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The unstable interface of lithium (Li) metal in high energy density
Li sulfur (Li-S) batteries raises concerns of poor cycling, low
efficiency and safety issues, which may be addressed by using
intercalation types of anode. Herein, a new prototype of Li-ion
sulfur battery with high performance has been demonstrated by
coupling a graphite anode with sulfur cathode (2 mAh cm'z) after
successfully addressing the interface issue of graphite in ether
based electrolyte.

Sulfur is an attractive cathode candidate for lithium (Li) batteries
due to its low cost, high abundance, and 6-10 times higher
theoretical capacity than those of the state-of-the-art transition
metal oxide and phosphate cathodes.™ Despite these attractive
attributes of Li-S batteries, there are many challenges existing in the
cathode, electrolyte and anode, which lead to poor cycling stability,
low Coulombic efficiency and severe seIf-discharge.l‘ 43 Although
thousands of “stable” cycling has been reported in literature for Li-S
batteries, thin-film cathode configuration is usually used and
uncertainties exist since the mass of cathode and anode are
significantly mismatched. When the cathode thickness or sulfur
loading is improved to a level close to the practical application, the
lithium metal anode always becomes the dominant killing factor
due to its continuous evolution into the porous structure.® The
newly exposed lithium surface is quickly covered by solid electrolyte
interface (SEl) e.g. insulating byproducts, building up the cell
impedance. In the presence of polysulfides, the impedance increase
gets even faster due to the irreversible deposition of polysulfides on
the porous lithium thus terminating the cycling quickly. L7 8
Efforts have been devoted to mitigating the side reactions on
lithium metal by using electrolyte additives,” ° surface coating,lo’ n
hybrid lithium anode,™ additional barrier Iayers13 and solid state
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electrolyte”’ > Another promising strategy to circumvent thes~

problems is to switch to alternative anodes such as carbon, ...
capacity Si or sn.***® However, Si or Sn still undergoes large volume
change e.g. instable interface similar as lithium metal.?’ Therefc..
the corresponding Li-ion sulfur batteries comprising sulfur and Si (c
Sn) show low reversible capacity or poor cycling stability. Recently
Brucken et al. used hard carbon as the anode in sulfur batteries an '
greatly improved the cycling stability of cells compared to tho<:
with lithium or Si ones.” However, cycling reversibility and
efficiency as well as side reactions originating from high-surfac. -
area hard carbon itself are still challenging in the long run. Graphite,
an intercalation compound, has already been successfully adopte 1
in commercial Li-ion batteries for decades. Compared to
conversion-type anode materials or hard carbon, the backbones
layered carbon frameworks have very limited volume change upon
Li* intercalation/deintercalation and maintain a stable interface ¢ 1
graphite when EC is present, avoiding direct contact between
graphite and the electrolyte, which exfoliates graphite layers. The
features from graphite are critical to the success of Li-ion batter..
and also expect to benefit sulfur batteries since the volume
expansion of graphite anode is limited. However, graphite onlv
works well in the presence of EC which forms a protective SEI layt r
to avoid the continuous co-intercalation of solvent molecules 1>
exfoliate the graphite lattice. Unfortunately, EC is incompatible witn
polysulfides and/or sulfur radicals generated during cycling of Li >
batteries.”” 2> That is the reason why most Li-S cells are using ethe
based solvents such as DOL and 1,2-dimethoxyethane (DME). ol
In this work, we demonstrate that concentrated LiTFSI in DC .
enables reversible and stable cycling of graphite in a Li-S system. .
proof-of-concept Li-ion sulfur battery with outstanding cycliag
stability and high energy density has been demonstrated based na
relevant electrode loading of greater than 2.0 mg em’ of sulfur o.
2.0 mAh cm™ areal capacity.
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Fig. 1 (a) Charge/discharge curves of LG/S full cell at different C rates in 5M LiTFSI/DOL
electrolyte without LiNO; and (b) corresponding cycling stability and Coulombic
efficiency. (c) Charge/discharge curves of LG/S full cell at 0.1 C in 1M LiTFSI/DOL/DME
with 0.1M LiNO; as additive and (d) corresponding cycling performance. Areal capacity
of cathode is 2 mAh cm™.

