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ARTICLE INFO ABSTRACT
Keywords: Understanding of interfacial Li* solvation shell structures and dynamic evolution at the electrode/electrolyte
Lithium sulfur battery interface is requisite for developing high-energy-density Li batteries. Herein, the reorganization of Li* solvation

In-situ/operando characterizations
Sum frequency generation
Solvation shell reorganization
Anion competitive adsorption

shell at the sulfur/electrolyte interface along with the presence of a trace amount of lithium polysulfides is
verified by in-situ sum frequency generation (SFG) spectroscopy together with density functional theory (DFT)
calculations. Both the spectroelectrochemical and DFT calculation results reveal a strongly competitive anion
adsorption of the polysulfide anion additive against the pristine electrolyte anion on the sulfur cathode surface,
reorganizing the interfacial local solvation shell structure facilitating rapid Li ion transfer and conduction.
Meanwhile, the evolution of the SFG signals along with the discharging/charging cycle exhibits improved
reversibility, indicating the transformation of the inner Helmholtz plane layer into a stable molecular-layer
polysulfide interphase rather than a dynamic diffusion layer. Consequently, applications in practical Li-S bat-
teries reveal the capacity and cycling stability of the corresponding cells are significantly enhanced. Our work
provides a methodology using in-situ SFG for probing solvation reorganization of charge carriers at electro-
chemical interfaces.

1. Introduction evolution under an in-situ/operando practical working condition is the
“Holy Grail” for investigations of electrochemical battery systems at the

Probing and understanding the chemical surroundings of the elec- molecular level [1-8]. In contrast to intercalation-type lithium-ion
trode/electrolyte interface such as solvation shell structure and dynamic batteries (LIBs), the representative conversion-based lithium-sulfur
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(Li-S) batteries have garnered increasing attention owing to their high
theoretical energy density (2600 Wh kg™!) [4,9-12]. Currently, Li-S
batteries are hampered by the issues of polysulfide shuttling, sluggish
reaction kinetics, and the growth of Li dendrite [12-14]. The multi-step
conversion reactions of sulfur involve a series of exchanges of Li'™ be-
tween electrolyte and electrode, which must overcome the energy bar-
riers against the solvation/desolvation and diffusion of the charge
carriers. Such barriers partially contribute to the sluggish conversion
kinetics and the consequent accumulation and shuttling loss of poly-
sulfide intermediates [15-17]. Thus, a detailed understanding of Li™
solvation shell structure and dynamic behaviors at the electro-
de/electrolyte interface is necessary to resolve the critical challenges of
Li-S batteries [18-24].

Recently, the crowded solvation shell by adding suitable electrolyte
additives or electrochemical catalysts to dissociate Li"-solvents complex
were achieved to accelerate desolvation behaviors at the interface,
indicating the profound effects of Li ion solvation on reaction kinetics
[15,25-28]. Till now, advanced in-situ microscopy and spectroscopy
tools, e.g. in-situ scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray adsorption spectroscopy (XAS) and
Raman spectroscopy, have been employed to characterize Li-ion or Li-S
batteries, providing meaningful information regarding the conversion
kinetics and the degradation mechanisms [2,3,16,29-35]. However,
most of the in-situ/operando studies are focused on either monitoring
physical/chemical changes in the state of sulfur or detecting and
tracking the shuttling phenomena, which depends on the depth of
penetration and the bulk contributions of signal [2,31,33]. The utiliza-
tion efficiency and cycling stability of sulfur cathodes strongly rely on
the kinetics of releasing free Li ions from their solvation shell at the
interface, costing extra energy during the transfer of Li™ across the
interface [15]. Furthermore, since the charge/discharge current rate of a
battery is often dominated by the interfacial ion transfer kinetics, un-
derstanding the effect of the local surroundings at the electro-
de/electrolyte interface in relation to the Li™ solvation/desolvation
processes is important for designing battery systems with high-rate
performance [10-12,16,19,36,37]. Therefore, it is of significance to
monitor the structure evolution and dynamics in real-time at the mo-
lecular level, particularly the variation of the solvation shell structure in
the electrode/electrolyte interface region of a practical working battery
[1,38]. Thus far, effective in-situ/operando methods to selectively probe
the interfacial molecular information of lithium batteries remain
limited.

