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Abstract
Developing renewable energy technology is an effective way to address the global warming and air pollution problems derived from
depleting fossil fuels. Due to the high theoretical capacity (3860 mAh/g) and low electrochemical potential of lithium metal anode, lithium metal
batteries (LMBs) have attracted tremendous research attention with the scalable application and vigorous deployment of electric vehicles.
Unfortunately, the further commercialization of Li metal anode is hindered by the random growth of Li dendrites during the lithium plating/
stripping processes, leading to the continuous consumption of active Li and the puncture on the separator. Just recently, Ma's group proposed a
new approach to systematically investigate the relationship between functional groups and Li dendrite generation during the Li plating/stripping
processes. The proposed new approach could be of an effective tool to gain new insights into functional groups in the electrolyte additives and Li
dendrites formation, highly valuable for the rational structural design of highperformance Li metal electrode materials.
© 2021, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Developing renewable energy technology is an effective
way to address the global warming and air pollution problems
derived from depleting fossil fuels [1–8]. Due to the high
theoretical capacity (3860 mAh/g) and low electrochemical
potential of lithium metal anode, lithium metal batteries
(LMBs) have attracted tremendous research attention with the
scalable application and vigorous deployment of electric ve-
hicles [9,10]. Unfortunately, the further commercialization of
Li metal anode is hindered by the random growth of Li den-
drites during the lithium plating/stripping processes, leading to
the continuous consumption of active Li and the puncture on
the separator [11]. As a result, increasing amount of dead Li is
generated during cycling and the safety of the cells is reduced,
resulting in the poor Coulombic efficiency (CE) and cycling
life. According to the previous study, the Li dendrites forma-
tion is highly determined by the components and quality of the
solid electrolyte interphase (SEI) [12]. Therefore, it is prom-
ising to control and suppress the Li dendrite growth by
* Corresponding author.

E-mail address: lei.zhang@griffith.edu.au (L. Zhang).

Please cite this article as: L. Zhang, M. Al-Mamun, Investigating ionic liquids for o

10.1016/j.gee.2021.08.001

https://doi.org/10.1016/j.gee.2021.08.001

2468-0257/© 2021, Institute of Process Engineering, Chinese Academy of Sciences

Ltd. This is an open access article under the CC BY-NC-ND license (http://creativ
adjusting the composition and additives of the electrolyte.
Recently, some additives, such as the LiNO3, fluoroethylene
carbonate (FEC), ethylene sulfate (DTD), vinylene carbonate
(VC), and vinyl ethylene sulfite (VES), have demonstrated
superior electrochemical performance for stabilizing Li anode
[13–18]. However, little is known on the further detailed
influencing mechanism of different organic groups from the
additives and the real relationship between functional groups
and Li dendrites growth.

Therefore, Ma's group proposed a new approach to sys-
tematically investigate the relationship between functional
groups and Li dendrite generation during the Li plating/
stripping processes [19]. They selected the imidazole-based
ionic liquids (ILs) as the target additives, because various
functional groups were included in the ILs, such as the an-
ions, cationic substituent chain lengths and substituent
groups, which provide an ideal model to conduct relevant
studies. Fig. 1a–h show their energy values of the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO). The ethylene carbonate (EC) and
dimethyl carbonate (DMC) show the higher LUMO values
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than all other ILs, demonstrating that ILs can be preferably
reduced on the surface of Li anode, which contributes to the
generation of inorganic component rich SEI with high ionic
conductivity. To prove the ability of ILs for suppressing the
Li dendrite random formation, the LijjLi symmetrical cells
were assembled and electrochemically tested. As shown in
Fig. 1i and j, all the symmetrical LMBs with IL-contained
electrolytes showed enhanced cycling stability and reduced
voltage polarization. Compared with the electrolytes with 1-
n-butyl-3-methylimidazolium hexafluorophosphate ([BMIm]
PF6) 1,3-dimethylimidazolium ([DMIm]PF6), and 1-octyl-3-
methylimidazolium ([OMIm]PF6) demonstrated the best
battery performance. Among various anion-based IL-con-
tained electrolytes, [OMIm]TFSI with the optimized con-
centration of 0.5 wt% exhibits the longest cycling life
(˃250 h) for LijjLi symmetric cell and the smallest voltage
polarization.

SEM images in Fig. 1k and m show that the Li anode
surface was coated with cross-linked Li dendrites in the blank
electrolyte, demonstrating that the Li dendrite formation could
not be well suppressed in the blank electrolyte. For the IL-
contained electrolytes, solid Li metal was transferred to the
Fig. 1. Theoretical calculation results of blank and IL-contained electrolytes. (a

Schematic illustration of the primary sheath structure of Li þ solvation: (b) without

with Br�. (h) ESP charge distributions on the 1-N and 3-N of imidazole rings. E

trolytes. (i) Li deposition/stripping performance and (j) Li/stripping performance of

electrolytes at 0.5 mA/cm2 with 0.25 mAh/cm [2]. Morphology characterization

trolytes. SEM images and in situ optical microscope observations of Li anode cycl

XPS profiles of Li anodes cycled in the blank and various anion-based IL-cont

assembled with different electrolytes. (o) The cycling performance of the full ce
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porous structure, indicating the unsuccessful protection on the
Li anode. However, the smooth surface of Li anode can be
formed after 10 cycles when ILs with efficient anions were
used (Fig. 1l and n). Especially, the smooth Li surface could be
obtained in [OMIm]TFSI-contained electrolyte, revealing the
outstanding ability to inhibit Li dendrite growth. Furthermore,
the ionic conductivity of the optimized half-cell was also
significantly improved. As for the battery test, the cells with
IL-contained electrolytes delivered better cycling perfor-
mance. The LijjNMC622 full cell with [OMIm]TFSI-con-
tained electrolyte showed the best cycling stability, and still
obtain the capacity of 141.7 mAh/g after 200 cycles at 0.5C
(Fig. 1o). By contrast, the rapid capacity decay for the cell
with the blank electrolyte occurred after 100 cycles.

The work from Ma's group systematically investigated the
electrochemical relationship between the battery performance
and different functional group from the electrolyte additives.
The proposed new approach could be of an effective tool to
gain new insights into functional groups in the electrolyte
additives and Li dendrites formation, highly valuable for the
rational structural design of high-performance Li metal elec-
trode materials.
) The HOMO and LUMO energy values of EC, DMC, LiPF6 and the ILs used.
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