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In Situ TEM Observation of Electrochemical Lithiation
of Sulfur Confined within Inner Cylindrical Pores of

Carbon Nanotubes

Hyea Kim, Jung Tae Lee, Alexandre Magasinski, Kejie Zhao, Yang Liu, and Gleb Yushin*

Lithium insertion into sulfur confined within 200 nm cylindrical inner pores of
individual carbon nanotubes (CNTs) was monitored in situ in a transmission
electron microscope (TEM). This electrochemical reaction was initiated at

one end of the S-filled CNTs. The material expansion during lithiation was
accommodated by the expansion into the remaining empty pore volume and

no fracture of the CNT walls was detected. A sharp interface between the initial
and lithiated S was observed. The reaction front was flat, oriented perpendicular
to the confined S cylinder, and propagated along the cylinder length. Lithiation
of S in the proximity of conductive carbon proceeded at the same rate as the
one in the center of the pore, suggesting the presence of electron pathways

at the Li,S/S interface. Density of states calculations further confirmed this
hypothesis. In situ electron diffraction showed a direct phase transformation of
S into nanocrystalline Li,S without detectable formation of any intermediates,
such as polysulfides and LiS. These important insights may elucidate some of
the reaction mechanisms and guide the improvements in the design of C-S
nanocomposites for high specific energy Li-S batteries. The proposed use of
conductive CNTs with tunable pore diameter as cylindrical reaction vessels for in
situ TEM studies of electrochemical reactions proved to be highly advantageous
and may help to resolve the ongoing problems in battery technology.

impact on many aspects of our life and the
capacity limitations become particularly
hurtful at the age of the rapidly developing
portable electronic devices and electrical
vehicles (EVs). As the technology of the
current state-of-the-art LIBs based on Li
intercalation compounds is approaching
its limits, many scientists are exploring
alternative battery materials’ chemistries.[!

Among many candidates, sulfur (S) and
S-based materials are considered to be the
most promising cathodes!??! since S pro-
vides extremely high theoretical specific
capacity (1672 mAh g™), nearly an order
of magnitude higher than that of the tra-
ditional lithium cobalt oxide (LCO). S
is also an inexpensive, nontoxic, easy to
handle, safe, and environmentally benign
material. Intense research over the past
decade has resulted in the significant
improvements in cycle life (>1000 cycles
now demonstrated in selected cells) and
accessible capacity (now approaching its

1. Introduction

The development of high specific energy rechargeable lithium
and lithium ion batteries (LIBs) now attracts world’s atten-
tion because the life of the majority of population is inextri-
cably linked to batteries. The capacity of batteries has a great
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theoretical value). However, multiple short-

comings in S-Li chemistry still exist and
need to be overcome to achieve technology commercialization.!
These include the low intrinsic electronic conductivity of S, high
volume changes, dissolution of intermediate reaction products,
to name a few. For example, low conductivity of S is believed
to require significant portion of the active material mass to be
replaced by conductive additives, such as carbon. The relatively
high volume expansion (=80%) of S during lithiation can induce
electrode damage and cell degradation. Another significant
problem is associated with the dissolution of the intermediate
products, high-order lithium polysulfides (Li,S,, 4 < n < 8), into
the organic electrolytes, resulting in an active mass loss and
growing cell resistance due to the increase in electrolyte vis-
cosity and redeposition of the sulfide layer on the surface of both
electrodes, which blocks electrolyte pathways.[! Such problem is
particularly severe for thicker electrodes.

Attempts to overcome existing challenges with S-based
cathodes often involve encapsulating or trapping the S/Li,S
active material as well as polysulfides intermediate within the
conductive host materials,”® such as carbon. However, the
detailed mechanisms and pathways of electrochemical reac-
tions of Li with S at the nanoscale remain unclear. Real-time
observations conducted during such reaction(s) would provide
the most powerful insights needed to fill the existing gap in
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knowledge and provide the highly needed guidelines for the
effective design of reliable S electrodes and Li-S cells. Previous
report® using synchrotron-based in operando X-ray diffraction
(XRD) showed formation of amorphous Li,S during discharge,
which was contrary to the most previously published ex situ
experimental results and our own observations.”1% However,
the authors did observe formation of crystalline Li,S when the
discharged cell is allowed to rest”] Synchrotron studies, how-
ever, does not provide information about the local interactions
at the nanoscale and report averaged data instead.