Sum frequency generation (SFG) spectroscopy with inherent inter-
facial selectivity and sensitivity has demonstrated utility for in-situ in-
vestigations of LIBs and electrocatalysis systems [39-47]. However,
current in-situ SFG researches on LIBs are based on model-designed
battery configurations, which are not representative of operational
practical cells (Fig. S1) [41-44,48-50]. Selectively investigating the Li*
solvation shell structure and its dynamic variations in the interface re-
gion is limited by problems of low signal/noise ratio and high interfer-
ence from the bulk solution. For similar reasons, the interfacial
chemistry of solvation behaviors in Li-S cells by in-situ SFG technique has
yet to be studied. In this work, density functional theory (DFT) calcu-
lations and experimental characterizations are combined through in-situ
SFG electrochemical cell, revealing new insights on the
polysulfide-based anion adsorption layer as well as the reorganization of
Li* solvation shell structure at the interface. Firstly, the in-situ/operando
SFG results suggest an evident fluctuation in the adsorption of electro-
lyte anions (TFSI™) at the cathode interface with irreversible circulation
in the control sample. Whereas much weaker anion adsorption with less
variation and high cycling reversibility is observed after the introduc-
tion of a trace amount of polysulfide anion additive, indicating the
dominantly adsorbed polysulfide molecules change the local chemical
surrounding in Li" solvation shell structure and the constituent(s) of the
inner Helmholtz plane. The well-correlated electrochemical improve-
ments of the corresponding cells with lower interfacial resistance and
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decreased charging overpotential indicate that the reorganization of
solvation shell facilitates the exchanging of Li* between the sulfur
cathode and the electrolyte by decreasing the interfacial des-
olvation/solvation energy barriers, as confirmed by DFT calculations. In
the practical cell, the optimized solvation shell structure is also benefi-
cial for forming the Li' diffusion-accelerated electrode/electrolyte
interphase, thus improving the cycling reversibility and stability of the
sulfur cathode. This work provides a use-case for SFG as a tool to study
the interfacial reorganization of solvation shell(s) and for the modula-
tion of the cathode/electrolyte interface to elevate the performances of
Li-S cells.

2. Experimental section
2.1. Fabrication of sulfur and lithium sulfide electrodes

Graphene oxide (GO), nitrogen-doped graphene (NG), oxidative
carbon nanotube (OCNT) and nitrogen-doped carbon nanotube (NCNT)
were synthesized according to previous reports [36,51].
NG-NCNT@PANI nanocomposites were synthesized and the main dif-
ference is that the mass ratio of NCNT and NG powders is equal to 3:1
(200 mg in total) according to previously published reports [36]. The
S@NG and Li,S@NC nanocomposites were made by the same method
according to previous literatures [19,52].

2.2. Preparation of polysulfides solution

Commercial sulfur (448 mg) and commercial LipS (92 mg) were
added into 10 mL mixed solvents (DOL/DME, 1:1, by volume). After
continuously stirring for 12 h, the homogeneous Li»Sg solution (0.2 mol
L™!) was obtained at 60 °C. A proper amount volume of as-prepared
homogenous LiySg solution was added in 20 mL of pristine electrolyte
(1 mol L' LiTFSI dissolved in DME/DOL) to form different concentra-
tions of 0.1 mmol L™! (0.1 mM) and 0.25 mmol L™! (0.25 mM) Li,Sg in
pristine electrolyte, respectively.

2.3. Fabrication of Li-S coin cells and in-situ SFG cell

The prepared sulfur electrode was fabricated by coating the slurry on
the Al current collector (Thickness: 16 um) and then compressed under
pressure, yielding a relatively smooth electrode surface with a certain
extent of mirror reflection rather than random scattering. The in-situ SFG
cell based on sulfur cathode was prepared by using Whatman fiberglass
(260 um) filter as the separator and lithium metal foil as the anode. The
electrolyte is composed of 1 mol L™} LiTFSI in DME/DOL (1:1, by vol-
ume) with or without Li»Sg additive. For the purpose of demonstrating
the functions in real Li-S batteries, optimized routine electrolyte (1 mol
L~ LiTFSI dissolved in DME,/DOL with 1 wt.% LiNO3) or with pre-added
LisSg electrolyte and Celgard 2400 were used for the assembly of coin
cells for sulfur electrodes or LisS electrodes.

