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a b s t r a c t

The uncontrolled growth of lithium dendrites and accumulation of “dead lithium” upon cycling are

among the main obstacles that hinder the widespread application of lithium metal anodes. Herein, an

ionic liquid (IL) consisting of 1-methyl-1-propylpiperidinium cation (Pp13
+) and bis(fluorosulfonyl)imide

anion (FSI−), was chosen as the additive in propylene carbonate (PC)-based liquid electrolytes to circum-

vent the shortcoming of lithium metal anodes. The optimal 1% Pp13FSI acts as the role of electrostatic

shielding, lithiophobic effect and participating in the formation of solid electrolyte interface (SEI) layer

with enhanced properties. The in-situ optical microscopy records that the addition of IL can effectively

inhibit the growth of lithium dendrites and the corrosion of lithium anode. This study delivers an effec-

tive modification to optimize electrolytes for stable lithium metal batteries.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In pursuit of reliable high-energy-density battery technologies

beyond lithium-ion batteries (LIBs), safe and stable lithium metal

anodes are the key components to pair with emerging cathode ma-

terials based on elemental sulfur and air [1–7]. The lithium metal

anode presents an overwhelming advantage in energy density ow-

ing to its extremely high specific capacity (3860mAh/g) and ul-

tralow redox potential (−3.04V) [8–11]. However, the widespread

application of lithium metal anodes is hindered by the formation

and accumulation of “dead lithium” upon battery cycling and un-

avoidable growth of lithium dendrites. These two major obsta-

cles render lithium-metal-based batteries with rapid capacity de-

cay, early cell failure, and internal short circuit [12–14]. All these

phenomena threaten the battery safety and lower the system sta-

bility.

Recent advance in understanding the lithium-metal-based bat-

tery chemistries has revealed that the above issues of lithium

metal anodes are directly related to the failure of solid elec-

trolyte interphase (SEI). SEI is an electrically insulating and ioni-

cally conductive interface naturally formed in between the lithium

metal and the electrolyte. Thus, electrolyte engineering through
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electrolyte additives [15–18] and new solvents/salts [19–21] has

been regarded as an effective strategy to modulate the structure

and properties of SEI. Among various electrolyte additives/solvents,

ionic liquids (ILs) with multiple promising properties, such as

great thermal, chemical, and electrochemical stabilities, low va-

por pressure, non-flammability, and high ionic conductivity [22–

24], have been proved to stabilize SEI and render the batter-

ies with high coulombic efficiency and excellent cycling stabil-

ity [20]. Particularly, the structural diversity and tunability of ILs

allow delicate molecular design and further modulation of SEI

structures and properties, which could then demonstrate a way

to conquer the inherent challenges associated with lithium metal

anodes.

Piperidine-based ILs have previously shown wide electrochemi-

cal potential windows and excellent adaptabilities to a large num-

ber of cathode materials such as olive-type lithium iron phos-

phates and layered lithium nickel/cobalt/manganese oxides [25–

29], and therefore are promising candidates for electrolyte en-

gineering and SEI reinforcement [30,31]. Therefore, 1-methyl-1-

propylpiperidinium bis(fluorosulfonyl)imide (Pp13FSI) was selected

as an IL additive to reinforce the SEI and stabilize the lithium metal

anode in a propylene carbonate (PC)-based liquid electrolyte. Dif-

ferent concentrations of Pp13FSI in LiFSI/PC electrolyte were pre-

pared for evaluation with mass fractions of 0, 0.2%, 0.5%, 1%, 2%

and 5%, which were denoted by PP0, PP0.2, PP0.5, PP1, PP2 and
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Fig. 1. The Rs and Ri values of EIS measurements of Li/Li cells with different LiFSI-PC/Pp13FSI electrolytes.

PP5, respectively. The details of preparation are shown in experi-

mental in the supplementary material.

Wettability, an essential property of electrolyte, can be evalu-

ated by contact angle measurement of different electrolytes and

polypropylene separators, as shown in Fig. S1 (Supporting infor-

mation). The contact angles of different electrolytes are 70.3° for

PP0.2, 65.4° for PP0.5, 68.5° for PP1, 69.7° for PP2, 75.9° for PP5,

respectively. These values are similar to that of electrolyte with-

out Pp13FSI additive (69° for PP0), indicating that the addition of

Pp13FSI IL has no adverse effect on the wettability of electrolyte

and separator.

