is also con-
sidered to originate directly from non-equilibrium or uneven 
ion transport, together with electronic transport to balance the 
charge or reduce the Li ions.[286] Therefore, studying the micro/
nanoscopic mechanisms including ionic diffusion, charge and 
vacancy trapping, local phase transformation, and electrode—
electrolyte interfacial phenomena are important for developing 
commercially viable solid-state LIBs.

Engineering the interfacial structures and properties 
between electrode and electrolyte, for improved smoothness, 
mechanical strength, electrical contact, and compatibility, 
are the most extensively studied areas of research into SSEs.  
EC-AFM/C-AFM, with their ability to visualize mechanical and 
electrical/electrochemical phenomena, are valuable tools here.

Uniform lithium plating between the electrode and SSE 
is vital for the stable cycling of solid-state batteries. Liu et  al. 
demonstrated that if a self-healing, flame retardant polymer 
electrolyte layer, which had high ionic conductivity and good 
interfacial compatibility, was introduced between a NASICON-
type Li1.5Al0.5Ge1.5P3O12 (LAGP) ceramic electrolyte and elec-
trodes, it would improve cycling performance due to inhibited 
Li dendrite growth.[287] Ex situ AFM mechanical measurements 
demonstrated that after ten stripping/plating cycles a smooth 
and robust SEI layer formed between the Li metal electrode 
and polymer-modified LAGP SSE (Figure 13a,b). The enhanced 
SEI layer induced more homogeneous Li stripping/plating than 
that of LAGP SSE without polymer coating. Similarly, AFM 
in PeakForce Tunnelling mode showed that an intermediary 
Mg3N2 layer between Li metal anode and PEO SSE enabled 
a smoother, more robust surface with a more homogeneous 
current distribution on the Li anode surface (Figure 13c–f).[288]  
This facilitated homogeneous Li plating/stripping and 
promoted fast Li ion kinetics.

Apart from introducing a hetero interlayer, an alloy-type 
layer or anode material instead of pristine Li have demon-
strated a more stable interface between the anode and SSE. For 
instance, an artificial interlayer (alloy metal layer of Au or Ag)  
has been introduced between a Li metal anode and a garnet-
type Li7La3Zr2O12 (LLZO) for better lithium redistribution and 
precipitation.[289] AFM images of the Ag and Au interlayers 
after plating and stripping at different charge/discharge cur-
rent densities are compared in Figure 12g,h. The Ag interlayer 
showed lower roughness than Au, indicating better plating and 
stripping kinetics are achieved by Ag interlayer modification. 
Dynamic visualization of the Li deposition/dissolution was 
achieved by in situ EC-AFM, via monitoring of the lateral inter-
face between Li–In alloy anode and Li10GeP2S12 (LGPS) SSE.[290] 
The Li-In alloy anode with a high ionic diffusion coefficient and 
low ionic migration barrier induces the homogeneous forma-
tion of an SEI and 2D uniform growth of LixIn lamellae upon 
lithiation. The on-site tracking of the morphological evolution 
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and dynamic mechanism in these studies provides an in-depth 
understanding of the electrode/SSE interfaces.

Direct correlation of local conductivity and topographical 
features of SSEs are very helpful in designing more reli-
able high energy density batteries when utilizing SSEs.[291] 
Intermittent contact alternating current scanning electro-
chemical microscopy (ic-ac-SECM) demonstrated its effective-
ness in measuring the ionic conductivity while obtaining the 
local topographic images of SSE.[292] Figure  14a,b show the 
topographic and impedance maps obtained at a large LLZO 
grain using ic-ac-SECM over 250 × 250 µm. The grain is  
surrounded by boundaries of higher impedance. However, 
after the cell was short-circuited a higher current was meas-
ured along the grain boundaries than grains in Ta-doped LLZO 
(LLZTO), as measured by ex situ C-AFM, indicating that Li 
metal propagates along grain boundaries.[293] With a biased 
probe scanning the sample surface, AFM was also used to 
investigate the nanoscale inhomogeneity of ionic and electronic 
transport in Li3PS4 and its Li3PS4/polymer electrolytes.[294] 
The local ionic conductivity was found to differ by one to two 
orders-of-magnitude across the Li3PS4 SSE. The ionic conduc-
tivity mapping indicated a sharp transition of ion transport at 
the boundary of polyimine/Li3PS4 grains due to different grain 
orientations in the polycrystalline and glass ceramic materials 

(Figure 14c–e). However, the extension of polyimine into inter-
particles between the Li3PS4 grains during the electrochemical 
cycling effectively mitigated dendrite growth.