Lithiated graphite (LG) has been coupled with a sulfur cathode
to construct a full cell by using 5M LiTFSI/DOL as the electrolyte.
Promising electrochemical properties are demonstrated from the
full cell (LG/S) data in terms of reversible capacity, Coulombic
efficiency and cycling stability (Fig. 1a and b). At a low rate of 0.1 C,
the LG/S cell exhibits a high capacity of 980 mAh g’1 (2 mAh cm’z)
with two flat discharge plateaus at 2.2 and 2.0 V, respectively. This
means sulfur in the LG/S full cell experiences similar reaction
pathways as those in conventional Li-S cells. In the first charging
process, a capacity around 1080 mAh g'1 is obtained, delivering a
high Coulombic efficiency of 90.7% without LiNO; additive in the
electrolyte. When the rate is elevated to 0.5 C after 5 cycles at 0.1C,
a capacity as high as 815 mAh g'1 is delivered, indicating the good
kinetics of Li* across the electrolyte, both electrodes and their
interfaces. After 100 cycles (Fig. 1b), a high capacity retention of
81.3% can be achieved at 0.5 C with a high Coulombic efficiency of
above 97%. DME was removed from the new electrolyte because of
the more compatible feature of DOL with the anode.”® ¥ In
addition, the LG/S full cell with 5M of LiTFSI in mixed DOL/DME
solvents shows inferior cycling performance (Fig. S1). Of note, the
cycling performance of full cells also largely depends on the mass
balance of the cathode and anode. More systematic optimization is
underway to further improve the capacity retention. To our
knowledge, this is the first time demonstrating the use of a
commercial graphite anode to replace lithium metal for Li-ion sulfur
batteries with ether based electrolyte. As a matter of fact, capacity
bottleneck of the current state-of-the-art Li-ion batteries is cathode
instead of anode (Fig. S2). Therefore, switching from traditional
metal oxide cathodes to high capacity sulfur will largely increase the
energy density of the whole cell (Table $1).%2 In addition, the use of
low-cost sulfur cathode (Table S2) will significantly reduce the cost
of the whole system which is one of the main challenges of large
scale energy storage technologies.

When traditional electrolyte e.g. 1M LiTFSI in DOL/DME (1:1
v:v) is used, the LG/S full cell cannot be recharged at all (Fig. 1c).
Only a small capacity of 220 mAh g'1 is obtained with a slope during
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the first discharge, which is quite different to that of conventio: .
Li-S cells. In the subsequent charging process, there is almost r .
capacity, indicating the exfoliation of graphite upon Li" intercalatic
which will be discussed in detail in the following part. \it’
repeated cycling, the discharge capacity quickly fades to near zei »
after only five cycles (Fig. 1d).

Concentrated electrolytes have been reported to reduce tt 2
solubility of polysulfides in Li-S batteries, where lithium metal is
used as the anode.” For comparison, we also tested Li-S cells using 2a
lithium metal anode in 5M LiTFSI/DOL (Fig. S3). However, the
cycling is not stable. The reason is because the cathode used in this
work, in general, has much higher sulfur mass loading (above 2 mg
cm™) than those of most literature reported sulfur electrodes. Wit .
the thick cathode configuration, the lithium metal anode als
undergoes deep stripping and re-deposition to balance the charg
transfer. With that said, the negative effects from the anode will £
exacerbated which makes the cycling ability worse than previo
reported thin-film Li-S batteries. When graphite is used as the
anode, however, the cycling becomes much more ste
confirming that in the cells constructed from sufficiently thick
electrodes, the failure factor moves to the anode side with cyclir -
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Fig. 2 (a) Charge/discharge curves of Li/G half cell with 5M LiTFSI/DOL electrolyte at
0.1C and corresponding cycling performance (Insert). (b) Charge/discharge curves of
Li/G in 1M LiTFSI/DOL/DME electrolyte at 0.1C and corresponding cycling performance
(insert). (c) TEM image of the graphite after cycled in (a) for 5 cycles and correspondir
ED pattern (insert), and (d) TEM image of the graphite after cycled in (b) for 5 cycles
and corresponding ED pattern (insert).

