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Abstract—This review highlights recent progress and perspectives on side-view operando optical microscopy (OM)
on lithium-ion batteries (LIBs). Side-view operando imaging studies on LIBs offer new insights for understanding the
dynamic feature of battery chemistry since the images or movies offer direct visualization of the most realistic condi-
tions. Taking advantage of a fundamentally complete understanding, we have a chance to overcome the formidable
challenges of the LIBs. For the realistic demonstration of each part of the battery components, OM has been used to
understand direct electrochemical reactions identifying the fundamental failure mechanisms that help overcome the
challenges of LIBs. Here, we provide a comprehensive review of our research work in the field of the application of OM
for understanding the various challenging aspects of LIBs. Moreover, we highlight that the further utilization of the
OM technique towards and beyond the LIBs could lead to the development of next-generation batteries.
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INTRODUCTION

Energy storage is crucial because now it aims for a hyper-con-
nected society where people, technology, and the environment inter-
act [1-4]. In this regard, the concept of the ‘Battery of Things (BoT)
era is coming, which means ‘battery is everywhere; like the Inter-
net of Things (IoT), such as connected cars, online to offline, and
biometric authentication [5-8]. Recently; interest in batteries for elec-
tric vehicles and wind or solar-based grid energy storage has been
widely recognized as eco-friendly as well as hyper-connected sys-
tems for our daily life. To this end, energy density, power density,
cycle life, and cost have been the major factors for high-energy and
power batteries; therefore, LIBs have been intensively devoted to
relieving such massive demands for widespread applications [9-12].
The emerging applications of wearable electronics, electric vehicles,
and renewable energy integration require a quantum leap in battery
performance that could offer high specific energy and long cycle
life at low cost [13-16]. However, such significant challenges in devel-
oping new battery materials are the lack of understanding of elec-
trode operation and its degradation. While various chemical species
have been used to improve the cycling performance of traditional
LIBs, their success in extending the cycle life of new battery chem-
istries has been relatively limited.

Operando analyses have provided several breakthroughs in the
construction of high-performance materials and devices, including
energy storage systems for the observation of nanoscale processes;
chemical synthesis, electrochemical reaction, and physical interac-
tion of various materials [17-20]. For the past decade, operando
microscopy tools have contributed to understanding lithiation or
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sodiation behavior in battery materials for discovering new elec-
trode materials with high performance and identifying the funda-
mental failure mechanisms that prevent a prolonged cycle life [21].
Although many previous studies of in situ X-ray and neutron dif-
fractography, Raman, Fourier transform infrared spectroscopy, and
nuclear magnetic resonance have illuminated the formidable and
unknown questions of an electrochemical reaction, the spectroscopic
methods have always been constrained from the ensemble-aver-
age information of the surface or bulk in the materials, which are
not clear for the local degradation area [22,23]. In general, degra-
dation phenomena occur in a local region that should be solved
with a deeper understanding of its mechanisms and implications
with tightening performance requirements in realistic configura-
tions. Hence, direct imaging can offer exceptional opportunities for
monitoring the dynamic processes of various electrode materials
at a high spatial and temporal resolution to understand further the
heterogeneity of the surface or bulk in electrochemically reacted sam-
ples [18].

Because there are many multiscale processes composed of mech-
anisms, we can categorize the major features and longings that mani-
fest at different length scales and time variations, and proper imaging
tools, as shown in Fig. 1. The broad category accounts for the cou-
pling between the battery systems and constituting materials. For
instance, as shown in Fig. 1(a), the length scales of the local com-
position of solid-electrolyte-interphase (SEI) at an anode could be
a few nanometer scales, and the temporal scales could vary from
less than a second to several hours. Observation of the heteroge-
neity of these SEI layers could provide a clue to finding the mech-
anism for stable intercalation reactions in graphite and plating/
stripping reactions in metallic lithium anodes; nonetheless, this find-
ing is one of the most challenging matters [24]. In the case of the
related microscopy techniques (Fig. 1(b)), we must consider the lim-
ited image resolution by the wavelength of incident light or electron
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Fig. 1. Tentative temporal and spatial scales commensurate with (a)
the representative issues in Li-ion, Li-S, Li-air, Li-metal, and
ASS batteries, and (b) related microscopy techniques that can
generally cover.

beam. Thus, the observable length scales of the wavelength of opti-
cal microscopy (OM) should be above a few hundred micrometers
[25]. Employing electron and X-ray beams as light sources, such
as transmission electron-, scanning electron- and scanning trans-
mission X-ray-microscopy (TEM, SEM, and STXM), benefits from
the spatial resolution up to nanometer scales. However, in addition
to the temporal scales as an operando visualization, the intense inci-
dent beams are less favorable due to potential damages knocked by
the short wavelength of electron or X-ray beams and the usability
of the costly equipment [26].