2.4. Material and device characterizations

Field-emission scanning electron microscopy (Hitachi S4800) was
applied to observe the surface morphological structure of different
cycled sulfur cathodes. Land CT2001 automatic battery test systems was
selected to measure the electrochemical cycling behaviors of sulfur or
Li,S cathode. Cyclic voltammetry of the sulfur cathode was carried out
on a VMP-3 electrochemical station at 0.025 mV s '. The electro-
chemical impedance spectroscopy of in-situ SFG cell was carried out
from 200 kHz to 100 mHz at open-circuit voltage.

3. Results and discussion

Before visualizing practical interface information, the in-situ cell
configuration of the SFG spectroelectrochemical cell is illustrated in
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Fig. 1. (A) Schematic illustration of our in-situ SFG electrochemical cell with the hole-plate electrode configuration similar to real working condition. (B) The ssp-
polarization SFG spectrum from the surface of S@NG cathode in a typical electrolyte (1 mol L™} LiTFSI in 1:1 DME/DOL). The fitted peaks (the red dashed line and
the blue dash-dot line) can be assigned to the adsorbed LiTFSI and DME/DOL, respectively. (C) SFG spectra of the cathode/electrolyte interface in the presence of
different concentration of pre-added Li,Sg mediator at the open-circuit voltage (OCV) state. (D) The schematic illustration of the reorganization behaviors of Li*
solvation shell after introducing the polysulfide anion at the sulfur/electrode interface.

Fig. 1A, which makes the electrode/electrolyte interface accessible to
the probing lights while operating in a condition closer to the practical
cells. To ensure sufficient electrolyte penetration for smooth Li" transfer
for later charge/discharge, numerous holes (~500 um) are uniformly
punched on the cathode. The signal of SFG results from the electrode/
electrolyte interface by fixing the distance between the CaF5; window
and the electrode plane. As confirmed by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), the as-fabricated in-situ
SFG cell operates efficiently as a Li-S coin cell without retarding of ion
transport (Fig. S2), guaranteeing the occurrence of redox processes [9,
51,53-57]. Initially, the pristine electrolyte (PE, 1 mol L™ LiTFSI in
DOL/DME (1:1, v:v)) is subjected to SFG measurements to clarify the
contribution of the different species. By comparing each of the constit-
uents in the PE electrolyte (Fig. S3), the strong and sharp peak at ~1402
cm ™! and the shoulder at ~1410 cm ™! is assigned to the adsorbed LiTFSI
electrolyte salt (Fig. 1B), most likely due to the out-of-plane and in-plane
asymmetric stretching of S=O in the TFSI", respectively [58-64]. As
calculated, the energy of the S=0 bond increases as LiTFSI is adsorbed
onto the nitrogen-doped graphene-based electrode, which explains the
blue shift of its vibrational frequency [59-61]. The relatively weak and
broad peak at ~1440 cm™! can be readily assigned to the solvent mol-
ecules (DME/DOL) [37,65]. Also, the negligible changes at ~1440 em !
and the asymmetrical torsion vibration mode of the methylene (-CH;-)
group belong to solvent molecule adsorption at subsequent dis-
charge/charge states (Fig. S4). Therefore, the solvent peak at ~1440
cm ! can serve as an internal standard signal to quantitatively evaluate
the anion adsorption and the reorganization of solvation shell structure
by anion modulation. Here, the intensity ratio of the TFSI™ peak (~1402
cm ™) to the solvent peak (~1440 cm ) as Ig/Is (E for electrolyte and S
for solvent, respectively) is defined, monitoring the surface evolution of
anion-related solvation shell structure. Since an SFG peak intensity is
proportional to the square of the surface number density of the related
species [40,43,44], the square root of Ig/Is, i.e. (IE/IS)O‘S, is used as an

index to observe changes in the solvation surrounding of interfacial
TSFI™ species.

