
www.advmat.de

2207155 (1 of 9) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

Locally Concentrated Ionic Liquid Electrolyte with Partially 
Solvating Diluent for Lithium/Sulfurized Polyacrylonitrile 
Batteries

Xu Liu, Thomas Diemant, Alessandro Mariani, Xu Dong, Maria Enrica Di Pietro,  
Andrea Mele, and Stefano Passerini*

X. Liu, T. Diemant, A. Mariani, X. Dong, S. Passerini
Helmholtz Institute Ulm (HIU)
Helmholtzstraße 11, D-89081 Ulm, Germany
E-mail: stefano.passerini@kit.edu
X. Liu, T. Diemant, A. Mariani, X. Dong, S. Passerini
Karlsruhe Institute of Technology (KIT)
P.O. Box 3640, D-76021 Karlsruhe, Germany
M. E. Di Pietro, A. Mele
Department of Chemistry, Materials and Chemical Engineering  
“Giulio Natta”
Politecnico di Milano
Piazza Leonardo da Vinci 32, Milan I-20133, Italy

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202207155.

DOI: 10.1002/adma.202207155

sulfur (Li–S) batteries.[1] Nonetheless, the 
conventional elemental sulfur cathodes 
with the electrochemical reactions at the 
host/sulfur/electrolyte three-phase inter-
face suffer from the intrinsic shuttle effect 
of polysulfides, i.e., the dissolution and 
migration of polysulfides, which leads to 
rapid capacity decay and low Coulombic 
efficiency (CE) of Li–S batteries.[2,3]

In this context, the use of sulfurized 
polyacrylontrile (SPAN), which shows 
negligible polysulfide dissolution and 
stable cycling up to hundreds of cycles due 
to a solid-phase mechanism in carbonate-
based electrolytes, is a valuable alternative 
path.[4–6] Besides the strong interaction 
between sulfur fragments and dehydro-
cyclized polyacrylontrile skeletons,[7,8] the 
remarkable electrochemical properties 
are also closely related to the formation of 
protective, polycarbonate-based cathode/
electrolyte interphases (CEIs) in car-

bonate-based electrolytes.[9,10] In fact, dissolution of polysulfide 
and fast capacity decay are still observed when ether-based elec-
trolytes are employed.[9,11] Unfortunately, the conventional car-
bonate-based electrolytes for commercial lithium-ion batteries 
are incompatible with lithium-metal anodes (LMAs).[12] The 
unstable solid-electrolyte interphases (SEIs) result in lithium 
dendrite growth and low lithium stripping/plating CEs,[13] 
which further cause safety concerns and limited lifespan of 
Li/SPAN cells with low negative to positive areal capacity 
(N/P) ratio.[14,15] Therefore, the development of more practical  
Li/SPAN cells requires electrolytes that can form stable electro-
lyte/electrode interphases (EEIs) simultaneously on LMAs and 
SPAN cathodes.[16–19]

Ionic liquid electrolytes (ILEs) with low flammability and high 
compatibility toward LMAs are promising candidates for safe 
and long-lifespan LMBs,[20,21] but their high viscosity and slug-
gish Li+ transport at room temperature limit their further appli-
cation.[22] Recently, diluting ILEs with non-solvating co-solvents, 
e.g., hydrofluoroethers or fluorinated aromatic compounds, has 
been proven to be an effective approach in mitigating the afore-
mentioned deficiencies without compromising the high com-
patibility toward LMAs,[12,23–25] inspired by organic-solvent-based 
concentrated electrolytes.[26–30] The co-solvents usually con-
tain highly fluorinated (e.g., trifluoro-, or difluoro-substituted)  
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1. Introduction