In this study, we report on the first real-time observation
of lithiation of S confined within a cylindrical carbon pore in
situ using a specialized holder within a transmission electron
microscope (TEM). This in situ TEM electrochemistry technique
is a powerful tool to understand the dynamic processes of
electrochemical reactions of battery materials at a high spatial
resolution from which the morphological evolution, phase trans-
formation, and chemical composition changes can be revealed.!'!
Template-synthesized multiwalled carbon nanotube (CNT)I213]
was used as a reaction vessel in order to prevent S evaporation
during heating, provide structural support and, supply elec-
trons to electrochemical reaction sites. The advantages of this
approach include the ability to precisely control diameter of the
conductive vessel and the possibility to confine electrochemically
active material (such as S) strictly inside the inner pore of the
tube (preventing S deposition on the outer CNT surface). Forma-
tion of new phases during electrochemical reaction was studied
simultaneously (in situ) by using electron diffraction technique.

2. Results and Discussion

One of the critical issues in conducting in situ TEM observations
of the electrochemical reaction of sulfur (and other insulating
materials with low melting point) is a preparation of a suitable
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reaction vessel. We demonstrate that CNTs serve well for this
purpose—they have sufficiently small interstitials to prevent
S diffusion through the pore walls and mitigate evaporation
during heating by electron gun and sublimation in the high-
vacuum environment inside the TEM. High thermal conduc-
tivity of CNTs[' may also help to remove some of the adsorbed
heat. Equally important, CNTs are sufficiently strong to
support S expansion during lithiation without crack formation
and mechanical failure. Their 1D structure helps to observe
propagation of the electrochemical reaction front.

Figure 1 shows steps involved in the sample preparation.
First, anodic aluminum oxide membranes with a pore size of
=200 nm (Figure la) were placed in a quartz tube, heated in
nitrogen (N) atmosphere to 700 °C and coated with =15 nm layer
of carbon via C3Hg decomposition at atmospheric pressure
(Figure 1b).12 After cooling to room temperature, the carbon-
coated alumina was then dipped into a molten S at 160 °C,
where S filled the open sample pores (Figure 1c). The excess
of S covering the top and the bottom surface of the membrane
was removed by heating the sample at 250 °C in open air for
10 min (Figure 1d). Then the alumina template was etched with
10% hydrofluoric acid (HF) overnight. The HF was rinsed out
with DI water at least 10 times and the pH was checked for a
completion of rinsing process. Then the S/CNT bundles were
dispersed in ethanol using an ultrasonicator (Figure 1e).

Figure 2a shows the TEM image of a typical S-in-CNT reac-
tion vessel sample. A single CNT with =15 nm wall thickness
and =200 nm cylindrical pore was observed. The hollow center
is partially filled with S, as confirmed by energy dispersive X-ray
spectroscopy (EDS) line scan (Figure 2b). No Al residues could
be detected.

A miniaturized electrochemical cell consisting of S-in-CNT
samples as a working electrode (WE) and Li as a counter/refer-
ence electrode (CE/RE) was used in a specialized nanofactory
TEM scanning tunneling microscopy (STM) sample holder with
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Figure 1. Schematic illustration of the individual S-in-CNT reaction vessel sample preparation process.
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Figure 2. A typical S-in-CNT reaction vessel sample for in situ studies: a) TEM image and b) its corresponding cross-section EDS line scan.

3D piezo control and an external potentiostatic controller,!”
more detailed preparation is described in the Supporting Infor-
mation. The Li was scratched from a fresh cut bulk Li metal
surface inside a glove box and then it was exposed to air for
about 2 s in the transfer of the holder into TEM, during which
a naturally oxidized Li,O layer was grown on the surface that
can be served as an Li ion conducting solid electrolyte. Figure 3
provides a schematic of this experimental setup. Using a piezo
manipulator, the Li,O/Li electrode was driven to contact with
one of the selected S-in-CNT samples. Lithiation reaction was
controlled by applying a constant potential hold to the WE
versus CE/RE. Potentials of —2 V versus Li/Li* were typically
applied to drive the lithiation reaction.

