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Abstract: This work summarizes the most commonly used in situ techniques for the study of Li-ion
batteries from the micro to the atomic level. In situ analysis has attracted a great deal of interest owing
to its ability to provide a wide range of information about the cycling behavior of batteries from
the beginning until the end of cycling. The in situ techniques that are covered are: X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), and Scanning Transmission Electron Microscopy
(STEM). An optimized setup is required to be able to use any of these in situ techniques in battery
applications. Depending on the type of data required, the available setup, and the type of battery,
more than one of these techniques might be needed. This study organizes these techniques from the
micro to the atomic level, and shows the types of data that can be obtained using these techniques,
their advantages and their challenges, and possible strategies for overcoming these challenges.
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1. Introduction

Li-ion batteries have attracted a great deal of interest and are in high demand due to
the rise of issues related to climate change. These batteries can be found in a variety of
devices and machines that are used in our daily life, such as laptops, phones, and electric
vehicles [1,2]. Therefore, it is of great importance to fully understand their cycling behavior
and their failure mechanisms, in order to enhance their performance.

Using different characterization techniques to study Li-ion batteries has been shown
to be an effective method of monitoring the cycling behavior and failure mechanisms of
these batteries. However, the specific properties of Li present many challenges for the
use of characterization techniques. Li sample preparation for characterization techniques
is challenging due to Li being an ultra-soft material that is highly reactive with oxygen,
hydrogen, carbon dioxide, and nitrogen [3,4]. The high reactivity of this material, along
with its low melting temperature, also causes difficulties such as contamination or beam
damage during characterization using electron or ion beams [3,4]. Therefore, to study
materials containing Li, an appropriate characterization technique must be used that is in
accordance with the desired information, and an optimal setup must be designed that is
able to overcome the above-mentioned challenges during analysis. These characterization
challenges are discussed in more detail later in this work.

Different materials containing Li are used in batteries as anodes and cathodes. The
materials used for the anode include metallic Li, graphitic carbon, and Si. The most
attractive materials for use as cathodes include Li cobalt oxide, NMC, LVO, and LFP.
This work is organized on the basis of the different characterization techniques. Each
technique is categorized on the basis of the types of analysis that can be conducted, and
their advantages and disadvantages. To simplify the comparison between the different
techniques, and to focus on the types of data that can be extracted from them, for each
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technique, the in situ and in operando analysis, as well as information on the mentioned
anode and cathode materials, are given.

Below, a short summary of Li-ion batteries, their challenges, and different characteri-
zation techniques is given.

1.1. Li-Ion Batteries

Li-ion batteries consist of an anode electrode, a cathode electrode, and an electrolyte [1].
Each of these three parts need to be optimized to achieve a safe, cost-effective battery with
high capacity [1,5]. Different batteries contain either a liquid or a solid electrolyte [1]. Solid
electrolytes, including polymer and ceramic base electrolytes, have gained interest over
liquid electrolytes due to the elimination of the flammability concerns imposed by liquid
electrolytes, specifically in the presence of dendrites [1,6]. Solid electrolytes have also
shown higher thermal and chemical stability [7].

During the charging of the first cycle, a passivation layer is formed on the surface of
the anode called the solid electrolyte interphase (SEI), which is ionic conductive and an
electron insulator [1,8]. The composition of this layer, its formation mechanism, and the
deterioration of this layer during cycling play important roles in the life of the battery and
its failure mechanism.

Dendrite formation is one of the main concerns in Li-ion battery applications. If the SEI
layer does not cover the anode surface uniformly or undergoes deterioration during cycling,
it will result in concentration of Li deposition in the damaged regions, causing dendrite
formation and the subsequent short-circuit of the battery [9–12]. If these dendrites further
detach from the anode surface, they produce “dead Li”, reducing battery efficiency [9,13].

It is crucial to understand the underlying mechanism for each of these phenomena
occurring in the battery during cycling. There are many techniques specifically designed to
address these chemical and structural evolutions in the battery. Some of these widely used
techniques in the battery field and their applications are summarized below.

