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Abstract: Lithium-sulfur (Li-S) batteries have been regarded as one of the most promising candidates for the next-generation
energy storage devices. Fundamental understanding of the structure and evolution processes at electrode-electrolyte interfaces is es-
sential to the further development. In this review, we summarize recent advances in the interfacial observations by means of various
in situloperando visualization techniques, including scanning probe microscopy (SPM), electron microscopy (EM), X-ray microscopy
(XRM) and optical microscopy (OM). The real-time investigation provides important evidence for the morphology and component

changes including S/Li,S transformation, polysulfide dissolution on cathodes and Li/solid electrolyte interphase (SEI) evolution on

anodes, which presents reaction mechanism and design principles for Li-S battery optimization.
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Energy availability in a reliable and environ-
mentally responsible way holds the key to achieving a
sustainable world. The ever-growing demands im-
posed by modern consumer electronics, automotive
industries and electrical grid require great advances
in the renewable energy generation and storage tech-
nologies. As the low specific energy of current com-
mercial lithium-ion batteries (LIBs) is insufficient for
the long-term needs, “beyond lithium-ion” energy
storage systems with high energy densities are enthu-
lithium-sulfur
(Li-S) batteries have drawn widespread attention be-

siastically pursued. Among these,

cause of their high theoretical energy density of 2600
Wh-kg'. And, elemental sulfur is naturally abundant,
inexpensive and nontoxic, making Li-S batteries very
relevant to the safe and green lifel”),

Nevertheless, there are still some challenges hin-
dering the practical applications of Li-S batteries.

Document Code: A

During Li-S electrochemical reactions, S is reduced
through a sequence of sulfide products, n/8S; + 2e <
S5, S+ (2n-2)e © nS* (4 < n <38) corresponding
to the conversion from S to intermediate polysulfides
(PS) and Li,S¥. The S and discharge products of Li,S,
and Li,S are insoluble and electrically insulating,
which impedes the electrochemical accessibility upon
discharge/charge. The intermediate PS dissolve and
diffuse in the electrolyte, inevitably resulting in the
loss of active materials and the corrosion of Li anode.
Moreover, the short-chain PS can move back to the
cathode and be re-oxidized to long-chain PS. These
parasitic reactions occur continuously known as the
“shuttle effect”, which renders the self-discharge pro-
cess and low Coulombic efficiency™.

On the Li anode, the formation of the solid elec-
trolyte interphase (SEI) is a “double-edged sword”.
On one hand, it protects the Li anode from the physi-
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cal contact with the electrolyte, avoiding the super-
fluous reduction of electrolyte components. On the
other hand, the formation of SEI layer intrinsically
consumes the electrolyte. Actually, the composition
of SEI is always nonuniform, which leads to the
nonuniform ionic conductivity and therefore local-
ized electrodeposition of Li metal. This nucleation of
Li dendrite will give rise to the instability and safety
issues. Besides, upon the stripping/plating of the pro-
tuberances, the interfacial impedance is increased due
to the repeated formation of dead Li and new SEI"¥.
Understanding the properties and behaviors of the
electrode-electrolyte interfaces during electrochemi-
cal processes is the necessary prerequisite to the effi-
cient interfacial engineering on both electrodes.
Significant progress has been made in the
in-depth understanding of the interfacial mechanism
in Li-S batteries. Traditional ex situ techniques have
provided useful information in terms of morphology
and chemical components in spite of their drawbacks
in post treatments and the time decay. Constructively,
in situ characterization techniques are employed P
They can capture the real-time information inside
working batteries, which omits the post-treatment
processes with external disturbances. In Li-S batter-
ies, in situ spectroscopic characterization techniques,
such as Raman spectroscopy, ultraviolet visible
(UV-Vis) absorption spectroscopy, X-ray absorption
near-edge structure (XANES), nuclear magnetic reso-
nance (NMR) and high-performance liquid chromato-
graphy (HPLC), mainly focus on the detection of the
evolution for the dissolved PS. Meanwhile, the mi-
croscopic characterization techniques pay more atten-
tion on the morphology and structure changes of the
solid products on electrodes, which directly visualize
the electrode-electrolyte interfaces for the in-depth
mechanism understanding”™'". Important reviews have
summarized the in situ/operando characterization
techniques, mainly of spectroscopic methods, for
rechargeable Li-S batteries!*"!. In complementary
fashion, our review is written with an eye to in
situ/operando visualization of the electrode processes

in Li-S batteries.

In this review, in situ/operando visualization
techniques for Li-S batteries are summarized accord-
ing to the unique applications and imaging principles,
including scanning probe microscopy (SPM), electron
microscopy (EM), such as transmission electron mi-
croscope (TEM) and scanning electron microscope
(SEM), X-ray microscopy (XRM) and optical micros-
copy (OM) (Fig. 1). Using in situ atomic force micros-
copy (AFM), surface analysis of the sulfide and SEI
evolution can be acquired at nanoscale under various
environmental conditions, which reveals the elec-
trolyte-dependent interfacial mechanism and a
straightforward structure-reactivity correlation. The
in situ EM techniques have been regarded as one of
the most powerful tools extensively used for battery
research. They highlight the observation of the mor-
phology evolution and structure changes, playing cru-
cial roles in the discoveries about the encapsulation
and phase separation of S/Li,S, and Li plating behav-
iors in Li-S batteries. The XRM techniques map the
element distribution, and lay emphasis on the identi-
fication of S species and their dissolution/reformation
during electrochemical cycling. In addition, although
the low spatial resolution, OM is the simplest and
most convenient technique suitable for modeling the
entire interface rather than a few molecules or clus-
ters, showing satisfactory effects on the observations
and optimizations of Li deposition processes. While
there are great advances, there are still fuzzy regions
in Li-S batteries remained to be explored. Re-
searchers should rationally utilize the advantages of
the techniques, providing fundamental understanding
of the reaction mechanism, as well as valuable guid-
ance and assist for the development of new electrode
materials and electrolytes. Therefore, a visual Li-S

world is opened up and becoming clearer.

