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Realizing High-Performance Li-Polysulfide Full Cells by
using a Lithium Bis(trifluoromethanesulfonyl)imide Salt
Electrolyte for Stable Cyclability

Syed Abdul Ahad,”®®! Ragupathy Pitchai,*® < Anteneh Marelign Beyene,” Sang Hoon Joo,?

Do Kyung Kim,*™ and Hyun-Wook Lee*"

Since concentrated electrolytes have attracted great attention
for the stabilization of lithium-metal anodes for lithium-ion
batteries, the demonstration of a full cell with an electrolyte
concentration study has become a research topic of interest.
Herein, we have demonstrated a proof of concept, a lithium-
polysulfide full cell battery using various lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) electrolyte concentrations with
glass-fiber-based composite and hard carbon as the cathode
and anode, respectively. The initial capacity of the lithium-poly-
sulfide full cell is found to be 970 mAhg™' at 0.1 C. The ca-
pacity is stabilized at 870 mAhg™' after 100 cycles with a ca-
pacity retention of 88.6%. An excellent capacity retention of
~80% is achieved after long 800 cycles at 0.5 C by using full
cell technology. Further, our post-mortem analysis sheds light
on the difference in SEI layer formation on hard carbon anodes
with changing electrolyte concentration, thereby indicating
reasons for the obtainment of a high cyclic performance with
1™ LIiTFSI salt electrolyte. The successful demonstration of the
long cyclic performance of Li-polysulfide full cells is indeed a
step towards producing high performance Li-polysulfide full
cell batteries with long cycling using conventional LiTFSI salt
electrolyte and commercial anode materials.

Introduction

The development of high-performance rechargeable batteries
is very much essential to meet the ever increasing energy
demand for various sectors, such as personal electronic devi-
ces, electric vehicles, and large-scale energy storage.'™ The re-
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chargeable lithium-sulfur (Li-S) battery is a promising high
energy density storage technology, as the elemental sulfur de-
livers a theoretical capacity of 1675 mAhg™' and an energy
density of ~2600 Whkg™' with the additional merits of being
low cost, earth-abundant, relatively nontoxic, and environmen-
tally benign.® However, there are a multitude of issues such
as the inherent poor electrical conductivity of sulfur, dissolu-
tion of intermediate lithium polysulfides (LiPSs), and large volu-
metric change during charge-discharge cycling, which hinders
the commercialization of Li-S technology.”"" Over decades,
there have been strenuous efforts to address these issues to
improve the performance of the Li-S batteries including the
composite sulfur electrodes by integrating with conductive
carbon materials or conducting polymers designing new archi-
tectures to buffer the volumetric expansion/shrinkage and
modifying the electrode to confine the lithium polysulfides
suppressing the shuttling effect.” 22"

To enhance the practical energy density of Li-S batteries,
strenuous efforts are focused on the rational design of sulfur
cathodes or functional electrochemically active electrolytes
which can increase the cell capacity significantly.”'>*' However,
the cycle life of the Li-S battery is limited with the greater
sulfur loading or high areal capacity due to the critical issues
of polysulfide shuttling and instability of lithium/electrolyte in-
terfaces causing the fast electrolyte depletion and anode deg-
radation.”??¥ One of the crucial challenges of the development
of Li-S batteries is its use of metallic lithium as an anode that
has critical issues including chemical reactivity in electrolyte
and dendrite growth of lithium during cycling leading to
safety issues and poor cycling performance. The most recent
research focuses on the positive (sulfur) electrode, with the
electrolyte and Li electrode used in vast excess. However, the
reports on the negative electrode and associated electrolyte
degradation are scarce, decreasing our understanding of the
limitations in the energy density and cycling stability. Thus, al-
ternative negative electrode materials receive much attention
in the construction of high-performance Li-S batteries. The
various materials include alloys lithium-tin alloys, silicon. and
graphite.>% However, Si- and Sn-based alloys still undergo a
large volume change, for example, an unstable interface similar
to metallic lithium. On the other hand, graphite has already
been successfully utilized in commercial Li—ion batteries for de-
cades. The backbones of layered carbon frameworks have an
insufficient volume change during intercalation/de-intercala-
tion of Li* ions and establish a stable interface between
graphite and the electrolyte. These critical features of graphite
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are expected to be more beneficial in Li-S batteries due to the
minimum volume expansion of the graphite. However, it is
well known that ethylene carbonate (EC) is incompatible with
polysulfides and/or sulfur radicals generated during cycling of
Li-S batteries.®" Hard carbon is a more appealing anode with
high capacity as a random alignment of small-dimensional gra-
phene layers renders significant porosity to accommodate lithi-
um. 22