The static TFSI™ anion adsorption on the electrode with/without
LisSg are monitored at the interface under open-circuit voltage (OCV)
state. Without the LisSg, a rich amount of TFSI™ anions is adsorbed
(Fig. 1C). With the introduction of lithium polysulfide mediator of Li»Sg
(LPSM) in the PE (denoted as PE+LPSM), the adsorption behaviors and
(Ig/Is)®® of TFSI™ show the reverse trend with sharply decreasing SF
intensity (Figs. 1C and S5), indicating the changes of the related solva-
tion shell structure with more Li;Sg coordination. For example, under
0.25 mmol L, the (IE/IS)O'5 value decreases by ~6.6 times (from 2.7 to
0.41), corresponding to approximately 85 % desorption of the initially
adsorbed TFSI™ species from the interfacial solvation shell. All the fitting
parameters for the SFG spectra were summarized in Table S1. As illus-
trated in Fig. 1D, the pristine TFSI™ anion-dominated Li ion solvation
shell is altered and tends to be replaced by polysulfide anion under the
presence of the LiySg mediator [37], forming a greater proportion of
polysulfide-decorated aggregates or coordinate ion pairs. Subsequently,
the optimal polysulfide-assisted Li" solvation structure turned into a
preferentially adsorbed molecular layer on the cathode surface by
repelling off the initially adsorbed TFSI™.

To ascertain the Li" solvation shell dynamic evolution during the
charging/discharging process, the evolutions of SFG spectra were
recorded. In the PE, the initial value of (IE/IS)O'5 is ~2.7 at the OCV state
and it decreases to 2.3 upon being discharged to 2.3 V (LiS4 discharge
product), and then starts to increase and reaches 4.1 (LisS discharge
product) at the fully discharged state. When recharged, the Ip/19)%
reverses its variation trend (from 4.1 to 1.4, and then to 1.7); but it does
not fully recover to its initial value (1.7 vs. 2.7). However, with LPSM
(Figs. 2B and S6), the (I]g/ls)o'5 value experiences a similar decreasing
then increasing trend during the discharge process (from 0.41 to 0.33,
and then to 0.67 at the fully discharged state), whereas the subsequent
recharge process shows a complete reversal of the values (from 0.67 to
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Fig. 2. In-situ SFG spectra of the S@NG cathode/electrolyte interface in (A) pristine electrolyte; (B) with 0.25 mmol L™! polysulfide additive in the electrolyte at
different charge/discharge depths. (C) Comparison of the (Ie/Is)%® values without and with pre-added Li,Sg at different electrochemical states. (D) The SFG spectrum
of the in-situ cell with reorganized solvation shell after one and half cycles. (E) Schematic illustration of dynamic competitive adsorption between polysulfide and
LiTFSI on the cathode and the formed optimal solvation shell on accelerating ion transport across the interface for superior redox kinetics.

0.33, and then to 0.41 at the fully recharged state). As summarized in
Fig. 2C, the interfacial adsorption amount of TFSI™ was significantly
decreased in the presence of LPSM, which holds true not only at the
initial OCV state but also at each discharging or charging state. For PE,
the value of (Ig/I)*> varies and experiences a fluctuation amplitude up
to 2.7 (Fig. 2C). For the cell with optimal Li" solvation shell, the (I/
IS)O'5 value varies in a much narrower range from 0.33 to 0.67, with a
fluctuation amplitude of only 0.34. The reversibility of the (IE/IS)O‘5
value implies the reversible amount of TFSI™ species and the reversible
reorganization of the optimal Li* solvation shell structure in the dy-
namic electrochemical processes, demonstrating the reversibility of the
polysulfide-assisted solvation shell in various states. Meanwhile, the
different polarization configuration of the SFG with ppp polarization was
also conducted. Surprisingly, the SFG spectra at ppp configuration were
almost identical to those at ssp (Fig. S7), indicating the SFG response is
independent of the polarization of the incident light. Compared with the
initial SFG spectrum at OCV state, the TFSI™ signal is enhanced but still
maintains a low level at fully discharged state of the second cycle
(Fig. 2D), indicating the feasibility of reorganized solvation shell
structure for fast Li ion transport in the later cycles. These results display
the main difference in SFG behavior between the pre-added LiySy and

the in-situ generated ones in the electrolyte. The Li* solvation structure
in the inner Helmholtz plane layer is strongly related to the local dis-
tribution of Li3Sy and would vary for the different sites in the self-
generated one. On the other hand, the adsorption of the pre-dissolved
LiySx additives in the ether-based electrolyte is much more uniform at
the interface. This is the main reason why the sulfur cathodes behave
differently with/without polysulfide additives in the electrolyte when
assembling cells. The full process and functions of LPSM are illustrated
in Fig. 2E: (1) the polysulfide (Li>Sg) molecules strongly compete with
the LiTFSI at the interface, reorganizing the solvation shell structure and
forming a sulfurophilic mediator layer on the cathode surface; and (2)
with the polysulfide inner Helmholtz layer, fast desolvation behaviors
from Li* solvation shell are realized for the facilitated insertion/
extraction of the cathode (S or Li,S), decreasing the interfacial barriers
for fast lithium-ion transfer with the formation of a potential buffer layer
[34,47,66].