1 Scanning Probe Microscopy

By measuring the tip-sample interaction, AFM
could provide three-dimensional (3D) information
with nanoscale spatial resolution of the topography,
as well as mechanical, electrical and adhesive proper-
ties under various experimental modes. Besides, in

situ investigation can be achieved by electrochemical
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S/Li,S evolution

Polysulfide distribution

SETI formation

Li plating/stripping

In situ/operando tracking
of electrode processes

Scanning probe: AFM
Electron: TEM,SEM
X-Ray: TXM, XRM, XRT
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Fig. 1 Schematic representation of the in situ/operando visualization techniques for the electrode processes in Li-S batteries.

AFM (EC-AFM). The high-resolution imaging coupled
with the multifunctional detection of AFM makes it
useful for monitoring the electrode-electrolyte inter-
faces in battery systems. As the schematically shown
in Fig. 2A 1, the three-electrode cell is constructed,
which can be then assembled on the commercial
AFM for in situ EC-AFM observation!"). With the
experimental conditions mimicking the real elec-
trolyte environments in Ar-filled glove box, in situ
AFM can give direct insight into the interfacial mech-
anism and guidance for optimizing of Li-S batteries.
For Li-S electrochemical reactions, lithium
strips were employed as the counter and reference
electrodes, and HOPG was selected as the working
electrode using Li,S; as the catholyte. Then, interfa-
cial evolution of the solid discharge products can be
observed upon cycling. As shown in Fig. 2A 1II-V,
nanoparticle (NP) nuclei begin to grow at 2 V during
discharge, followed by the lamella sediment deposi-
tion at 1.83 V in the typical ester-based electrolyte of
lithium bis (trifluoromethanesulfonyl)imide (LiTFSI)
in 1,3-dioxolane/1,2-dimethosyethane (DOL/DME).
Combined with the ex situ spectroscopic characteri-
zations, the NPs and lamella deposits can be identi-
fied as Li,S, and Li,S, respectively. The galvanostatic
precipitation of Li,S, and/or Li,S was further per-

formed with different current rates, revealing the rela-
tionship between the interfacial reaction and battery
performance. Besides, the high-temperature effect on
the Li-S electrochemistry was investigated in lithium
bis- (fluorosulfonyl)imide (LiFSI) electrolyte!™. Upon
discharge at 60 °C, an in situ formed film can be de-
tected (Fig. 2B), attributed to a LiF net capturing PS
intermediates. This high-temperature and in situ for-
mation of the functional film is of benefit to constrain
sulfides from dissolving and diminish the Li" trans-
port distance between the long- and short-chain PS,
protecting the Li-S rechargablity and electrode con-
ductivity after cycles. Furthermore, the Li salt medi-
ated reaction mechanism of Li,S deposition was dis-
covered in LiTFSI-LiFSI binary salt electrolyte [,
During discharge, the LiFSI causes the 3D spherical
Li,S growth, and LiTFSI induces 2D lamellar Li,S.
Interestingly, during charge, the distinct pathways of
Li,S decomposition were clearly tracked on the two
distinguishing structures, shown as edge-to-center
mode of lamellar Li,S and center-to-edge of spherical
(Fig. 2C). Based on the experiments above, interfa-
cial process and reaction mechanism, as well as the
effects of high temperature and Li salts in Li-S elec-
trochemistry are presented at nanoscale using in situ

AFM, contributing to the novel design of Li-S batter-
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Fig. 2 (A I) Schematic of the three-electrode EC-AFM cell, in situ AFM images of (A 1I-V) the sulfide evolution at room tem-

perature (Scale bar: 100 nm)™™, (B) the functional film formation at 60 °C upon discharge (Scale bar: 250 nm in I-Il and 1 pm

in I, (C) lamellar and spherical Li,S decomposition upon charge (Scale bar: 1.5 pm in I-VI and 500 nm in VII-XII)",

(D) Li metal immersed in Li,S¢/DOL/DME!.

ies.

On Li metal anode, AFM was performed to
compare the surface morphologies of Li samples im-
mersed in different electrolytes'”. As shown in Fig. 2D,
the sample immersed in the electrolyte containing
Li,S¢ has randomly-distributed particles forming a
rough surface. However, a smooth and homogeneous
film can be obtained in LiNOy/DOL/DME. This dif-
ference is ascribed to the different reactions between
Li metal and the electrolytes. It is suggested that the
formation of a compact and homogeneous surface
film on Li anode is significant to construct the stable
SEI layers for Li-S batteries.

2 Electron Microscopy on Cathode
Materials

In an attempt to adapt the insulating nature of S,
the primary approach has been to confine S into

nanostructured conductive hosts. Theoretically, the
volume expansion of S during lithiation is =80%
which is so high that may destroy the delicately de-
signed structure of S cathodes. Understanding the
Li-S processes inside the complex cathodes is essen-
tial to estimating the performance, which can be real-
ized by in situ TEM. In 2014, the lithiation of a small
S particle was visualized by in situ TEM™. The Li
anode reacts with S at the interface immediately after
the connection. A new Li,S crust is formed on the
bulk S, revealing that the Li-S reaction is through sur-
face diffusion. The insulating Li,S layer makes the ra-
dial diffusion of Li" into the S bulk difficult. This, in
turn, verifies the importance of employing the con-
ductors to make full use of the S.

