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generation.[5] Understanding the mecha-
nisms and fundamentals inside the EESs 
are critical to improve their performances 
by boosting the favorable processes and 
suppressing the detrimental ones.

Various ex situ techniques have been 
used for studying EESs, which provide 
valuable spatial and temporal informa-
tion.[6–8] Nevertheless, ex situ methods are 
limited by the time delay and potential 
impacts during the operation of removing 
samples from their initial environments 
to characterization locations.[9] The results 
might sometimes be missing or even mis-
leading. This elicits the requirement for 

in situ/operando methods to conduct real-time observations on 
reactions and processes inside a system. In situ analytical tech-
niques can provide more realistic information on the ongoing 
chemical and physical processes in an electrochemical cell.[10] 
Furthermore, correlating in situ information with electrochem-
ical results obtained synchronously from the same device ena-
bles to build a direct cause-and-effect relationship, leading to 
authentic conclusions.[11]

Remarkable progress has been made with advanced char-
acterization techniques including optical,[12] X-ray,[13] electron 
microscopy,[14] neutron techniques.[15] The techniques work on 
very different principles. Optical microscopy is based on trans-
mitting light to construct images for the samples. It has a wide 
effective characterization scales from centimeter to lower than 
micrometer. X-ray characterization techniques utilize electro-
magnetic radiation to magnify the samples. X-ray methods, 
including diffraction, absorption spectroscopy, photoelectron 
spectroscopy and X-ray microscopy, provide crucial information 
from mesoscale morphology to microscale crystal structure and 
elemental content of electrode materials.[16] Electron microscopy 
probes the samples with electron beams.[17] The techniques 
based on neutron are quite similar as electron, and neutrons 
are preferable for analyses of light elements such as lithium ion 
(Li+). Also, Neutrons can go in more penetration depth with a 
weaker interaction with matter.[18] With the employment of these 
techniques, the knowledge of mechanisms of EESs has been 
significantly enhanced. On the other hand, in situ/operando 
experiments are restricted under certain circumstances, as they 
generally require special designs and modifications of the unit 
structures. Compared with other techniques, optical micros-
copy is preferable for in situ/operando studies considering the 
basic equipment needed, nonvacuum manipulation, easy access 
and operation, as well as its nondestructive nature.[19] However, 
inspections based on optical microscopy require access within 
the systems for transmitting light.

This review discusses a range of in situ/operando techniques based on 
optical microscopy reported in literatures for studying electrochemical energy 
systems. Compared to other techniques (scanning probe microscopy, electron 
microscopy, X-ray microscopy), optical microscopy offers many advantages 
including the simplicity of the instrument and operation, cost effectiveness, 
and nondestructive nature. In the past few decades, significant advances 
in the field of optical microscopy have been made, enabling new opportuni-
ties of more elaborate studies on electrochemical energy systems. Herein, 
different methodologies are compared, with the emphasis on experimental 
setup designs and findings, to illustrate their aptness.
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1. Introduction

Energy storage plays a crucial role in the future sustainable 
energy systems, considering the needs to balance the output 
fluctuations of renewable energy sources and support the 
prosperities of electronic devices and electric transporta-
tion.[1,2] Of various storage methods, electrochemical storage 
are a choice to meet the various energy demands of the 
society.[3,4] Over the past decades, great efforts have been made 
to optimize electrochemical energy systems (EESs) in terms of 
energy and power densities, lifespan, safety and costs, which 
are dependent on their internal physico-chemical processes 
such as redox reactions, ion transports, formation of intersti-
tial interfaces, degradation of components and by-substances 
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In recent decades, several advanced techniques have been 
proposed, which provide new opportunities for researchers to 
conduct in situ/operando studies in EESs. There have been 
several reviews of general in situ methods for EES,[20–22] none 
of which focused optical microscopy. Herein, we present a com-
prehensive review on in situ/operando optical microscopy for 
probing electrochemical energy systems. This review covers the 
working principles of optical microscopy, designs of in situ/
operando electrochemical cells, major findings from the litera-
tures and future research opportunities.

2. History and Development of Optical 
Microscopy Techniques
The operation of an optical microscope relies on the reflection 
and refraction of transmitting light on an object.[23] Hans and 
Zacharias Janssen created the first microscope composed of a 
compound design with eyepiece and objective lens in the 16th 
century.[24] Further improvements were made by Robert Hooke 
and Antonie van Leeuwenhoek. Each of them developed their 
own microscopes. Hooke, who was famed for his micrographic 
publications of vermin, expanded the size of magnification to 
approximately 30× based on Janssen’s microscope.[25] Van Leeu-
wenhoek further increased the magnification of up to 300×. 
He has for the first time observed “animalcules” in pond water 
and human mouth. He also described microscopic findings of 
cellular structure including muscle fibers, white and red blood 
cells and spermatozoa.[26] In the late 19th century, Ernst Abbe, 
an optical theorist in Zeiss, put substantial efforts in rein-
forcing the magnifying capability of microscopes. He developed 
a theoretical understanding of the inherent limit of resolution 
of microscopes and found that the resolution is determined 
by the wavelength of light and the numerical aperture of the 
lens.[27] In collaboration with a glass chemist Otto Schott, Abbe 
achieved a spatial resolution of about half the wavelength of 
light by using a water immersion technique. Furthermore, 
Zeiss and Abbe enabled the manufacturing of affordable micro-
scopes, which significantly brought down the costs and broad-
ened the applications of optical microscopy.[28]

Following those early efforts on microscopes, Frits Zernicke 
developed the first phase contrast microscope that measured 
phase shifts. The phase contrast microscope has enabled the vis-
ualization of transparent live cells with increased contrast by illu-
minating light though the samples.[29] This technique has been 
widely adopted since the War II, and was award the 1953 Nobel 
Prize in Physics. Before the invention of the phase contrast 
microscope, fluorescent properties of substances had been inves-
tigated, and some substances had been found to emit light of 
longer wavelength than the illuminating light.[30,31] Based on this 
phenomenon, Oskar Heimstädt developed the first fluorescence 
microscope in 1910. However, Heimstädt himself was uncertain 
about the significance of fluorescence microscopy.[32] Meanwhile 
in the biology field, a variety of fluorescent probes have been syn-
thesized specifically for the application of cell research including 
fluorescently labeled antibodies,[33] reactive dyes and the family 
of green fluorescent proteins.[34] With further settling for the 
limitation of background signal, the fluorescent microscope has 
become an indispensable tool for cell biologists.