To elucidate the reorganized Li* solvation shell, DFT calculations
were performed. Firstly, the competitive adsorption between LiySg and
LiTFSI was imitated, and the results display that Li»Sg possesses a much
higher binding energy on the electrode surface than LiTFSI (Figs. 3A and
S8). According to the Gibbs-Helmholtz equation AG = —RTInK the
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corresponding difference in their adsorption coefficient on the surface
can be roughly estimated as high as several orders of magnitude, which
explains why a small amount of polysulfides is capable of resulting in a
substantial desorption of TSFI™ species from the cathode/electrolyte
interface. Further, the Lit solvation behaviors in the anion-abundant
and solvent-rich environments are simulated. As shown in Fig. 3B,
various [Li(DME),]" cluster structures were initially optimized and the
representative structures were selected from low-lying isomers. In the
typical [Li(DME)3]™ solvation structure, oxygen atoms in the DME were
coordinated with the central Li* and the bond length between central
Li* and coordinated oxygen atom was ~2.15 A (Table S2). Increasing
the number of explicit solvent molecules in the [Li(DME),]", three
adsorbed DME molecules were still retained in the first inner solvation
shell while a greater proportion of other DME molecules were adsorbed
outside the first solvation shell (Fig. 3C), slightly affecting the Li-O
distance between the central Li" and DME molecules in the first solva-
tion shell (Table S2). However, incorporating Li,Sg into the [Li(DME)3] "
system, the solvation free energy of Li" in the [Li(Li»Sg)(DME),]" was
slightly increased, implying the likelihood for further decomposition
and desolvation. This is attributed to the extra Li atom in the LiySg
molecule which can disrupt the initial solvation shell by forming a Li-O
pair between LisSg and inner DME, replacing the inner oxygen coordi-
nation site with Li»Sg additive. These results indicate that it is mainly the
Li" in the Li»Sg molecule that affects the solvation shell structure, not the
polysulfide chain. It suggests all the other types of soluble lithium pol-
ysulfides should behave similarly to the LisSg additives. The longer
chain of S3~ causes the molecules in the adsorption layer to align in an
ordered manner along a preferential orientation, which would further
benefit the Li* transport and exchange. Meanwhile, the coordination
number of central Li* decreased to 4, less than the original six coordi-
nation number. For the other [Li(DME)4]" and [Li(DME)5]* systems, a
similar reduction of coordination number was observed for the central
Li*, indicating the decrease of solvation energy. These geometric
structures indicate that the Li;Sg could strongly affect the first solvation
shell, reducing the interaction strength between the central Li* and its
neighboring solvent molecules i.e., DME. Successively, the desolvation
energies of the [Li(DME),]" with/without Li,Sg were compared. As
summarized in Fig. 3D, all the [Li(DME),]" solvation shell structures
exhibit Gibbs free energies of ~6.3 eV. However, with the introduction
of Li,Sg, the Gibbs free energies of the [Li(DME),]* were decreased by
~0.4-1.1 eV. Dissociating Li* from the [Li(LiySg)(DME),]" system
would reduce the energy by ~20-27 kJ mol~!, demonstrating the
benefit of Li,Sg in reorganizing the first inner solvation shell for fast Lit
desolvation. Figs. 3E and S9 display there only exist Van der Waals in-
teractions in the [Li(DME),]™ systems while the other two oxygen atoms
in the shell layer were coordinated to the Li™ in the Li,Sg molecule. It is
reasonable to conclude that the Li»Sg molecule modulates the central Li™
solvation shell structure, which could reduce its desolvation energy and
change the original solvation shell structure of [Li(DME),]" into [Li
(LizSg)(DME),]". Furthermore, to achieve a comprehensive under-
standing of the reduction of solvation energy by introducing LisSg, en-
ergy decomposition analysis was performed for solvation species
without or with the Li,Sg molecule. Three components of the interaction
energy, i.e., the orbital interaction energy AE,;, the Pauli repulsion
AEpayi, and the dispersion energy AEgisp, were almost the same though
changing different numbers of DME in the solvation shell structure
(Fig. 3F). However, the electrostatic interaction A Vejecerostatic €Xhibits the
significance to stabilize the solvation structure than the orbital inter-
action and the dispersion. Compared with the same coordination num-
ber in the [Li(DME),]", the presence of the Li,Sg molecule is capable of
reducing the strength of the electrostatic interaction by 0.74-0.84 eV.
These computational results demonstrate that the Li>Sg helps to decrease
the intrinsic electrostatic interaction of the [Li(DME),]", which is
responsible for the reduction in desolvation energy for releasing free Li
ions. Fig. 3G depicts the variation of the double layer at the electrode/
electrolyte interface. In the PE, the adsorbed solvents accompanied with
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TFSI™ anions fill in the inner Helmholtz plane (IHP) layer. However,
after introducing polysulfide anion in modulating Li" solvation shell
structure, the polysulfide layer dominates the IHP layer, providing the
path with decreased barriers for Li ion transport across the interface.