Nitrogen doped mesoporous-hollow carbon nano-
spheres (NMHC) were synthesized to infiltrate S'

19]
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And the lithiation process of NMHC-S was recorded
using in situ TEM  (Fig. 3A). With the extension of
lithiation time, the volume of the particles increases
gradually, indicating that the S will slightly overflow
from the carbon shell. Closely packed small particles
form after the lithiation, which are Li,S crystals
demonstrated by the diffraction signals. Note that the
pore size of the NMHC affects their S confining abili-
ty. By comparison among the 4.1, 3.2 and 2.8 nm, the
small pore size of 2.8 nm is more helpful to protect S
from the electronic beam and mitigate the sublima-
tion of S under TEM. Afterwards, loading S with
porous carbon nanofibers (PCNFs) was further inves-
tigated™. Similar to the conclusion from the previous
work, the PCNF/S electrode with micropores is the
optimized choice compared to that with mid-sized
mesopores, which owns a relatively large pore vol-
ume and surface area. The in situ TEM shows that
the former electrode confines Li,S with a low volume
expansion of =35% upon lithiation. The structural
stability of the cathode is maintained with no fracture
of the carbon host. In contrast, the electrode with
mesopores presents damaged/open carbon spheres,
inducing the sublimation of S, a larger volume expan-
sion of over 61%, and overflowing of Li,S. The evo-
lution of local structures correlates to the electro-
chemical performance, which offers potential strate-
gies for stable cathodes.

In 2015, the lithiation insertion into S within
cylindrical inner pores of individual carbon nan-
otubes (CNTs) was first monitored by in situ TEM?Y,
As shown in Fig. 3B, the reaction front is flat, sug-
gesting the sufficient electrical conductivity at the
Li,S/S interfaces. Additively, the mechanical strength
of the produced CNTs is evidently high since no ob-
vious expansion can be observed. The extra volume
needed is accommodated by squeezing out both
fillers toward the ends of the CNT vessel. Besides,
the lithiation of an Fe-S@CNT material was traced
using in situ TEM™, The size of the Fe-S NPs increa-
ses due to the lithiation of Fe-S to nano-Fe and Li,S.
The results reveal that CNTs not only play a crucial

role in accommodating the volume expansion, but al-

so provide fast Li" transport paths. Recently, in siiu
TEM was utilized to understand the lithiation dynam-
ics in a single S-graphene nanocage (S-GNC) particle
hosting both cyclo-Sgand smaller S molecules (S,-4).
Sy is partially filled in the inner cavity, and S-4 cir-
cumventing dissolved PS in the shell. The graphene
shells expand homogeneously with the full lithiation
of all the S molecules. More importantly, the shell
expands toward inside instead of outside, implying its
excellent mechanical strength. Apart from the S-C
materials, in situ TEM had been done on MoS,-en-
capsulated S spheres™. Owing to the internal void
spaces between MoS, wrinkles/S cores and the hol-
low space within S spheres, the morphology change
is highly reversible during the lithiation and delithia-
tion processes, leading to the benign electrode-elec-
trolyte interface and the improved long-term cycling
performance. And, detailed analysis of the lithiation
behavior was performed, estimating that the total Li
diffusivity in the encapsulated S was around 107 ~
10" m?-s™. In situ TEM also contributes to the resear-
ch on the observation of Li,S delithiation®!. For the
Li,S@graphene nanocapsules, after the first delithia-
tion, the volume shrinking ratio is around 20% ,
which maintains small during the following cycles.
This excellent structural stability guarantees the good
cycle performance of the Li,S@graphene even at high
rates.

From the above results, in situ TEM has exerted
its advantages in understanding the morphology
change and reaction pathway of the various conduc-
tive materials encapsulating S upon discharge/charge,
explaining the capacity fading mechanism and pro-
viding supporting information in the optimizing
strategies. However, it should be mentioned that, all
of the above experiments seal solid-state Li-S batter-
ies in the in situ TEM chambers, which is different
from the liquid environment in practical batteries.
The real-time observation with the presence of the
electrolyte has been an enormous challenge for study-
ing Li-S battery reactions with the TEM. Last year,
Cairns et al. employed the graphene liquid cell (GLC)
-TEM technique to understand the lithiation behavior
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of a cetyltrimethylammonium bromide-modified
S-graphene oxide-carbon nanotube (S-GO-CTA-CNT)
nanocomposite in the electrolyte of LiTFSI in DOL/
DMEP. As the in situ TEM images shown in Fig. 3C,
Li,S nanocrystals gradually grow and merge with
newly appearing ones during lithiation. In addition,
the size and position of the hole (blue arrow) on S-GO-
CTA-CNT flake does not significantly change, which
may indicate the homogeneous formation of Li,S and
the structural-integrity maintenance of the composite
nanoarchitecture. This research on the nucleation and
growth of the Li,S nanocrystals corresponds to the re-
sults by in situ AFM, opening a new window for the
Li-S investigation under TEM.

One more point, no bulk intermediate phases of
PS can be observed in these in situ TEM works. It is
still uncertain whether PS form prior to Li,S, or S
reduces directly to Li,S. To clarify this lithiation
mechanism, Zhang et al. obtained electron energy
loss spectra (EELS) on the lithiation product of Li,S
(Fig. 3D)®. The low-loss EELS confirm the lithia-
tion occurrence. Based on the core-loss EELS, the
Li,S product is ascribed to a composite of Li,S and S,
since the EELS of the PS are vastly different from the
results of Li,S, suggesting the direct transformation of
S to Li,S without intermediate PS. Given that the vac-
uum environment and the electron beam may impact
the reaction pathways and change the phase transfor-
mation kinetics, these in situ TEM findings should
not be generalized while still providing insightful un-
derstanding of the novel design and electrochemical
mechanism in Li-S batteries.