In 1961, Marvin Minsky proposed the concept of confocal 
microscopy by integrating two pinholes into the microscope.[35] 
Together with the advent of the lasers, the first scanning con-
focal microscopy became available in 1987. As the digital age 
began in 1980s, most technologies are digital-oriented. Digital 
microscopes, with a substitution of oculars with digital cameras 
and monitors, helped researchers record all the results and data 
easily, and the optical microscopy took off. Meanwhile, new 
techniques and applications such as optical fiber, multibeam 
optical sensing, etc., have been developed. With the develop-
ment of more elaborate optical components and advanced 
designs, the aptness of optical microscopy has been greatly 
boosted as shown in Table 1.

Optical fiber was invented over one-hundred years ago. Lights 
from one end can transfer within the fiber core by total internal 
reflection till the other end even when the fiber is bending. 
Except for its momentous applications in the communication 
area, optical fiber is also helping microscopist to bypass the 
opaque barrier and transiting light into internal cavities.

With its unique propagation and reflection properties, light 
beam has been a very powerful tool for monitoring changes 
in the surface morphologies. Laser deflection technique, for 
example, can deduce the substrate curvature change by detect 
the position shift of a reflected laser beam.[36] Multibeam optical 
sensing technique was developed from laser deflection method 
by Floro et al in 1996 with higher resolution.[37] It has already 
proven successful in the applications of monitoring the stress-
related phenomena in metal or thin films during chemical 
vapor deposition or molecular beam epitaxy.[38]

3. Optical Microscopy Studies of Polymer 
Electrolyte Membrane Fuel Cells (PEMFCs)
Benefiting from multiple advantages, such as, room tempera-
ture operation, high efficiency, fast start-up, and environmental 
friendliness, PEMFCs have been an attractive power source for 
automotive and stationary applications.[39] A PEMFC consists of 
a polymer electrolyte membrane, an anode and a cathode with 
porous layers to facilitate the transport of reactants to/products 
away from the catalyst surface and bipolar plates containing gas 
flow channels as shown in Figure 1.

Hydrogen is the most commonly used fuel in PEMFCs. In 
a hydrogen-fuelled PEMFC, hydrogen and oxygen react sepa-
rately at individual electrodes, producing electricity, heat and 
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Table 1.  A brief summary of practical applications of optical microscopy.

Applications Characterizations

Optical microscope Direct eye observation: from mesoscale to 
microscale;

Digital Camera: image processing, live tracking, 
digitalization;

Fluorescent microscope Fluorescent dye: labeling and marking;

Optical Fiber Bypass opaque medium of EESs;

Multibeam optical sensing Deformation such as inflection, expansion, etc.;

Microparticle image velocimetry Flow visualization for fluidics.
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water. During the operation, water is formed at the cathode. 
Also, water vapor in the anode flow tends to migrate to the 
cathode along with protons (H+) moving across the membrane 
under the electro-osmotic force. Hence, the water content on 
the cathode side is usually higher than that on the anode side. 
Meanwhile, a backward diffusion of water from the cathode to 
the anode through the membrane electrode assembly also takes 
place due to the water activity gradient. The ionic conductivity 
of the polymer electrolyte membrane and reactant transport are 
highly dependent on the water content. It would impose nega-
tive effects on mass and charge transfer if the level of water con-
tent hasn’t been kept in a suitable range.[40] Therefore, proper 
water management is vital to ensure proper performance of fuel 
cells and prevent fuel cells from flooding and drying out. Water 
and mass transport is tightly coupled with heat transfer, hence, 
thermal management is also crucial to fuel cells.[41] Future devel-
opment of PEMFCs requires a comprehensive understanding of 
these processes. Direct visualization techniques can provide the 
real-time information of internal distributions in an operating 
fuel cell and thus a useful platform for understanding PEMFCs.

3.1. Two-Phase Flow in Gas Channels

As one of the main challenges, the water management has been 
the subject under extensive investigations. The generation, 
accumulation, as well as the discharge of liquid water inside 
the electrodes need to be studied for better understanding of 
water transport in PEMFCs. Conventional optical photography 
has been employed widely to visualize liquid water transport 
in PEMFCs due to its simplicity. Through this methodology, 
its spatial and temporal resolution capabilities have helped to 
observe the water motion inside the flow channels, although 
internal visualization can be restricted by opacity of electrodes. 
Specially designed transparent cells have been developed to 
observe the surface of cell structures.

For optical analyses, transparent fuel cell designs are nor-
mally used to allow visualization of the interior of gas channel. 
A transparent cell consists of a conventional core MEA sand-
wiched between two transparent cover plates. The transparent 
cover plates are either made of stable transparent materials 
such as plexiglass or at least have a transparent glass window 
as shown in Figure 2. Taking advantage of these cell designs, 
the build-up, accumulation and discharge of liquid water on 
both anode and cathode surfaces have been studied. It was 
found that the build-up and accumulation of water on the elec-
trode surface happen rapidly. Klaus et  al. spotted water drop-
lets inside the diffusion layer and water accumulation on the 
surfaces near the air inlet and outlet after 3 min of operation 
at a voltage of 500  mV.[42] Discrete water droplets were found 
to grow and form slugs in the channel and then eventually 
become plugs moving toward the outlet pushed by the gas 
flow. As the access of reactant gases was blocked by water, the 
cell voltage was observed to drop and rise as the blockage was 
expelled or broke up. The process happens periodically, causing 
a “V” shape appearance in the profile of the voltage.[43]

The two-phase flow in gas channels can be affected by fac-
tors such as flow rate, humidity,[43,45] channel dimensions and 
profiles (parallel, serpentine, and interdigitated),[46,47] tempera-
ture, current density,[48] gas diffusion layer (GDL) materials,[49] 
and gravitational orientations.[50] Zhan et al. found that the gen-
eration of water on the electrode is not uniform with a higher 
production rate under the channel backs than that in channel. 
Also, the water near the channel walls can easily form water 
film due to the capillary effect. In contrast, the liquid water 
on the GDL is near sphere drop since the surface of GDL is 
hydrophobic. The wettability on different materials have also 
been studied.[51] Parallel and serpentine channel presents a 
great difference in discharging liquid water. Once channels in 
parallel were blocked by water, the water can hardly move for-
ward from the original spot and keeps blocking the channel. In 
comparison, serpentine channel shows rapid removal of water 
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Figure 1.  a) Schematic of a PEMFC illustrating the main components and operation principle. b) Schematic of a close-up on the cathode side of the 
membrane electrode assembly (MEA) showing the triple-phase boundary.
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droplets. The water obstructs the gas transport into the elec-
trode, as a result, the electrode cannot work effectively in these 
parts.[52]

It is noticed that most of the early visualization studies were 
limited to qualitative descriptions of water in forms of drop-
lets, slugs and films within the gas channels. More attention 
should be paid to gathering quantitative data. Benefiting from 
high-resolution digital cameras and an increasing computing 
power, quantitative characterization of two-phase flows in fuel 
cells has become possible. Based on a visualization study of 
liquid water in straight channels on the cathode side, which 
were carried out on the surfaces in a range of humidity levels, 
Hussaini et  al. quantitatively concluded the flow patterns into 
a flow map, in terms of two-phase pressure drop coefficient, 
voltage loss and wetted area ratio.[53] It was found that the 

actual distribution of water depends on channel designs and 
experimental conditions, however, the value of the wetted area 
ratio was found to be fairly constant, indicating that it repre-
sented a certain working status of the cell, under a given set of 
operation conditions.