There are very few reports on a full cell utilizing polysulfide
as the only active material. For instance, Lee et al. have report-
ed a lithium-sulfur full cell using a dual-type (solid sulfur-poly-
sulfide catholyte) sulfur cathode and a lithiated Si-SiO, nano-
sphere anode.” Carbide-derived carbon (DUT-107) with a high
surface area (2088 m?’g~') and high total pore volume
(3.17 cm®g™") is used as a rigid scaffold for sulfur infiltration to
construct full cells Li-S batteries with an excellent rate cycling
stability.”® Recently, Bhargav et al. have demonstrated a graph-
ite-polysulfide full cell with a significant capacity and cycle-life
of the cells.”” However, all the methods mentioned above in-
volve tedious processes and utilize expensive materials. Apart
from the couple of strategies mentioned above involving Li-S
full cell demonstration, the effect of concentrated electrolytes
especially in the Li-polysulfide full cell battery is not much
studied. The effect of the concentrated electrolyte is mostly
studied for lithium metal anodes aimed to improve the anode
stability during the cell operation.®” To shed light on the be-
havior of Li-polysulfide full cells in the presence of concentrat-
ed electrolytes, we have demonstrated a proof of concept Li-
polysulfide full cell battery using 1 and 4 m lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) electrolytes. The full cell con-
structed with glass-fiber cathode and lithiated hard carbon
anode enabled us to achieve a high capacity and significant
cycling stability. To the best of our knowledge, this is the first
report demonstrating the use of a glass-fiber cathode and lithi-
ated hard carbon anode in Li-polysulfide full cells with further
study of the effect of electrolyte concentration on the cyclic
performance. Very interestingly, the usage of inbuilt MnO, on a
glass-fiber matrix provides a strong adsorption to polysulfides
to reduce the shuttle effect. As per our previous report, the
glass fiber (GF) provided a 3D network with ample space to ac-
commodate significant amounts of polysulfides, whereas MnO,
and multi-walled carbon nanotubes (MWCNT) provided poly-
sulfide trapping and electrical conductivity, respectively.” It is
well documented that concentrated electrolytes lessen the sol-
ubility of polysulfides in Li-S batteries due to Le Chatelier’s
Principle.’>3? Therefore, we have also tested our system in
both 1 and 4m LiTFSI concentrated electrolyte to check their
effect on the cyclic performance of a glass-fiber cathode in
both half and full cells. Although the concentrated electrolyte
may lessen the sulfur dissolution, its poor ionic conductivity
adversely affected the specific capacity of both half- and full
cell systems as compared to the conventional electrolyte. Our
results show that in addition to the above mentioned benefits
of our cathode system, the reduced cost and higher ionic con-
ductivity of using conventional electrolyte are added advan-
tages of using our proposed system for the commercialization
of Li-S batteries.
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Results and Discussion

