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An electrolyte additive of bromoxoindole enables
uniform Li-ion flux and tunable Li,S deposition for
high-performance lithium—sulfur batteriest
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Low discharge capacity and rapid capacity decay are the main causes that hinder the commercialization of
lithium—sulfur (Li—S) batteries. A feasible strategy is to modify electrolytes which aims at accelerating sulfur
conversion reactions and restraining side reactions on both electrodes. However, simultaneously increasing
the reactivity of sulfur and reducing the reactivity of Li poses great challenges. Herein, an electrolyte additive
of 6-bromoxoindole (BOD) was introduced into Li—S batteries. Through a systematic study, it is found that
the BOD can dissolve in electrolytes, undergo partial deprotonation, and react with LiTFSI/LiPSs to form

R 4 8th D ber 2023 BOD-Li-TFSI/BOD-Li-PS solvation structures. The Li* transfer kinetics and sulfur conversion reactions

eceived 8th December L . o . . . .

Accepted 24th January 2024 were significantly enhanced with 0.5 wt% BOD addition, and meanwhile, the Li anode maintained stable
plating/stripping behavior. As a result, the cell delivered a high discharge capacity of 811 mA h gt at
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Introduction

The lithium-sulfur (Li-S) battery is considered to be a prom-
ising high-energy storage system owing to its ultra-high theo-
retical energy density (2600 W h kg™'), cost-effectiveness, and
abundant reserves of its constituent materials.'®> However,
commercial Li-S batteries still face many challenges, including
the lithium polysulfide (LiPS) intermediate shuttle effect,* poor
sulfur conductivity on the cathode side,” parasitic reactions,®
and safety hazards associated with Li dendrites on the anode
side,”® all of which contribute to unstable cycling performance.
Although there has been great progress in regulating the sulfur
host,>'® LiPS catalyst,' and Li anode interface layer,*
improvements to individual electrodes may not address all the
above issues.

The Li-S electrolyte is mainly used to conduct Li* and
maintain the voltage balance, bridging the sulfur cathode and
Li anode.”®* It causes interfacial side reactions at both elec-
trodes, which largely determine the Li-S battery perfor-
mance.'*"” Commonly used electrolytes for Li-S battery systems
are prepared in a 1:1 volume ratio of 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME), which allows the electrolyte to
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stably at a low temperature of —20 °C.

have both low viscosity and high solubility for LiPSs, thus
delivering high sulfur utilization.®® To further enhance Li*
transport and suppress the LiPS electromigration rate, Li salts
such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
lithium bis(fluorosulfonyl)imide (LiFSI), and lithium bis(ox-
alato)borate (LiBOB) are typically used as additives in the
electrolyte.'>*®

Unfortunately, the above-mentioned Li salts are poorly
soluble, which contributes to the issues affecting electrolytes
and electrodes in this system. To address this problem, addi-
tives with appropriate functionality are used in commercially
purchased batteries. In typical cases, P-containing additives
have been proposed as flame retardants; F and cyanide groups
(-CN) are used as high voltage additives; and Br/F-containing
groups decompose to form a highly stable solid-state electrolyte
interface (SEI).>' Nevertheless, efficient, low-cost, and multi-
functional additives to improve Li-S battery performance are
still required.

In recent work, Ai et al.** achieved stable cycling perfor-
mances on thick sulfur electrodes with the use of an in situ
nucleophilic reaction of vinyl carbonate (VC) with LiPSs in
ether-based electrolytes. This approach formed an intact CEI
layer on the cathode surface and promoted direct conversion of
S and Li,S without any intermediate formation. Such a strategy
may spur progress towards organic additives with adjustable
functional groups that can regulate sulfur deposition at the
cathode, enhance Li" transport in electrolytes, and stabilize the
Li anode under successive deposition and stripping cycles. In
our previous work,”?* we used biomimetic enzyme catalysts
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based on metal porphyrins or metal phthalocyanines with
pyrrole rings in their skeleton, which showed excellent electron
and hole transport properties. Indole, also referred to as ben-
zopyrrole containing a pyrrole ring, and its derivate compounds
are low in cost and electron-rich, and can be functionalized at
a variety of grafting sites. Notably, the -NH group of indole
tends to undergo single electron oxidation reactions.>** This
leads to alkali metal ions (such as Li" and Na') replacing H and
binding to the N site, thereby forming organic-inorganic
salts.?®* This Li organic-inorganic salt formation regulates Li"
transport®-*> and LiPS conversion characteristics. Additionally,
the benzene ring group can easily be functionalized with
different types and quantities of halogen atoms, which may be
replaced by Li in ether-based electrolytes.** This behavior may
regulate the solvation environment and promote uniform Li
deposition. Hence, indole molecules and/or their derivatives are
expected to synergistically regulate bulk electrolytes and their
interfaces with both electrodes, to achieve high-performance
Li-S batteries.