To observe the various challenges of LIBs optically, different opti-
cal view set-ups, including planar view; side view, and cross-sec-
tional view observation, were introduced over the years. The planar
observation of the cell provides only the surface information of the
electrode. However, despite the advances in electrode engineering,
the formidable issues of lithium intercalation and deintercalation
kinetics cannot be investigated by using planar observations [27].
The side-view OM set-up (Fig. 2) provides more realistic informa-
tion about the electrode, including the dendrite growth and the kinet-
ics of the Li-ion intercalation and deintercalation. So, depending
on the experimental set-up, the structural change can be observed
by the morphology and color of the sample, which indicates the
optical bandgap change depending on the state of charge. In the case
of operando optical microscopy, the most significant advantage is

Side-view observation
Merits

- Real-time analysis

- Morphological change

- Color change (e.g. bandgap)

- Interfacial observation

Fig. 2. Schematic illustration of a side-view operando OM cell. Ope-
rando OM allows the observation of the internal side-views
of anodes, cathodes, electrolytes, and their interfaces. Repro-
duced from ref [44]. Copyright 2020 Wiley-VCH GmbH.

that we can employ the electrochemical cell as similar to the real
cell configuration, which consists of liquid electrolytes and conven-
tional electrodes. Therefore, this side-view configuration can be well
used to analyze the effect of electrolytes and their additives [28].
Considering accessibility to compiling more realistic information
on battery chemistry, this review mainly focuses on the studies on
operando OM of LIBs and all-solid-state batteries (ASSBs). We have
provided a comprehensive review of our research work in the field
of the application of OM for understanding the various challeng-
ing aspects of LIBs. Moreover, we highlight that the further utiliza-
tion of the OM technique towards and beyond the LIBs could lead
to the development of high-energy and efficient batteries in the future.

IMPACT ON REPRESENTATIVE ANODES USING
SIDE-VIEW OPERANDO OM

We focus on side-view operando OM studies for representative
anode materials on LIBs, including those arising from physical defor-
mation, color change, and volume expansion/shrinkage that reflect
on the electrochemical reactions. The OM techniques are known
to be limited in their space resolution that cannot be used to probe
ion migration. Nevertheless, observing physical information, such
as color; makes multi-technique approaches imperative for successful
interpretation.

1. Lithium Metal Anodes

Li metal is considered a suitable anode material for developing
high-energy batteries because of its high specific capacity (3,860
mAh/g) and low redox potential (—3.4 vs SHE). However, the high
chemical reactivity of Li metal with liquid electrolyte leads to the
formation of an undesirable SEI layer, which causes unsatisfactory
battery cyclability and inferior rate capability [16]. Furthermore, Li
dendrite formation and dead Li accumulation due to the inhomo-
geneous and uncontrolled Li deposition during the Li plating/strip-
ping process leads to various safety concerns, including cell failure,
poor Coulombic efficiency and thermal runway causing fire acci-
dents, which impede the applicability of Li metal batteries in prac-
tical application [17].