Most of the carbon-sulfur composite cathodes for reasonable
high capacity and significant cycling stability involve sophisti-
cated and long processes with respect to synthesis and fabrica-
tion of the electrodes. With our previous experience on glass
fibers as cathode materials for Li-polysulfide batteries, we in-
tended to construct the Li—polysulfide full cell by utilizing glass
fiber and hard carbon as the cathode and anode, respectively.
The electrochemical performance of two half-cells was investi-
gated in detail before fabricating the Li-polysulfide full cells.
The galvanostatic charge-discharge cycling, cyclic, CV, and
electrochemical impedance spectroscopy (EIS) of GF/MWCNT/
MnO,/Li,Sg cathode were carried out at two different concen-
trations of electrolyte, that is, 1 m LiTFSI40.25m LiNO; and 4 m
LiTFSI+0.25m LiINO; in dioxolane (DOL)/dimethoxyethane
(DME) solvents. Hereafter the electrolyte compositions will be
referred to as 1m LiTFSI and 4wm LiTFSI. The present study is
conducted by adding a known amount of polysulfide solution
(0.5m Li,Sg) on the cathode substrate which is equivalent to
3 mgcm~? sulfur loading.

Figure 1 shows the CV, EIS, and galvanostatic charge-
discharge cycling of GF/CNT/MnO,/Li,S; obtained in 1 and 4 m
LiTFSI. The CV voltammograms of GF/CNT/MnO,/Li,S, electro-
des show two redox couples for both 1 and 4 m indicating the
two-step reduction of sulfur. Interestingly, the peak position
and peak current density are significantly different in both
electrolytes clearly revealing the variation in discharge capacity.
The cathodic peaks of the GF/CNT/MnO,/Li,S; electrode shifts
from 2.33 to 2.21 V and from 1.93 to 1.86 V by increasing the
electrolyte concentration from 1 to 4m LiTFSI (Figure 1a). The
corresponding charge-discharge curves are shown in Fig-
ure S1, Supporting Information. This potential shift is mainly at-
tributed to the polarization of the cell. Moreover, broader
anodic/cathodic peaks suggest the sluggish electrochemical re-
action in 4 wm LIiTFSI electrolyte. The initial discharge capacities
with 1 and 4 m LiTFSI electrolytes were found to be 1274 and
1211 mAhg™', respectively (Figure 1¢). The high cathodic/
anodic peak current density obtained with 1m LiTFSI electro-
lyte is evidence of the high specific capacity compared to 4m
LiTFSI. Upon further cycling, a discharge capacity of
850 mAhg™' was obtained after 100 cycles with 1m LiTFSI
electrolyte with an average coulombic efficiency of 99%. How-
ever, when the cell cycled in 4m LiTFSI electrolyte, the dis-
charge capacity dropped significantly to 489 mAhg™' after
100 cycles. Interestingly, the discharge capacity of the GF/CNT/
MnO./Li,Sg-Li cell with 1m LiTFSI showed a much more stable
cycling performance as compared to 4m LiTFSI. To verify the
effect of electrolyte concentration, half cells with 2 and 3m
LiTFSI electrolyte concentrations were also tested. The cyclic
performance shown in Figure S2a (Supporting Information)
shows that with increasing electrolyte concentration, the dis-
charge capacity significantly drops. To understand the variation
in the capacity with different concentrations of electrolytes,
the EIS analysis was performed on the fresh cells in 1T and 4wm
LiTFSI. The Nyquist plots presented in Figure 1b, mainly show
two semicircles in the higher and middle frequency range. The
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Figure 1. a) CV analysis at 0.1 mVs™'; b) EIS analysis before cycling; ) Cyclic performance at 0.1 C of GF/MWCNT/MnO,/Li,Sg-Li half cell cycled between 2.8-