Sergi et  al. further developed a technique using dig-
ital video processing to quantitatively measure the liquid 
water transport in gas channels covered by a transparent 
window.[54,55] The digital processing algorithm, as shown in 
Figure  3, was able to give more accurate results compared 
with manual selection processes. A dual-visualization setup 
was implemented to observe flow fields on both electrodes 
simultaneously during cell operation. The wetted area ratio 
was automatically calculated and the liquid water content was 
quantified in the flow fields.

Adv. Mater. Technol. 2020, 2000555

Figure 2.  Transparent PEMFC setup: a) with a transparent observation window. Reproduced with permission.[43] Copyright 2011, Hydrogen Energy 
Publications. b) Whole transparent cover plates. Reproduced with permission.[44] Copyright 2017, Elsevier Ltd.

Figure 3.  Digital data processing for water coverage ratio. Reproduced with permission.[55] Copyright 2011, Hydrogen  Elsevier Ltd.
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New algorithms with MATLAB to quantitatively identify and 
measure the water flow patterns in frames captured by CCD 
were developed by Banerjee et  al.[56] The liquid water in the 
distribution channels is quantified at various operation condi-
tions, e.g., temperature, inlet humidity, current density. This 
work attempted to generate quantitative data to establish a 
comprehensive understanding of the two-phase flow patterns 
in PEMFC gas channels. Taking advantage of direct high-reso-
lution visualization with advanced image processing algorithms 
for extracting two-phase flow data in the gas channel, further 
quantitative studies have been done in PEMFC under different 
gas stoichiometric ratios, relative humidities, operating pres-
sures, and temperatures. Information of total and local water 
coverage ratio at interested areas of a flow channel (elbows, 
middle region and each channel row) gave more insights into 
how flooded the flow channels are and also can be used for 
establishing the relationship between the water coverage and 
variations in the performance of a fuel cell.[44,57,58]

3.2. Two-Phase Transport in Membrane Electrode Assemblies (MEA)

The opacity of gas diffusion electrodes makes the visualization 
of transport within a porous electrode difficult. Liu and Pan per-
formed a water breakthrough experiment through GDLs with 
or without a microporous layer (MPL) by simultaneous visu-
alizing the generation of water droplets and measuring of the 
back pressure. It was found that in the GDLs the water began 
to breakthrough at some preferential locations and became 
continuous transports spots. It was also concluded that the 
morphology of GDLs can affect water discharge.[59] Kang et al. 
developed a similarity model experiment for indirect investiga-
tion of liquid water transport in hydrophobic GDLs.[60] Three 
dimensionless parameters of the model experiment, i.e., cap-
illary number, viscosity ratio and bond number, were manip-
ulated to simulate the practical operation of PEMFCs. The 
evolution of water distribution in the nonwetting material was 
photographed. However, the conditions were not necessarily 
the same as a real cell. The visualization under GDL surface 
remains as a challenge by conventional optical microscopy.

3.2.1. Fluorescence Microscopy

Fluorescence is a phenomenon that occurs when molecules 
absorb light with a certain wavelength (excitation), followed by 
a re-emission of light with a longer wavelength.[61] These exci-
tation and emission wavelengths can be unique fingerprints 
of certain substances called fluorophores, which makes their 
use in sensing possible. It is a prospective approach to visu-
alize the water transport in microscale under the surface of 
the GDL using fluorescence microscopy integrated with optical 
photography.

Lister et  al. for the first time used fluorescence microscopy 
to characterize the time period of penetrating through gas dif-
fusion media and also to understand the penetration pathways 
through the material for water.[62] A visualization experiment 
was conducted by feeding fluorescein dye though a GDL and 
correlating the light intensity to the height of the fluidic surface. 

The images obtained from the visualization experiments were 
processed, which enabled the analyses of the connectivity 
among different flow paths and the interdependence of the 
liquid motion. Bazylak et al. from the same group explored the 
water transport behaviors on the surface and within the micro-
structure of the GDL by employing fluorescence microscopy 
and pressure drop measurements.[63] A changing breakthrough 
location of water droplet was observed, suggesting dynamic 
and interconnected flow paths of water within the GDL. This 
phenomenon was supported by an idealized numerical simula-
tion, showing that once a new penetration pathway is formed, 
less preferable pathways recede. However, the time-dependant 
water transport within GDL has not yet been well studied.

A laser-scanning confocal microscope technique was devel-
oped by Gao et  al.[64] It was used to show the water transport 
behaviors in GDLs. In order to obtain visual images, water 
dyed with fluorescent Rhodamine B was forced to flow through 
different GDLs exposed under the confocal microscope. The 
pressure of water in the GDLs was monitored. Based on the 
pore-scale visualizations (Figure  4), they found that water 
flow in GDL of PEMFC was unstable and showed features of 
column flows in hydrophobic soils, which had been intensively 
studied with well-developed theories.[65] This study provided 
a guideline for the mathematical modeling of water transport 
and water management in PEMFCs.

Polytetrafluoroethylene (PTFE) based polymers are widely 
used as coating materials to form a hydrophobic surface on 
carbon fibers, as well as binder agents in fuel cell electrodes. 
Because there is lack of contrast between the carbon-based 
ink and carbon fiber in final images, uniform “black field” 
areas in the images has little or no observable features could 
be obtained through an optical microscopy. McCarthy et  al. 
developed an approach using fluorescence microscopy to dis-
tinguish the location of PTFE/ Nafion in MEA and the gas dif-
fusion media.[66] “Brilliant yellow 43” (C20H24N2O2) was used as 
a probe to track the distribution of PTFE within the GDL. It was 
found that the hot-pressing process which is used to fabricate 
membrane coated materials resulted in a physical dispersion of 
hydrophobic layers into the gas diffusion media itself. This was 
the first time to directly identify the distribution of PTFE in the 
gas diffusion layer.

3.2.2. Optical Fibers

Another approach used for opaque medium is to build optical 
waveguides. Of particular interest is optical fibers, which are 
cylindrical waveguides that could carry the optical signal con-
fining within them. A most commonly used material in the 
fabrication of optical fibers is fused silica with a relatively high 
chemical inertness and thermal stability. Multiple configura-
tions have been proposed using optical fibers as both active and 
passive medium. In active configurations, fibers will be coated 
with indicators suitable for fluorescence-, chemiluminescence-, 
or absorbance-based measurements, while in passive configura-
tions, fibers are only used to carry light to and/or collect lights 
from the detection site.