Sulfur, due to its high specific capacity (1675 mAh g−1) and low 
cost, is a promising cathode material for high-energy-density 
rechargeable lithium-metal batteries (LMBs), i.e., lithium–
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groups with strong electron-withdrawing effect weakening the 
interaction between the co-solvents and the ionic species in 
ILEs, which allows the dilution of ILEs without affecting the 
local coordination between Li+ and anions.[12,23–25] The ILEs 
blended with non-solvating co-solvents are named as locally 
concentrated ionic liquid electrolytes (LCILEs). To date, a high 
lithium stripping/plating CE of 99.56% has been recorded with 
rationally designed LCILEs.[31] With the remarkable compat-
ibility toward LMAs, LCILEs might be promising candidates 
for Li/SPAN cells. Nonetheless, the electrochemical behavior 
of SPAN cathodes in ILEs or LCILEs has not been investigated 
yet. Whether protective CEIs can be formed with these elec-
trolytes allowing stable cycling of SPAN cathodes still remains 
unknown.

Herein, a new LCILE consisting of lithium bis(fluorosulfonyl)
imide (LiFSI), 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)
imide (EmimFSI), and monofluorobenzene (mFBn) in a 
molar ratio of 1:2:2, i.e., [LiFSI]1[EmimFSI]2[mFBn]2 (FEmF) 
is proposed for Li/SPAN cells. Unlike the non-solvating char-
acter of highly fluorinated co-solvents in other LCILEs,[12,24,25] 
mFBn with relatively lower fluorination partially solvates Li+, 
decreasing the coordination between Li+ and FSI−. In turn, this 
triggers a more substantial decomposition of FSI− and conse-
quently results in the formation of a SEI rich in inorganic com-
pounds, which enables a remarkable lithium stripping/plating 
CE of 99.72%. This and the high compatibility toward SPAN 
cathodes in FEmF lead to highly stable cycling of Li/SPAN 
full cells (80% lithium-metal excess) for up to 250 cycles with 
a capacity retention of 71%. In contrast, when the mFBn-free 
neat ILE, i.e., [LiFSI]1[EmimFSI]2 (FE) is employed, the lithium 

 stripping/plating CE and the Li/SPAN cells′ capacity retention 
are 99.01% and 17%, respectively, under the same conditions. 
The chemical sketches of the components are shown in Figure S1  
(Supporting Information). The compositions of the electrolytes 
are shown in Table S1 (Supporting Information).

2. Results and Discussion

2.1. Physicochemical Properties and Solvation Structure

Low flammability is one of the most important merits of ILEs 
for safe LMBs, originating from their high thermal stability 
and non-volatility. However, mFBn exhibits a flashpoint of 
−12  °C, i.e., it is highly flammable. Therefore, the flashpoint 
of the electrolytes was measured to assess their flammability. 
As expected, no flash was detected for FE in the temperature 
range of 25–300  °C. In the test of FEmF, a flash occurred at 
98 °C, which is associated to the presence of mFBn. According 
to the American Occupational Safety and Health Standards, any 
liquid having a flashpoint at or below 93  °C is considered as 
flammable.[32] The flashpoint of FEmF (98  °C) is higher than 
the abovementioned threshold value (93  °C); thus it should 
be considered as a low-flammability electrolyte. Nonetheless, 
employing diluents with higher flashpoint, stronger ability to 
capture radical ·H and ·OH, or/and stronger interactions with 
ionic species in ILs could further decrease the flammability of 
the electrolyte.[33,34]

The viscosity and ionic conductivity of the electrolytes at var-
ious temperatures are shown in Figure 1a,b, respectively. The 
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Figure 1. a) Viscosity, and b) ionic conductivity of FE and FEmF. c) Raman spectra of EmimFSI, mFBn, FE, and FEmF in the region relevant to the C–F 
bond of mFBn. d,e) Results of molecular dynamic simulations of FEmF: d) radial distribution functions of Li–O(FSI), Li–F(mFBn), and Li–Emim pairs; 
e) coordination number populations of Li by FSI and mFBn; f) a Li+ coordination involving both FSI− and mFBn.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207155 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [25/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