Researchers have used various interface engineering strategies
and electrolyte modification processes to stabilize the Li metal anode,
including the formation of an artificial SEI layer, nanoscale inter-
face layer coating, formation of Li alloy-based film, utilization of fluo-
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Fig. 3. (a) Schematic models illustrating the general observation of half-cell reactions at a side-view operando OM. During the lithium plat-
ing process, the interface between the separator and the electrode creates shows the formation of metallic lithium interphase, attributed
to dendrites or uniform layers depending on sample conditions. Typical examples of (b) pristine and (c) modified lithium metal depo-
sition visualized by side-view operando OM. Reproduced from ref [30]. Copyright 2018 Wiley-VCH GmbH. (d) Snapshots of four dif-
ferent electrodes during lithium metal plating on a pristine Cu current collector and modified Cu current collectors. Reproduced
from ref [32]. Copyright 2020 Elsevier. (e) Scheme of the symmetric cell configuration. The symmetric configuration can compare the

deposited thickness (f) before and (g) after several cycle tests.

rinated electrolyte and fluorine-containing additive and the effec-
tiveness of the strategy has been investigated through various charac-
terization methods [29]. Given the merits of the side-view operando
OM technique, our research group utilized it for investigating the
Li plating/stripping behavior, and dedicated considerable exertion
to their development of lithium metal deposition [30-33]. The sche-
matic models (Fig. 3(a)) illustrate the general observation of half-
cell reactions at a side-view operando OM. The inhomogeneity on
the lithium surface layer causes Li dendrite formation during the
plating/stripping process. So, we investigated the effectiveness of the
Li,Si coating layer for dendrite suppression using OM. The OM
results of the cell with Li,Si coated Li metal showed uniform Li
dissolution/deposition as compared to the bare Li metal (Fig. 3(b),
(). The observed morphology of the Li deposition on the bare Li
metal seems to be porous and Li dendrites were observed at 3 h.
In contrast, a very dense and uniform Li deposition was observed
for the Li,Si coated Li metal and no dendrites were observed even
after 3 h. The OM observation concludes that Li,Si formation on
the Li metal eliminates the inhomogeneity on the Lithium surface
[30]. In general, lithiophic underneath growth has been considered
a promising strategy to suppress the Li dendrite growth as compared
with Lithiophic on-growth. So, we further utilized the in situ OM
technique to validate the lithiophilic underneath growth strategy by
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observing the Li deposition behavior on the bare Cu, PVDF@Cu,
SiO,@Cu, and g-C;N,@Cu current collector (Fig. 3(d)). The OM
results showed a completely different Li metal growth feature for
the g-C;N,@Cu when compared with the bare and polymer-coated
current collector. After 4h plating, the Li metal growth and den-
drite growth were observed for all specimens except g-C;N,@Cu;
thus, the restricted underneath growth due to the presence of lithio-
philic g-C;N, layer prevents the Li metal growth through it [32].
Taking advantage of the aforementioned observation of the direct
metallic lithium deposition, the use of a symmetric cell configura-
tion that is similar to a symmetric coin cell configuration can dis-
tinguish whether dendritic formation occurs and also quantify the
deposited thickness of stable lithium metal deposition. The scheme
in Fig. 3(e) shows a general symmetric cell configuration of metal-
lic lithium electrodes. Using a symmetric configuration, deposi-
tion products during charge and discharge with a certain current
density could be observed between the two interfaces. This allows
quantifying the deposited thickness before and after several cycle
tests, as shown in Fig. 3(f), (g). Considering an arithmetical calcu-
lation by a current density and deposited time, we could estimate
the approximate thickness of the lithium deposition and compare
the apparent density of the electrodes. In addition, this estimation
could be a very versatile and promising platform for electrode or
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electrolyte manipulation, especially for different electrolyte compo-
sitions, additives, media, etc.
2. Silicon-based Anodes

Although silicon (Si) anodes have received great attention for
LIBs due to the high gravimetric energy density, high-percent uti-
lization of Si anodes is still challenging considering the practical
volumetric energy density (Wh/liter) [34]. So, small amounts of Si
less than 10% are considered a plausible solution combined with
graphite anodes. The Si content has a certain ratio to alleviate capac-
ity fading up on cycling caused by the volume expansion, leading
to particle cracks and disconnection [35]. From a practical perspec-
tive, the volume expansion of the particles generates the total vol-
ume expansion of Si anodes [36]. However, mostly, during the
delithiation process, the Si electrode would not recover the origi-
nal volume space, resulting in less interaction with each other. The
reduced interaction causes to increase the electrical resistance of
the electrode, leading to joule heating of the electrode, attributed to
possible danger, such as an explosion [37]. The visualization of physi-
cal volume expansion of Si electrodes is relatively easy, even though
particle expansion is at least submicron scales, as shown in Fig. 1(a).
So, our group used the OM technique to visualize the volume expan-
sion of micron-sized Si electrodes and densified Si/C composite
electrodes (Fig. 4(a)-(d)). The OM observations of the Si anode
showed rapid volume expansion during lithiation, but the original
volume of the electrode was not recovered during the delithiation
process. In contrast, the densified Si/C composite electrode showed
relatively less volume expansion than the bare Si electrode and the
original volume of the electrode was retained after the delithiation
process. Overall, the OM observation demonstrates that the densi-

fied Si/C composite electrode successfully accommodates the vol-
ume expansion during the lithiation and del-lithiation process [38].