Combined with fluorescence detection, Zhu et al. for the first 
time described a fiber-optic humidity sensor on the basis of a 

Adv. Mater. Technol. 2020, 2000555
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Nafion membrane containing 1 wt% of Rhodamine 6G as an 
indicator.[67] The fluorescence intensity detected was attributed 
to the formation of a complex between immobilized Rhodamine 
6G and water to quantify the humidity. The fluorescence inten-
sity increased linearly with the partial pressure of water vapor. 
Based on Zhu’s work, Yatin et  al. made several improvements 
and developed a fluorescence fiber-optic setup to detect the 
change of water distribution inside a membrane of an operating 
fuel cell.[68] The setup is illustrated in Figure 5a. The measured 
results of water content in the membrane can be used to predict 
the dynamic response of fuel cells during various operating.

Hydrogen peroxide is a reactive species and an intermediate 
commonly formed during the operation of PEMFCs, which can 
accelerate the degradation of both the polymer backbone and the 
active ionic groups that are essential for ion conduction. Inspired 
by Yatin’s work, a more sophisticated setup (shown in Figure 5b) 
to monitor the degradation of membrane in situ and ex situ 
was developed by Prabhakaran et al.[69] Cadavid et al. conducted 
a series of studies on fiber sensors to detect the presence and 
quantify the concentration of hydrogen peroxide.[70] The mecha-
nism of H2O2 detection relies on the changes of absorbance of 
the metallic hexacyanoferrate compound, i.e., Prussian blue. 
With two early-stage ex situ trials on simply testing the concen-
tration of H2O2 in solution and the effects of temperature on the 
intensity of reflected light, the authors were able to measure the 
concentration variation within the Nafion membrane.

3.3. Temperature Distribution

Infrared (IR) thermography is an optical method that has 
been widely used for measuring temperature distribution in 
PEMFCs. Hakenjos et  al. conducted a very direct IR and dig-
ital observation of the electrode surface with a simultaneous 
measurement of current distribution.[48] It was found that the 
temperature distribution aligned with the current distribution 

only in the areas without the presence of liquid water, indi-
cating that water generation has a great influence on the local 
temperature. Taking advantage of IR thermography, Ishikawa 
et  al. measured a PEMFC operating at temperatures below 
freezing point.[71] It was found that super-cooled liquid water 
can be generated at temperature as low as −10 °C. After several 
minutes’ operation, the temperature increased to 0 °C while 
the water began to turn into ice. In a following work, Ishikawa 
developed a cross-section configuration (Figure  6) to further 
investigate the water behavior within the GDL at temperatures 
below freezing point.[72] During operation, the cell performance 
fell down with ice grew at the GDL/MEA interface.

Daino et  al. carried out another in situ cross-section inves-
tigation to study the through-plane water transport in a 
PEMFC.[73] In order to obtain a view of the GDL cross-sections, 
the cathode and anode lands were recessed by 180µm to repre-
sent the thickness of the GDLs used. Transparent material was 
used to form a window for the travel of visible. The observations 
revealed that water transport in the vapor phase was dominant 
in the anode GDL, while liquid water was routinely observed in 
the cathode GDL. It was found that the temperature gradient 
across the anode GDL is greater than the cathode GDL.

4. Optical Microscopy Studies of Lithium Batteries

Li-ion batteries have been regarded as a prevailing commercial 
leader for energy storage applications in the past decade. How-
ever, the performance still needs to be further increased to meet 
the increasing energy requirements in the future. To improve 
storage capacity and cycle life remains technical challenges that 
need further efforts. Several reviews have surveyed the develop-
ment of different types of in situ and in-operando techniques 
for Li-ion batteries.[20,74] However, none of them gives a specific 
review on optical microscopy techniques. In this section, in situ 
optical microscopy for Li-ion batteries will be reviewed.

Adv. Mater. Technol. 2020, 2000555

Figure 4.  Visualization examples of wet GDLs with 1.5 mm × 1.5 mm field of view. Reproduced with permission.[64] Copyright 2009, Elsevier B.V.
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4.1. Observation of Morphology and Structure Evolution

4.1.1. Dendrites

Lithium metal is a promising negative electrode material 
which gives a high theoretical specific capacity. However, 
the widespread application of metallic lithium anode has 
been limited by challenges such as the nonuniform deposi-
tion of lithium during the charge-discharge cycles of the bat-
tery.[75] These deposits often present branch like morphologies 
referred as dendrites. Dendrites are actually commonly gener-
ated during electrodeposition of most metals, such as copper 
and iron. The dendritic morphology of electrodeposited lithium 
is related to the electrolyte compositions, surface morpholo-
gies, electrochemical conditions, etc.[76] The surface condition 
of lithium electrode is also known to play a critical role in the 
initiation of dendrites. It is also known that local variations of 

solid-electrolyte interphase (SEI) composition and thickness 
will lead to an uneven current distribution and thus unsmooth 
deposition. With the growth of dendrites, the no uniform 
deposited film will crack and more lithium will be deposited 
near the cracks. Also, Li tends to deposit the regions where the 
film is thinner. It has been shown that lithium on the tips of 
dendrites is electrochemically inactive, decreasing the amount 
of available lithium.[77] However, this free lithium is extremely 
chemically active due to its large surface area. Dendrites can 
also traverse the separator and cause short circuit. The exact 
reason for the propensity of lithium to turn to dendritic mor-
phology has not yet been confirmed.

Sano et  al. conducted several studies for in situ morpho-
logical observation of lithium metal in lithium-ion batteries 
with ionic liquids as an electrolyte.[78–80] The experiments were 
performed with a house-made two-electrode cell containing a 
transparent window as shown in Figure  7. It was found that 

Adv. Mater. Technol. 2020, 2000555

Figure 5.  a,b) Schematic of two fiber-optic fluorescence instrument setups. a) Reproduced with permission.[68] Copyright 2005, American Chemical 
Society. b) Reproduced with permission.[69] Copyright 2012, National Academy of Sciences.
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the morphology of lithium electrode depended on current 
densities. Smaller-sized precipitation of lithium with higher 
coverage ratio was more likely to be obtained at larger current 
densities.[81] Lithium precipitation tended to grow at the places 
with pre-plated lithium. It was also observed that large potential 
drop was induced during the initial plating process. Nonden-
dritic particle were obtained with additives of PP13[TFSA] and 
vinylene carbonate (VC), as a uniform film of decomposed VC 
was formed on the surface.