2207155 (3 of 9) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

addition of low-viscosity mFBn (0.55 mPa s at 25 °C)[35] to FE 
effectively decreases the viscosity and increases the ionic con-
ductivity. At 20 °C, the viscosities of FE and FEmF are 68 and 
22 mPa s, respectively, while the ionic conductivities of FE and 
FEmF are 5.3 and 9.6 mS cm−1, respectively. The self-diffusion 
coefficients of the ions in the electrolytes were examined via 
pulsed field gradient (PFG) NMR, and the results are shown 
in Table S2 (Supporting Information). The self-diffusion coef-
ficient of Li+ in FEmF is 3.5 × 10−11 m2 s−1, which is 2.5 times of 
that in FE.[31] The apparent Li+ transference number of FEmF 
was calculated to be 0.118, which is slightly lower than that of 
FE (0.135). Considering the ionic conductivities and the Li+ 
transference numbers, one can infer that Li+ transport in FEmF 
is faster than in FE, which is identical to the higher Li+ self-
diffusion coefficient in FEmF.

The solvation structures of Li+ in FE and FEmF were initially 
characterized via Raman spectroscopy. The coordination state of 
FSI− is usually evaluated with the vs(S–N–S) and vs(SO2) modes 
in the region of 700–770 and 1200–1250 cm−1, respectively.[36–38] 
However, the FSI− peaks in these regions overlap with peaks 
originating from Emim+ and/or mFBn (Figure S2, Supporting 
Information), which hinders further fitting analysis. Nonethe-
less, the peak mainly representing the aromatic ring of mFBn 
shifts from 1009.3 cm−1 for neat mFBn to 1010.5 cm−1 for FEmF 
(Figure S3, Supporting Information), and the peak originating 
from the C–F bond of mFBn shifts from 241.9 to 244.1 cm−1 
(Figure  1c).[39,40] A peak from the CH3–N bending of Emim+ 
also presents ≈242 cm−1,[41] but the comparison to a FSI− peak 
≈294 cm−1 indicates that the contribution of the CH3–N peak to 
the shift of the C–F peak is rather limited. These results dem-
onstrate the involvement of mFBn in the solvation.

To elucidate this effect in more detail, molecular dynamic 
(MD) simulations of FEmF were conducted. Snapshots are 
displayed in Figure S4 (Supporting Information). The mFBn-
based domains can be distinguished from the network of ionic 
species, including Li+, FSI−, and Emim+, which corroborates 
the generally poor solvating ability of mFBn toward ionic spe-
cies. Nonetheless, the interaction between mFBn and Li+ is 
evidenced by means of radial distribution functions (RDFs) as 
shown in Figure 1d. A strong peak at 2.12 Å in the curve of Li-
O(FSI) is associated with the dominant coordination of Li+ by 
FSI−. Despite its lower intensity, an additional peak is clearly 
seen at 2.22 Å for the Li–F(mFBn) curve, demonstrating the 
presence of mFBn in the first solvation shell of Li+. The coor-
dination number population of FSI− and mFBn to Li+ is shown 
in Figure  1e. The average number of FSI− and mFBn coordi-
nating each Li+ is calculated to be 1.22 and 0.09, respectively. 
One Li+ coordination, involving both FSI− and mFBn, has 
been extracted from the MD simulation (see Figure 1f) to illus-
trate the coordination of mFBn to Li+. Nonetheless, it should 
be noticed that the mFBn-involved coordination is minor, and 
most of Li+ coordinate only to FSI− (one such coordination is 
extracted from the simulation and shown in Figure S5, Sup-
porting Information) as demonstrated in Figure 1e.