1.2. In Situ, In Operando, and Ex Situ Analysis

There are three different measurement techniques that can be used to study Li-ion
batteries: in situ, in operando, and ex situ. In situ analysis refers to analyzing the battery
after cycling is completed in the same cell and setup without moving the battery. In this
technique, the battery is studied in its natural state [14]. In operando refers to conducting
the battery analysis during cycling without pausing the cycling to conduct analysis [14]. Ex
situ analysis refers to analyzing the battery after cycling is completed. In ex situ analysis,
the cycling setup is separate from the characterization setup and a transfer holder is
needed to move the battery. In many studies, in situ and in operando analysis are used
interchangeably and are used to monitor the battery during cycling. In this work, these
two terminologies are used interchangeably.

In situ analysis enables us to monitor the behavior of the battery from the beginning
until the end of cycling as the chemical and microstructural changes are occurring, which
provides more accurate results on the cycling behavior and the correlation between cycling
parameters and battery evolution. Depending on the characterization method used, it
is also possible to gather local information about a specific region of the battery while
it is cycling. In the case of ex situ cycling, however, the cycling needs to be stopped to
conduct further chemical or microstructural analysis, which might not provide accurate
results on the sequence by which the battery is altered during cycling. To conduct ex situ
analysis, an airtight transfer holder is also needed to transfer the battery, which could result
in contamination of the battery due to the high reactivity of Li [15]. All in all, to obtain
a complete understanding of the cycling behavior, these two techniques should be used
together: in situ analysis to gather an overall understanding of the cycling and failure
mechanism and conduct local investigation, and ex situ analysis to gather further in-depth
information on the root cause of the specific changes observed on the battery using various
characterization techniques. Some examples of these changes include the cause of dendrite
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initiation, grain boundary activities, phase separations, volume change, intercalation
mechanism, solid electrolyte interphase (SEI) layer deterioration and reconstruction and
chemical composition.

1.3. In Situ Characterization Techniques

The techniques that are covered in this study are: X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), and Scanning Transmission Electron
Microscopy (STEM). The XRD technique provides information on the phase transformation
and crystal structure of the material. In this technique, the diffracted X-rays that satisfy
the Bragg’s law are collected by the detector, and the crystal structure is revealed with
the peak positions and intensities from the spectrum [16]. Raman spectroscopy technique
provides local information about the structure of the material. In this technique, only the
inelastic Raman scattering signals are gathered by the detector [16]. The local structure is
determined using the intensity vs. Raman shift spectrum [16]. The XPS technique has the
ability to analyze the surface of the sample through the photoelectric effect. This technique
can provide elemental analysis, which makes this technique suitable for studying the SEI
layer of the battery [17]. SEM, TEM, and STEM techniques provide microstructural and
chemical information about the surface and bulk of the sample through electron interaction
with the specimen. SEM uses lower accelerating voltages (up to 30 kV) than TEM and
provides information about the bulk sample [18]. TEM uses a high accelerating voltage
(up to 300 kV) and provides information on a thin sample. STEM analysis also uses thin
specimens, but with lower accelerating voltages.

2. In Situ Studies
2.1. In Situ XRD

The X-ray diffraction (XRD) technique is a useful tool for monitoring the phase
transformations and the evolution of the crystal structures occurring in the electrodes
when cycling a battery [16]. In this section, the types of results that can be achieved with
in situ XRD analysis for battery applications are summarized for different cathode and
anode materials.

2.2. Phase Transformation Analysis

Doron and Ein-Eli [19] studied Li intercalation in graphite electrodes using in situ
XRD with four electrolytes: ethylene and diethyl carbonate mixtures (EC-DEC), propylene
carbonate (PC), tetrahydrofuran (THF), and dimethyl carbonate (DMC). The graphite elec-
trodes were stable in the systems containing EC-DEC and water-contaminated DMC, due
to the formation of a passivation layer on the electrode before the start of intercalation [19].
The graphite electrode in the systems containing PC and THF electrolyte, however, dete-
riorated during cycling [19]. The use of the in situ XRD technique has been described as
crucial for the study of Li intercalation in graphite because of the air sensitivity of these
electrodes [19]. The study of the phase transformation during Li intercalation in graphite
in DEC solution by Whitehead et al. [20] showed two plateaus in the chronopotentiometry
analysis, which were correlated with the formation and movement of the Li–graphite
intercalation compounds in the system. Chung et al. [21] used this technique to examine
the impact of ZrO2 coating on the surface of LiCoO2 by monitoring the evolution of phase
transformation in the cathode electrode. This study showed that the ZrO2 coating protects
the cathode particles and lowers the decomposition of the electrolyte. Zhu et al. [22] in
situ XRD investigation of LixMn1.5Ni0.5O4 doped with different metals for the purpose of
observing the phase transformation in the cathode materials concluded that the improve-
ment in the electrochemical behavior of the cathode when using Co metal was far more
than in the case of using Al, Cu, or Mg metals. Zhu et al. [23] studied Li-S batteries using
in situ XRD coupled with in situ Raman spectroscopy. The in situ XRD results showed
the occurrence of phase transformation in the cathode during cycling [23]. Roberts [24]
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et al. studied the concentration gradient in the LiFePO4 (LFP) cathode material during
discharge. This study showed that the cathode underwent a greater than 50% discharge
during cycling, but when examining the concentration gradient, a limited Li insertion in
the LFP electrode close to the current collector was observed [24].