In this study, we investigated the effects of incorporating the
additive 6-bromoxoindole (BOD), which is composed of an
amide-bonded pyrrole and a bromobenzene ring, into the
standard Li-S electrolyte. By studying the Li,S and Li deposition
behaviors, Li" migration number, in situ spectra, and electro-
chemical performances, we found that BOD can dissolve in
ether-based electrolytes, undergo partial deprotonation, and
react with LiTFSI/LiPS to form BOD-Li-TFSI and/or BOD-Li-PS
solvation structures. The Li transfer measured by the average Li"
migration number was significantly enhanced and the Li,S
deposition mode changed from 2DP to 2DI, 3DP, and 3DI as the
BOD concentration was increased from 0 to 5%. Furthermore,
the Li anode maintained uniform Li-ion flux with the addition
of 0.5% BOD. As a result, the 0.5% BOD cell delivered a high
discharge capacity of 811 mA h ¢™" at a sulfur loading of 5 mg
cm 2 and E/S ratio of 8 uL. mg~ " at ambient temperature and
also operated stably at a low temperature of —20 °C.

Experimental

Preparation of BOD electrolyte

Different weight ratios of BOD (0.1, 0.5, and 1 wt%) were directly
added into standard Li-S electrolyte. This procedure was carried
out in an argon-filled glove box with water and oxygen content
below 0.1 ppm.

Preparation of the sulfur/carbon cathode (CNTs-S)

To synthesize the CNTs-S composite, the traditional co-melting
method was used. The process involved mixing sulfur powder
and carbon nanotubes in a mass ratio of 8 : 2. The sulfur content
of the CNTs-S composites was kept at around 80 wt%. Subse-
quently, the slurry was prepared by uniformly dispersing 70 wt%
CNTs-S powder, 10 wt% polyvinylidene fluoride (PVDF) binder,
and 20 wt% CNT conductive additive in N-methyl pyrrolidone
(NMP) solution. The slurry was stirred for 2 hours and then
coated on aluminum foil. The coated foil was then evaporated at
55 °C in a vacuum oven for 8 h. The resulting film was cut into
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disks with a diameter of 12 mm. Unless otherwise stated, the

sulfur loading on cathodes was approximately 1.2 mg cm™>.

Cell assembly

A CR2025 coin cell was fabricated in an argon-filled glove box
with water and oxygen content below 0.1 ppm. 40 pL electrolyte
with the BOD additive was added to the separator between the
CNTs-S cathode and Li sheet. Unless noted, the E/S ratio was
controlled to be ~20 pL mg ' for the battery with a sulfur
loading of 1.2 mg cm 2, and 8 uL. mg ™" for 5.0 mg cm 2. The cell
would reach equilibrium after resting for 8 hours.

Electrochemical measurements

Cyclic voltammetry (CV) measurements were performed on an
electrochemical workstation (CHI 760E) in the voltage range of
1.6-2.8 V (vs. Li/Li"). Electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 100 kHz to 0.01
Hz at open-circuit voltage with an AC amplitude of 5 mV. For the
assembly of the Li||Li symmetric battery, two pieces of Li foil
were used and 30 uL 0.5 wt% BOD electrolyte was added. Gal-
vanostatic charge/discharge and Li||Li symmetric tests were
conducted on a Neware battery test system (Shenzhen Netware,
China). The low-temperature test was conducted in a low-
temperature refrigerator, and all batteries were placed in the
refrigerator at least 8 hours before starting the test.