To explore the contact behavior of Pp13FSI addictive on the sur-

face of lithium metal, Li|Li symmetrical batteries with the above

electrolytes were assembled, kept for several days and conducted

on the EIS measurements. The Nyquist plots of first six days’ shelv-

ing are listed in Fig. S2 (Supporting information). The intercept at

the Z’ real axis in high frequency region corresponds to ohmic

resistance of electrolyte solution (Rs). The suppressed semicircle

in the low frequency region is related to the total interfacial re-

sistance of two lithium electrodes (Ri). As shown in Fig. 1a, the

solution resistances (Rs) of the symmetrical batteries maintain at

low level. It should be noted that the addition of ionic liquid can

slightly reduce the solution resistances of electrolytes till the con-

centration increases to 2 wt%. When the concentration reaches to

5 wt%, the solution resistance increases significantly because of the

influence of a large amount of ionic liquid on the viscosity of elec-

trolyte. The more beneficial effect of IL is reflected in the Ri val-

ues shown in Fig. 1b. The interfacial resistance of fresh battery de-

creases when IL is added with an optimized concentration about

1 wt%. During several days’ shelving, the Ri values increases obvi-

ously. With the increase of IL proportion in electrolyte, the amplifi-

cation of Ri decreases gradually, indicating that Pp13FSI ionic liquid

can slow down the side reaction between electrolyte and lithium

metal.

To investigate the effects of IL additive, asymmetric batter-

ies consisting of Li foil and Cu foil as electrodes were fabricated

with the obtained electrolytes. The discharge conditions were set

to 1mAh/cm2 with current density of 0.2mA/cm2, whereas the

charge profiles ended when the potential reached 1V versus Li/Li+.
The discharge process corresponds to Li deposition onto Cu foil,

and the charge process is related to Li dissolution from Cu foil and

deposition onto Li foil. The coulombic efficiency (CE) was defined

as charge capacity divided by discharge capacity. The CEs of Li/Cu

cells with different electrolytes are shown in Fig. 2. The initial CEs

of the cells are 79% for PP0, 92% for PP0.2, 85% for PP0.5, 86% for

PP1, 82% for PP2, and 78% for PP5, respectively. After 100 cycles,

the CE of PP0 decreases to 47%, revealing a poor electrochemical

stability. With addition of Pp13FSI IL, the CEs are effectively im-

proved. Especially for PP1, the CE maintains at 90% without any

fluctuation during 100 cycles, confirming the importance of IL and

its content.

Meanwhile, the voltage profiles of the above cells at 1st and

25th cycle (Fig. 3) reflect consistent conclusion in another way that

Fig. 2. The CEs of Li/Cu cells with different electrolytes.

PP1 cell exhibits the highest charge capacity at the given discharge

capacity after 25 cycles. In the charge processes, the PP0 cell shows

one more platform compared with the other cells with Pp13FSI in

the electrolytes, indicating that Pp13FSI can effectively restrain the

side reactions in the battery system. It has been clarified in the

literature that the cation with nonpolar aliphatic chain engages

electrostatic shielding effect and lithiophobic effect and the FSI−

anion induces the formation of rigid SEI film. The overpotentials

(voltage difference between charge and discharge platforms) of dif-

ferent cells at 1st and 25th cycles are shown in Figs. 3c and d.

The overpotentials are 128mV for PP0, 46mV for PP0.2, 65mV for

PP0.5, 60mV for PP1, 61mV for PP2 and 95mV for PP5, respec-

tively. The lower overpotentials with Pp13FSI cells reveal that the

enhanced interfacial construction with the synergistic effect of the

cation and anion of Pp13FSI. After 25 cycles, these values change to

144, 68, 63, 42, 56 and 68mV, respectively. PP1 cell exhibits the

lowest overpotential, supporting an optimal amount of IL, which

affected by the advantages and disadvantages of ILs comprehen-

sively. This regularity is consistent with the previous EIS results.

The surface reaction can be directly observed by the surface

and cross-sectional SEM images of the Li anodes after 50 cycles

at 0.2mA/cm2 in PP0 and PP1 electrolytes, as shown in Fig. 4. The

Li anode of PP0 cell in Figs. 4a and b displays that rod-like Li grow

on the whole surface of the electrode, forming a rough surface. The

cross-sectional image in Fig. 4c shows a thick “dead Li” layer with

a distinct boundary with bulk lithium foil and Li dendrites grew on

the surface of “dead Li” layer (circled in red). In contrast, a smooth

surface can be observed in the anode of PP1 cell shown in Figs.