2.3. Crystal Structure Analysis

The in situ XRD work on crystal structure analysis of the SEI layer formed on the
epitaxial graphene on 6H-SiC (EG/SiC) Chattopadhyay et al. [25] revealed the presence
of LiF crystallites in the SEI layer. Schweidler et al. [26] monitored the crystallographic
and volume changes that could occur as a result of Li intercalation in the graphite anode
during cycling. They observed expansion of the graphite electrode even before complete Li
intercalation, which consequently affects the cycle life of the battery.

Mohanty et al. [27] monitored the change in the structure of Li1.2Co0.1Mn0.55Ni0.15O2
cathode during cycling. Their observations showed an increase in the c-lattice parameter
during the first charge and a decrease during charging above 4.4 V. The discharge above
and below 3.5 V resulted in an increase in the c-lattice parameter [27]. During the first
cycle, the a-lattice parameter did not change during the plateau region. They also reported
a decrease in the monoclinic phase as cycling was continued [27]. Liu et al. [28] examined
the evolution of the structure of the LFP electrode with in situ XRD. This method provided
information on the Li+ intercalation in the cathode electrode, and the results showed
that the LFP cathode went through a two-phase reaction and a dual-phase solid-solution
reaction mechanism [28]. The in situ XRD study by Dong et al. [29] of the LFP material at
different pressures also showed an anisotropic decrease with increasing pressure.

2.4. XRD Advantages and Disadvantages

Using the XRD technique to study batteries requires a simple setup and battery
design [16]. This advantage is of great importance, since the batteries require minimal
sample manipulation prior to in situ cycling, making conducting the experiments easier
than other techniques such as in situ SEM or TEM. XRD also makes it possible to study
the bulk material [16]. Even though this technique provides fruitful information on phase
transformation and the crystal structure of the bulk material, it cannot provide local
information about specific phenomena that could occur nonuniformly during cycling, such
as dendrite analysis, since the battery surface cannot be observed using this technique.
Figure 1 shows an in situ XRD setup [27].
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Figure 1. In situ XRD setup Reprinted with permission from ref. [27]. Copyright 2012 Elsevier.

3. In Situ Raman Spectroscopy

Raman spectroscopy provides information about the structure of the material at the
atomic level, as well as phase transformation [16]. This technique can be used to monitor
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the activities on the anode or the cathode. In this section, the types of analysis and the
information that can be obtained using this technique are summarized.

3.1. Structural Analysis

The Raman spectroscopy study of Zhu et al. [30] on LiMn1.45Ni0.45M0.1O4 cathodes
revealed changes in the local structure of the cathodes during cycling. This study showed
the same reversible behavior for the Cr- and Co-doped cathodes during cycling. This
technique also made it possible to monitor the Ni oxidation state and Li concentration
during cycling [30]. The in situ Raman spectroscopy analysis of Li-S batteries by Zhu
et al. [23] demonstrated the ability of this technique to be used for studying the species that
are formed on the cathode and in the electrolyte.