The successful utilization of graphite as the anode for sulfi r
batteries with ether based electrolyte may be due to the following
reasons: (1) maintenance of the layered structure of graphite in .ne
concentrated electrolyte upon charge/discharge, which provi. -~
high capacity and reversible Li ion storage and (2) stabilize”
graphite interface, which suppresses continuous exposure of ney*
surface areas towards the “corrosive” electrolyte as observed in .i
metal anodes in Li-S cells.

To prove the above hypothesis and understand the roles « f
electrolyte underlying the full cell performances shown in Fig. 1, the
electrochemical properties of graphite in the aforementione i
different electrolytes are further investigated by using lithium as
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the counter electrode. In 5M LiTFSI/DOL electrolyte, graphite
exhibits high capacities of 400 and 370 mAh g'1 at 0.1C for the first
discharge and charge processes, respectively (Fig. 2a). Stable
capacities around 370 mAh g'1 are maintained well with high
Coulombic efficiency of over 99% in the subsequent cycles. At
increased rates of 0.5C, 1C and 2C, graphite still shows high
capacities of 320, 280, and 150 mAh g'l, respectively. Clear
multiple-stage Li* intercalation/deintercalation curves are observed
within 0.01-0.5 V, and overlap well upon repeated cycling,
indicating low electrochemical polarization and high reversibility of
graphite. Beyond the voltage range of 0.01-0.5 V, little reduction or
oxidation of the electrolyte is observed. This is different to the
behaviors of graphite in EC contained electrolyte, where the
reduction of the conventional electrolyte happens at 0.7-0.9V in the
first cycle and forms protective SEl on graphite.“’ I the case of
1M LiTFSI/DOL/DME, however, graphite shows very poor
electrochemical properties in terms of both reversible capacity and
cycling stability. As shown in Fig. 2b, significant reduction plateaus
at 0.80 and 0.5 V are observed, which are ascribed to the co-
intercalation and followed decomposition of solvent. As a result,
the first discharge and charge capacities are ca. 450 and 50 mAh g'l,
respectively, with a very low Coulombic efficiency of 11.1%. Upon
cycling, only very limited capacities are obtained at 0.1 C or higher C
rates, indicating quick failure/exfoliation of the graphite electrode.
Similarly, when graphite is cycled in 1M LiTFSI/DOL electrolyte by
excluding DME as a solvent, big irreversible capacity is still found in
the first cycle (Fig. S4), indicating low stability of graphite in
relatively diluted ether based electrolyte. Transmission electron
microscopy (TEM) is used to unravel the mechanism behind
different electrolytes. After 5 cycles in 5M LiTFSI/DOL, smooth
surface and well maintained graphite particles were found (Fig. 2c).
The electron diffraction (ED) result indicates nice crystallinity of
graphite (Fig. 2c insert), confirming the high stability of graphite
lattice after cycling in the concentrated ether-based electrolyte,
consistent with the electrochemical performance in Fig. 2a. Fig. 2d
compares graphite morphology after 5 «cycles in 1M
LiTFSI/DOL/DME electrolyte. Graphite particles are significantly
exfoliated (Fig. 2d) and transformed into amorphous plates as
demonstrated by ED (Fig. 2d insert). It is exceptional that no
obvious SEI layer or surface depositions are observed on the surface
of graphite cycled in concentrated electrolyte. For comparison, we
also test graphite in the traditional EC-containing electrolyte (1M
LiPFg/EC/EMC) at exactly the same experimental conditions. Clear
SEl with ca.10 nm thickness is observed on the surface of graphite
(Fig. S5). These results indicate that the functioning mechanism of
concentrated LiTFSI in pure DOL is quite different with that of the
traditional EC-based electrolytes. More investigation is underway
now to further understand the protection mechansim of the
graphite surface in concentrated LITFSI/DOL electrolyte, which will
be published soon elsewhere.