Material characterization

The microstructures of CNTs-S composites and electrodes after
cycling were characterized using a scanning electron micro-
scope (SEM, JSM-6700F). The Li anode for the symmetric
batteries with each type of electrolyte was first cycled at 1 mA
em 2 and 1 mA h em™2 for 200 cycles, then disassembled and
rinsed with DME solution before SEM. Raman spectra were
obtained on a Renishaw-inVia spectrometer with an argon ion
laser (532 nm). FTIR spectra were recorded on a Nicolet is 50
spectrometer (ThemoFisher Scientific, USA). Ultraviolet and
visible (UV-vis) spectrophotometry was performed using a Shi-
madzu 1800 spectrometer in the range between 200 and 1100
em™ ! to characterize the polysulfide species in the cell. Surface
elemental analysis was performed on an X-ray photoelectron
spectrometer (PHI (China) Limited).

Results & discussion

Reversible BOD evolution in Li-S chemistry

To confirm the reactivity of the BOD additive, we first tested its
reaction with LiPSs. Fig. 1a shows photographs of standard
ether-based electrolyte (DOL/DME, v/v = 1 : 1) with 2 mM of Li,S
and Li,Se, before and after the addition of BOD, where the color
changed from pink to dark red as the Li,S gradually dissolved in
the modified electrolyte. The Li,S dissolution and accompa-
nying color change indicated that BOD was strongly polarizing
and changed the solvation environments of Li,S and LiPSs
(Fig. S1t%). Ultraviolet-visible (UV-vis) spectroscopy was per-
formed to examine the structural transformations (Fig. 1b, S2
and S37). A new peak emerged at ~551 nm, which was assigned

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Reversible evolution of the BOD additive under Li—S chemistry. (a) Digital photographs of a traditional DOL/DME-based electrolyte (blank)
with Li,S and Li,Se species before and after the addition of the BOD additive. (b) UV-vis spectra of Li,Se-based electrolytes with/without BOD. (c)
Multiple electrochemical lithiation steps of the BOD: original, solvated and lithiated states. (d) Schematic diagram of BOD in the solvation

structure and its impact on Li deposition and S conversions.

to the characteristic signal of the BOD molecule, and two peaks
at ~256 and 295 nm ascribed to LiPSs shifted after the BOD
addition. Thus, the BOD additive changed the solvation struc-
tures of the traditional Li-S electrolyte (1 wt% LiNO; and 1.0 M
LiTFSI in DOL/DME with v/v = 1:1).

It has been reported that, in mechanochemical synthesis,
indole compounds tend to undergo directional electron move-
ments under the action of an electric field, resulting in the
removal of single electrons and the formation of electron-defi-
cient intermediates.> Additionally, the cyclic voltammetry (CV)
tests reconfirmed that BOD undergoes redox reactions when
added to Li-S electrolyte (Fig. S47). Single electron oxidation is
an efficient approach to indole compound conversion. Addi-
tionally, indole homologs can form cation-7 interactions with
Li*, which regulate its transport through the electron-rich
conjugated structure.*>® In the case of the additive, BOD
undergoes partial deprotonation and combines with Li* and
anions in solution to stabilize its structure during charging and
discharging (Fig. 1c). This is because the cyclic amide group
with p—m conjugation can easily dehydrogenate in the presence
of organic electrolytes with lithium salts, forming more stable
Li-N bonds.**** In Li-S chemistry, externally suspended Li
atoms can act as cationic centers that bind with TFSI" and/or
polysulfide anions (PS™). Moreover, halogen bromide ions act as
a sacrificial agent,*” easily detaching from BOD and reacting
with metallic Li to form a stable solid electrolyte interphase
(SED) film at the anode side. Thus, BOD as an electrolyte
mediator, can regulate sulfur redox reactions at the cathode to
form a more stable Li anode in the Li-S battery system (Fig. 1d).

