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A B S T R A C T   

In this study, Si nanoparticles with interweaving carbon nanotubes are wrapped by graphitic sheets to achieve 
high conductivity and high dimensional stability of a composite anode (denoted as Si/CNT/G) for Li-ion bat
teries. In addition, an ionic liquid (IL) electrolyte that consists of ether-side-chain pyrrolidinium, asymmetric 
imide, and a high Li+ fraction is prepared. This electrolyte is for the first time employed for Si-based Li-ion 
batteries. Decomposition of the ether groups creates organic components in the solid electrolyte interphase (SEI). 
The high Li+ concentration promotes decomposition of the (fluorosulfonyl)(trifluoromethanesulfonyl)imide 
(FTFSI ) anions, leading to a LiF- and Li3N-rich SEI. The organic-inorganic balanced SEI is responsible for the 
excellent charge-discharge properties of the Si/CNT/G anode. The FTFSI anions exhibit low corrosivity toward 
the Al current collector and high compatibility with the LiNi0.8Co0.1Mn0.1O2 (NCM-811) cathode. With a 
charging voltage of 4.5 V, remarkable reversible capacities and cycling stability of NCM-811 in the high-Li+- 
fraction N-methoxyethyl-N-methylpyrrolidinium/FTFSI IL electrolyte are observed. Differential scanning calo
rimetry is used to examine the interfacial exothermic reactions between the delithiated NCM-811 and various 
electrolytes. After 300 charge-discharge cycles, the capacity retention of a Si/CNT/G||NCM-811 full cell with the 
proposed IL electrolyte is 80% with a Coulombic efficiency of ~99.9%. These values are significantly higher than 
those of the conventional carbonate electrolyte cell.   

1. Introduction 

Portable electronic devices and electric vehicles require efficient 
high-performance energy storage and a decarbonized economy requires 
grid-scale energy stabilization. Lithium-ion batteries (LIBs) can play a 
crucial role in these applications. However, despite decades of progress, 
the energy and power densities of present LIBs remain unsatisfactory 
and cannot completely meet the increasing application requirements 

[1,2]. Thus, the development of anodes with high capacities and cath
odes with high operation potential and high capacities has become an 
important field of research [3–5]. The conventional carbonaceous an
odes used in LIBs (e.g., graphite) have limited capacities (i.e., ~350 mAh 
g− 1) [6]. Anodes based on Si, which has a high theoretical capacity (i.e., 
3579 mAh g− 1, assuming the formation of Li15Si4), high abundance, and 
low toxicity, have attracted a lot of attention [7,8]. Nevertheless, the 
implementation of Si anodes is challenging because the severe volume 
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change of ~400% during lithiation/delithiation leads to an unstable 
electrode/electrolyte interface and thus fast capacity degradation [9]. 
Several strategies, including Si size and morphology control [10], nano- 
architecture design [11–13], composite structure construction [14], and 
binder optimization [15], have been adopted to enhance Si anode 
cyclability. Some studies have been conducted on the electrolyte, which 
can increase the cycling stability of Si electrodes [16,17]. However, the 
ideal electrolyte for Si-based anodes is not yet clear. An appropriate 
electrolyte that can form a reliable solid electrolyte interphase (SEI) on 
Si-based electrodes is required. 

Room-temperature ionic liquids (ILs) are a promising type of LIB 
electrolyte owing to their wide electrochemical stability windows, high 
thermal stability, non-volatility, and environmental friendliness 
[18–21]. ILs have also been employed to synthesize high-conductivity 
fluoride solid electrolytes [22,23]. Bis(fluorosulfonyl)imide (FSI− )- 
based ILs were found to be highly suitable for Si anodes [24,25]. Such ILs 
can form a robust SEI, which results in high Si capacities and long cycle 
life [26]. However, the FSI− anion is not able to prevent the Al current 
collector dissolution at above ~4 V vs. Li/Li+ [27,28]. This has 
restricted the practical utilization of FSI− -based ILs for high-voltage 
LIBs. Another main constraint of FSI− -based ILs is the formation of 
solid, crystalline complexes at low temperature [29]. It has been found 
that the introduction of asymmetric (fluorosulfonyl)(tri
fluoromethanesulfonyl)imide (FTFSI− ) anions inhibits the crystalliza
tion of ILs and reduces their freezing points [30]. Nevertheless, the 
corrosivity of FTFSI− toward Al needs to be further examined. Moreover, 
the electrochemical behavior of Si anodes in FTFSI− -based ILs has not 
been examined. These two issues are considered in the present study. 
Regarding IL cations, conventional pyrrolidinium ions with alkyl side 
chains tend to form ion aggregates, which increase electrolyte viscosity 
and thus decrease ion mobility [31]. The introduction of a flexible ether 
functionality in the pyrrolidinium side chain (as, e.g., in N-methox
yethyl-N-methylpyrrolidinium (Pyr12O1