Steiger et al. fabricated a planar cell to study the deposition 
and dissolution of electrodeposited lithium.[82–84] Lithium was 
deposited as filaments. Those wires grew from the interface 
between the current collector and lithium metal. A simple and 
effective method with a capillary cell to explore the growing 
mechanism of lithium dendritic was developed by Bazant 
et al.[85] The setup is show in Figure 7a. The authors suggested 
two mechanisms for lithium growth. Moss like lithium growth 
from the roots dominated the morphology when the battery 
was below the Sand’s capacity. On the contrary, if the battery 
was operated above the Sand’s capacity, dendritic lithium grew, 

which could penetrate the separator and cause a short circuit. 
Therefore, increasing the salt concentration in electrolyte to 
maximizing the Sand’s capacity can avoid the formation of den-
dritic lithium.

Aryanfar et  al. developed a method for quantitative deter-
mination of the amount of dead lithium crystals in a coin 
cell.[86] The specially designed cell was comprised of an acrylic 
separator sandwiched by two current collectors as shown in 
Figure  8b. The transparent acrylic structure provided a light 
path for visualizing dendrite growth. With digital imaging, 
they recognized two different types of micro morphology: 
dead lithium crystals and dendrites. They further studied the 
thermal annealing kinetics of lithium dendrites by both experi-
ments and simulations with same structure.[87]

The mechanistic study of battery failure using in situ char-
acterization techniques is still challenging. Most of previous 
studies focused on half-cells with lithium as negative elec-
trodes. The operating conditions are not necessarily the same 
as or close to commercial cells. Guo et al. designed an all-quartz 
glass full cell for in situ monitoring of electrodes occurring 

Adv. Mater. Technol. 2020, 2000555

Figure 6.  Cross-section inspection on PEMFC operating at a temperature below freezing point. Reproduced with permission.[72] Copyright 2008,  
Elsevier B.V.

Figure 7.  Two custom-made two-electrode half-cell with transparent window for optical observation: a) Coin cell. Reproduced with permission.[78] 
Copyright 2010, Elsevier B.V. b) Planar cell. Reproduced with permission.[82] Copyright 2014, Elsevier B.V.
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during charging/discharging cycles.[19,88] In order to record of 
internal phenomena in real time, the anode and cathode were 
designed side-by-side as shown in Figure 9. In a face-to-face in 
operando cell configuration, Mukherjee et  al. investigated the 
effects of high C-rate on the lithium plating on graphite elec-
trode.[89] Irreversible lithium plating lowered the anode poten-
tial, which leads to rapid performance degradation.

Ding et al studied lithium dendrite formation based on a cell 
with a glass window and developed an understanding of the 
effects of various electrolytes.[90] Moreover, metal contamination 
on electrode is a serious problem which leads to short circuit 
and declination of the cell performance. Kuwabara and Sato 
conducted real time observation on the cross-section of battery 
to detect how contaminations like copper attached on the elec-
trode in a charging process, using an confocal microscope.[91]

4.1.2. Electrode Volume Change

In addition to lithium, materials such as silicon and tin can be 
attractive for negative electrodes of lithium-ion batteries. The 
reaction of lithium with these materials is alloying process. 
During reaction, new intermetallic phases will form, which nor-
mally have different crystal structures and larger crystal volume 
compared to the original one. This is believed to be a main reason 
of cracking and loss of electrical contact.[92] In some cases, the 

cracking of electrode particles can be minimized if the volume 
change is homogeneous on optimized particles.[93] It is essential 
to study and monitor such volume changes of these materials.

Beaulieu et  al. conducted several investigations to study the 
morphology change of electrode materials during the reaction 
with lithium by using atomic force microscopy and an optical 
CCD camera.[94,95] The cell was designed as a glass chamber 
with a glass cover-plate. Through this design, the morphology 
and volumetric change during operation cycles were observed. 
Timmons et  al., from the same group, made a direct observa-
tion of the particle of amorphous active materials. Upon lithium 
insertion, the particles expanded isotopically with a large 
volume change,[96] indicating a better durability during cycling.

Kanamura’s group introduced a single particle measurement 
technique for in situ study of the volume expansion behavior of 
a secondary particle of different materials, including graphite, 
LiCoO2, LiFePO4 and silicon (Figure 10).[97–101] The setup can func-
tion properly as a battery and its electrochemical performance of 
different electrode materials can be evaluated in electrolytes. With 
this system, they observed that the apparent volume expansion 
of one silicon secondary particle was larger than the theoretical 
expectation. A possible reason was that the silicon secondary par-
ticles used in their study were aggregated by several primary par-
ticles with smaller size, which resulted in an anisotropic property.

4.1.3. Stress Evolution

In lithium electrodes with large capacities, enormous strain 
can be caused by the incorporation of interstitial lithium atoms. 
The induced stress and strain are responsible for most mechan-
ical damage of electrodes. For example, silicon could experience 
volume expansion of more than three times upon complete lith-
iation, which would lead to a generation of remarkable stresses 
as high as 1–2  GPa.[102] The mechanical damage will directly 
result in capacity loss and battery failure. In order to establish a 
mechanistic understanding of such damage, the measurements 
of essential mechanical properties of electrode are important.

Adv. Mater. Technol. 2020, 2000555

Figure 8.  Transparent a) capillary and b) coin cell structure for dendrite observation. a) Reproduced with permission.[85] Copyright 2016, The Royal 
Society of Chemistry. b) Top: Reproduced with permission.[86] Copyright 2014, Royal Society of Chemistry. Bottom: Reproduced with permission.[87] 
Copyright 2015, AIP Publishing.

Figure 9.  All-quartz transparent cell with electrodes placed side-by-
side. Reproduced with permission.[88] Copyright 2015, Royal Society of 
Chemistry.
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Many studies have been reported to investigate the stress evo-
lution within electrodes. Cantilever beam-deflection method is a 
widely used optical inspection technique. By detecting the shift 
of reflected laser beam from the object surface, the curvature 
of the material can be calculated.[103] However, this technique 
is very vibration sensitive and severe errors and noise in stress 
measurement can be generated. Sethuraman et al. presented a 
series of experimental efforts to measure the stress evolution 
and the biaxial modulus change of silicon thin-film electrode 
along with lithium concentration.[104–106] Stress in the silicon 
film was measured using a multibeam optical sensor wafer 
curvature system (k-Space Associates, Dexter, MI) by detecting 
the substrate curvature changes, as shown in Figure 11. In this 
system, a transparent window was designed in front of the can-
tilever allowing the deflection of light beams.

With a similar setup, Sethuraman et  al. further made real-
time stress measurements on composite graphite and germa-
nium electrodes in a lithium-ion cell. The stress developed 
during cycling in graphite is significantly smaller than that in 
silicon electrodes (max. 10–12  MPa).[107] For germanium thin 
film electrodes,[108] it was found that upon lithiation, germa-
nium electrode underwent extensive plastic deformation, the 
measured compressive stress could be as high as 0.76  GPa. 
Unlike silicon or tin, LiTiO showed negligible strain upon elec-
trochemical cycling (<0.2% volume change). In order to inves-
tigate the stress evolution of this material, Choi et al. developed 
a very sensitive measurement technique based on a laser in situ 
substrate curvature setup (Figure  12).[109] Increasing the accu-
racy of the spot position to confine it within 200 nm was shown 
to extend the determination of curvature to up to 60 km.