To overcome the volume expansion-induced issues in silicon
anodes, one effective approach could be the utilization of an effec-
tive binder to improve the interconnection between the particles
and provide better particle adhesion than the conventional binder
of carboxymethyl cellulose (CMC) with the aid of styrene butadiene
rubber (SBR) after repeated cycling and high integrity of Si [39,40].
So, our group prepared a novel water-soluble binder using three
functional materials; thus we denoted this novel binder “DPA binder’,
as it utilizes DMA-PEG-Acrylate functional units. (i) poly(ethylene
glycol)-diacrylate (PEGDA) unit provides good structural integrity
and high machinal strength, which could alleviate the external stresses
induced by the volume expansion of Si partidles, (ii) dopamine meth-
acrylate (DMA) unit improves the addition between Si particle, con-
ductive agent and current collector with the help of its catechol
functional groups, (iii) poly (ethylene glycol) monomethyl ether-
acrylate (PEG) promotes the Li* transport (Fig. 4(e)). Further, we
used the OM technique to validate the advantages of the novel binder
for the volume expansion issues related to the Si anodes. The ob-
tained OM result of the commercial SBR-CMC binder and novel
DPA binder during lithiation and de-lithiation (Fig. 4(f)) shows
that our novel binder with its synergetic functionality of three units
effectively suppresses the volume expansion and reduces the micro-
structural changes of the Si electrode as compared with Si electrode
with commercial SBR-CMC binder [41].
3. Graphite Anodes

The commercial Li-ion technology still uses graphite as the most
predominant anode material because of its high safety as compared
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with Li metal anode. However, understanding its kinetics during
the charge-discharge process at the electrode level is still challeng-
ing; this leads to the researcher’s interest in the direct observation
of graphite anodes [42-45]. Considering the merits of the side-view
operando OM technique, our group has utilized the OM analysis
to directly observe the kinetics of graphite anode during the lithia-
tion and de-lithiation process. First, we analyzed the optical prop-
erty of the lithiated graphite by measuring the optical reflectivity
using UV/Vis spectroscopy and the correlation between energy gap
variation with the SOC and DOD determined by the Ku-Belka-
Munk theory [43]. The results of band gap structure analysis at
the 77 band of graphite before and after lithiation showed that the
fermi level of lithiated graphite (LiCy) is comparatively higher than
the initial stage of lithiation (Fig. 5(a)), because when lithiation occurs
the electron prefers to stay within the graphite 7band, which means
that Fermi level lies within the graphite 77 band at the initial stage.
When lithiation occurs, the band gap between the two slaps of the
graphite increases from 3.35 to 3.7A° (Fig. 5(b)), because the inter-
calation of Li ion into the slap induces the overlapping of the adjunct
rorbitals, thus causing the weak bonding. The color changes of the
graphite electrode during lithiation are mainly caused by the changes
in the energy gap due to the Li-ion intercalation (Fig. 5(c)).
Furthermore, the side view OM analysis exhibited color varia-
tion at the separator/electrode interface during the lithiation and
de-lithiation process (Fig. 5(d)). When lithiation occurred, the graph-
ite electrode color changed initially to red at the interface and then
to yellow under the fully lithiated state, and the reversible color
changes were observed during the delithiation process. Moreover,
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the hysteric behavior observed in the plot against the lithiated graph-
ite distance and time revealed the more Li diffusion occurs during
the charge state (Fig. 5(e)). In addition to OM, we have collected
Raman spectra of the graphite anode for the fully lithiated state
(point 1), partially lithiated state (Point 2, 3) and unlithiated state
at the different sites during lithiation (Fig. 5(f), (g)). The results indi-
cate that the intensity of the D band, which describes the breath-
ing mode of the Sp2 carbon atom in the ring, increases from point
4 to 1, which implies that the lithiation process leads to more defects
in the graphite structure. Overall, the side-view OM analysis suffi-
ciently revealed the charge-discharge kinetics of the graphite anode
[44].