The results of Raman spectroscopy and MD simulation 
demonstrate the partially solvating character of mFBn. In gen-
eral, the solvation ability of mFBn toward ionic species is poor, 
which leads to the micro-heterogeneity that is commonly seen 
for LCILEs. On the other hand, a small portion of mFBn still 

participates in the solvation of Li+, leading to more “free” FSI− 
and fewer coordinated FSI−. The fewer Li+–FSI− interactions 
are good for lower viscosity and higher ionic conductivity,[42,43] 
but lead to concerns with regard to the compatibility of FEmF 
toward LMAs, as it is widely known that a higher amount of 
anion coordinating to Li+ helps in the formation of anion-
derived inorganic-rich SEIs for a high compatibility toward 
LMAs.[27,42–44]

2.2. Electrochemical Performance of LMAs

In the next step, the electrochemical performance of LMAs in 
FE and FEmF was evaluated. The surface morphology of lithium 
metal (1.5 mAh cm−2) deposited on Cu foil at 0.5  mA cm−2  
in either FE or FEmF was investigated via scanning electron 
microscopy (SEM), as displayed in Figure 2a,b, respectively. A 
porous deposition layer consisting of both nodule-like and den-
dritic lithium is observed for the sample deposited in FE. In 
contrast, the deposit is only made up of compact nodule-like 
lithium particles without any dendrite when FEmF is used as 
the electrolyte. A similar result is also seen from the cross-
sectional SEM images (Figure S6, Supporting Information). 
The elimination of the dendritic growth of lithium helps for 
the safer operation of the LMBs, while the larger lithium par-
ticles can reduce the side reactions at the lithium/electrolyte 
interface.

The lithium stripping/plating CE in the two electrolytes was 
measured via cycling of lithium metal deposited on Cu.[28,45] 
The test protocol can be found in the experimental section 
while the evolution of cell voltages during the measurements 
is shown in Figure  2c. The CEs of the initial formation cycle 
(5.0 mAh cm−2) at 0.5 mA cm−2 are 96.35% and 99.00% for FE 
and FEmF, respectively. In the following 50 cycles (1 mAh cm−2 
for each cycle) with a plating current density of 0.5  mA cm−2 
and a stripping current density of 1.5 mA cm−2, the average CE 
obtained in FE and FEmF are 99.01% and 99.72%, respectively. 
Therefore, the addition of mFBn to FE effectively reduces the 
side reactions at the electrolyte/LMA interface, promoting the 
reversibility of LMAs. Even more important, the remarkable CE 
of 99.72% is the highest value ever recorded for LCILEs.[12,23–25,31]  
Therefore, the presence of partially solvating mFBn does not 
cause negative effects on the compatibility of the electrolyte 
toward LMAs.

The cyclic stability of LMAs was further assessed via the cycling 
of symmetric Li/Li cells with a cycling capacity of 1 mAh cm−2.  
After two formation cycles at 0.1  mA cm−2, a higher current 
 density of 1  mA cm−2 was applied for all following cycles. The 
evolution of the cell voltage is displayed in Figure  2d. In the 
initial tens of cycles at 1.0  mA cm−2, the Li/FE/Li cell shows 
polarization of ≈0.2  V, which is higher than that of Li/FE/Cu 
cells when a stripping current density of 1.5 mA cm−2 is applied 
(Figure 2c). Therefore, the higher polarization of Li/FE/Li cell is 
mainly related to the LMA interface, i.e., the native SEI of LMAs, 
rather than the Li+ transport in the electrolyte. In the following 
cycling, the decreasing voltage implies more and more porous 
LMAs offering more reaction sites, which, on the other hand, 
increases the interfacial side reactions. Due to that, a dramatic 
increase in the voltage is observed after cycling for 1100 h, and 
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the cell fails to operate due to a short circuit occurring at 1278 h 
(621 cycles). In contrast, the cell employing FEmF exhibits a 
steady operation for more than 1540 h (752 cycles). The average 
voltage plateau only slightly increases from 39 mV at the 32nd 
cycle (100 h) to 82 mV at the 752nd cycle (1540 h), as shown in 
Figure S7 (Supporting Information). These results clearly dem-
onstrate the remarkably promoted compatibility of the electrolyte 
toward LMAs caused by the addition of mFBn into FE.