Pharr et  al. developed an electrochemical cell to conduct 
quantitative measurements of fracture energy of a silicon elec-
trode at different status as shown in Figure 13.[110] The cell was 
fabricated with hermetic Teflon with a glass window for mor-
phology monitoring by optical microscopy and strain meas-
urement by multibeam optical sensor. In a following study, 
Pharr conducted further experiments to provide insights into 
the plasticity of LixSi thin films.[111] From the results of these 
experiments, the fracture energy was calculated as a function 
of lithium concentration based on a fracture models.[112] Pharr 
et al. also performed an in situ measurements of stresses, stiff-
ness and fracture energy of a-LixGe electrodes during charging/
discharging operations.[113]

V2O5 has also been regarded as an alternative cathode mate-
rial for lithium-ion battery. In order to obtain the dynamic strain 
fields of V2O5, Chen et  al. built an electrolytic cell equipped 
with a quartz, in which V2O5 nanobelt and lithium foil were 
fixed on one end by two holders as working and counter elec-
trodes, respectively.[114]

Adv. Mater. Technol. 2020, 2000555

Figure 10.  Schematic illustration of the single particle measurement 
technique setup, which composes of a Li metal counter electrode and 
a Pt microwire sealed in glass capillary. This wire works as current col-
lector by attaching single particles dispersed on a glass-fiber sheet for 
electrochemical testing. Reproduced with permission.[97] Copyright 2013, 
Elsevier B.V.

Figure 11.  A multibeam optical sensor wafer curvature system for strain measurement in lithium-ion battery. Reproduced with permission.[104] Copyright 
2010, Elsevier B.V.
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4.2. Species Distribution

4.2.1. Colorimetric Methods

The color changes of materials during electrochemical reactions 
can also be harnessed to indicate the state change within a bat-
tery cell. Some intercalation materials such as graphite experi-
ence a color change upon electrochemical insertion of lithium. 
Specifically, lithium can form various ordered stages when 
reacting with graphite. These stages show their own distinct 
colors. Therefore, optical microscopy can be directly used to vis-
ualize the lithiated states in graphite. Uhlmann et al conducted 
a systematic calibration to correlate different colors of graphite 
with different states of charge (SOC).[115] Graphite was found to 

changes its color from black, via red, to gold depending on the 
SOC (shown in Figure 14).

Taking advantage of colorimetrics, Maire et  al. developed 
an approach to investigate the lithium mobility in composite 
graphite electrodes.[116,117] As shown in Figure  15, a specially 
designed cell with a glass window was constructed to perform 
the studies by heterogeneously charging. A correlation between 
RGB color values and lithium contents was established. The 
SOC can then be calculated from the RGB values of each pixel 
in a photograph. By observing the movement of the diffusion 
front and the state of graphite, the diffusion coefficients and 
activation energy were calculated. Harris et al. conducted a sim-
ilar experiment to observe the lithium transport in an operating 
cell.[118]

Thomas-Alyea et  al. presented in situ optical images 
showing that there is considerable spatial nonuniform dis-
tribution of lithium in a graphite electrode on the microscale 
during charging/discharging cycles.[119] When the graphite elec-
trode began to be lithiated, the nucleation of golden regions 
was clearly seen at the particle edges, while there was no color 
change in the interior regions. If lithiation continues, the 
golden phase front moved from the edges into the interior. 
During delithiation, when the cell was at an intermediate SOC, 
interior regions of the particles were still remain golden, while 
the exterior region turned to red.

Bhattacharya et al. observed the degradation of graphite sur-
face during electrochemical cycling, through constructing a cell 
with a quartz glass optical window.[120] Electrode degradation 
was observed during the lithiation and de-lithiation processes. 
Tatsumisago et al. conducted an optical inspection on graphite 
composite electrodes in all-solid-state lithium batteries to moni
tor the color changes.[121] The color changes enable researchers 
to evaluate reaction distributions in graphite electrodes. With 
a mixing ratio of 50:50 of graphite particles and glass particles 
(75%Li2S·25%P2S5), graphite within the electrode changed 
to gold color, suggesting that all graphite particles were fully 
lithiated.

Optically monitoring experiments on color change were 
mostly performed on graphite anodes. Amorphous silicon has 
also been found experiencing a color evolution during lithiation/
delithiation cycle.[122] Different from graphite, the color evo-
lution depends on electrode thickness and compositions  

Adv. Mater. Technol. 2020, 2000555

Figure 12.  Sensitive measure setup based on a laser in situ substrate curvature. Reproduced with permission.[109] Copyright 2013, Elsevier B.V.

Figure 13.  A multibeam optical sensor wafer curvature system for strain 
measurement of multi electrodes. The cell employs lithium as both refer-
ence and counter electrode, and an array of silicon working electrodes. 
At various stages of delithiation, the electrodes were disconnected one 
by one from the cell such that they were only partially delithiated. Repro-
duced with permission.[110] Copyright 2013, American Chemical Society.
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within the system. Cathode materials, such as lithium iron 
phosphate with lower conductivity, are difficult to be observed 
because of the high light absorption of the carbon additives that 
are used to improve the conductivity of electrodes. Rosher and 
Riemschneider modified the cathode composites by replacing 
carbon with indium tin oxide (ITO) to improve the optical 
accessibility and maintain the conductivity.[123] Using the modi-
fied electrodes, a reproducible and reversible change in optical 
reflectance and color from a home-made transparent cell 
during cycling can be visible and recorded, which could indi-
cate the state of charge of the electrode.

Optical transmittances of a crystal MoS2 were found as a 
function of lithiated states and electrochemical potential by 
Wang et  al. They built a planar battery for in situ transmit-
tance measurement during lithiation of MoS2 as illustrated in 
Figure  16a).[124] In Figure  16b), MoS2 was observed under the 
illuminating light with 450  nm wavelength. Its transmittance 
was found to increase by decreasing potentials from 2.8, 0.9 
to 0.05  V (vs Li+/Li). Under TEM and AFM, the formation of 
an interconnected Mo nanoparticle network was observed in 
the thick MoS2 crystals after rapid lithiation, which enabled an 

increase in electrical conductivity compared to pristine MoS2. 
Another observation on MoS2 was conducted by Itaya et  al. 
Their study, for the first time, obtained the images of dynamic 
intercalation of Li into MoS2 single-crystal electrodes.[125]

4.2.2. Addition of Tracers

Fluorescence-based imaging provides opportunities to visu-
alize trace amounts of ions with an ultrahigh resolution. 
However, the complex environment has limited the use of flu-
orescence imaging in batteries. In 2015, Yu et  al. for the first 
time employed an X-ray fluorescence microscopy to monitor 
the morphology change in a Li–S battery[126] In their study, the 
morphology change of the sulfur electrode and redistribution of 
sulfur and polysulfides were monitored in real time.