Migge et al. used in situ Raman spectroscopy and confocal microscopy to study the
intercalation of the ions in the graphite anode [31]. They studied the degree of intercalation
by monitoring the Raman bands and used confocal microscopy to observe this phenomenon
on the electrode. They reported inhomogeneous Li-ion intercalation during cycling [31].
Sole et al. [32] also monitored the insertion and extraction of Li in the graphite anode
in a Li-ion battery during cycling to understand the ion intercalation mechanism. They
showed the different steps of the formation of a single particle in the anode, and were able
to monitor the double-resonance 2D band behavior during Li insertion and extraction in
the graphite anode for the first time [32]. They coupled this technique with SEM to study
the morphology of the electrode.

3.2. Raman Spectroscopy Advantages and Disadvantages

Raman spectroscopy is a non-destructive technique that can be used to analyze solid
and liquid materials [16,32]. It provides information on changes in the local structure
during battery cycling [16]. This technique can also provide images of the sample during
cycling. It has, however, low spatial resolution. Figure 2 shows a schematic of an in situ
Raman setup [32].
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permission from ref. [32]. Copyright 2014 The Royal Society of Chemistry, Faraday Discussions.

4. In Situ XPS

In situ X-ray photoelectron spectroscopy (XPS) is a surface analysis tool widely used
to investigate anodes such as lithium metal, lithium titanate (LTO) and graphite, and
cathodes such as LiFePO4, LiCoO2, and LiNi1-x-yCoxMnyO2 (NMC) [33,34]. This technique
can not only provide information on the surface composition of the lithium metal, such as
the presence of Li2O, Li2CO3 and Li3N as layers, but can also provide chemical mapping
to examine surface structures and irregularities such as those found in the LiAl alloy.
It also provides information on the chemical reactivity and the associated stability of
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electrochemical interfaces over a wide spatial range, varying from the microscale (chemical
state) to the mesoscale (elemental distribution). However, XPS is still underutilized as a
characterization method for materials in Li-ion batteries and beyond, as well as in failure
prediction and prevention.

Nandasiri et al. [17] studied the SEI layer in a Li-S battery with a Li anode using this
technique. They divided the evolution of the SEI layer into three steps: (1) the primary
phase, composed of Li compounds; (2) the secondary phase, which formed as the result of
the reactions between the previous reaction products and the electrolyte; and (3) a dynamic
monoanionic polysulfide fouling process [17].

XPS Advantages and Challenges

The advantage of this technique is the provision of a molecular-level understanding
of the SEI layer. The disadvantage of XPS is the inability of this technique to provide
micrographs of the entire surface of the battery, which would enable the user to choose
specific regions on which to conduct local analysis. Figure 3 shows a schematic of an XPS
sample holder [17].

Inorganics 2021, 9, x    6  of  13 
 

 

Figure 2. Schematic of (A) the Raman setup, and (B) the setup during cycling. Reprinted with per‐

mission from ref. [32]. Copyright 2014 The Royal Society of Chemistry, Faraday Discussions. 

4. In Situ XPS 

In situ X‐ray photoelectron spectroscopy (XPS) is a surface analysis tool widely used 

to investigate anodes such as lithium metal, lithium titanate (LTO) and graphite, and cath‐

odes such as LiFePO4, LiCoO2, and LiNi1‐x‐yCoxMnyO2 (NMC) [33,34]. This technique can 

not only provide information on the surface composition of the lithium metal, such as the 

presence of Li2O, Li2CO3 and Li3N as layers, but can also provide chemical mapping to 

examine surface structures and irregularities such as those found in the LiAl alloy. It also 

provides  information on  the chemical  reactivity and  the associated stability of electro‐

chemical interfaces over a wide spatial range, varying from the microscale (chemical state) 

to the mesoscale (elemental distribution). However, XPS is still underutilized as a charac‐

terization method for materials in Li‐ion batteries and beyond, as well as in failure pre‐

diction and prevention. 
Nandasiri et al. [17] studied the SEI layer in a Li‐S battery with a Li anode using this 

technique. They divided the evolution of the SEI layer  into three steps: (1) the primary 

phase, composed of Li compounds; (2) the secondary phase, which formed as the result 

of the reactions between the previous reaction products and the electrolyte; and (3) a dy‐

namic monoanionic polysulfide fouling process [17]. 

XPS Advantages and Challenges 

The advantage of this technique is the provision of a molecular‐level understanding 

of the SEI layer. The disadvantage of XPS is the inability of this technique to provide mi‐

crographs of the entire surface of the battery, which would enable the user to choose spe‐

cific regions on which to conduct  local analysis. Figure 3 shows a schematic of an XPS 

sample holder [17]. 