1.7 V with 1 and 4 m LiTFSI electrolyte.

intercept of the semicircle at high frequency arises due to the
solution resistance, the resistance of current collector, and
active materials (ohmic resistance: R,). The EIS data were fitted
using the equivalent circuit given in Figure S3, Supporting In-
formation. The solution resistances (R,) of 1 and 4m LIiTFSI
electrolyte were calculated to be 10.14 and 12.39 Ohm, respec-
tively (Table S1, Supporting Information). The difference in the
R, values can be ascribed to the different ionic conductivity of
the electrolytes. When we measured the ionic conductivity of
both electrolytes, the 4 m LIiTFSI electrolyte exhibits low ionic
conductivity (5.86 mScm™') compared to the 1m LiTFSI electro-
lyte (11.65 mScm™') as is also reflected in the R, values. The
ionic conductivity values of electrolytes measured using the
ionic conductivity probe, summarized in Table S2, Supporting
Information, also show that with increasing LiTFSI salt concen-
tration, the ionic conductivity of the electrolyte decreases. The
semicircle in the high frequency range results from the resist-
ance (R,) due to a passive film on the electrode surfaces,
whereas the semicircle in the lower frequency range results
from the charge-transfer resistance (R.) at the electrode/
electrolyte interface.®¥ The smaller R, value of 5.14 Ohm was
obtained with 1m LiTFSI as compared to a much higher value
of 30.95 Ohm obtained with 4m LiTFSI. A similar trend was
also observed in R, values with 1 and 4 m LIiTFSI electrolyte. Al-
though it has been reported that usually a high concentration
of electrolyte increases the capacity stabilization of the Li-S
battery by inhibiting polysulfide dissolution, the results sug-
gest that the ion-transport property is a more dominant factor
relative to reductive/oxidative stability by using highly concen-
trated electrolytes in the GF/CNT/MnO,/Li,Sg electrodes, which
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is also consistent with some previous reports in which they did
not seriously consider this poor cyclic performance.?*>

To demonstrate a more practical consideration of a Li-S full
cell, we intend to construct a full cell of Li-polysulfide in 1m
LiTFSI by utilizing a glass-fiber composite cathode and pre-
lithiated hard carbon as an anode. We have previously demon-
strated that the glass-fiber-based composite cathode exhibits a
high capacity and stable capacity retention.” To avoid dendrite
growth on lithium metal, we have used pre-lithiated hard
carbon as an alternative anode to metallic lithium, which dem-
onstrates a high and stable cycling performance. Figure 2 de-
picts the SEM image, powder XRD pattern, and electrochemical
performance of hard carbon. The irregular shaped, micron-
sized particles with smooth surfaces are evident from SEM
analysis. The average size of the particles ranges between 10-
15 um as shown in Figure 2a. The XRD pattern shown in Fig-
ure 2b contains two broad peaks at 23.27 and 43.81°, corre-
sponding to (002) and (100), respectively. The (002) and (100)
signifies the presence of a graphene-like structure and disor-
dered carbon structure, respectively. The d-spacing and crystal-
lite size of the predominant diffraction peak from (002) are
0.38 and 0.64 nm, respectively, calculated using the Scherrer
equation. The large d-spacing from (002) can be beneficial in
the rapid intercalation/de-intercalation of Li ions during the cy-
cling process."”

With an aim to ascertain the electrochemical performance of
pre-lithiated hard carbon, galvanostatic charge-discharge and
cycling studies were carried out in 1m LiTFSI electrolyte. The
charge-discharge curves obtained at various cycles are shown
in Figure 2c. The profile shows the typical lithiation/de-lithia-
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whereas a major anodic peak at 2.40 V was noticed
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in 1M LiTFSI. Interestingly, broad anodic/cathodic
peaks in 4m LIiTFSI clearly indicate the sluggish ki-
netics of the redox reactions due to severe polariza-
tion resulting in a low specific capacity.®® Further
validation of the CV results can be obtained
by closely observing the initial charge-
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Figure 2. a,b) SEM image and XRD spectra of commercial hard carbon. c,d) Charge-dis-
charge curve and cyclic performance of commercial hard carbon lithiated between 0.01-

1.5V at 0.5 mAcm~2 using 1™ LiTFSI electrolyte.