LiPS conversions mediated by BOD

The influence of BOD on sulfur reduction reactions was exam-
ined in terms of the Li,S deposition behaviors (Fig. 2a-c). As

This journal is © The Royal Society of Chemistry 2024

shown in the current-time (i-¢) curves for the Li,S deposition,
the response time (¢,) for reaching the peak current (i)
depended on the amount of BOD added, where a higher BOD
concentration induced faster Li,S deposition (blank, ¢, = 4200
s; 0.5 wt% BOD, t,, = 3178 s; 5 wt% BOD, t,,, = 1190 s). More-
over, we calculated the Li,S deposition capacity according to
Faraday's law. The best performance was achieved by the 0.5
wt% BOD cell that delivered a capacity of 737.91 mA h g%,
which is much higher than that of the 5 wt% BOD (410.84 mA h
g ") and control cells (129.93 mA h g~ *). Thus, the BOD additive
can mediate the LiPS to Li,S conversion. To clarify this
phenomenon, a dimensionless analysis of i-¢ curves was per-
formed based on both the Scharifker-Hills (SH)***® and Bewick-
Fleischman-Thirsk (BFT) models* (Fig. 1d). The nucleation
rates of two-dimensional progressive nucleation (2DP) and
instantaneous deposition (2DI) are controlled by the adatom
crystal phase, whereas the nucleation rates of 3D progressive
nucleation (3DP) and 3D instantaneous deposition (3DI) are
mainly determined by volume diffusion (Fig. 2d).

As shown in Fig. 2e, on the addition of 0.5 wt% BOD to the
electrolyte, the Li,S deposition mode changed from 2DP to 2DI.
As the BOD percentage was increased to 5 wt%, the deposition
switched to the 3DI mode. This behavior can be attributed to the
fact that BOD dissolves Li,S, resulting in proper solubility of
Li,S, which regulates the nucleation and growth of polysulfide
particles in the solution.** The SEM images show large spherical
Li,S particles densely deposited in the control cell (Fig. 2f),
which likely contributed to low electrochemical conversion
activity and uneven electron conduction. The spherical Li,S
particles of the 0.5 wt% BOD battery were uniformly deposited
with a diameter of 1.8 pm (Fig. 2g), and are likely to promote
channels for ion/electron transfer and improve the electro-
chemical conversion activity. As the BOD additive content was

J. Mater. Chem. A
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Fig. 2 Deposition pathway and morphology of sulfur species at the cathode with the 0.5% BOD additive. (a—c) Chronoamperograms of Li,S
precipitation at 2.10 V in electrolyte without BOD, 0.5 wt% BOD, and 5 wt% BOD. The parameter i, represents the peak current and t,, is the
deposition time to reach the peak current. (d) Comparison of transient current—time response curves (solid line) with classical 2DP, 2DI, 3DP, and

3Dl nucleation models (dashed line). (e) Schematic illustration of 3DP/3DI

and 2DP/2DI Li,S depositions where x—y is parallel to the substrate and

y—z is vertical to the substrate. (f-h) SEM images of Li,S deposition in electrolytes with 0.5 wt% BOD and 5 wt% BOD, respectively, as well as

without BOD. The tests were performed on carbon cloth frameworks.

increased to 5 wt%, the Li,S deposition exhibited a flocculent
morphology with a loose mass and electrical contacts where the
chemical reaction dominated rather than the electrochemical
reactions (Fig. 2h). Hence, the optimal amount of BOD induced
rapid nucleation and growth of Li,S, which is likely to improve
the deposition capacity and enhance the Li-S battery kinetics.

Kinetic evaluations for sulfur redox reactions

To quantify the improvement in kinetics, we calculated the Li"
diffusion coefficient (Dy;+) of the 0.5 wt% BOD cell by perform-
ing CV tests over a scanning range of 0.1-0.3 mV s~ '. As shown
in Fig. 3a and S5a,f the 0.5 wt% BOD battery exhibited much
higher anodic (A and B) and cathodic (C and D) current peaks
than those of the control sample. By fitting the peak current (7;,)
and the square root of the scanning rate (1°°), a linear func-
tional relationship was found for both samples, indicative of
a typical ion diffusion-controlled reaction (Fig. 3b and S5bf).
According to the Randles-Sevcik equation, Dy;+ of the 0.5 wt%
BOD cell (4, 4.3 x 107 % B, 6.4 x 10°%, C, 0.5 x 10 %, D, 2.8 x
10~% cm?® s~ ') was ~2 times as high as that of the blank sample
(4,2.8 x107%B,32x105%¢C, 1.6 x 10°% D, 1.1 x 10"% cm?
s~'), suggesting excellent Li* transport kinetics.
Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted under the operating conditions to