Another work developed an electrochemical mi-
crocell for in situ SEM study over the delithiation of
Li,S cathodes (Fig. 3E). The Li,S particles become
smaller and smaller upon charging due to the PS disso-
lution into the electrolyte. This phenomenon supports
that Li,S is converted to PS chemically upon charg-
ing, which is further affirmed by the in situ TEM
study in the ionic liquid electrolyte. Lately, many re-
search groups have targeted solid-state batteries to
minimize Li dendrite growth and safety hazards™. In

operando SEM visualized the morphology changes,

charge/discharge mechanism and the aging behavior
of the all-solid-state Li-S battery employing a solid-
state polymer electrolyte®™. In Fig. 3F, needle-like
products grow at the electrode-electrolyte interface
after discharge. As a consequence, pores increase in
the solid electrolyte, hindering the ionic/electronic
conduction. Upon charging, the increase of the poly-
mer-electrolyte brightness can be attributed to the in-
creasing concentration of S in the electrolyte. It is
shown that, at the end of charge, the image is still
brighter than that in the discharge state, indicating
that the PS remain and do not participate in the
charge reaction. The development of in situ EM tech-
niques has successfully assisted us to understand the
phase transformation, volume expansion/contraction
and the dynamic evolution of the cathode materials in
Li-S batteries. Valuable insights into the reaction
mechanism can be continuously brought accompa-

nied by the rise of the next-generation Li-S batteries.
3 Electron Microscopy on Anode

Materials

Li metal has been a promising candidate as the
anode material due to the high theoretical capacity
(3860 mAh -g") and the lowest reduction potential
(-3.040 V vs. the standard hydrogen electrode). Al-
though considered as the “holy grail”, Li anode is
prone to dendrite growth upon repeated strip-
ping/plating, causing capacity loss and short circuit-
ing. Obtaining the detailed understanding of the inter-
facial processes including the initial nucleation of Li
dendrite, the of Li
growth/dissolution, the SEI formation and the com-

evolution and dynamics

plex factors from the external environment, is the key
step to address the concerns and achieve practical use
of Li metal batteries.

Using in situ TEM, Li deposition and dissolu-
tion at the interfaces between a Pt working electrode
and LiPF¢/propylene carbonate (PC) electrolyte can
be visualized and quantificationally analyzed™". Im-
ages of the interface during the first charge/discharge
cycle are shown in Fig. 4A. The initial deposition
takes place on the smooth Pt electrode which is in fa-

vor of the uniform Li distribution on the surface.
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Fig. 3 (A) Schematic of the in situ TEM testing, in situ TEM images of polypyrrole coated NMHC-S during lithiation process and

the diffraction mode!™. (B) TEM images during lithiation of S nanoconfined in a CNT reaction vessel and their corre-

sponding electron diffraction patterns’. (C) Schematic of in situ GLC-TEM technique and time-series STEM images'®..
(D) Annular dark field (ADF)-STEM images and EELS spectra of S and lithiated S samples®. (E) In situ EM set-ups and
the characterization results during delithiation of Li,S. Scale bars are 20 wm for the SEM images and 50 nm for the TEM

images™®. (F) SEM images of the Li-S cell in the discharged and charged states®™".

However, the dissolution of Li is not perfectly re-
versible, increasing the surface roughness, and there-
fore, resulting in the uneven deposition during the
subsequent cycles. The contrast of Li and the elec-
trolyte allows the direct quantification of Li from the

images. As a first approximation, the amount of Li is
linearly associated with the net charge density, which
can be used as the figure of merit for the stability of
the electrode-electrolyte interface. Besides, Leenheer
et al. investigated the galvanostatic Li electrodeposi-
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tion on Ti electrode in the electrolyte of LiPF; in
ethylene carbonate (EC)/dimethyl carbonate (DMC),
Cycling at current densities from 1 to 25 mA -cm?
leads to the variations in grain structure. It is shown
that the Li dendrite with the needle-like structure
forms more readily at the higher current density and
during the later cycles. Additionally, the effect of the
electron beam was explored. The Li deposition mor-
phology and kinetics can be changed because of the
exposure to the electron beam. And a beam-induced
surface film forms on Li, altering the local flux of Li"
and the Li microstructure.

Recently, using in situ TEM, the root/surface
growth behaviors of Li were presented in LiTFSI in
dimethyl sulfoxide (DMSO)®. In practice, the rela-
tionship between the SEI formation and the Li depo-
sition rates determines the surface or root growth
mode, which is related to the electron competition
from Li" and the electrolyte solvents. The surface
growth mode always occurs at low overpotentials.
Spherical Li grows in width as well as length, ending
up with the cauliflower morphology. This is attribut-
ed to the preferred Li'-electron interaction. The SEI
exists as patches here and there, which cannot seal up
the growth front. Li will grow around them, therefore
forming a mixture. However, if the competition fa-
vors the latter, the SEI layer may connect and cover
up the entire surface. The Li" diffusion is limited by
the short-range solid-state transport through the SEI
layer. And, the continuous growth and thickening of
SEI increases its mechanical strength, constraining
the Li growth physically with the stress build up from
the root. When the stress reaches a threshold, root
growth bursts as can be seen in Fig. 4B. Thereafter,
the stress buildup/release repeats, causing the inter-
mittent root growth with the kink formation. The SEI
is thinner on the root region because of the time lag
between the formation on the tip and root segments.
Then the dissolution takes place primarily on the root
region, leaving the tip isolated during stripping. Note
that apart from the applied potential, various factors,
such as the electrolyte additives and electrode materi-

als, can affect the relative rates of Li deposition and

SEI formation. In-depth understanding of their effects
on Li deposition mechanism and rate is highly needed
for the development of Li metal batteries.

The interfacial observation of Li behaviors by in
sttu SEM could trace back to 1990s. In a semi in situ
mode, the influence of the current density on the
morphology of Li was studied in 1998 in the plastic
Li batteries™. From the cross-section images, it is con-
cluded that the low current density leads to a mossy
Li deposition. At higher current densities, the de-
posits become dendrites, which is consistent with the
in situ TEM results. With the similar SEM measure-
ment, Aurbach et al. investigated the Li surfaces in
different electrolytes earlier>¢!. Afterwards, Dolle
et al. reported in situ SEM observations of Li den-
drite formation in polymer batteries®”. The cross-sec-
tion images indicate the role of the dendrites on de-
lamination between the substrate and the polymer,
with the overall result being a contact loss. In 2013,
the morphology changes at the Li phosphorus oxyni-
tride glass electrolyte (LiPON)/Cu current collector
interface were visualized by in situ SEMP®, Needle-
shape dendrite forms during Li plating. The Li on the
core and root regions deflates and dissolves preferen-
tially, resulting in the inactivity of the residual precip-
itates. This phenomenon verifies the above-men-
tioned root growth mode from in situ TEM, provid-
ing more information in the remained SEI husk after
stripping and the interfacial morphology at large
scale.