tion behavior of a hard carbon anode. The voltage plateau
near 1.2-0.2 V and below 0.1 V represents the lithium intercala-
tion between disordered graphene sheets and lithium adsorp-
tion on the pore surfaces.*" The initial capacity of hard carbon
was obtained to be 3627 mAhg™' at a current density of
0.5 mAcm™. The high capacity in the first cycle is mainly at-
tributed to the formation of a stable SEIl layer and also due
to the decomposition of electrolyte on the hard carbon
surface. Subsequently, the discharge capacity decreases to
210 mAhg™' in the 2nd cycle. However, the nearly 100% Cou-
lombic efficiency obtained after the 2nd cycle shows that the
irreversible capacity loss has been well accommodated from
the second cycle onwards. As shown in Figure 2d, the hard
carbon lithiated between 1.5 V~'0 mV using 1m LiTFSI electro-
lyte delivered a stable discharge capacity of 216 mAhg™
whilst maintaining a Coulombic efficiency of over 99% for up
to 100 cycles. However, unlike graphite, the XRD comparison
of hard carbon and lithiated hard carbon (Figure S4, Support-
ing Information) didn’t show any peak shift in the XRD analysis
primarily because of the significant amorphous nature of hard
carbon. Some Li-oxide impurities can be located that might be
due to the decomposition of electrolyte solvents at low volt-
age. Similar XRD analysis regarding lithiated hard carbon has
been reported earlier*” However, the main evidence of hard
carbon reversible lithiation/de-lithiation can be obtained from
its charge-discharge curve discussed earlier in Figure 2c. Here
it is worth mentioning that the stable lithiation capacity reten-
tion achieved in the hard carbon anode with 1 m LiTFSI electro-
lyte has been unsuccessful with the graphite anodes as re-
ferred to in earlier reports.”**? With the enhanced capacity of
both half cells by a glass-fiber cathode and hard carbon
anode, a full cell was assembled using GF/MNCNT/MnO,/Li,Sg
as a cathode and pre-lithiated hard carbon as an anode.

The CV and charge-discharge curves of the full cell are
shown in Figure 3a,b. The CV of the full cell exhibits multiple
cathodic peaks at 2.28, 1.90, and 1.69 V as seen in Figure 3a,
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thereby again seconding the results obtained in the
CV test (Figure 3a). The initial capacities of the full
cell with 1 and 4 m LiTFSI electrolyte are found to be
970 and 713 mAhg', respectively. With 1m LIiTFSI
electrolyte, a stabilized capacity of 870 mAhg™' was
obtained after 100 cycles at 3 mgcm™ sulfur loading with an
average Coulombic efficiency of 98.8%. The discharge capacity
achieved in this system after 100 cycles with conventional 1m
LIiTFSI electrolyte is better than the earlier reports for which
either the concentrated electrolyte or other electrolyte solvents
(i.e. BTFE) were introduced in the system to boost the full cell
performance.** As expected, a low discharge capacity of
560 mAhg™' was obtained with 4m LIiTFSI electrolyte after
100 cycles. A high capacity retention of 88.6% was achieved
with 1m LIiTFSI electrolyte as compared to a low capacity re-
tention of 78.6% with 4m LiTFSI (Figure 3¢). The capacity
fading per cycle with 1m LiTFSI and 4m LiTFSI is 0.10 and
0.21% per cycle, respectively. Further the full cells tested with
2 and 3 m LIiTFSI electrolytes showed a similar trend, which was
observed while testing half cells with different electrolyte con-
centration, that is, with increasing electrolyte concentration
the discharge capacity decreases (Figure S2b, Supporting Infor-
mation). Here it is worth mentioning that the rate of capacity
decay in full cells is much lower than the rate of capacity
decay in the half cell systems. It is for the same reason that Li-
S full cells are conceptualized to avoid rapid capacity decay on
half cells that occurs due to the Li metal reaction with the elec-
trolyte and also with lithium polysulfide species.*” The EIS
analysis of the full cells before and after 100 cycles is also pre-
sented in Figure 3d to further understand the variation in the
capacity retention. The resistance values are tabulated in
Table S1 (Supporting Information). As expected, the R, and R,
increases as the concentration of electrolyte used in the full
cell increases. The solution resistance (R,) of the full cell in 1m
LiTFSI before and after cycling remains almost the same
whereas the R, value with 4m LiTFSI electrolyte slightly in-
creases. In both 1 and 4m LiTFSI electrolyte containing full
cells, the R value slightly decreases after cycling, thereby sug-
gesting the formation of a stable SEI layer on the electrode
surfaces. Moreover, the R, value obtained in 1 m LiTFSI slightly
decreases from 4.029 Ohm before cycling to 3.658 Ohm after