OPPORTUNITIES VISUALIZED BY OPERANDO OM
FOR BEYOND LITHIUM-ION BATTERIES

In this section, we summarize the application of OM for address-
ing the various challenging issues associated with the energy stor-
age systems beyond the LIBs, such as all solid-state batteries (SSBs)
and Li-sulfur (Li-S) batteries.

1. All-solid-state Batteries

A promising approach to minimize the safety issues related to
the current Li-ion battery is replacing the highly flammable liquid
electrolyte with a non-flammable solid electrolyte. The utilization of
SE also allows the stacking of the multiple cells together, thus in-
creasing the energy density of the battery pack, which is needed for
the high range electric vehicles (EVs). Hence, the beneficial advan-
tages of the solid-state battery (SSBs) have generated increasing
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Fig. 5. (a) Schematic that pinpoints the origin showing color of band gap structure at 77 band of graphite before (left) and after (right) lithia-
tion. (b) Schematic of the internal structure of the graphite anode during lithiation. (c) Color wheel with the wavelength ranges of
each color; opposite colors in the wheel are complementary colors. When some wavelength of incident light is absorbed, the color
complementary to the absorbed color appears. (d) Side-view operando OM images (insets; scale bars represent 100 mm) of a graphite
electrode during lithiation and its voltage profilefor the 1* charge-discharge cycle. (e) Relative depth of charge as a function of the rela-
tive charge and discharge times for the 1% and 10" charge-discharge cycles. (f) Side-view operando OM image during an electrochemi-
cal reaction and (g) its Raman spectra of the points marked in (f): point 1 corresponds to the fully lithiated state, points 2 and 3 are
partially lithiated states, and point 4 represents the unlithiated state. Reproduced from ref [44]. Copyright 2020 Wiley-VCH GmbH.
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research attention in the designing and development of all SSBs
with high efficiency [46-48]. Although the SSBs are the best candi-
dates for future electric vehicle application, the interfacial instabil-
ity of SE with electrode material and Li filament formation inside
the SE leads to cell failure, which hinders the applicability of SSBs
in EV, and researchers have used various advanced in situ charac-
terization techniques to visualize the Li filament formation and to
address the interface issues [49,50].

However, the investigation of the interfacial changes and the effect
of Li filament formation during the battery operation is very im-
portant because batteries are dynamic devices, and the electrode
and SE are not in equilibrium during the operation [51]. From this
point of view; operando side-view OM has received much attention
because it can provide plenty of information about the changes oc-
curring inside the electrode and at the SE/electrode interface during
operation. Dasgupta et al. [52] observed the Li filament formation
inside the Garnet-based LLZO SE using operando OM microscopy
(Fig. 6(a)). The results indicate that Li filament formation was ob-
served at high current density and the propagation of Li filaments

leads to the machinal crack formation and further growth leads to
a short circuit. A similar research group investigated the Li trans-
portation bath in the solid-state composite electrolyte by observ-
ing the color changes of the composite electrode using the operando
OM technique. The OM observation results concluded that Li trans-
portation in the composite electrode occurs through two different
pathways: Li transport via SE and Li diffusion within the graphite
electrode [53].

Sun et al. [53] observed Li-dendrite formation in SSBs under
two different charging modes (constant current and pulsed cur-
rent) using in situ OM analysis. The OM images clearly showed
that the Li dendrite formation and propagation were very fast at
the constant current mode than in pulsed current mode, and it was
found that the pulsed current charging method could suppress the
Li dendrite formation (Fig. 6(b)). Recently, Lu et al. [54] visualized
the Li growth behavior inside the SE and observed the Li deposition
inside the SE using the in sifu OM technique. Furthermore, the
OM results (Fig. 6(c)) revealed that the Li deposition and dendrite
propagation inside the SE are the main causes of the crack forma-
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tion and cell failure of SSBs.
2. Lithium-sulfur Batteries