As the Li growth is greatly affected by the addi-
tives in the electrolyte, systematical study was con-
ducted on the interfacial evolution in ether-based
electrolytes with LiNO; and/or PS by in situ electro-
chemical SEM (EC-SEM) ™., The dendrite can be
suppressed in the LiTFSI/DOL/DME electrolyte with
the addition of both Li,S; and LiNO; (Fig. 4C). The
calculation results show that Li atoms will be more
energetically favorable to stay in PS clusters than in
Li metal. Therefore, the deposition rate of Li is decel-
erated, revealed as the etching effect of PS on Li den-
drites. Besides, Wang et al. recently realized the con-

trolled deposition of Li metal via designing electrodes



o521

RIS UM 255+ 491 FhL Vel o A e R Y S T AL AR T 5 i S - 149

with appropriate micro-/nano-architecture. By SEM
investigation, they found that Li metal preferred to be
deposited into the grooves of micro-/nano-patterned
Ti foil, Si wafer and ZnO clectrodes. The enhanced
electric field near the pits guides the Li deposition,
which opens up new avenues to promote the com-
mercialization of Li metal batteries'™. Using in situ
EM, the clear observations of Li dendrite growth and
suppression are achieved in various liquid environ-
ments and experimental conditions, providing funda-
mental understanding and electrolyte-optimization
strategies for Li dendrite growth.

Although the characterizations have shed light
on the Li behaviors, the researchers need to further
solve for the Li dendrite issues and improve the Li
anode cycling performance. Effective approaches
have been reported, such as the rational design of
nanomaterials for regulating Li upon lithiation, inter-
facial engineering by in situ/ex situ protection and
useful reformation over the current collectors and
separators*2, With the aid of in situ TEM, the suc-
cessful control of Li growth can be directly observed.
For example, an interfacial layer of interconnected
hollow carbon nanospheres was described to help
isolate Li deposition and reduce dendrite growth by
Cui et al™. The in situ TEM images recorded the mor-
phology evolution. The deposited Li lifts up the car-
bon nanospheres during Li plating, which visually
confirms the concept of depositing Li underneath car-
bon while maintaining a stable SEI with integrity.
Furthermore, they deposited Li on various metal sub-
strates™. A substrate-dependent growth mode is un-
raveled based on the different solubility of the metal
materials in Li. During Li deposition on Au with high
solubility, the voltage profile exhibits zero overpoten-
tial with a flat platform, which allows the formation
of a surface Li-Au layer eliminating the nucleation
barriers for the subsequent Li deposition. The discov-
ery and understanding of the selectivity of Li nucle-
ation opens up the possibility for controlled Li depo-
sition. Thereafter, a nanocapsule was designed con-
sisting of hollow carbon spheres with Au seeds in-

sides. During lithiation, the Au NPs gradually ex-

pands and dissolves into the Li phase as can be seen
from the in situ TEM study. Meanwhile, no Li de-
posits outside the carbon shell where the nucleation
needs additional energy. Such stable encapsulation of
Li effectively blocks the dendrite growth, enabling
the enhanced cycling stability. It is revealed that the
in situ EM techniques assist the interfacial investiga-
tion of Li growth on various well-built materials,
helping the research on Li metal anode to take a step
forward.

Another critical challenge for Li anode employ-
ment is the continuous formation/dissolution of the
SEI. The ideal interfacial layer needs to be chemical-
ly stable and mechanically strong, which has been
pursued over the years. Fundamental understanding
of SEI is the basis. At the Au-Li interface, a SEI film
forms from the electrolyte reduction as the in situ
TEM shown in Fig. 4D™. Gas is produced and expands
with the active reaction, peeling the SEI from the Au
electrode. And, the SEI nucleation and growth can be
presented along with the potential sweep™!. Dendrite-
like SEI nucleates and grows rapidly, inducing the ir-
regular SEI surface coverage and nonuniform acces-
sibility of Li" to the electrode. Lately, the solid-state
electrolyte gains more attention, which replaces the
flammable organic electrolyte enabling the safety use
of Li anode. The pristine, ex situ and in situ charged
interfaces between Li and the solid electrolyte of
amorphous Li phosphorus oxynitride (LiPON) were
characterized by TEM (Fig. 4E)*. Through the iden-
tification from EELS, a disordered interfacial layer
evolves to a rocksalt structure along with the forma-
tion of Li,O/Li,O, as the intermediate compound.
Besides, an ultrathin interphase can be observed at
the cubic Liz;AlLa;Zr,0, (c-LLZO)-Li interface as
well™, suggesting the local reconfiguration of the at-
omic and electronic structures upon lithiation. The
detection of these thin films cannot be readily per-
formed by conventional macroscopic methods, re-
vealing the unique advantage of TEM over SEI inves-
tigation. However, as mentioned above, the electron
beam disturbs the morphology and components of
SEI, which casts a shadow over the visualization of
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the intrinsic SEI.