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) CV analysis at 0.1 mVs™'; b,c) charge-discharge capacity curve and corresponding cyclic performance at 0.1 C; d) EIS analysis before cycling and
after 100 cycles in the charged state; e) pouch cell demonstration with 1 m LiTFSI electrolyte lighting up a green LED; f) rate capability at various C-rates of
GF/MWCNT/MnO,/Li,Sg-lithiated hard carbon full-cell (coin cell configuration) cycled between 2.6-1.0 V with 1 and 4 m LiTFSI electrolyte.

100 cycles, thus signifying the improved charge transfer kinet-
ics in the full cell. However, the R, value of the full cell with
4 m LIiTFSI electrolyte increases from 9.746 Ohm before cycling
to 14.08 Ohm after 100 cycles. Here, the increase in the R, re-
sistance reflects reduced charge-transfer kinetics which results
in the lower discharge capacity and cycling performance in the
full cell containing 4 m LiTFSI electrolyte. As discussed earlier in
the half cell, the high R, value in the full cell may be due to
the lower ionic conductivity of the concentrated electrolyte.
Further, the GF/MWCNT/MnO./Li,Sg-lithiated hard carbon
pouch cell using 1m LiTFSI electrolyte was fabricated. As
shown in Figure 3¢, the lighting up of the LED can be seen
once the connections are made with the GF/MWCNT/MnO,/
Li,Sg-lithiated hard carbon pouch cell. We believe that such a

ChemSusChem 2018, 11, 3402 - 3409 www.chemsuschem.org
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demonstration shows the potential of Li-polysulfide full cells
to be scaled up for use in commercial applications. Further,
with an aim to investigate the electrochemical reversibility and
feasibility for the practical applications, a rate capability test
was carried out using a coin cell setup and data is shown in
Figure 3 f. The discharge capacities of a full cell containing 1m
LiTFSI electrolyte were found to be 915.2, 831.7, 751.4, 658.2,
and 521.7 mAhg ' at 0.1, 0.2, 0.5, 1, and 2C, respectively.
Once the cell was subjected again to a low C-rate of 0.2 C, it
gains the full discharge capacity indicating the excellent rever-
sibility and rate performance. Moreover, when the cell was
subjected to a high C-rate of 0.5C, a capacity of 702.9 and
640.4 mAhg~' was obtained after 100 and 250 cycles, which
corresponds to 93.5 and 85.3% capacity retention, respectively.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The corresponding voltage-specific capacity curve shows a typ- Finally, the post mortem analysis of the full cell was per-