Due to a relatively low evaporation point of S, its TEM
studies are known to be challenging. The advantages of using
CNT nanoreactors include their help in dissipating heat and
retaining the S under electron beam and vacuum within
TEM. By conducting initial experiments under no applied bias
we could evaluate stability of our S-in-CNT samples under
different magnifications and electron beam brightness regimes
and select suitable operating conditions, which correspond to

CNT nano-reactor
filled with Sulfur (S)
cathode

Aluminum rod

Lithium oxide (Li,O)
as solid electrolyte

Lithium (Li) anode

Potentiostat

Figure 3. Schematic illustration of the electrochemical device set up for a real-time TEM

observation of an electrochemical lithiation of nanoconfined S cathodes.
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the minimal losses of S within the time frame of our experi-
ments. Figure 4 shows three selected TEM images captured
during the lithiation process into the S-in-CNT samples and
their corresponding electron diffraction patterns (EDP) (the
video recording part of the process can be found in the Sup-
porting Information (movie S1)). The bottom-left corner of
the CNT sample is in a direct contact with LiO,-coated Li.
Initially, only a uniform crystalline phase of S exists inside
a portion of the hollow CNT reaction vessel (dark region in
Figure 4a). The EDP confirmed the Sg crystalline structure
of the sulfur filler (Figure 4d). As the lithiation process pro-
ceeds, a clear contrast change of the filler from a dark to a light
phase (Figure 4b) is observed. The electron diffraction studies
revealed that light region corresponds to a polycrystalline Li,S
phase (Figure 4e,f). From the abrupt contrast change, the
movement of the reaction front could be monitored till all S
were transformed to Li,S.

In our previous studies we have successfully conducted
high-resolution TEM studies on 5-20 nm Li,S nanoparticles
embedded into a carbon matrix.*®! In this case, high thermal con-
ductivity of carbon dissipated heat very efficiently, minimizing the
focused beam-induced sample damage. Unfor-
tunately, we could not conduct similar studies
on 200 nm diameter samples. Because a very
high intensity of the beam is concentrated in
a very small area of thermally isolative and
relatively large S/Li,S, the electron beam was
inducing significant damages to the sample
(see Figure S1, Supporting Information).

Figure 5 shows higher resolution of the
Li,S phase region (Figure 5a) and the cor-
responding EDP pattern, revealing 5-50 nm
size of the Li,S grains. No other phases could
be detected by EDP (Figure 5b). To further
confirm the lithiation of sulfur inside CNTs,
electron energy loss spectroscopy (EELS)
was carried out on individual S-in-CNT
sample before and after lithiation. The EELS
spectra from pristine (black curve) and fully
lithiated S-in-CNT (red curve) are presented in
Figure 6. The rise of Li-K edge peaked around
58 eV indicates the lithium insertion into the
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Crystalline Sg

+ Crystalline Sg

Figure 4. Selected images of the sample evolution during a typical lithiation process: a—c) TEM images captured during lithiation of S nanoconfined in
a CNT reaction vessel and d—f) their corresponding EDP patterns; panels (a) and (d) correspond to the sample before the initiation and panels (c) and
(f) after the completion of the electrochemical reaction. The darker area appearing at the bottom left corner of the CNT in panel (c) is a contaminant.

S-in-CNT sample after lithiation, as shown in Figure 6a. A =6 eV
chemical shift in the S-L edge (with an onset energy about
159 eV) upon lithiation was observed (Figure 6b). The change
of the shape of the S-L edge may indicate the transition from
pure Sg to polycrystalline Li,S. We also note that the C-K edge
peak changes shape, which may be related to both Li insertion
and also overlap with the broad tail of S-L edge.

Several intriguing observations could be made from our
studies. First, the reaction front is very flat and propagates
along the axis of CNT (i.e., axial lithiation) in contrast to our
initial expectations that core—shell lithiation behavior would
be observed.'”l Specifically, we expected that S located close
to C will react first with lithium producing Li,S because both
S and Li,S have very low electronic conductivity®!® (with
Li,S being even less electronically conductive) and because
any electrochemical reaction requires supply of electrons. We
further expected that the lithiation would progress from the
CNT/S interface into the center of the tube (i.e., core-shell
lithiation), which evidently was not the case.