 

Figure 3. Schematic of an XPS sample holder. Reprinted with permission from ref. [17]. Copyright 

2017 American Chemical Society Publications. 

5. In Situ SEM 

Scanning electron microscopy (SEM) has been widely used to study different mate‐

rials for battery applications. SEM provides high‐resolution images that offer valuable in‐

formation about  the microstructure of different materials. SEM coupled with EDS and 

EBSD offers the ability to conduct chemical analysis and crystallographic information, re‐

spectively, both of which help understand the cause of observing each phenomenon dur‐

ing cycling. Studying batteries using in situ SEM provides information about the entire 

cycling behavior from the beginning until the failure of the battery. The batteries that can 

be investigated using in situ SEM are all‐solid‐state batteries. 

   

Figure 3. Schematic of an XPS sample holder. Reprinted with permission from ref. [17]. Copyright
2017 American Chemical Society Publications.

5. In Situ SEM

Scanning electron microscopy (SEM) has been widely used to study different mate-
rials for battery applications. SEM provides high-resolution images that offer valuable
information about the microstructure of different materials. SEM coupled with EDS and
EBSD offers the ability to conduct chemical analysis and crystallographic information,
respectively, both of which help understand the cause of observing each phenomenon
during cycling. Studying batteries using in situ SEM provides information about the entire
cycling behavior from the beginning until the failure of the battery. The batteries that can
be investigated using in situ SEM are all-solid-state batteries.

5.1. Morphological Analysis

Studies have extracted extended morphological information during battery cycling
from the battery surface and cross-section images: dendrite morphologies, anode, cathode,
and electrolyte morphology change as the result of cycling and dendrite formation, and
the solid electrolyte interphase (SEI).

The dendrite morphologies that have been reported on the basis of in situ SEM are:
needle, mossy, and “multi-globular structure” [15,35–37]. Dolle et al. [35], Orisini et al. [37],
and Golozar et al. [15] reported the needle and mossy morphologies. Dolle et al. [35]
and Orisini et al. [37] observed the needle and mossy dendrites at high and low current
densities, respectively. Their SEM analyses also showed the growth of a dendrite in the
polymer electrolyte and the subsequent short circuit of the cell. To further analyze the
observed morphologies, Golozar et al. [15] milled the needle dendrites using FIB and
reported a hollow morphology for the dendrites. Harry et al. [36] reported dendrites
with a “multi-globular structure” that were initiated from the impurities in the Li anode
and polymer electrolyte interface in symmetrical Li cells. Figure 1 shows the different
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dendrite morphologies reported using SEM. Golozar et al. [38] also observed dendrites
with mossy and needle morphologies in a symmetrical Li-metal cell with Li7La3Zr2O12
(LLZO) electrolyte. This study showed the formation and growth of the dendrites on
the Li electrode from regions that thinning of the anode and consumption of Li had
occurred [38]. Kaboli et al. [39] also reported mossy and needle dendrites in an all-solid-
state battery with Li-metal anode, nickel-manganese-cobalt-oxide (NMC-622) cathode, and
polymer electrolyte.

Morphological changes in the anode, cathode, and electrolyte have also been reported.
Hovington et al. [40] monitored the thickness changes in the three electrodes (Li-metal
anode, polymer electrolyte, LiFePO4 (LFP) or Li1.2V3O8 (LVO) cathode) during charging
and discharging using a cross-section view of the battery. This study also showed the
formation of isles on the Li-metal anode, resulting in the formation of solid polymer
electrolyte (SPE) bridges in the battery [40]. Hovington et al. [41] also investigated the
effect of the particle size of nano Si and SiO anode on the volume change during cycling.
They reported that the formation of cracks on electrodes with small particle size was the
result of electrochemical sintering [41]. Golozar et al. [42] were able to capture the evolution
of these isles from the beginning of cycling until the end. The SEM images obtained in
this study were used to construct videos that showed the complete cycling behavior.
Videos showed consumption of Li in the vicinity of the isles and formation of dendrites
on the fresh Li. Milling the isles using Fib also revealed their interior structure [42].
The morphological changes in the polymer electrolyte surrounding the dendrites was
also captured and reported in the videos, and it was correlated with possible temperature
increase, decomposition, and degassing of the polymer [42]. Milling the polymer electrolyte
also showed the regions through which the dendrites perforated [15]. In situ SEM study
of symmetrical Li cells with LLZO electrolyte conducted by Golozar et al. [38] revealed
the Li consumption mechanism during cycling. The images captured the inhomogeneous
thinning of Li anode with different sizes from different regions, some of which contained a
few grains. The study by Kaboli et al. [39] on all-solid-state Li-metal batteries with NMC
cathodes showed the thinning of the SPE during cycling as a consequence of chemical
degradation. They also observed polymer degassing in the form of volcano-like features
on the electrolyte.