ical and well defined two-voltage plateau at all C-rates thus re-  formed by extracting the cathode and the anode after
affirming the robust rate performance of the full cell in Tm 100 cycles, cycled at 0.1 C. Figure 4a confirms that the inter-
LiTFSI electrolyte (Figure S5a, Supporting Infprmation). As ex-  twined structure of the cathode remains intact after long cy-
pected, inherently lower capacity values were obtained with  cling. Also, the deposition of solid sulfur can be seen on the
4m LiTFSI electrolyte (Figure 3 f, Figure S5b, Supporting Infor-  cathode surface. It is worth mentioning that even after the
mation). When the GF/MWCNT/MnO,-Li,Sg full cell with 1m  deposition of solid sulfur a lot of pores can be seen in the
LiTFSI electrolyte (Figure S6, Supporting Information) was sub-  cathode in which a large amount of lithium polysulfides can
jected to a long cycling test at a current density of 0.5 C, it de-  be accommodated during cycling. The energy dispersive spec-
livered a capacity of 818 and 650 mAhg™' after the 1st and  troscopy (EDS) analysis of the cathode revealed uniform depo-
800th cycles, respectively, with a columbic efficiency of 99.5%.  sition of sulfur on the cathode surface along with the presence
The capacity retention after 800 cycles was ~80%. The suc- of carbon and oxygen (Figure 4b). Similar results were ob-
cessful demonstration of a long cyclic performance of a Li- tained in the cathode extracted from the full cell containing
polysulfide full cell is indeed a step towards producing a high- 4w LiTFSI electrolyte (Figure S7, Supporting Information).
performance Li-polysulfide full cell battery with long cycling  Before performing SEM, a crack was deliberately created in the
using a hard carbon anode material. cathode structure to analyze the internal structure of the cath-
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Figure 4. a,b) SEM image and corresponding EDS analysis [C: carbon (red), O: oxygen (yellow), S: sulfur (green)] of the cycled cathode after 100 cycles at 0.1 C
in the charged state extracted from GF/MWCNT/MnO,/Li,Sg-lithiated hard carbon full-cell with 1 m LIiTFSI electrolyte; c,d) SEM images of the intentionally in-
duced crack in cathode showing porous spaces inside the cathode architecture. SEM images of cycled anode extracted after 100 cycles at 0.1 C in the charged
state from GF/MWCNT/MnO,/Li,Sg-lithiated hard carbon full-cell; e) with 1 m LiTFSI electrolyte; f,g) with 4 m LiTFSI electrolyte; h,i) XPS survey spectrum and
corresponding atomic percentage of elements present in the cycled hard carbon anode extracted from full cells containing 1 and 4 m LiTFSI electrolyte. j—