2.3. Electrochemical Performance of Li/SPAN Cells

SPAN doped with a small amount of Se was selected as a model 
compound to investigate the compatibility of the developed 
electrolytes with Li/SPAN cells, as it has been demonstrated 
that Se dopant present in the SPAN matrix can promote the 

cyclability, and rate capability of SPAN.[8,46–49] The material was 
prepared via calcination of a mixture of Se, S, and polyacryloni-
trile powder with a mass ratio of 1:20:5 at 300 °C for 2 h in an 
Ar atmosphere.[29,50] The characterization of the SPAN is shown 
in Figures S8 and S9 (Supporting Information).

As a first step, Li/SPAN coin cells employing thick Li anodes 
(500 µm, ≈103 mAh cm−2) and excess electrolyte (75 µL) were 
assembled and cycled in the 1.0-3.0 V voltage window at 20 °C. 
The average mass loading of SPAN was 2.7 mg cm−2.

After three formation cycles at 0.1C (1C = 500  mA g−1  = 
1.35 mA cm−2), the cells were cycled at C/3 charge and 1C dis-
charge. The discharge capacities and CEs are shown in Figure 3a.  
The dis-/charge profiles of Li/SPAN cells with FE or FEmF at 
selected cycles are shown in Figure S10 (Supporting Informa-
tion) and Figure 3b, respectively. In the initial discharge, 756 
and 736 mAh g−1 were delivered in FEmF and FE, respectively.  

Adv. Mater. 2022, 2207155

Figure 2. a,b) SEM images illustrating the surface morphology of lithium metal (1.5 mAh cm−2) deposited in FE (a) and FEmF (b) on Cu foil. c) The 
voltage profile of Li/Cu cells for the evaluation of Li stripping/plating CE in FE and FEmF. The inset shows the voltage profile of the last stripping 
process. d) Voltage profiles for Li/Li cells employing FE and FEmF upon long-term, galvanostatic stripping/plating cycling.
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In the subsequent cycle, the reversible capacity delivered in 
FEmF and FE was 616 and 597 mAh g−1, respectively. The 
capacity difference between the initial two cycles demon-
strates that some Li+ cations (≈19% of the initial capacity) 
are trapped in SPAN upon the initial discharge, being no 
longer available in the following cycling.[51] At the 5th cycle 
with elevated current rates, the specific capacities decreased 
to 539 mAh g−1 in FE and 564 mAh g−1 in FEmF. The higher 
specific capacity achieved with FEmF is also observed at dif-
ferent current rates (Figure S11, Supporting Information), 
demonstrating as this electrolyte offers faster Li+ transport 
than FE. During the following cycling, the capacity evolution 
of these two cells is very different. When FE is employed, the 
specific capacity (≈542 mAh g−1) is very stable in the first 150 
cycles with an average CE of 99.9%, implying that a stable 
CEI preventing the shuttle effect of polysulfides is generated 
on SPAN. In fact, the poor CEI formed at the interface of 
SPAN, e.g., in 1  m LiFSI/glyme, results in CEs much lower 
than 100% and a rapid capacity decay already in the early 
cycles.[9,11] Nonetheless, the specific capacity of SPAN in FE 
decreases to 377 mAh g−1 at the 400th cycle, corresponding to 
a capacity retention of 69.6%. This fading can be attributed 
to the degradation of LMA in FE upon long-term operation 
(for 1628  h). On the other hand, the cell employing FEmF 
shows a gradual increase of specific capacity to 581 mAh g−1 
at the 250th cycle, finally reaching 574 mAh g−1 at the 400th 
cycle (1909  h), which corresponds to a capacity retention of 
98.8%. This remarkable cyclability originates not only from 
the durable LMA in FEmF, but also from the excellent CEI 
and interfacial stability of SPAN.