J. Mater. Chem. A

characterize the electron/ion transport behaviors in the liquid
electrolytes, bulk electrodes, and between these phases. As
shown in Fig. 3c, the interface resistance (R;,) of the 0.5 wt%
BOD battery increased from 2.49 to 9.26 Q after the first 150
cycles and then decreased to 1.88 Q by 200 cycles, whereas the
charge transfer resistance (R.) continuously decreased from
45.12 to 43.52 Q. These results indicate the gradual formation of
a stable solid electrolyte interphase (SEI) and rapid mass
transfer performance in this modified electrolyte system.

As mentioned above, operando detection technology can
provide more information on intermediate states of the working
cell. The potentiostatic intermittent titration technique (PITT)
and galvanostatic intermittent titration technique (GITT) were
used to study the in situ sulfur conversion processes and elec-
trochemical polarization characteristics. Fig. 3d shows the PITT
plots of the 0.5 wt% BOD cell in the initial discharge cycle,
where the first region (2.40-2.10 V) corresponds to long-chain to
short-chain LiPS conversion and the second region (2.10-1.60 V)
is assigned to short-chain LiPS to Li,S,/Li,S conversion. The
response current of the 0.5 wt% BOD cell was consistently
greater than that of the control cell and it achieved higher
deposition voltages. The Li,Ss symmetric cell tests confirmed
that BOD could accelerate the liquid-liquid conversion of LiPS
(Fig. S67). As for the GITT tests (Fig. 3e), the voltage at each
galvanostatic discharge and relaxation pulse was plotted as

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Kinetic evaluations of 0.5 wt% BOD for sulfur redox reactions.

(a) Cyclic voltammetry tests of the 0.5 wt% BOD battery at different

scanning rates. (b) Li* diffusion coefficients of the 0.5 wt% battery determined by fitting the scanning rate-dependent peak currents. (c) Nyquist
plots of the 0.5 wt% BOD battery after 50, 100, and 200 cycles. (d—f) PITT, GITT, and shuttle current tests of batteries with/without 0.5 wt% BOD.

a function of discharge capacity. These results showed that the
0.5 wt% BOD cell had a 45 mV voltage gap between the reduc-
tion voltage and corresponding open-circuit voltage, which was
much smaller than that of the blank sample (77 mV). Thus, 0.5
wt% BOD can reduce the iR drop and electrochemical polari-
zation, to facilitate Li'/electron supplementation and improve
sulfur redox reactions. The internal resistance was calculated
based on the GITT which showed that BOD mainly promotes
sulfur conversion kinetics in liquid-solid reactions (Fig. S77).
Additionally, the LiPS shuttle current was markedly suppressed
to ~1.5 x 107> mA cm™? in the presence of 0.5% BOD, which is
half the value of the control cell (~3.0 x 10> mA cm ™) (Fig. 3f).
These results suggest that BOD can effectively suppress the
shuttle effect.

Li plating/stripping behaviors

Single electron oxidation of BOD induces its combination with
Li*/LiPSs and thus alters the solvation structure. To study the
transport behavior of Li" and/or LiPSs and the flux of these
species at the anode, a series of tests were conducted on Li||Li
symmetrical cells with and without the 0.5 wt% BOD additive.
As shown in Fig. 4a and b, there were clear differences in SEM
images of the Li surface after 200 successive plating/stripping
cycles. The blank sample had uneven nanofiber Li dendrites
with large amounts of irreversibly inactivated Li whereas the 0.5
wt% BOD sample was flat without any cracks and a few inactive
Li particles.