5.2. Chemical and Crystallographic Analysis

Chemical analysis with SEM can be performed using EDS detectors. Li detection using
EDS, however, faces many challenges, which are discussed in Section 5.3. Harry et al. [36]
conducted chemical analysis on the interior of the “multi-globular structure” that was
observed on the cycled cells. The EDS mapping results showed that these structures contain
the electrolyte. The map also contained some white areas which were correlated with the
presence of Li in these regions, which was not possible to detect due to detection limitation
of the EDS detector [36]. Golozar et al. [15] were able to detect Li using a windowless EDS
detector, which overcomes this detection limitation. They showed that the dendrites are
comprised of Li, C, and O, and reported a carbide nature for the dendrites [15]. Golozar
et al. [42] performed a chemical analysis of the cross-section of the Li-metal anode and the
polymer electrolyte, showing the presence of salt in the vicinity of the isles formed on the
anode and inhomogeneous salt distribution in the polymer, respectively. EDS mapping of
symmetrical Li cells with LLZO electrolyte has also shown differences in the Li thickness on
the anode, as well as the inhomogeneous distribution of Zr, La, and C in the cross-section
of the electrolyte reported by Golozar et al. [38].

Kaboli et al. [43] used an in situ SEM technique to monitor the evolution of the
passivation layer for Li-10 Mg alloy as a potential anode material at high temperature. The
in situ SEM heat treatment of the alloy showed no change in the morphology of the surface
passivation layer above the melting point while the bulk was melted. They employed
electron backscatter diffraction (EBSD) crystal orientation mapping, which showed the
formation of new grains after melting, confirming their observation [43].
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5.3. SEM Advantages and Challenges

The advantages of using SEM to conduct in situ analysis include: high-resolution
imaging, ability to conduct chemical analysis using EDS, crystallographic analysis using
EBSD, gathering information on the depth of the sample when coupled with FIB, and
minimal sample manipulation. This technique presents some challenges as well, especially
in case of studying materials containing Li. A setup needs to be designed specifically for
the purpose of conducting these experiments that enables the cycling of the battery in the
microscope at the desired temperature and gathers images all through cycling at different
time intervals from different regions of the battery. Li sample preparation is difficult
because it is an ultra-soft metal and is highly reactive with oxygen, hydrogen, carbon
dioxide, and nitrogen [3,4]. Therefore, it is crucial to perform sample preparation in a dry
room or a glove box and to use an airtight transfer holder. It is also possible to encounter C
and O in the SEM chamber [44,45]. To minimize this contamination, SEM analysis should
be conducted in an ultra-high-vacuum microscope or at cryogenic temperature [44,46].

Li imaging is also challenging due to Li electron beam damage that could alter the
surface [47]. This damage could be minimized using different techniques including using
a low accelerating voltage and beam current, as well as lowering the sample holder
temperature with liquid nitrogen [48].

Li chemical analysis using EDS is also challenging due to low fluorescence yield of
Li that results in low signal generation and its low X-ray energy, which causes detection
limitations of the X-ray [5,49]. To overcome the detection limitation a windowless EDS
detector with extreme electronics (Oxford Instruments) can be used [5]. Analyzing Li in
compounds is particularly difficult due to low and sometimes zero X-ray generation. In
these situations, other techniques such as time-of-flight–secondary ion mass spectroscopy
(TOF-SIMS) or electron energy loss spectroscopy (EELS) can be used.