In a further step, SPAN cathodes (2.7  mg cm−2) and thin 
LMAs (areal capacity of 3 mAh cm−2) were coupled in cells, 
exhibiting an N/P ratio of 1.8. Since SPAN does not contain 
Li+, the N/P ratio of the cell corresponds to a low Li excess, 
i.e., 80%. Meanwhile, the electrolyte employed in each cell was 
decreased to 20 µL, resulting in a relatively lean electrolyte con-
dition, ≈10.6  mL Ah−1. The evolution of specific capacity and 
CE of such cells upon cycling is summarized in Figure 3c. The 
dis-/charge profiles of the cells with FE or FEmF of selected 
cycles are shown in Figure S12 (Supporting Information) and 
Figure  3d, respectively. When FE is employed, a continuous 
capacity fading is observed leading to a capacity retention of 
17% after 250 cycles, which can be attributed to the limited Li 
inventory, i.e., thin LMA, in the cell. In contrast, the capacity 
retention of the Li/FEmF/SPAN cell after 250 cycles is 71%, 
resulting from the superior reversibility of both LMA and 
SPAN in FEmF. The specific energy based on the weight of 
SPAN and lithium metal in the Li/FEmF/SPAN cell is calcu-
lated to be 832 Wh kg−1 at 0.1 C and 750 Wh kg−1 at the elevated 
current rate (Figure S13, Supporting Information).

2.4. Chemistry at Electrode/electrolyte Interphases

The electrochemical results clearly demonstrate the high com-
patibility of SPAN cathodes with both FE and FEmF electrolytes, 
and the positive effect of mFBn co-solvent on the cyclability of 
LMAs. The cathodic LSV profiles of FE and FEmF indicate the 
influence of mFBn on the cathodic reduction of the electrolytes 
(Figure S14, Supporting Information), implying that the EEI 

Adv. Mater. 2022, 2207155

Figure 3. a,b) Electrochemical performance of Li/SPAN cells employing thick LMAs (500 µm, ≈103 mAh cm−2) and excess amount of electrolyte  
(75 µL): a) evolution of discharge capacity and CE upon cycling at C/3 charge and 1C discharge after three formation cycles at C/10, b) dis-/charge 
profiles of Li/FEmF/SPAN cells at selected cycles. c,d) Electrochemical performance of Li/SPAN cells employing thin LMAs (3 mAh cm−2) with relatively 
lean electrolyte (20 µL in each cell): c) evolution of discharge capacity and CE upon cycling at C/3 charge and 1C discharge after three formation cycles 
at C/10, d) dis-/charge profiles of Li/FEmF/SPAN cells at selected cycles.
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generated in these two electrolytes is different. Therefore, the 
EEIs formed on LMAs and SPAN cathodes recovered from the 
Li (500 µm)/SPAN cells after 103 cycles were investigated.

The surface morphology of pristine and cycled (in either 
FE or FEmF) SPAN electrodes was firstly examined via SEM 
(Figure S15, Supporting Information). Essentially, the images 
do not show distinguishable differences. Then, X-ray photo-
electron spectroscopy (XPS) was employed to investigate the 
elemental composition and chemistry of the electrodes′ surface 
layer (see Figure 4).

In the C 1s spectra of the pristine electrode (Figure 4a), the 
peak at 284.8 eV is assigned to C–C/C=C bonds of SPAN and 
carbon black additive.[52–54] The C–N group of SPAN together 
with the C–O groups of the binder gives rise to the peak at 
286.3 eV.[52–54] The peak at 288.8 eV is attributed to C=O species 
from the binder.[54] After cycling, the peak attributed to C–N/C–O  
species shifts to 286.6 eV, which implies a different chemistry 
on the electrode′s surface, namely a larger contribution of C–O 
species.