Recently, the cryo-EM technique lifts the veil on
the high-resolution imaging of Li and its SEI in their
native state at cryogenic conditions®!. The Li metal
was firstly deposited onto a copper TEM grid, then
washed with electrolyte and immediately frozen in
liquid nitrogen, which retained the electrochemical
state with the relevant structural and chemical infor-
mation preserved. As can be seen in Fig. 4F, the Li
dendrite grows as single-crystalline nanowires along
different directions. The kink between the growth di-
rections might be due to a variation of the SEI during
Li growth, exhibiting defect-free property according
to the atomic-resolution imaging. Moreover, the
structure and composition of the SEI films was de-
tected and compared in the carbonate-based elec-
trolytes. With the addition of fluoroethylene carbon-
ate (FEC) additive, the SEI layer changes from the
mosaic structure to a multilayer structure. The mosaic
SEI has a heterogeneous spatial distribution of the in-
organic-crystalline and organic-amorphous domains
along a single Li dendrite, leading to the nonuniform
Li stripping as reported in the following-up work ™,
Conversely, the multilayer SEI with ordered nature
ensures the uniform morphology and reduces Li loss
during stripping. The utility of cryo-EM is demon-
strated on Li observations. Meaningful experiments
can potentially be extended to other beam-sensitive

materials including S cathode in Li-S batteries.

4 X-Ray Microscopy

To characterize and understand the Li-S interfa-
cial processes across many lengthy scales, a compre-
hensive multi-modal approach is demanded with the
combination of various techniques. TEM provides
high-resolution images mainly focusing on a few par-
ticles. Besides, because of the unavoidable electron
beam, the investigations about many important issues
are relatively restricted, such as the PS dissolution
and S/Li,S transformation in electrolytes. In this re-
gard, XRM, which allows an overall and non-destruc-
tive imaging under a more realistic experimental en-
vironment, is highly complementary.

Early on, researchers employed in operando

transmission X-ray microscopy (TXM) to probe the
sulfide dissolution and re-deposition. Upon discharge,
slight size-decrease of a micro-sized S/Super P can be
observed, indicating that the soluble PS remains
trapped within the cathode matrix®. However, with-
out melting S into Super P, the additional TXM re-
sults presented complete S dissolution, demonstrating
that PS trapping was strongly dependent on the cath-
ode preparation™. Moreover, Lin et al. analyzed the
PS behaviors in a quantitative manner, who proposed
that the dissolution rate of PS exhibited dependence
on Li stoichiometry®™. As shown in Fig. 5A, the S
shrinking process can be divided into three regions
revealing different PS dissolution rates, including
faster rates during the initial and final stages (Regions
I and III, respectively) and a slower rate in between
(Region II). In terms of Li content, it is revealed that
LiS; and Li,S, have significantly higher dissolution
rates than those between Li,Sy; and Li,S.. Upon
charge, size-growth of existing particles takes place
prior to new particle formation, which suggests a nu-
cleation-limited PS re-deposition leading to consider-
able aggregation and dimensional variations during
the subsequent cycles. This is different from the in
situ X-ray fluorescence microscopy (XRF) results col-
lected on the entire in situ cell (Fig. 5B)*. New spots
appear at random locations after charge, correspond-
ing to the newly formed S. Thus, the PS dissolution,
nucleation and re-deposition may vary from cases,
and be affected by the experimental conditions, such
as the cathode material, current density and cut-off
voltages. Actually, the current density and tempera-
ture indeed play a critical role in determining the PS
behaviors, and therefore, the size of S/Li,S as reported
by a latest research™!. Both the lower temperatures
and higher current rates induce the larger overpoten-
tials and lower transport rates. As the in operando
XRM images depicted in Fig. 5C, a higher number of
S nuclei forms at the higher current densities, which
grows more uniformly upon discharge. These results
expand the understanding of the Li-S reaction mecha-
nism and demonstrate the intermediate PS formation

during S/Li,S transformation.
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Fig. 4 (A) HAADF images of Li deposition and dissolution at the interface between the Pt working electrode and the LiPFy/PC
electrolyte during the first charge/discharge cycle of the operando cell®. (B) TEM images of the Li whisker growth®. (C)
A time lapse series of SEM images for the lithium plating process under 0.15 mA -cm? on the Li/Cu electrode using the
LiTFSI/DOL/DME electrolyte with the addition of both Li,Sg (0.2 mol- L") and LiNO; (1wt%)®). The artificial colors of
purple-green-yellow-red represent the different contrasts from bright to dark in grayscale. The dark contrasts of lithium
dendrites are colored in red and yellow. Scale bar: 10 wm. (D) Time series of TEM images showing the growth of the SEI
film with a gas bubble emerged between the gold electrode and the SEI film*. (E) HAADF images of the nanobattery stack
along with Li K-edge concentration mapping of pristine, ex situ, and in situ samples with scale bar represents 200 nm!*".
(F) Atomic-resolution TEM of kinked Li metal dendrite and SEI interface!.
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In addition, the formation of S crystals is ob-
served by in operando X-ray radiography (XRR). To
eliminate the interference from the pristine solid
S/Li,S, Ballauff et al. mounted the cathode in the cell
which was subsequently filled with a PS solution .
After the first charging, macroscopic crystals of S de-
posit like dendrite (Fig. 5D), which can be assigned to
rhombic a- and monoclinic 8-S from their character-
istic crystal habit. The charge transfer process of S
occurs rapidly, while of Li,S exhibits a broad distribu-
tion of relaxation time. This proves that it is the in-
hibited dissolution and slow precipitation of Li,S lim-
its the reaction kinetics, representing a major issue in
Li-S batteries. They further substantiated the forma-
tion of S dendrites on a reduced graphene oxide
(rGO)/carbon monolith cathode®”. Moreover, other
macroscopic phenomena were observed by in
operando XRR. An electrolyte ring appears between
the separator and Li anode hole, shrinks and expands
periodically during serial charge and discharge pro-
cesses, driven by the concentration gradient and
property changes of the electrolyte. And, at the end of
each discharge step, a reaction front forms and quick-
ly propagates from Li anode to carbon cathode, due
to the rapid movement of high amount of Li". More
information in Li-S mechanism study is provided
through multidimensional analyses for Li-S batteries.