Sun et  al. explored the formation of the polysulfide species 
from a sulfur electrode and their diffusion in the electrolyte of 
a Li–S cell with a direct visualization design.[127] As shown in 
Figure 17, the cell consisted of a small glass pipette for housing 
an electrolyte, two stainless steel bolts as current collectors and 

Adv. Mater. Technol. 2020, 2000555

Figure 14.  Setup for graphite optical observation and the color of graphite at different SOC. Reproduced with permission.[115] Copyright 2015, Elsevier B.V.

Figure 15.  a) Schematic illustration of the transparent cell with glass window for kinetic studies using colorimetry. b) RGB images taken at a) 0 h, b) 
11 h, c) 26 h, and d) 110 h during charging. Reproduced with permission.[117] Copyright 2009, Elsevier B.V.
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mechanical supports for a sulfur cathode and a lithium anode. 
The experiment revealed detailed processes of electrochemical 
degradation in a lithium–sulfur battery. During cycling, dissolu-
tion of sulfur-based composite can be observed via the changes 
of the color of the electrolyte. The changes of colors trans-
formed consistently with the electrochemical profiles, showing 
the distribution of polysulfides over the discharge process.

LiNi0.5Mn1.5O4 cathode in Li-ion batteries experiences com-
plicated interfacial interactions with electrolytes during charge/
discharge cycles. A protective film will be generated on the elec-
trode surface which can extend battery life. Meanwhile, Ni and 
Mn dissolve into the electrolyte, which can cause a drop of per-
formance of a battery. Using optical fluorescence spectroscopy, 
Jarry et  al. identified the formation of several fluorescent NiII 
and MnII/III complexes on the graphite electrode from a tested 
LiNi0.5Mn1.5O4/graphite coin cell after 600 cycles.[128] Based 
on the result, they proposed possible reaction pathways at the 
surface between LiNi0.5Mn1.5O4 and organic carbonate electro-
lytes. After that, Qiao et  al. directly visualized the dissolution 
of Mn2+ from LiMn2O4 by fluorescence imaging as shown in 
Figure  18.[129] The temporal and spatial distribution of Mn2+ 

(<10  × 10−6 m) was visualized, which provided fundamental 
understanding of the processes in battery systems.

One of the reasons behind battery degradation is the 
presence of trace water. Ren et  al. studied the trace water 
in Li-ion batteries using fluorescence spectroscopy.[130] They 
developed a platform using nanosized coordination poly-
mers for the detection of water molecules. In 2017, Padilla 
et al. for the first time tracked lithium ions in a battery elec-
trolyte using widefield fluorescence microscopy.[131] By using 
2-(2-hydroxyphenyl)-naphthoxazole as an indicator of lithium 
ions, they provided spatial and temporal distribution of 
lithium ions in a battery cell.

5. Optical Microscopy Studies of Redox Flow 
Batteries
Redox flow batteries (RFBs) are energy storage devices relying 
on reversible oxidation and reduction of redox couples dis-
solved in electrolytes. RFBs are particularly suitable for large-
scale energy storage. The performance of RFBs is sensitive to 
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Figure 16.  a) Schematic of the microbattery for in situ transmittance measurement of MoS2 electrode and b–d) the optical images of a MoS2 flake 
under different status of lithiation. Reproduced with permission.[124] Copyright 2014, WILEY-VCH Verlag GmbH & Co.

Figure 17.  Schematic illustration of glass pipette cell structure for electrolyte color monitoring in lithium–sulfur battery. Reproduced with permis-
sion.[127] Copyright 2014, Elsevier Ltd.
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the electrolyte flows. Several studies have been reported to visu-
alize the transport processes in RFBs.

Houser et al. visualized the electrolyte distribution in an all-
vanadium redox flow batteries by using a thermally responsive 
layer.[132] A window was designed on a customized end plate to 
allow the visualization of both mass and heat transfer. Wong 
et  al. utilized fluorescence microscopy to study the reactant 
transport in the electrode microstructure.[133,134]

In order to study the flow filed in the flow channels, micro-
particle image velocimetry (PIV) was implemented. In a study 
by Martin et  al., the authors introduced PIV to measure the 
flow field within the channels.[135] A more sophisticated PIV 
measurement was presented by Brugmann et al as shown in 
Figure  19.[136] In Brugmann’s work, the spatial and temporal 
velocity distribution of the electrolyte upon the formation and 
movement of gas bubbles and slugs in the channel were well 
measured. It provided a deeper understanding of the coherence 
of fluid motion in the channel and the electrochemical perfor-
mance of cells.

Rubio et  al. presented a method based on electro-chemilu-
minescent reactions to optically observe the mass transfer in 
liquid electrolytes.[137] The apparatus configuration is shown in 
Figure 20. The study used luminol as a probe molecule. In the 
observations, dead-end regions, which block the reaction sites 
of electrode, were seen. The results also demonstrated that 
in a flow battery with porous electrodes, bypass of electrolyte 
happens.

6. Optical Microscopy Studies of Zinc Ion 
Batteries
Zinc-based batteries are promising candidates for future energy 
storage considering its advantages such as low toxicity, abun-
dance and high energy density. While Zn batteries have been 
widely used as primary batteries for many applications, the 
development of rechargeable Zn batteries are facing many chal-
lenges. One of the major issues is the formation of dendritic 

Figure 18.  a) Scheme of the setup to visualize Mn2+ ion diffusion in battery systems by fluorescence microscopy and b) fluorescence images of diffu-
sion of Mn2+ and the intensities at different positions over time. Reproduced with permission.[129] Copyright 2017, Elsevier Ltd.
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Zn, especially during high-rate charging, which can cause 
safety problems and shorten battery life.

Similar to lithium-ion batteries, the dendrite observation 
was conducted in half cells or specially designed full cells with 
optical windows. With real-time observation of the dendrite 
growth, the morphology evolution during Zn electrodeposition 
in Zn-ion battery was investigated and characterized.[138] The 
effects of deposition current/voltage[139,140] and solution con-
ditions,[141] on the generation of dendrites were studied. Live 
tracking of Zn dendrite growth under optical microscopy was 
also employed to study the suppression of Zn electrodeposi-
tion by adding additives in the electrolyte.[142] A quick propaga-
tion of Zn dendrite happened within 30 min (from t0 to t3 in 

Figure 21 left). By adding higher concentrations of polyethylen-
imine as suppression additive in the electrolyte, suppression of 
the growth of Zn dendrite could be clearly seen in the Figure 21 
(right).