The spectra in the S 2p region show a multitude of sulfur 
species. For the pristine electrode, the S 2p3/2 peaks at 161.8, 

163.8, 166.9, and 168.6  eV are assigned to HSxC species, S–S, 
sulfite, and sulfate in SPAN, respectively.[52] It should be men-
tioned that the Se 3p peak doublet also appears in this region 
(Se 3p3/2 at ≈162 eV and Se 3p1/2 at ≈168 eV for elemental Se); 
however, comparison to the peak intensity in the Se 3d region 
(Figure S16, Supporting Information) indicates that the Se 3p 
peak intensity should be rather negligible.[55,56] For the elec-
trodes cycled in either FE (Figure 4b) or FEmF (Figure 4c), the 
intensity of the S–S and HSxC features is significantly reduced, 
while the intensity of sulfite increases. Furthermore, a new 
peak doublet is identified at higher binding energy (170.0  eV 
for S 2p3/2), which can be attributed to the FSI− anion.[56,57] 
The ≈100% capacity retention of Li/SPAN cells in the initial 
100 dis-/charge cycles excludes severe loss of sulfur from the 
SPAN cathodes. Therefore, the changes occurring in the S 2p 
spectra of cycled electrodes are certainly associated with the for-
mation of a CEI on the SPAN cathodes. Furthermore, consid-
ering the much lower intensity of the peaks associated to SPAN 
than those of the CEI, one could further infer that the observed 
XPS signals from the cycled SPAN cathodes mainly originate 
from the CEIs. The presence of a CEI on the cycled SPAN  

Adv. Mater. 2022, 2207155

Figure 4. a–c) XPS detail spectra in the C 1s, N 1s, S 2p, and F 1s regions for SPAN cathodes at the pristine state (a), and after 103 cycles in FE (b) 
and FEmF (c) (after background subtraction).
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electrodes is also corroborated by the F 1s spectra. While no flu-
orine signal could be detected for the pristine SPAN electrode, 
peaks of S–F (from FSI−) and LiF were observed ≈688.0 and 
685.0 eV, respectively, for the cycled SPAN cathodes.[30,58] These 
two species, particularly LiF that can only be generated by the 
electrolyte decomposition, unequivocally prove the presence 
of CEIs on the cycled SPAN electrodes. In the N 1s spectra of 
the pristine electrode, three peaks at 398.2, 399.9, and 403.1 eV 
were observed, which can be assigned to pyridinic, pyrrolic, 
and oxidized nitrogen in SPAN, respectively.[52] After cycling, 
three peaks due to the different nitrogen-containing species in 
the CEIs were detected. The peaks at 401.9 and 399.8 eV repre-
sent the positively charged nitrogen atoms (Ncation) from Emim+ 
and negatively charged nitrogen atoms (Nanion) from FSI−, 
respectively.[59] The peak at 398.1 eV (Ndec) can be attributed to 
nitrogen-containing species formed upon incomplete decom-
position of Emim+ and FSI−, e.g., LiNxCyHz from Emim+ and 
LiNSxOyFz from FSI−.[60,61]

Since the C–C/C=C (C 1s), S–F (F 1s), and LiF (F 1s) peaks 
in both cycled samples exhibit very similar binding energy and 
intensity, the contribution of mFBn decomposition to the CEI 
appears to be limited. Therefore, the CEIs on SPAN are mainly 

generated from the deposition/decomposition of FSI− and 
Emim+. This also explains the generally similar composition 
of the CEIs formed in FE and FEmF. Even though, certain dif-
ferences in the concentration of some species could still be 
observed. For example, compared with that for the FE sample, 
Ndec (N 1s), sulfate (S 2p), and sulfite (S 2p) showed higher inten-
sity while Nanion (N 1s) and Sanion (S 2p) exhibited lower intensity 
for the FEmF sample. This difference reveals that the presence of 
mFBn leads to a slightly more extensive decomposition of FSI−.