4d–f. Moreover, there seems to be no obvious stratification on the

surface of the cross-sectional image in Fig. 4f, indicating that no

obvious “dead Li” layer is formed. These morphological differences

are the results of synergistic effect of IL, which makes lithium uni-

formly deposit on the lithium anode and effectively avoids lithium

dendrites grew by local deposition.

The effects of ionic liquid on the surface improvement of

lithium anode can be directly observed by in-situ optical mi-

croscopy recorded in Figs. S3–S5 and movies S1 (PP0) and S2 (PP1)
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Fig. 3. (a, b) The charge-discharge profiles and (c, d) over potential of Li/Cu cells with different electrolytes.

Fig. 4. The surface and cross-sectional SEM images of the Li metal electrodes that underwent 50 cycles at 0.2mA/cm2 in (a–c) PP0 and (d–f) PP1 electrolytes.

(Supporting information). At beginning, the surface of lithium elec-

trode is smooth without any protuberance in LiFSI-PC or LiFSI-

1%Pp13FSI/PC electrolyte. Plating 30min with current density of

2.0mA/cm2, the two systems exhibit similar phenomena that

mosslike lithium deposits on the surface. After stripping 30min,

most of the mosslike lithium disappears in the LiFSI-1%Pp13FSI/PC

electrolyte test cell. In contract, the LiFSI-PC system leaves more

lithium behind. This difference is consistent with the result of

coulomb efficiency. With the formation of SEI on the surface

of lithium in the first cycle, lithium deposition and dissolution

gradually decrease during the second and third cycle for LiFSI-

1%Pp13FSI/PC system. But for the LiFSI-PC system, lithium deposi-

tion does not happen on the top, but on the bottom of the lithium

left in the first cycle, resulting in jacking up the previous lithium

to form a “dead Li” layer, which decomposes and suspends in elec-

trolyte in subsequent cycles, without any capacity contribution.

Last but not least, the surface morphology of LiFSI-PC system keeps

stable when the current density increases in second and third cy-

cle, indicating the possibility of excellent rate performance. Com-

paring the two movies, we can conclude that the addition of 1%

Pp13FSI in electrolyte can induce the formation of a special SEI

film, thereby effectively prevent the formation of “dead Li”.

The chemical compositions of SEI layers of lithium anode in

PP0 and PP1 systems after 50 cycles are analyzed by X-ray pho-

toelectron spectroscopy (XPS), as shown in Fig. S6 (Supporting in-

formation). In C 1s spectra (Figs. S6a and d), the peaks located

at 288.8, 286.5 and 284.8 eV are related to CO3
2−, COR and C–C

bonds, respectively, which can be attributed to the decomposi-

tion of PC solvent. The N1s spectrum of PP0 (Fig. S6b) main-

tains a peak related to FSI− anions with slight increase in inten-

sity during 50 cycles. Compared to PP0, two extra peaks appear

at 397.8 and 398.0 eV in the N1s spectrum of PP1, corresponding

to the Pp13
+ and Li3N. After 50 cycles, the intensities of Pp13

+,
FSI− and Li3N peaks increase obviously, indicating that Pp13FSI

is involved in the formation of SEI film. The same phenomenon

occurs in the F 1s spectrum (Figs. S6c and f). A new peak at

688.4 eV corresponding to CF3 group emerges and increases during

50 cycles.

We proposed a promising method to solve the issue of Li metal

electrode via introducing Pp13FSI as an electrolyte additive to im-

prove the stability of interface between electrolyte and lithium an-

ode, result in effectively inhibiting the growth of lithium dendrites

and “dead Li” layer. The optimal 1 wt% Pp13FSI IL acts as the role

in balancing electrostatic shielding, lithiophobic effect and partic-

ipating in the formation of SEI layer that can enhance the perfor-

mance of electrode. Furthermore, the Pp13FSI can avoid the inher-

ent shortcomings, such as high viscosity and poor wettability. we

firmly believe that these findings would be a great beneficial for
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the different electrochemical systems such as Li-S batteries and Li-

air batteries.
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