m) C1s, F1s, O1s, and S2p spectrum of cycled anode extracted from a full cell containing 1 m LiTFSI electrolyte.
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ode (Figure 4c). The zoomed area of the cracked region shows
that a lot of porous regions are present in the GF/MWCNT/
MnO, substrate that can accommodate more active material
during further cycling (Figure 4d). This robust architecture of
the cathode has enabled us to achieve a high specific capacity
from a Li-S full cell. Similar post-mortem analysis was carried
out on the anode surface. As presented in Figure 4e and Fig-
ure S8, Supporting Information, the SEM image shows uniform
deposition of a secondary electrolyte interface (SEI) layer on
the hard carbon anode extracted after an initial lithiation of
5 cycles (later used to construct full cells with 1 and 4m LiTFSI
electrolyte) and from the full cell with 1m LiTFSI electrolyte
after 100 cycles. On the contrary, the anode extracted from the
full cell with 4m LiTFSI electrolyte shows coarser and nonuni-
form deposition of the SEI layer (Figure 4f,g). It is observed
that the SEI layer deposited on the hard carbon particles is pri-
marily the decomposition product of LiTFSI electrolyte, LiNO;
additive, and lithium polysulfides that migrated towards the
anode.*** The corresponding EDS mapping of the anodes is
shown in Figure S9 and S10, Supporting Information. In the SEI
layer, the C, O, F, and S comes from the reduced solvents,
products from LiNO; decomposition, reduction products from
LiTFSI salt, and lastly from reduced lithium polysulfides.*”*¥ In
addition, the voltage range (2.6-1.0 V) used in this study to in-
vestigate the full cell might have further promoted the decom-
position of LINO; during cycling.“*® The EDS analysis presented
in Figure S11, Supporting Information, shows that the atomic
percentage of carbon (C) has decreased since the concentrated
electrolyte will have less contribution from the decomposition
of solvent. However, the higher atomic percentage of oxygen
(O) and fluorine (F) present in the full cell with 4 m LiTFSI elec-
trolyte as compared to the full cell with 1m LiTFSI electrolyte
suggests that with 4 m LiTFSI, a greater amount of SEI compo-
nents get deposited on the lithiated hard carbon anode; this is
because the highly concentrated LiTFSI salt tends to deposit
more reduced products on the anode surface. The analysis was
further supported by performing XPS on the cycled anodes.
The survey spectrum and the corresponding atomic percentag-
es (Figure 4h,i, Figure S12c-h, Supporting Information) shows
a higher atomic percentage of Li, F, and O on the cycled anode
extracted from the full cell containing 4m LiTFSI electrolyte
thereby confirming higher LiTFSI salt decomposition and depo-
sition on its surface as compared to 1m LiTFSI electrolyte. On
the other hand, the C atomic percentage is higher in the
cycled anode of the full cell with 1 m LiTFSI electrolyte because
of the increased ‘solvent’ decomposition as compared to con-
centrated 4 m LiTFSI electrolyte (higher concentration of salt in
a given volume of solvent) in which more ‘salt’ decomposition
takes place. The individual analysis of elemental spectra of the
cycled anode from a full cell with 1 m LiTFSI electrolyte is sum-
marized in Figure 4j-m and Table S3 (Supporting Information).
The C 1s spectrum explains that the SEI layer contains prod-
ucts from decomposed solvent (C—C), PAA binder (—CO,—), and
LITFSI salt (—CF,—).®**" Another peak appearing at 282.6 eV
comes from the lithiated carbon (Li,C¢) which disappears in the
case of cycled anode from 4m LiTFSI electrolyte (Figure S12¢,
Supporting Information). This suggests that the SEI layer
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formed on the cycled anode with 4m LiTFSI electrolyte is
much thicker as compared to the layer formed due to 1m
LiTFSI electrolyte.®? Further analysis of the F, O, S, N, and Li
spectrum confirms the presence of LiF, Li,SO5;, —SO,CF;, Li,SO,,
N~ (TFSI), and LisN peaks, which arise due to the decomposi-
tion of LiTFSI salt. Peaks such as Li,O, Li,CO;, and ROCO,Li are
due to the reaction of Li salt with the DOL/DME solvents. The
S 2p spectra also shows the presence of Li,S/Li,S, polysulfides
that might have migrated towards the anode and reduced on
its surface.”>*¥ The dense SEI layer on the anode may have re-
tarded the charge-transfer process in the lithiated anode
during full cell battery operation, thereby providing low specif-
ic capacity from the full cell in 4m LiTFSI. This hypothesis can
be further explained by revisiting the EIS data presented in
Figure 3¢ and Table S2 (Supporting Information). The charge-
transfer resistance (R,) in the case of the full cell with 1m
LiTFSI after 100 cycles is much lower than with 4m LiTFSI,
which further strengthens the claim that the dense SEI layer
formed on the anode with 4m LiTFSI is not favorable to drive
high capacity in the Li-polysulfide full cell setup.

Conclusions

In summary, we have successfully demonstrated the Li-polysul-
fide full cell constructed from glass-fiber-based composites as
a cathode and pre-lithiated hard carbon as the anode, respec-
tively. Further, the electrolyte study suggests that 1m LiTFSI
electrolyte is the most suitable for obtaining high specific ca-
pacity due to its high ionic conductivity as compared to the
other concentrated LiTFSI electrolyte. The Li-polysulfide full
cell delivers the initial discharge capacity of 970 mAhg™' at
0.1 C. Further, the capacity of the full cell stabilized at
870 mAhg™' after 100 cycles using conventional 1m LiTFSI
electrolyte. The higher ionic conductivity and the uniform dep-
osition of the SEI layer on the cycled anode with 1m LiTFSI
electrolyte helped it to perform better as compared to concen-
trated electrolytes in the Li-polysulfide full cell. We believe
that the present work may open a new platform for the con-
struction of a novel combination of cathode and anode materi-
als for Li-sulfur/Li-polysulfide batteries by using conventional
LiTFSI electrolyte systems.

Experimental Section

All experimental details can be found in the Supporting Informa-
tion.
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