The SEM images of LMAs after cycling in Li/SPAN cells are 
shown in Figure 5a–d. The electrode cycled in FE appears to 
have a rougher, i.e., more porous, surface than that cycled in 
FEmF. The rougher surface morphology increases the contact 
area with the electrolyte, which could accelerate the side reac-
tions at the interface. According to the SEM cross-sectional 
images (Figure  5b,d), the thickness of the corrosion layer in 
FE and FEmF is 65 and 22 µm, respectively, which clearly veri-
fies more severe degradation of LMAs in FE. These results are 
identical to the electrochemical properties of Li/Cu, Li/Li, and  
Li/SPAN cells.

The XPS spectra of the LMAs cycled in FE and FEmF are 
shown in Figure 5e,f, respectively. In general, the components  

Adv. Mater. 2022, 2207155

Figure 5. Characterization of LMAs unmounted from Li/SPAN cells after 103 cycles. a–d) SEM images of LMAs cycled in FE (a,b) and FEmF (c,d).  
e,f) XPS detail spectra in the C 1s, F 1s, N 1s, and S 2p regions for LMAs cycled in FE (e) and FEmF (f) (after background subtraction).
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of the SEIs formed in the two electrolytes are similar. Most 
of the species making up the CEI on SPAN cathodes are also 
observed in the SEIs on LMAs, which is expected as these spe-
cies are generated via the decomposition of the same com-
pounds, i.e., Emim+, FSI−, and mFBn. Meanwhile, two new 
components are observed at 282.4  eV in C 1s spectra and 
396.7 eV in N 1s spectra of LMAs, corresponding to Li–C spe-
cies from the decomposition of Emim+ and Li3N species from 
the completed decomposition of Emim+ or/and FSI−, respec-
tively.[60,62] Their presence demonstrates a deeper decompo-
sition of Emim+ and FSI− on LMAs than on SPAN, which is 
caused by the lower potential, i.e., more reductive, of LMAs.

A more detailed comparison of Figure  5e,f reveals that the 
concentration of the SEI components highly depends on the 
electrolyte. The peaks of Li–C (C 1s), C–N/C–O (C 1s), and Ncation  
(N 1s) are more intense in Figure  5e, which demonstrates 
the less deep decomposition of Emim+ in FEmF than in FE. 
As evidenced by the lower intensity of the S–F (F 1s), Nanion 
(N 1s), and Sanion (S 2p) peaks in Figure 5f, the SEI formed in 
FEmF also exhibits lower contents of FSI− than that formed in 
FE. Nonetheless, a higher concentration of the species gener-
ated via the decomposition of FSI−, e.g., sulfate, sulfite, Li2S2, 
and Li2S, is observed in the S 2p spectra of the LMA cycled in 
FEmF. Therefore, the presence of mFBn in the electrolyte leads 
to deeper decomposition of FSI−, which also contributes to 
the increased concentration of LiF (F 1s), Ndec (N 1s), and Li3N  
(N 1s) in the LMA cycled in FEmF. It has been demonstrated 
that the inorganic species, e.g., LiF, Li3N, etc., which exhibit 
high interfacial energy with lithium metal and high mechanical 
strength, are desirable components for robust SEIs suppressing 
dendritic growth and interfacial side reactions.[58,61,63] There-
fore, their higher concentration in the SEI of the LMA cycled in 
FEmF is beneficial for the overall electrochemical performance.

3. Conclusion

A low-flammability LCILE employing partially solvating mFBn 
as the co-solvent has been developed for Li/SPAN cells. CEIs 
derived mainly from the decomposition of Emim+ and FSI− are 
generated on the SPAN electrodes upon cycling in either FE 
or FEmF, preventing the dissolution of polysulfides. The addi-
tion of mFBn to FE triggers a deeper decomposition of FSI−, 
which in turn leads to the formation of an inorganic-rich SEI 
and highly reversible, dendrite-free LMAs. Benefiting from the 
stable EEIs simultaneously formed on both LMAs and SPAN 
cathodes in FEmF, highly stable cycling of Li/SPAN cells even 
with a very low excess of lithium has been achieved.
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