The high demand for batteries with sufficient energy density for
the next-generation electric vehicle has triggered battery research
toward the development of high-energy battery systems beyond
the current Li-ion battery technology [10]. In this regard, Lithium-
sulfur batteries (Li-S) have been considered a suitable candidate to
meet the energy density requirements of electric vehicles due to
their high energy density (2,500 Whkg ™) and the low cost of sulfur.
However, the practical utilization of Li-S batteries in EVs is hin-
dered by various factors, including the low electronic conductivity
of sulfur and Li,S increases the activation energy of the redox pro-
cess. In addition, the shuttle effect of polysulfides during the redox
process leads to rapid capacity loss and low Coulombic efficiency:
Various strategies have been applied to overcome the challenging
issues of Li-S battery, including the utilization of carbonaceous mate-
rial as the host material to improve electric conductivity as well as
trapping the sulfur and polysulfides species, and various separator
modifications were applied to suppress and block the polysulfide
diffusion [55].

Various in situ/operando characterization techniques have been
utilized to investigate the solid phase formation and dissolution of
sulfur and Li,S, morphological changes and tracking the polysulfide
diffusion during the charge-discharge process [56,57]. Recently, the
OM technique has been used to investigate the challenging issues
related to the Li-S battery. Cui et al. used OM to investigate the
applicability of the nanoscale encapsulation strategy which has been
widely used in liquid electrolyte systems to solid state Li-S batter-
ies. The OM observation (Fig. 6(d)) implies that the TiS, encapsu-
lation of Li,S particle sufficiently suppresses the polysulfide dissolution
[56]. Furthermore, the same group used the OM technique to visual-
ize sulfur growth in real-time on the various current collector during
battery operation. The OM observation (Fig. 6(e)) showed the for-
mation of supercooled sulfur droplets on the nickel current collec-
tor and the strong interaction between Ni and lithium polysulfides
reduces the polysulfide shuttle effect and improves the Li,S phase
conversion kinetics [57].

SUMMARY AND OUTLOOK

This review has summarized our research work towards the uti-
lization of side-view OM for the investigation of challenging issues
of the LIBs and various research works which have used the OM
for the investigation beyond LIBs such as all-solid-state batteries
and Li-sulfur batteries. The above discussion of the available research
reports concludes that OM analysis is a promising technique for
the investigation of the charge-discharge kinetics and SEI degrada-
tion mechanism of the LIBs. Further, the OM analysis provides suffi-
cient scientific information about dendrite propagation and instability
of the SEI layer formed on the Li metal anode in Li-metal batter-
ies. In addition to LIBs, the OM analysis was widely used for the
investigation of interface degradation mechanism, dendrite evolu-
tion and mechanical failures of all-solid-state batteries. Recently,
OM technologies have been applied to Li-sulfur batteries for the
dynamic investigation of polysulfide conversion and diffusion kinet-
ics. Also, the OM tools have been widely used for investigating and
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understanding lithiation or sodiation behavior in battery materials
for discovering new electrode materials with high performance and
identifying the fundamental failure mechanisms. Overall, the OM
analysis is a suitable technique for addressing the various issues of
energy storage devices.

In general, lithiation and de-lithiation behavior has been explained
by the diffusion kinetics by the fundamental viewpoints at a sin-
gle-particle level. However, we have to consider that the degree of
lithiation occurs from the top surface to the bottom electrode across
pseudo-2-dimensional models with porous structures. Once most
commercial electrodes aim to approach high mass loading and tap
density; the complex mechanism behind this remains subject to
debate. Hence, the macro-scale observation, such as side-view
operando OM techniques, could give information on the charged
degree of the entire particles of the whole electrode by analyzing
the physical deformation of the top surface. Also, the merits of such
imaging observations are very direct against the ensemble averages.
Most degradation happens from a local region of an electrode, which
in turn requires greater experimental precision to ascribe physical
meaning to the degradation parameters. Apart from the difficul-
ties described above, we believe that the further utilization of the
OM technique towards and beyond the LIBs will provide more
insightful information and scientific solution for the challenging
issues associated with batteries, which could lead to the develop-
ment of high-energy and efficient batteries for the next-generation
energy devices.
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