Moreover, in the former cell, the Li was black while the latter
retained its original metallic luster (Fig. 4a and b insets). Thus,
0.5 wt% BOD promotes good reversibility for metallic Li. As
a result, even under harsh conditions (—20 °C), the metallic Li
in 0.5 wt% BOD remained flat without any dendrite formation
(Fig. S87). Electrochemical impedance spectroscopy (EIS) and
galvanostatic cycling performance were used to monitor the

This journal is © The Royal Society of Chemistry 2024

interfacial evolution. Fig. 4c and S9t show Nyquist plots of the
Li||Li symmetric cells of the 0.5 wt% BOD sample at a current
density of 1 mA cm ™2 and a capacity of 1 mA h em 2. The 0.5
wt% BOD sample showed a characteristic SEI signal after
cycling for 8 h, and then the impedance decreased and quickly
stabilized. In contrast, the blank sample underwent notable
changes that could be attributed to the continuous formation
and rupture of the SEI on the Li anode. Regarding the galva-
nostatic cycling performance (Fig. 4d), the polarization voltage
of the 0.5 wt% BOD cell increased from 48 mV at 0.2 mA cm ™ to
203.7 mV at 5 mA cm™ . Notably, these values are much smaller
and more stable than those of the blank sample (150.7 mV at 0.2
mA cm > to 406.9 mV at 5 mA cm ™ >). The galvanostatic cycling
performance of the Li||Li symmetric cells in Fig. 4e indicated
that the BOD stabilized the Li anode for more than 450 h with
a low voltage hysteresis of ~40 mV. Conversely, the blank
sample maintained stable cycling for less than 300 h and
rapidly deteriorated with a voltage hysteresis of ~130 mV.

Remarkably, as shown in Fig. S10,7 we directly immersed Li
sheets in an electrolyte containing 0.5 wt% BOD and found that
the color turned yellow. This change indicates a chemical
reaction between BOD and metallic Li, which is consistent with
the aforementioned Li intercalation mechanisms (Fig. 1c). The
repairing effect of BOD on the Li anode can be verified by
studying its surface compositions and chemical states. Fig. 4f
shows high-resolution Br 3d X-ray photoelectron spectroscopy
(XPS) measurements of Li anodes after the 0.5 wt% BOD cell
had operated for 0 and 200 cycles. Both samples featured LiBr
signals (at 68.9 eV after 200 cycles and 68.4 eV in the initial
state), which can be attributed to the chemical reaction of BOD
and metallic Li, and helps to form an inorganic SEI layer on the
anode.*” Moreover, the Li 1s XPS results revealed the presence of
LiF (53.2 eV) (Fig. S11 and S12t). The LiF/LiBr rich SEI can
improve the stability and reversibility of the Li anode, which is
in agreement with previous reports.**=*
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and after the addition of 0.5 wt% BOD. Insets show corresponding optical photographs. (c) EIS of 0.5 wt% BOD cells after Li plating/stripping for O,

2,4, 6, and 8 h at a current density of 1 mA cm™2

current densities in the range of 0.2-2.0 mA cm™2

and a capacity density of 1 mA h cm
. (e) Long-term Li plating/stripping profiles of 0.5 wt% BOD cells at a current density of 1 mA

~2.(d) Li plating/stripping curves of 0.5 wt% BOD cells at

cm™2 and capacity density of 1 mA h cm™2. (f) High-resolution Br 3d XPS spectra of the metallic Li anode in 0.5 wt% BOD-based Li—S batteries

after 0 and 200 cycles.

Dynamic solvation/de-solvation behaviors

To further analyze the BOD-dominated solvation structure, ex/in
situ Raman spectroscopy, and Fourier transform infrared
spectroscopy (FT-IR) were conducted on samples based on

a typical Li-S electrolyte. As shown in Fig. 5a, addition of 0.5
wt% BOD altered the Raman signals. The peak at 740 cm™ ",
assigned to the stretching vibration of S-N-S in TFSI ,***
weakened and a new peak emerged at 723 cm™ ', At the same