In situ C-AFM has also been employed to induce Li-ion  
diffusion within an all-solid-state thin-film battery, while  
monitoring the cycling induced changes of topography, phase and 
volume of the anode thin film.[295] The all-solid-state thin-film LIB 
consisted of a TiO2 anode, LiPON (amorphous LixPOyNz, where  
x = 2y + 3z – 5) electrolyte, and an LiNi1/3Co1/3Mn1/3O2 cathode. 
As shown in Figure 14f–m, reversible changes of topography and 
phase of the polycrystalline TiO2 anode surface were observed as 
the local bias-induced electric field was cycled. The cyclic expan-
sion/contraction behavior from topography was attributed to the 
reversible movement of Li ions between electrode and electro-
lyte; the phase images indicated the cyclic chemical composition 
evolution, both providing new insight into the mechanisms of 
the ionic transport in all-solid-state LIBs.

One of the most important issues hampering the applica-
tions of SSEs is their poor solid–solid interface contact between 
electrodes and SSE compared to liquid electrolytes, leading 
to interfacial problems such as low mechanical strength, 
high resistance, and weak electrochemical compatibility and  
dendrite growth.[296] However, the characterization of the 
solid–solid interface is difficult given its buried, sensitive, 

Figure 13.  Force-displacement plots and 3D AFM images of a) LAGP-derived SEI and b) self-healing polymer electrolyte-derived SEI. Reproduced with 
permission.[287] Copyright 2020, American Chemical Society. AFM 3D topography and current distribution images after five cycles with c,d) PEO-Mg3N2 
and e,f) PEO electrolytes. Reproduced with permission.[288] Copyright 2020, Wiley-VCH. AFM images of the surface of g) silver and h) gold interlayers 
at various charge/discharge states: pristine, after 0.2 mA cm−2 galvanostatic deposition for 15 and 150 min, and 0.1 mA cm−2 galvanostatic stripping 
of lithium. Scale bars are 10 µm. Reproduced with permission.[289] Copyright 2020, Wiley-VCH.
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Figure 14.  a) Topographic and b) impedance maps obtained on an LLZO pellet using ic-ac-SECM over a 250 µm × 250 µm area. Reproduced with 
permission.[292] Copyright 2016, Frontiers. c) AFM image and d) ion-current image on a polymer/Li3PS4 SSE boundary. e) Current line profile along the 
dashed line in (d). Reproduced with permission.[294] Copyright 2020, Wiley-VCH. f) Schematic of the in situ C-AFM measurement on the all-solid-state 
thin-film battery. g) FIB cross-sectional image of the thin-film battery. h) Cyclic electrical signal applied to the battery by the probe. i–m) The AFM 
images with height, deflection, and phase signals of the thin-film battery within 1 µm × 1 µm area, at the stages of 1, 2, 4, 6, 8 scans. Reproduced with 
permission.[295] Copyright 2012, Elsevier.
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and heterogeneous nature.[297] Although electrochemical 
methods such as EIS are used in analyzing the bulk/inter-
face mechanism, they are limited only to the resistance 
information, being blind to the elemental or morphological 
information.[298]

The characterization of all-solid-state batteries is less lim-
ited by the environmental conditions (no liquid electrolyte) 
during operation. However, for characterizing the solid–solid 
interface, a cross-section cut is needed, making true in situ 
analysis impossible. Equipped with cryo-FIB techniques, 
which can locate the observation area to the nanoscale, in situ 
SEM and TEM are available to provide cross-sectional images 
of thin-film batteries or 3D reconstructed solid-solid inter-
faces.[299,300] This approach enables the preparation of the sen-
sitive battery materials and realizes the precise detection of 
the solid—solid interface with elemental analysis at the nano 
scale. However, these results are obtained ex situ and do not 
offer real-time information. To gain in situ characterization 
of the solid–solid interface a microcell with ultra-thin layers 
of the battery components is essential, which leads to com-
plicated sample preparation.[301] For this case, X-ray CT with 
nanometer-scale resolution is highly desired for the inner 
interface characterization.

Nonetheless, AFM-based techniques do offer good opportu-
nities for the study of realistic solid-state batteries. Although 
relatively little work has been done in this area, the ability to 
obtain a variety of in situ morphological, electrical and mechan-
ical information of interfacial properties of all-solid-state bat-
teries has been clearly established. Hence, compared to those 
used in EMs, the solid-state batteries used in EC-AFM are more 
easily prepared and more close to ‘real’ solid-state batteries, as 
the scan area of the AFM can be easily directed both on the 
cross-section and lateral surface.