7. Future Perspectives

Optical microscopy has been prominently developed since 
its appearance. Its applications have been largely extended 
with higher resolutions and the development of new types of 
microscopes. The digitalization of pictures together with the 
powerful processing capability of modern computers allow 
for incredibly sophisticated analyses. Most optical microscope 
techniques were initially designed for applications in biology. 
With the development of EES, optical microscopy has signifi-
cantly contributed to add values to the existing scientific knowl-
edge. With its advantages of simple operation, high resolution, 
and nondestructive nature, it is the easiest technique to access 
and operate for in situ/operando studies. However, the appli-
cations of optical microscopy are limited to the surface study 
due to the lack of ability to penetrate opaque substances. This 
has driven the use of fluorescence microscopy and fiber-optic 
detection. Disregarding the significant progresses achieved, the 
opacity nature of most system components is still a barrier for 
using optical microscopy to study the processes inside EESs, 
especially within the solid-state batteries and for different inter-
face problems between solid, liquid and gas. In the meantime, 
the inherent limits of resolution determined by the wavelength 
of light prevent research from going below nanometer scale. 
These challenges might be addressed with future development 
of transparent conductors and super resolution microscopy.

7.1. Transparent Conductors

The development of transparent conductors such as indium 
tin oxide (ITO),[143] conductive polymers,[144] and ultrathin 2D 

Figure 19.  Schematic graph and the working principle of microparticle 
image velocimetry for measurement in microchannels of RFBs. Repro-
duced with permission.[136] Copyright 2012, Elsevier Ltd.

Figure 20.  a) Explosive view of setup for mass transport visualization based on electro chemiluminescent reaction, b) showing the effect of flow field. 
Reproduced with permission.[137] Copyright 2018, Elsevier.



www.advancedsciencenews.com www.advmattechnol.de

2000555  (16 of 21) © 2020 The Authors. Published by Wiley-VCH GmbHAdv. Mater. Technol. 2020, 2000555

material[145] provides new opportunities for designing new in 
situ/operando electrochemical devices.

Of different transparent conductors, ITO has been most 
widely used to fabricate transparent conductive films due to its 
advantages of low resistance and high transmittance for visible 
light. However, practical applications of ITO are limited by its 
poor chemical stability under harsh conditions.[146] Ultrathin 
2D materials such as TiO2 and graphene are becoming attrac-
tive for transparent conductor applications due to their impres-
sive optical transparency and outstanding conductivity,[147] 
which can be comparable to ITO films. A sheet resistance of 
30 Ω sq−1 and an transmittance of over 97% for visible light 
have been achieved on single-layer graphene.[148] Neverthe-
less, it is difficult to prepare large-area graphene films without 
defects by either chemical vapor deposition or reduced gra-
phene oxides (RGO), which makes the practical application of 
graphene-based transparent conductors challenging.[149] The 
high price of transparent electrodes made by chemical vapor 
deposition further restricts them to replace ITO. By contrast, 
RGO with lower costs has successfully been employed in 
several electronic applications including supercapacitors and 
solar cells.[150]

Transparent conductors have been used for optoelectronic 
devices and electrochromic devices over the last decade. 
Despite significant scientific progress, the practical applica-
tions of transparent conductor are at their early stage. Fur-
ther applications in the electrochemical field can potentially 
be made, as either current collector or electrode materials, 

to design in situ/operando electrochemical cells. Hu et  al. 
developed a printed graphene oxide network for sodium-
ion intercalation. With an expanded interlayer distance, the 
RGO allowed sodium-ion intercalation. When the RGO was 
fully filled with sodium, the transmittance increased from 
36% to 79% (Figure  22). Also, a large decrease of sheet 
resistance from 83 k to 311 Ω sq−1 was observed, showing 
the best electrical performance as a RGO-based transparent 
electrode.[147]

7.2. Single-Molecule Super-Resolution Imaging

The conventional optical microscopy is restricted by its spa-
tial resolution. With the advances in detectors coupled with 
dye technologies and image processing methods, the optical 
limitation can be overcome using single-molecule fluores-
cence microscope (SMFM). It represents a subset of fluores-
cence microscopes (e.g., Total Internal Reflection Fluorescence 
microscope, Photoactivated Localization microscope and 
Stochastic Optical Resolution microscope) which use fluo-
rophores to tag and detect single molecules.[151] SMFM was 
initially proposed to study the catalysis of single enzyme mole-
cules.[152–154] It was then widely employed to investigate het-
erogeneous chemical catalytic activities of layered hydroxide 
microcrystals,[155] metal oxide semiconductors[156] and metal 
nanoparticles.[157,158] New studies with more powerful SMFM 
continue to emerge.

Figure 21.  Live tracking of Zn dendrite evolution using optical microscopy (left) at different time without additive; with different concentrations of 
polyethylenimine additive (right): a) 0 ppm, b)10 ppm, c)50 ppm, and d)100 ppm, after electrodeposition for 30 min. Reproduced with permission.[142] 
Copyright 2014, Elsevier Ltd.
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Using a wide field total internal reflection fluorescence 
microscopy, Xu et al conducted several studies, achieving 
both super spatial and temporal resolutions. It allowed for 
investigations of the catalytic dynamics of nanoparticle cata-
lysts within a single turnover.[159–162] It has been a challenge 
to characterize the heterogeneous catalytic activity on single 
particle due to the small structural scale, ubiquitous hetero-
geneity among particles and the fleeting time scale of the 
catalytic reaction. SMFM is a powerful tool to investigate and 
understand the catalytic behaviors of single nanoparticles 
with a high spatiotemporal resolution. Significant heteroge-
neous catalytic activities were observed at different surface 
sites on the nanoparticles. For nanorods and nanoplates, 
the ends generally had higher catalytic reactivity with more 
amount of low-coordination sites than their side facets.[163,164] 
Several recent reviews covered the studies on single molecule 
microscopy in the applications of chemistry, biology and life 
science.[165,166]

These works can shed light on old problems in electro-
chemical areas, such as the low oxygen reduction reaction 
and oxygen evolution reaction catalytic activity of nonprecious 
metal and lithium ion transport dynamics in nanoscale in the 
battery.

8. Conclusions

In this review, in situ/operando optical microscopy for probing 
electrochemical energy systems are discussed. Techniques 
together with corresponding methodologies and setup designs 
are highlighted. Overall, optical microscopy is a powerful tool 
for studying electrochemical systems. Limitations and future 
directions are also discussed. One of the critical challenges 
would be the design of in situ electrochemical cells that have a 
close environment with practical cell models and provide access 
for transmittance light at the same time. With the capabilities 
of directly visualizing and post processing of digital images, 
optical microscopy will continue to be a powerful tool for 
understanding and developing advanced EESs.
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