time, the Raman signals of DME underwent a considerable
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Fig. 5 BOD mediated solvation and de-solvation behaviors with dynamic evolution. (a) Raman spectra of traditional Li—S electrolyte with and
without 0.5 wt% BOD. Raman spectra of (b) 0.02 M of Li,S and Li,Sg solutions with 0.5 wt% BOD. (c) Reversible association/dissociation of
lithiated BOD with PS™/TFSI™ anions. (d and e) In situ FT-IR measurements of the cells with and without 0.5 wt% BOD at different discharge
depths. (f) Schematic diagram of BOD for the formation of a new solvation structure and its effects on Li deposition and sulfur conversion.
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blue-shift and peak intensity enhancement after the addition of
0.5 wt% BOD. The signal of the free DME solvent*® shifted from
847 to 823 cm™ ', whereas the signal of Li* coordinated DME®
shifted from 873 to 849 cm ™. The emergence of new peaks and
the blue-shift of the DME signals could be attributed to the BOD
and TFSI” interactions, which affected the solvation
structures.**> Raman measurements were also performed in
the presence of various LiPSs (Fig. 5b, S13 and S14f%). The
stretching vibration peaks of the S-S bond (534 cm™') from
LiPSs and S-N-S bonds (740 cm™") from TFSI~ were enhanced,
whereas the binding affinity of TFSI™ with BOD, as evaluated
from the peak at ~723 cm™ ', was weakened, indicating that
BOD participated not only in the solvation of LiPSs but also in
the dissociation of LiTFSI (Fig. 5¢). Notably, the BOD-involved
electrolyte also accelerated sulfur conversion, as confirmed by
the peak intensity decrease of sulfur signals as the BOD content
increased (Fig. S151). Moreover, we further detected ion cluster
signals at 745 cm ™, i.e., contact-ion-pairs (CIPs) between TFSI~
anions and Li",* in the discharge process.

As shown in Fig. 5d, in situ FT-IR spectroscopy was per-
formed to monitor changes in organic functional groups of the
solvation structures during the discharge of the 0.5 wt% BOD
cell from 2.8 to 1.6 V. In the initial stage (2.8-2.4 V),

This journal is © The Royal Society of Chemistry 2024

characteristic signals of DOL, DME, TFSI", and BOD were
detected, where the peaks at 1184 cm ' and 868/1054/1135
em~ ' are vibrational signals of ~-CH; and C-O-C from DOL/
DME; the peaks at 1018 and 1355 cm ™' belong to the vy
vibrations of S-N-S and S=0==S from TFSI ; and the peaks at
682 and 795/920 cm™ " are assigned to the out-of-plane bending
vibrations of C-Br and benzene ring C-H groups of BOD,
respectively.”**° In the subsequent stage (2.4-2.0 V), the solva-
tion structure changed as the polysulfide chain length
decreased. Hence, a red shift (from 1054 to 1040 cm ™ ') and peak
intensity increase of C-O-C vibrations were found in DOL/DME
solvents, indicating an increase of free solvent molecules. This
result can be attributed to competitive coordination with Li
salts (e.g., LiPSs and LiTFSI) between BOD and solvent mole-
cules. The weakened C-H signal (795 cm ') and enhanced C-Br
signal suggest that BOD has multiple binding sites to bond with
Li salts, as demonstrated by the peak intensity increase of the
S=0=S signal (from TFSI), which arises from the dissociation
of LiTFSI from DOL/DME solvents and association with BOD. In
the last stage (2.0 to 1.6 V), soluble LiPSs were converted to solid
Li,S,/Li,S, and free solvent was released in large quantities.
Therefore, the C-H bending vibration and C-O-C stretching
vibration of DOL/DME were significantly enhanced. Conversely,
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the blank cell showed no obvious peak shifts except for some
intensity changes owing to Li-S reactions (Fig. 5e). These find-
ings demonstrated that the addition of 0.5 wt% BOD can
dynamically tailor solvation structures in bulk electrolytes and
mediate sulfur conversion.

Fig. 5f shows a schematic illustration of the mechanism by
which 0.5 wt% BOD influences the Li-S chemistry. In the elec-
trolyte, BOD undergoes an initial lithiation process and induces
reconstruction of solvation structures, resulting in rapid
movements of Li' ions. At the anode side, pretreatment with
highly reactive BOD established a stable and uniform SEI on the
Li anode. At the cathode, solvated BOD is capable of acceler-
ating Li,S formation and mediating its nucleation and growth
from 2DI to 3DP morphologies, thereby enhancing sulfur
utilization. Consequently, the 0.5 wt% BOD cell exhibited
improved sulfur conversion kinetics and high sulfur utilization
while maintaining a stable Li anode.