Figure 4 shows the schematic of the surface and cross-section view assembly of
the batteries as well as the setup used to study symmetrical Li cells with LLZO solid
electrolyte [15,38].
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6. In Situ TEM and STEM

Transmission electron microscopy (TEM) and scanning transmission electron mi-
croscopy (STEM) techniques are useful to understand the cycling behavior of the battery at
the atomic level. TEM and STEM can provide detailed information on the morphological
changes in the battery, as well as conducting chemical and crystallographic analysis. In
this section, the types of data that can be obtained with these techniques are discussed.

6.1. Morphological Analysis

The in situ TEM study by Kushima et al. [50] of the dendrites formed on a gold
substrate during Li electrodeposition showed two different morphologies of whiskers at
large overpotentials and “dense Eden-like clusters” at small overpotentials. This study also
showed that the whiskers became hollow during dissolution, which was an indication of
the formation of “dead Li”. Liu et al. [51] monitored the growth of Li fibers from nanowire
anodes during charging They reported a directional growth of the fibers due to the electric
field caused by the sharp tips, which confirms the safety concerns regarding dendrite
growth in the batteries. Ghassemi et al. [52] were able to capture the growth of the fibers in
a Li-ion battery using in situ TEM with the growth direction parallel to the applied electric
field. They were also able to capture the formation of kinks in the fibers during growth.

6.2. Chemical and Crystallographic Analysis

Liu et al. [51] used EELS analysis to investigate the chemical composition of the
fibers formed in the electrolyte during charging, which confirmed the presence of metallic
Li. Wang et al. [53] studied the interface of the cathode and the electrolyte in a system
containing LiCoO2 cathode, Si anode, and LiPON electrolyte with in situ STEM and
electron energy loss spectroscopy (EELS). Chemical analysis of the layer formed on the
cathode during cycling showed the presence of oxidized Co ions, Li oxide, and Li peroxide
species [53].

As previously mentioned, Li is a beam sensitive material which results in characteri-
zation challenges when using high beam energies during TEM analysis. One method to
overcome this challenge is cryogenic (cryo)-electron microscopy [54]. Using this technique,
Wang et al. [54] showed that the electrodeposited Li is amorphous and is covered with
an inhomogeneous SEI layer containing amorphous organic species and LiF with a short
electrodeposition duration. Li et al. [55] also used cryo-TEM to study the atomic structure
of dendrites. They reported dendrite growth along the <111>, <110>, and <211> directions
as single-crystalline nanowires. They also reported change in the growth direction, where
kinks were observed on the dendrites [55]. Both of these studies were conducted ex situ.

6.3. TEM and STEM Advantages and Challenges

The advantages of TEM are the ability to provide data on the morphology, chemistry,
and crystalline structure with high spatial resolution at the atomic level [51,52].

Even though TEM is capable of providing images and information at the atomic level,
as well as the possibility of conducting chemical analysis, it has some limitations that
must be considered when using this technique to analyze different samples, in particular
beam sensitive materials. To be able to use this technique, specific sample preparation
procedures must be followed to make small-sized samples for imaging. This technique also
uses high beam energies, which induce beam damage in beam-sensitive materials such as
Li. Using STEM could reduce the beam damage of the samples, as it allows the user to
work with lower beam energies. Figure 5 shows the schematic of in situ TEM biasing of
nanobatteries [53].
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7. Conclusions and Perspective

In situ techniques can provide detailed information about the battery throughout
cycling and show the correlation between the microstructural and chemical evolution and
the cycling parameters. In situ studies provide the real behavior of the battery, as the cycling
is observed in real time, and the provided data are not speculations. Each technique can
provide specific information about different components of the battery, thus making them
exclusively suitable for gathering a part of the information that might be needed. Therefore,
the appropriate technique must be chosen based on the sample under study and the goal
of the experiments. In some cases, more than one technique might be needed to extract
the complete information. This work showed the most widely used in situ techniques for
battery applications. The root cause of all the phenomenon observed in the battery can
be explained at the atomic level, making STEM and TEM optimal methods for providing
detailed information. If TEM is coupled with 3D atom probe, a comprehensive analysis
can be conducted to show the cycling and failure mechanism. However, as mentioned in
this work, there are many challenges concerning Li analysis using electron microscopy that
need to be addressed, provided that these techniques are chosen.
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