Figure 5. a) TEM image showing formation of 5-50 nm Li,S grains in the
lithiated area of the sample and b) the corresponding EDP.
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Second, as we repeated the lithiation several times with fresh
S-in-CNT samples the reaction rate was always constant with
time (at =1 nm s7}, calculated from several lithiation videos
by measuring the times and the lengths of the corresponding
lithiation paths), suggesting that the reaction rate was con-
trolled by the interface (phase transformation) but not by the
diffusion of the reaction species (Li ions and electrons) to the
electrochemical reaction sites.

Third, in spite of the =80% volume expansion of S during
lithiation, we did not observe a clear diameter change in CNT
or fracturing of the CNT. We propose that due to a relatively
week Van-der-Waals bonding between the CNT and both Li,S,
the extra volume needed is accommodated by squeezing out
both fillers toward the ends of the CNT vessel. Mechanical
strength of the produced CNTs was evidently high to withstand
the induced stresses. In addition, we cannot exclude the possi-
bility that volatility of S in high vacuum under constant electron
bombardment (and thus heating to elevated temperatures) may
lead to some of the S losses.

Fourth, we did not observe any bulk intermediate phases
(polysulfides or LiS) during the transformation reaction.
Indeed, from the EDP results in Figure 4, it is clear that the
rings assigned to electron diffraction on nanocrystalline Li,S
become stronger and the spots assigned to electron diffraction
on single crystalline Sg become weaker and eventually disappear
as the lithiation proceeds (the final phase is pure Li,S). This
phase transformation was also recorded by in situ electron dif-
fraction shown in Movie S2 in the Supporting Information. We
see only crystalline Sg and Li,S phases at the interface in the
middle of the lithiation process (Figure 4e) with no signs of the
amorphous or polycrystalline intermediate products, such as
Li,S,, Li,Sy, etc., in contrast to our initial expectations based on
the prior studies of regular cells, where electrochemical reaction

Adv. Energy Mater. 2015, 5, 1501306
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Figure 6. Electron energy loss spectra (EELS) of an individual S-in-CNT
before (black curve) and after lithiation (red curve): a) Li—K edge, showing
the insertion of Li into the sample, b) S-L and C-K edges, showing
a =6 eV chemical shift of onsite energy of the S—L peak after the lithiation.

proceeds with liquid electrolytes. We shall also note that our
final phase of Li,S is crystalline (Figures 4 and 5), which is con-
trary to amorphous phase observed at the end of discharge.[l It
is worth noticing that the diffraction rings from CNT {0002}
planes can be observed in all the EDPs, and the Li ions can
intercalate into the distorted sidewalls.

Figure 7 shows the proposed model of the lithiation process,
which explains our observations. The pathways for the transport
of Li* from the source (left) include the bulk and the surface
of the CNT walls. While the Li* ion diffusion is slow in pure S,
it is higher in bulk Li,S (conductivity ~10713 S cm™?).1*) More
importantly, the grain-boundary Li conductivity of polycrystal-
line Li,S is very high, allowing fabrication of some of the most
conductive solid electrolytes comprising nanostructured Li,S.[)
Therefore, once Li* ions reach nanocrystalline Li,S, we shall
expect a large portion of the Li flux to transport through the
Li,S filler toward the reaction front. The transport of electrons
from the right side of the reaction vessel proceeds along the

Adv. Energy Mater. 2015, 5, 1501306
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conductive CNT walls. Since both Li,S and S are electrically
isolative, we propose that electrons diffuse to the reaction front
via a very thin, yet sufficiently electrically conductive Li,S/S
interfacial layer. Based on the experimental results (Figure 4),
the electron transport to the interface is so fast that it is not
even a rate-limiting step for this electrochemical reaction. If the
reaction would proceed near the CNT surface, it would quickly
build an electrically isolative Li,S and the reaction would stop
when sufficiently thick electrically isolative layer is built.