Electrochemical performances

We further evaluated the electrochemical performance of 0.5
wt% BOD batteries by comparing the constant current charge/
discharge (GCD) measurements of the second cycle. The
capacities of cells with various amounts of BOD are shown in
Fig. 6a and S16.f The 0.5 wt% BOD cell delivered a high
discharge capacity of 1330, 1000, 872, and 519 mA h g ' at 0.2,
0.5, 1, and 2 C, respectively. This performance was much better
than that of other cells, namely: 0.1 wt% BOD (1349, 946, 837,
and 400 mA h g™); 1 wt% BOD (922, 612, 519, and 390 mA h
g™ "); and the control (1193, 826, 695, and 364 mA h ¢ '). When
the current rate of the 0.5 wt% BOD cell was recovered to 0.2 C,
a highly reversible discharge capacity of 1018 mA h g~" was
achieved with a long and flat discharge plateau (Fig. 6b and
S17%).

Thus, the addition of 0.5 wt% BOD provided the optimal
performance and markedly enhanced battery performance. An
excess of the BOD additive is likely to increase uncoordinated
BOD and hinder Li" transport in the electrolyte. Insufficient
additives may lead to incomplete SEI layers at the Li anode. The
average Li" migration numbers of BOD at 25 °C and —20 °C were
0.51 and 0.38, respectively, which were better than those of the
blank cell (0.4 and 0.24) (Fig. 6¢). By measuring the migration
number of Li" at different temperatures, it was demonstrated
that the solvation structure formed by BOD in the electrolyte has
good Li" transport characteristics (Fig. S18f). The cycling
performances of the 0.5 wt% BOD cell were measured at a high
current rate (Fig. 6d), high sulfur loading, low E/S ratio (Fig. 6e),
and low temperature (Fig. 6f). After initial activation, the cell
exhibited a high initial discharge capacity of 783 mAhg *at1C
and maintained a capacity of 576 mA h g~ after 500 cycles with
a mean decay rate of 0.05% per cycle and a coulombic efficiency
of 97.875%. When the cell operated at a sulfur loading of 5 mg
cm 2 (cathode thickness: ~220 um, Fig. $191) and E/S ratio of 8
uL mg~ ', a high discharge capacity of 811 mA h g~ was ob-
tained at 0.2 C and maintained at 730 mA h g~ " after 120 cycles.
Hence, the 0.5 wt% BOD cell performed better than the control
cell in terms of capacity and stability. Additionally, owing to the
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involvement of BOD in the solvation structure, the 0.5 wt% BOD
cell could operate stably at a low temperature of —20 °C,
delivering a discharge capacity of 590 mA h ¢~ ' at 0.2 C with
a decay rate of 0.11% per cycle.

Conclusions

In summary, we have successfully introduced an electrolyte
additive BOD into Li-S batteries to accelerate Li* transfer
kinetics and promote interfacial compatibility. The BOD addi-
tive undergoes single electron oxidation under an electric field
and has cation-7 interactions with Li*. Owing to the electron-
rich conjugated structure, the BOD-modified electrolyte can
regulate the solvation structure of Li* and LiPS, mediate their
transport in the electrolyte, increase uniform Li-ion flux, and
tailor interfacial chemistry at the cathode and anode electrodes.
The Li,S deposition mode on the cathode changes with
increased addition of BOD and, when 0.5 wt% BOD is added,
the Li,S deposition mode switches to 2DI with high sulfur
utilization. The Li anode remains stable at various current
densities and temperatures owing to the formation of a robust
SEI comprising LiF/LiBr. As a result, the 0.5 wt% BOD batteries
exhibited excellent long-term cycling performance at low
temperatures (—20 °C) and under lean electrolyte/high loading
conditions (E/S ratio of 8 uL. mg " and sulfur loading of 5 mg
cm?). This work proposes a simple strategy to improve Li-S
battery performance based on the use of a trace electrolyte
additive. These findings will broaden our understanding of Li-S
electrolytes, paving the way for highly stable practical Li-S
batteries that are capable of operating under extreme condi-
tions, such as high energy densities, lean electrolytes, and low
temperatures.
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