+)) can reduce self-aggregation 
and improve IL fluidity as well as ionic conductivity [32]. Moreover, 
the presence of the ether group decreases the glass transition tempera
ture, thus extending the operation temperature range of the electrolyte. 
For IL electrolytes, the unsatisfactory rate capability of electrodes at 
room temperature has long been a challenge [33]. The combination of 
Pyr12O1

+ and FTFSI− has great potential to form an IL electrolyte that 
can overcome this obstacle because of its high fluidity and low crystal
lization temperature. The use of Pyr12O1FTFSI-based IL electrolyte for Si 
anodes is for the first time investigated herein. 

To achieve high energy density for LIBs, high-voltage cathodes with 
high capacities are required. Unfortunately, in the development of 
electrolytes for Si anodes, the electrolyte compatibility at the cathode 
side is usually overlooked. The side reactions at high potential, such as 
electrolyte decomposition and interface deterioration, are major con
cerns [34]. In addition, the attack by the electrolyte on the Al current 
collector needs to be minimized. In fact, the required properties of 
electrolytes for the cathode side are different from those for the anode 
side. However, few studies have aimed to develop a balanced electrolyte 
taking into consideration both the Si anode and high-voltage cathode 
performance. This topic is hence addressed in the present work. 

In this study, a Si/carbon nanotube/graphitic sheet (Si/CNT/G) 
composite anode is developed and examined in the Pyr12O1FTFSI IL 
electrolyte, which forms liquid mixtures with LiFTFSI in a wide molar 
ratio range. The roles of the LiFTFSI fraction in the SEI chemistry, as well 
as the Si anode performance, are investigated. The proposed IL elec
trolyte with a LiFTFSI/Pyr12O1FTFSI molar ratio of 4:6 enables excellent 
rate capability and cyclability of the Si/CNT/G anode, clearly out
performing Pyr13FSI (Pyr13 N-propyl-N-methylpyrrolidinium), 
Pyr13TFSI (TFSI bis(trifluoromethanesulfonyl)imide), and conven
tional 1 M LiPF6 carbonate electrolytes in terms of electrode perfor
mance. Furthermore, the proposed IL electrolyte shows great 
compatibility with a Ni-rich LiNi0.8Co0.1Mn0.1O2 (NCM-811) cathode, 
which exhibits a high specific capacity of >200 mAh g− 1 at high 
charging voltage of 4.5 V (vs. Li+/Li). To examine safety, the exothermic 
interactions between the delithiated NCM-811 electrodes and various 
electrolytes are examined using differential scanning calorimetry (DSC). 
In addition, Si/CNT/G||NCM-811 full cells with various electrolytes are 
constructed, and their charge–discharge properties are investigated. The 
proposed high-LiFTFSI-fraction Pyr12O1FTFSI-based IL electrolyte is 
promising for high-safety and high-energy–density Si-based LIBs. 

2. Experimental section 

2.1. Electrode materials and electrolytes 

Si/CNT/G composite powder was fabricated via a spray-drying 
method. First, CNTs (LG Chem; purity: >97%; diameter: 8–12 nm; 
length: 5–8 μm; Brunauer-Emmett-Teller (BET) surface area: 220 m2 

g− 1) were dispersed in a solution of sodium dodecylbenzenesulfonate 
(SDBS), polyvinylpyrrolidone (PVP), carboxymethyl cellulose (CMC), 
ethanol, and deionized water, producing a homogeneous CNT 

Fig. 1. Scheme of synthesis of Si/CNT/G composite.  