In order to gain additional support for the proposed model
(Figure 7), we have calculated the electron density of states
(DOS) in sulfur, several predicted intermediate disordered
polysulfide phases (Li,Sg and Li,Sg), and lithium sulfides (LiS
and Li,S), as shown in Figure 8. The Fermi energies have been
shifted to zero of the energy scale. The corresponding DOS
of pure S has a clear insulator character with a band gap (E,)
of =2.5 eV. When the Li concentration increases, Li donates
electrons and the F, quickly decreases. A clear transition of
insulator to conductor occurs with more electronic states
introduced around the Fermi energy level. We see that the
band gap in Li,Sg and LiS disappears completely and in Li,Sg it
remains very small (Figure 8a), suggesting significant electrical
conductivity of these phases even at room temperature. How-
ever, when the composition reaches Li,S, the band gap opens
up again and the material shows the insulator characteris-
tics. The insulator—conductor—insulator transition shows the
intriguing fact that the Li insertion dynamically alters the elec-
tronic property of the polysulfides. The intermediate states of
the conductive nature serve as the electron carriers and enable
the reaction front to proceed with sufficient electron supplies.

The selected Li-S compositions are representative to the
phases that may exist in the very short range of our reaction
interface. While our experimental observation did not detect
formation of polysulfides and LiS in the bulk, the electronic
structure of the Li,S/S interface should be similar to that of
polysulfides. Formation of the conductive Li,S/S interface
layer likely plays a critical role of electron carriers for the redox
reactions and supports the proposed model (Figure 7). The
presence of the electrically conductive interface (or the electri-
cally conductive interphases) may explain why large S and Li,S
particles show unexpectedly high electrochemical activity in
Li/S cells.!

The absence of clearly detected polysulfide phases (Figure 4e)
suggests that a direct transformation from S to Li,S may become
energetically (or kinetically) favorable during S lithiation reac-
tions, particularly in the absence of a liquid electrolyte. We
would like to clarify that polysulfides are not thermodynami-
cally stable; they do not exist in the Li-S binary phase diagram.
Their presence in regular cells is likely associated with the use
of liquid electrolyte(s). At the same time, single plateau previ-
ously observed in Li/S cells??!! (particularly in those where no
virtually direct contact between S(Li,S) and liquid electrolyte
exist) may suggest that similar direct transformations may also
proceed in regular cells and thus a highly undesirable poly-
sulfide shuttle?? could be avoided.

Finally, we would like to caution our readers that our
findings should not be generalized. Changing electrochemical
environment from regular cells (commonly with liquid electro-
Iyte) to that of the solid-state reactions in vacuum may impact
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Figure 7. Proposed model of the electrochemical reaction of Li ions with S nanoconfined in a CNT, resulting in a flat, linearly propagating reaction front.

the reaction pathways. Electron beam may additionally change
the phase transformation kinetics and lead to some evaporation
of the active material. Yet, we believe that our findings provide
valuable insights and guidance for further development of Li/S
cell technologies.

3. Summary

In summary, electrochemical lithiation of sulfur nanocon-
fined in cylindrical pores was successfully visualized using in
situ TEM studies for the first time. CNTs produced using CVD
deposition of carbon onto an anodic alumina template proved
to serve as excellent reaction vessels for such studies. Under a

(a)

Energy (eV)

constant potential, the lithiation progressed linearly with time
in the direction along the S-in-CNT orientation. The reaction
front was flat, indicating that electrically isolative S not in a
direct contact with conductive C can still be fully utilized. The
observed lithiation behavior suggests that the Li,S/S interfa-
cial region is electrically conductive. Our numerical modeling
results support this hypothesis. Such finding may explain the
previously observed high-capacity utilization of cathodes com-
prising large electrically isolative particles of S or Li,S. In situ
electron diffraction studies demonstrate the possibility of a
direct conversion of S into Li,S without formation of poly-
sulfide phases that exhibit high solubility in commonly used
electrolytes. Our studies suggest the proposed in situ TEM
technique with the active material encased within a nanosized

Figure 8. a) DOS of S, Li,Sg, LisSg, LiS and Li,S and b—f) their corresponding crystal structures, demonstrating significant changes in the electronic
structure of S during its lithiation, such as the disappearance of the band gap (E;) in Li,Sg polysulfide.

wileyonlinelibrary.com

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Energy Mater. 2015, 5, 1501306



MakieS

ADVANCED
ENERGY
MATERIALS

www.MaterlaIsV|ews.com

electrically and ionically conductive electrochemical reactor to
be a powerful tool for elucidating pathways for electrochemical
reactions of conversion-type electrode materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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