4. Challenges and Outlook

The discussion above highlights the fact that EC-AFM and 
other closely related techniques have impacted research across 
alkali metal and related batteries, revealing interfacial, morpho-
logical, mechanical, electrical, and electrochemical properties 
of numerous industry-ready and next-generation electrodes 
in various electrolytes. Importantly, much of this work has 
shown these phenomena using in situ or operando techniques, 
meaning the progression of key processes in battery research 
including ion intercalation/deintercalation, SEI or CEI evolu-
tion, active material volume expansion/contraction, dendrite 
formation, thin-film electrode structural change, variations in 
electrical conductivity, surface degradation, formation of inter-
mediates, and the development of the EDL structure have been 
revealed.

Unfortunately it has also been shown that, to date, a sig-
nificant proportion of these processes have been investigated 
using electrode and cell architectures that are often substan-
tially different from those that appear in industrial batteries. 
Thin film electrodes, highly designed nano- or micro-struc-
tures such as pillars or wires, or nanoparticles supported on 
atomically flat substrates are common electrode materials; 
the use of HOPG as an analogue for graphite battery anodes 

is endemic. Although this does not denigrate the impact or 
significance of the research findings published, it does raise 
questions regarding the degree to which they can be used to 
explain processes at real battery electrodes. Commonly an elec-
trode in a battery is a porous, 3D, multi-component structure, 
hence the mass transport, kinetic and interfacial properties are 
highly likely to differ greatly from those at ‘equivalent’ planar 
model electrodes.

Many other techniques have been developed to study batteries,  
including those utilizing X-rays, neutrons, visible light,  
or numerous other ‘probes’ and it can be seen from the com-
parisons made between these techniques and EC-AFM in the 
sections above that they succeed, or fail, to differing degrees to 
be representative of commercial batteries. Although techniques 
such as X-ray CT excel in enabling the testing of ‘real’ batteries  
in situ, they do suffer from significantly lower resolution 
than EC-AFM and are insensitive to many significant battery  
processes and materials, for example, SEI, Li, that EC-AFM 
is well suited to visualize. Neutron scattering techniques can  
provide nanoscale information regarding SEI, Li, and more, in 
a relatively realistic electrochemical environment, but they are 
less able to provide this information in a site-specific manner, 
due to the ‘averaged’ nature of the measurements. Similarly, 
the data from XPS and NMR is averaged over relatively large 
areas, compared to that available from EC-AFM, but they can 
reveal chemical changes that SPM techniques are commonly 
blind to. The ultra-high vacuum environment required for 
XPS does, however, mean realistic battery environments are 
near impossible, whereas NMR can achieve conditions that are 
much closer. XRD too can provide crystallographic data unavail-
able via EC-AFM, and allows characterization of buried, rather 
than interfacial, processes. But although relatively realistic elec-
trodes can be used, the need for X-ray transparent windows can 
lead to unrepresentative cell geometries and internal electric 
fields. Hence, as yet, there is no one technique that can enable 
an all-encompassing, high-resolution, view of industry-relevant 
batteries and EC-AFM is therefore as, or more, representative 
as many of the alternatives.

Although the focus of this review is specifically EC-AFM 
and closely related techniques, it should be noted that there are 
numerous other SPM techniques that have been utilized for 
battery analysis. These broadly fall into two categories; those 
that rely on electrochemical processes or ionic transport, such 
as scanning electrochemical microscopy (SECM),[302–305] scan-
ning ion conductance microscopy (SICM),[306] scanning elec-
trochemical cell microscopy (SECCM)[307] and electrochemical 
strain microscopy (ESM);[308–311] and those that probe properties 
intrinsic to the electrode material, like Kelvin probe force 
microscopy (KPFM)[312,313] and electrostatic force microscopy 
(EFM).[314] These techniques, and their application to study bat-
tery materials, have been reviewed elsewhere,[23–25,315–317] but 
the degree to which they are less, or more, able than EC-AFM 
to study realistic batteries in relevant environments has not and 
hence will briefly be discussed.

Traditional SECM, for example, has no, or very limited,  
in-built topography detection, and therefore requires very 
flat surfaces to avoid confusion between change in electro-
chemical activity and change in sample—probe distance.[318] 
SECCM, on the other hand, has been developed to ensure a 
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consistent probe—sample distance,[319] but the glass capillary-
based probe is less able to move across rough surfaces, without 
becoming damaged or failing, than a solid AFM tip. Also it 
should be noted that while the highly localized nature of the 
electrochemical data SECCM enables is extremely powerful 
for revealing localized phenomena,[320] a microscopic electro-
lyte droplet on an electrode surface is certainly not representa-
tive of the environment in a commercial battery. This mode 
of imaging discounts any influence from any surrounding 
electrode materials, which are important in multi-component 
electrodes. In this regard, although SECM, SICM, and SECCM 
are all able to visualize localized electrochemical processes, 
including Li+ flux, that EC-AFM cannot, the electrochemical 
environments required for high-quality imaging are signifi-
cantly more specialized. Complex and challenging results also 
arise when using ESM to study multi-component systems or 
low strain materials as it relies on the strain response,[321,322] 
although as it has been primarily to study processes in solid-
state batteries the electrochemical environments used can be 
somewhat representative.[323–325] KPFM[326] and EFM[327] have 
similarly found application for the study of solid-state battery 
materials, but here too issues arise relating to representation 
of realistic battery environments due to a lack of consideration 
for factors such as cell compression, standard in high energy 
density solid-state batteries.[328,329]