To spatially examine the behaviors on S cath-
ode, 3D X-ray tomography (XRT) was introduced to
real-time track the morphology evolution across mul-
tiple cycles. It is shown that the S mass transport rate
limits the electrochemical reaction, causing uneven
distribution and aggregation of S within thick film
cathodes™. In a thinner film with a smaller particle
size and a lower mass loading, almost all of the S
particles disappear after discharge as visualized by
the in situ XRT™. However, only a small fraction of
S re-deposits upon charge, indicating that Li,S forma-
tion may be the capacity-limiting step. That is similar
to the conclusion made by Balluaff et al. uncovering
the reaction kinetics and fading me chanism of Li-S
electrochemistry™.

On Li anode, XRT shows the cross-sections of

symmetric Li cells cycled to various stages (Fig. 5E).
Subsurface structures identified as crystalline impuri-
ties were detected at the electrolyte/electrode inter-
faces, which grew into dendrites protruding out after
cycles™. Suppressing the nucleation of these subsur-
face structures is the key to Li interface optimization.
Recently, in operando synchrotron XRT was em-
ployed to record the interfacial evolution of InLi-an-
ode and sulfide-solid-electrolyte!l. Obvious InLi pro-
trusion and cavity/void are developed during dis-
charge and charge at the interfaces, which can be re-
garded as the direct evidence of the interfacial deteri-
oration undoubtedly damaging the overall electro-
chemical performance. Using in situ/in operando
XRM, the aforementioned works provide fundamen-
tal understanding of the reaction mechanism on both
S cathodes and Li anodes. They focus more on the
morphology and component evolution of the overall
electrode, including solid-product formation/dissolu-
tion at macroscopic scale and the complex soluble PS
behaviors in electrolytes, which adds to our knowl-

edge on the battery level for further development.

5 Optical Microscopy

Using in operando OM, Cui et al. visualized the
formation and distribution of PS in Li-S batteries by
simply comparing the electrolyte colors™. In Fig. 6A,
during the discharge process, the electrolyte turns
from colorless to grey, brown yellow, and back to
light yellow, revealing that the content of PS initially
increases and then decreases. During the subsequent
charge, the color becomes increasingly dark, indicat-
ing the increasing amount of PS in the electrolyte.
The modified Li-S batteries, employing the S-poly-
mer poly (3,4-ethylene-dioxythiophene) (PEDOT)
composite cathode and a Nafion coated separator,
were further assembled, where a low grey level can
be detected during the whole discharge/charge pro-
cesses. These observations present direct evidence of
the PS dissolving and trapping, exhibiting a clever
use of in operando OM in Li-S batteries.

Besides, in operando OM is a suitable tool to vi-
sualize macroscopic phenomena like dendrite growth

on Li anode. The morphology evolution of the inter-
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Fig. 5 (A) TXM analysis of a S electrode subjected to a deep electrochemical lithiation®. (B) In situ 2D-XRF images collected
on the entire in situ cell window region. Each image was obtained during in sizu cell discharged/charged as labeled on the
charge-discharge curve. The color at each pixel in the image reflects the concentration of the sulfur element, the darker
the color, the higher the concentration of sulfur element™. (C) Sequential operando X-ray microscopic images of the cath-
ode at different charging rates™. (D) X-ray images of fully charged (I) and discharged (II) states of the Li-S cell of the 2™
cycle and fully charged state of the 1% cycle (III). The respective crystal habit of a- and 8-S is also inserted into the magni-
fied images (a: rhombic; B: monoclinic). The color legend on the right is used for all X-ray images in this work®. (E)

XRT slices showing the cross-sections of symmetric lithium cells cycled to various stages!®.
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faces between Li and various kinds of electrolytes can
be directly observed under OM. In 1997, the deposi-
tions of Li were compared in the liquid (PC+LiCIOy),
solid polymer [poly(ethylene oxide) (PEO) +LiClO,],
and gel (PEO+PC+LiClO,) electrolytes®. Smooth and
uniform deposition can only be acquired in the gel
electrolyte possessing the advantages of both high
conductivity and solid-molecule immobility. Later on,
the ionic liquid of lithium bis(triuoromethanesulfonyl)
amide in 1-ethyl 3-methyl imidazolium bis(triuoro-
methanesulfonyl)amide (EMImTFSA-LiTFSA) was
designed and tested as the electrolyte®®. The in operan-
do OM results showed obvious improvement in the
ionic liquid electrolyte in contrast with the liquid one,
indicating a compact interfacial layer with no den-
drite. Besides, the solvent and salt in the electrolyte
affect the interfacial behaviors upon Li deposition®,
It is shown that the solvents containing a majority of
PC more quickly form dendrites. And, the initiation
of dendrites is delayed by changing the salt of LiTFSI
into LiPFs, which may be due to the trace HF in the
latter etching the dendrite growth.

Similarly, Homma et al. found that the initiation
period of the dendrite would be shortened with de-
creasing LiClO, concentration as well as increasing
current density®. More interestingly, during the later
stage of Li deposition, the whisker dendrite was mon-
itored to swing into random directions. It comes to be
known as the kink introduced by the nonuniform
stress distribution between Li and the SEI layer.
Then, researchers begin to pay more attention on the
detailed dynamic processes of Li growth. Using in
situ OM, Monig et al. reported that the deposition can
occur at the tips or the roots of the growing Li".
Almost simultaneously, they observed the segments
between the kinks can elongate as well during deposi-
tion (Fig. 6B). At that time, this phenomenon was
attributed to the crystalline defects on dendrites,
which now is proved to be inexistent by cryo-EM.
Therefore, we tend to explain it as the results from
incomplete SEI formation and stress release.