Another question that needs to be answered is the interface
stability of graphite in the presence of polysulfides. Polysulfides are
“corrosive” and continuously consume Li metal in traditional Li-S
cells. As a result, the surface area of Li anodes will keep growing,
which builds up electrode interfacial resistance. For comparison,
the interfacial properties of graphite are studied after being cycled
in LG/S full cell. As shown in Fig. 3, after 100 cycles the graphite

This journal is © The Royal Society of Chemistry 20xx
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electrode shows similar morphology as the pristine one (Fig. - ,
without any observation of surface cracks or exfoliation (Fig. 3a ar .
b), indicating high stability of the graphite structure upon cyclin_
Cross-sectional scanning electron microscopy (SEM) image (Fig: 3 °
of the cycled graphite electrode demonstrates that the electroc »
expands slightly from 53 um to 63-74 um. Electrode expansion is
common due to the swell of either active material or binder whe 1
contacting with electrolyte. It is interesting to find that the bulk
graphite as well as its interface is quite stable upon cycling. Fig. = 1
exhibits a cross-sectional image of a single graphite particle by
focused ion beam (FIB)-SEM. The particle shows a solid dark core
with a thin layer of coating outside (ca. 100-200 nm). The EL.
analysis (Fig. 3e-f) is performed at the very surface and core area ¢ .
the selected particle. It is clear that the core of graphite is carbon !

majority with a trace of residual oxygen. The surface layer is coate *
by the byproducts from polysulfide depositions. Electrolyt

decomposition also contributes to the surface layer coating bt °

not a major component, consistent with the almost invisible SEI in
Fig. 2c. This means graphite interface is stable enough to enc -
the attack from polysulfides and maintains its structure integrity.
Therefore, the irreversible loss of polysulfides and SEI accumula*~-
on the anode side are both alleviated, which greatly improves tt »
cycling stability of the Li-ion sulfur cell. To further confirm the
effectiveness of the graphite anode in promoting the cycling abili ¢
of Li-ion sulfur cells, Li and graphite anodes harvested from cycled
Li-S and Li-ion sulfur cells (at charged state), respectively, ai2
immersed in the DOL/DME mixture solvent. It is interesting to s¢ :
that the solution containing cycled Li anode changes to yello..
immediately, while the one with cycled graphite remains near’,
colorless (Fig. S7). These results further indicate that sulfur specie.
“leaked” out of the cathode side easily accumulate on the porot .
lithium metal anode during cycling.6 The anode contaminatio.
should be one of the major reasons for capacity decay in Li-.
batteries, which has been significantly suppressed by using .
graphite anode.

C
2 o
1

Fig. 3 (a) SEM images of graphite electrode after 100 cycles in LG/S full cell with 5M
LiTFSI/DOL electrolyte. (b) Magnification of (a). (c) Cross-sectional SEM image of cycle
graphite anode. (d) FIB-SEM cross-sectional image of a single graphite particle in (c). (e)
and (f) Point EDS at the very edge and core area of the graphite particle in (d),
respectively.
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In summary, the strategy of using intercalation anode to address
the key issues associated with conventional Li-S batteries has been
successfully demonstrated by constructing a Li-ion sulfur battery
employing graphite as the anode. Without any additive, the LG/S
full-cell with sulfur loading >2 mg em™ delivers a high reversible
capacity of 980 mAh g'1 and a capacity retention of 81.3% along
with a high efficiency of above 97% after 100 cycles, simply by
increasing the concentration of LiTFSI solute to 5M in pure DOL
solvent. It is revealed that the interface property of the graphite
anode in concentrated LiTFSI/DOL has been drastically changed,
forming a very thin and almost invisible SEI to protect the graphite
lattice. This study may provide new insights for developing high
performance sulfur batteries coupled with versatile anode materials
to remove the lithium metal issues in the system.
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