Hence, among the SPM techniques available, EC-AFM 
is arguably the most able to represent a real battery environ-
ment, in particular those with a liquid electrolyte, and also has 
the greatest potential for onward developments to improve this 
representation, while maintaining a breadth of possibilities for 
morphological and mechanical data collection.

The above analysis highlights that, alongside increased 
efforts to develop EC-AFM cells with more relevant electro-
chemical/electrode environments, it must be recognized that 
this technique, like all others, provides a limited view of bat-
tery processes. Hence, it is essential that EC-AFM experiments 
are coupled with tests that offset these limitations, in particular 
methods that reveal concurrent structural or chemical change 
in the electrode bulk rather than purely at the interface, those 
that probe chemical and crystallographic change, and finally 
techniques that enable the use of truly industry-relevant battery 
geometries. Only then will we be able to confidently use this 
data to explain the origin of the processes that define change 
and degradation as batteries operate.

Alongside these recommendations, we believe the research 
directions and methodological suggestions below offer great 
potential for advancement the field of EC-AFM analysis of bat-
teries, especially as it grows and becomes more widely utilized:

•• We acknowledge that moving to systems that are more 
representative of realistic batteries is going to be a challenge, 
especially with regard to reducing electrolyte volumes, repli-
cating cell geometries or using porous electrodes. However, 
there are changes for the better that can be implemented 
quickly and easily. For example, when studying anode pro-
cesses, the use of a more realistic cathode should be consid-
ered, for example, one based on NMC, as processes at this 
electrode may impact factors such as electrolyte composition. 
Similarly, unless specifically studying the impact of additives 
on electrode processes, the use of electrolytes with ‘standard’ 

additives such as VC or FEC should be considered to improve 
consistency with those in industrial cells. Finally, when 
choosing a flat ‘analogue’ material, one should be chosen that 
is more representative of materials within commercial cells, 
for example, using graphite particles rather than HOPG.

•• Interfacial battery processes can occur at very high rates, 
meaning conventional low-speed AFM imaging (i.e., the 
order of minutes for an image) can miss important processes 
or fail to visualize ‘nucleation’ phenomena. Hence, moving 
toward high-speed AFM,[330,331] without loss of resolution or 
ability to simultaneously measure mechanical and conduc-
tive properties, would be highly beneficial.

•• Standard AFM techniques cannot determine site-specific 
chemical information, limiting the scope of interpretation 
of material evolution. It would be extremely beneficial to 
expand the exploration of local chemical and physical pro
perties while under electrochemical control, with techniques 
such as AFM-Raman[332–335] or AFM-IR.[336] Similarly, wider 
application of ‘active tip’ tools such as AFM-SECM[337,338] will 
enable greater understanding of localized electrochemical 
processes.

•• Negative interactions between the tip and sample (e.g., tip 
shielding and tip sweeping effects) should be carefully 
considered when analyzing data obtained by AFM and 
related SPM techniques. For small samples and features, tip 
convolution, that is, imaging artefacts due to the tip radius 
being larger than the feature being imaged, can cause particu-
lar problems. This can also occur when the tip size/shape 
subtly changes during electrochemical cycling. As studies of 
nanoscale battery materials, materials with important nano
scale changes, or those examined during charge/discharge 
processes that produce detachable products become more 
common, it is important that authors carefully examine their 
data for these effects before drawing more complex conclu-
sions.

•• By its nature, EC-AFM requires a probe to be close to the elec-
trode surface, but this can cause a significantly different flux 
within, and across, the area being imaged, in comparison to 
that far away from the probe.[339] This can mean the interfa-
cial process can vary significantly across the electrode. Hence, 
efforts should be made to design cells with a mass transport 
regime that is consistent both under and away from the tip, 
and to engage simulation tools to understand tip effects.

•• In EC-AFM macroscale electrodes are commonly used, mean-
ing the current response may be dominated by phenomena 
that are not occurring within the viewing ‘window’ provided 
by the AFM image. Researchers should work to utilize elec-
trode designs that ensure a significant proportion of the cur-
rent response derives from the area being imaged, to avoid 
building a disjointed picture of battery chemistry.
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