Lately, Bazant et al. visualized Li growth in a

glass capillary cell and demonstrated a change of

mechanism from root-growing mossy Li to tip-grow-
ing dendritic Li at the onset of electrolyte diffusion
limitation™®). As shown in Fig. 6C, moss-like Li starts
to be deposited in the early stages of electrodeposi-
tion. Mossy Li mainly grows from its roots as has
been observed earlier. Afterwards, as indicated by the
voltage spike, sparse Li dendrites grow explosively
from the tips, representing the growth-mode switch
from reaction-limited mossy Li to diffusion-limited
dendrite Li. This is correlated with the lack of Li salt
to form SEI different from that of the mossy Li. In-
creasing the salt concentration in the electrolyte will
avoid dendrite growth by maximizing the Sand’s ca-
pacity. Thereafter, with the increase of current densi-
ty, the authors developed three distinct modes to de-
scribe Li growth: the root-growing whiskers, the sur-
face-growing mosses and the tip-growing dendrites™.
This division of whiskers and mosses is similar to
their in situ TEM report as mentioned in the EM-an-
ode section. At an intermediate current density, the
rate of Li deposition is comparable with the rate of
SEI formation, leading to the mossy structure without
complete SEI coverage. Up to now, three main mor-
phologies of Li have been visualized and discussed
under different operating conditions, including kinds
of electrolytes containing different solvents, salts, and
deposition time, as well as the current density, show-
ing the critical mechanism understanding for the in-
terfacial engineering.

Furthermore, examples of the in situ OM visual-
ization are provided contributing to the advances in
the Li interface modification. The additives in elec-
trolytes play a key role to the SEI formation and Li*
solvation. The synergetic effects of PS/LiNO;™! and
FEC/LiNO;'™! were reported to prevent Li dendrite
growth and proved by in situ OM. Moreover, the im-
plantable SEI can be constructed via precycling Li
metal in a LiTFSI-LiNOs;-Li,Ss ternary salt elec-
trolyte. The symmetrical cell was assembled with the
pretreated advanced and commercial Li metal anodes
for in situ OM observation. As a result, more den-
drites form on the surface of the commercial Li elec-

trode. This pretreated advanced Li anode can be fur-
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Fig. 6 (A) The discharge and charge curves of the as-made in operando lithium-sulfur cell in the potential range of 1.7 ~2.6 V and

the corresponding change of gray level in the electrolyte with DOD and DOC. (B) In situ light microscopic images of nee-

dle-like dendrite showing that the segment between the kinks grew in length (marked by white arrows)®. (C) In situ obser-

vations of lithium electrodeposition in a glass capillary revealing the growth mechanisms of lithium electrodeposition®.

ther transplanted into ether and ester electrolytes to
cycle S and LiNiy;C0,,Mny;0, (NCM) cathodes, both
exhibiting improved cycling performance. Note that
this strategy is not limited to LiTFSI-LiNO;-Li,Ss
ternary salts, delivering new insights into the rational
design of Li metal batteries with alternative cathodes
and electrolyte systems!™. The anode coating is anoth-
er effective way to suppress Li dendrite. Using confo-
cal OM, Tu et al. observed the interfaces on pure Li,
amorphous carbon/Li (a-C/Li) and nitrogen-doped
a-C/Li (a-CN/Li)™. And the dendrite growth can be
significantly inhibited in the case with a-CN,/Li. It is
found that the doping of N will increase the wetting
angle with the electrolyte in favor of the homoge-
neous Li deposition. Besides, surface-patterned Li
(spLi) were prepared with periodically arranged holes
on Li electrode™. According to the in situ OM inves-
tigation, it is found that the geometry of the hole has
a strong influence on the Li plating/stripping behav-
iors. Due to the favorable kinetics, Li prefers to de-
posit into the micro-sized holes with no dendrite and
preserves surface morphology. Efforts are continu-
ously needed for the interfacial protection with the
rational design, direct evidence and systematic study.

6 Conclusions

In summary, we collate recent research works on
the in situ/operando visualization of the electrode
processes in Li-S batteries by means of imaging tech-
niques of AFM, EM, XRM and OM. Fundamental
understanding of the important interfacial behaviors
is presented, including the morphology evolution,
structure changes, reaction kinetics on S cathodes as
well as dendrite growth and SEI formation on Li an-
odes. The electrolyte-dependent and current-depen-
dent electrochemistry is also explored on both elec-
trodes. Widespread utilization of in situ/operando vi-
sualization techniques is still highly required in the
field of Li-S batteries. 1) Combined with the spectro-
scopic characterizations, in-depth works are needed
for the recognition of the intermediate PS and the
corresponding dynamic transformation. Trying to
regulate the reaction kinetics of the sulfides might be
an effective approach to trap soluble PS intrinsically.
2) The formation of cathode-electrolyte interphase
(CEJ) is important for the S cathode protection, how-
ever, often overlooked by the researchers. The newly
developed cryo-EM exhibits potential applications on
the beam -sensitive S cathodes. The detailed visual-
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ization of the CEI is helpful to understand the reac- wards high performance lithium-sulfur batteries[J]. Chinese
tion mechanism and therefore promotes the interface Chemical Letters, 2019, 30(2): 521-524.
optimization. 3) Along with the advances in all-sol- [7] Cao R G, Xu W, Lv D P, et al. Anodes for rechargeable
id-state Li-S batteries, in situloperando visualization lithium-sulfur batteries[J]. Advanced Energy Materials, 2015,
should be done at interfaces between the nanoarchi- 3(16): 142273, . )

[8] Cheng X B, Zhang R, Zhao C Z, et al. A review of solid
tected cathode and various solid electrolytes. Atom- electrolyte interphases on lithium metal anode[J]. Advanced
ic-resolution imaging can track the component ar- Science, 2016, 3(3): 1500213,
rangement and identify the interface layers on both [9] Li W J(ZE 3 8), Zheng J Y(HBZ5 72), Gu L(% #k), et al.

electrodes in solid systems. 4) Though the process in
understanding Li dendrite growth has been gained,
real-time investigation is still insufficient to prove the
growth mechanism. Direct insights into the dynamic
evolution of SEI formation and Li deposition should
be provided at microscale and nanoscale, further tak-
ing into account some external conditions such as the
electrolyte, temperature, applied voltage, and current
density. Challenges will always exist accompanied by
the development of Li-S batteries. The in situ/operan-
do visualization techniques are the window to the
Li-S world, just like the eyes to the soul.
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