To validate the superiority of optimized solvation shell structure for
fast Li*diffusion in practical battery devices, the electrochemical per-
formances of Li-S (S and LiyS cathodes) cells were compared. As ex-
pected, the cell with optimal solvation shell shows improved initial
capacity and cycling stability than that without Li;Sg mediator. As
shown in Fig. 4A, the sulfur cathode exhibits an initial discharge specific
capacity of 932 mAh g ' at 1 C (1 C = 1675 mA g™, based on S) in
LPSM-decorated electrolyte, much higher than the cathode without
solvation shell reorganization. After 80 cycles, the sulfur cathode still
maintains a high capacity of 839 mA h g}, in contrast to 665 mA h g~!
of the pristine cathode with PE. After cycling, the scanning electron
microscope (SEM) images of the S@NG cathode with/without solvation
reorganization were conducted. Both SEM images exhibit a smooth
surface and a uniform distribution of the sulfur species without any
sulfur or Li,S aggregation at fully charged/discharged states (Figs. 4B
and S10), verifying the superior solvation shell reorganization by pol-
ysulfide mediator on modulating interfacial Li" transport and acceler-
ating electrochemical reactions. In the Li-LisS cells, the decomposition
barrier of LipS is determined by the Li ion diffusion across the LixS/
electrolyte interface and solvation shell. Figs. 4C and S11 show the
initial charge/discharge curves at 0.05 C (1 C = 1166 mA g™, based on
LisS) up to an initial cut-off voltage of up to 3.5 V [67]. With the reor-
ganized solvation shell, the delithiation barrier of Li3S can be signifi-
cantly reduced from 3.12 V to 2.88 V. The higher potential barrier of
pristine LipS suggests more resistance to lithium ion transport while a
more efficient lithium-ion exchange is obtained through the polysulfide
mediator layer [68,69]. This agrees well with the role of the polysulfide
mediator which changes the solvation shell structure, buffers the drastic
change of binding environment for Li* from Li,S to the electrolyte and
diminishes the extra interfacial energy barrier caused by the adsorp-
tion/desorption of TFSI”during Li" transfer (Fig. 2E). Fig. 4D also shows
that the polysulfide mediator in the battery system can significantly
improve the capacity and stability of Li-LisS cells.

4. Conclusion

In summary, the dynamic behaviors of Li* solvation shell structure
against LisSg anion competitive adsorption are comprehensively inves-
tigated using in-situ interface-sensitive SFG spectroscopy and DFT cal-
culations. The results show that the polysulfide-assisted Li" solvation
structure has a much higher affinity to the electrode surface than TFSI™ -
assisted ones at the electrode/electrolyte interface, thus reorganizing
the Li* solvation shell structure in the interfacial vicinity. With the
optimal Li" solvation shell, the desolvation governed interfacial lithium-
ion transfer barriers are significantly reduced, endowing the Li-S cells
with superior reversibility and capacity at high current rates. This study
provides key insights into the solvation shell structure and the role of a
trace amount of polysulfides in Li-S battery, establishing a practical in-
situ SFG methodology for probing energy storage systems.
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