suspension. Si powder (Super Energy Material Inc., Taiwan; purity: 
>99.5%; D50: ~100 nm) was then added into the above suspension, 
which was stirred for 1 h. Afterward, graphitic sheets (Taiwan Carbon 
Materials Corp.; purity: >99.5%; BET surface area: 10–15 m2 g− 1) were 
introduced (with a graphitic sheet to CNT weight ratio of 50:1) and 
mixed by wet milling. The resulting solution was spray-dried to obtain a 
Si/CNT/G powdery sample. NCM-811 powder was purchased from Ubiq 
Technology Co. Ltd. Pyr12O1FTFSI IL was synthesized using procedures 
reported in a previous paper [35]. Pyr13FSI and Pyr13TFSI ILs (purity: 
99.9%) were purchased from Solvionic and vacuum-dried at 80 ◦C for 
24 h before use. Battery-grade LiFSI and LiTFSI were purchased from 
Kishida Chemical. All the electrolytes were prepared in an argon-filled 
glove box and dried over fresh molecular sieves before use. The water 
content of the electrolytes, measured using Karl Fisher titration, was 
below 20 ppm. 

2.2. Cell assembly 

The negative electrode slurry was prepared by mixing 88 wt% Si/ 
CNT/G powder, 1 wt% carbon black, and 11 wt% sodium polyacrylate 
binder in deionized water. The obtained slurry was cast onto Cu foil 
using a doctor blade and then vacuum-dried at 100 ◦C for 10 h. The Si/ 
CNT/G mass loading was ~2.5 mg cm− 2. The positive electrode slurry 
was prepared by mixing 80 wt% NCM-811, 10 wt% Super P, and 10 wt% 
polyvinylidene fluoride binder in N–methyl-2-pyrrolidone. The obtained 
slurry was cast onto Al foil and then vacuum-dried at 110 ◦C for 10 h. 
The NCM-811 mass loading was ~5 mg cm− 2. The electrodes were 
punched to match the required dimensions of a CR 2032 cell. Li foil and 
a glass fiber membrane were used as the counter electrode and sepa
rator, respectively. The assembly of the coin cells was conducted in an 
argon-filled glove box (Vigor Tech. Co. Ltd.), where both the moisture 
content and oxygen content were maintained at below 0.1 ppm. 

Fig. 2. (a) XRD pattern, (b) SEM image, (c) high-resolution TEM image, (d) electron diffraction pattern, (e) Raman spectra, and (f) TGA data of Si/CNT/G sample.  



2.3. Material and electrochemical characterizations 

The crystallinity of Si/CNT/G was characterized using X-ray 
diffraction (XRD; Bruker D2 PHASER). The morphologies and micro
structures of the samples were examined using scanning electron mi
croscopy (SEM; FEI Inspect F50) and transmission electron microscopy 
(TEM; JEOL 2100F). Raman data were collected using a LabRAM HR 
800 spectrometer (with a laser wavelength of 633 nm). TGA (Perkin- 
Elmer TGA7) was conducted under air with a heating rate of 5 ◦C min− 1. 
X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific 
ESCALAB Xi+) was employed to examine the surface chemical compo
sition of various electrodes. Al Kα radiation (1486.6 eV) was used as the 
X-ray source. The data fitting was conducted using the XPSPEAK 4.1 
software. The charge–discharge properties (such as capacity, rate 
capability, and cycling stability) of various cells were evaluated using an 
Arbin BT-2043 battery tester at 25 ◦C. The voltage ranges used for the 
Si/CNT/G and NCM-811 half cells were 0.05–2.0 V and 2.7–4.5 V, 
respectively. To construct Si/CNT/G||NCM-811 full cells with various 
electrolytes, an anode-to-cathode capacity ratio of ~1.2 was used. The 
Si/CNT/G anode was pre-conditioned for three cycles and prelithiated 
by 20% in a half cell prior to the full cell assembly. For each testing 
condition, at least 5 duplicate cells were measured. The performance 
deviation was typically within 5%. The reported data are the median 
values. Electrochemical impedance spectroscopy (EIS) measurements 
were carried out with a Biologic VSP-300 potentiostat in a frequency 
range of 106–10− 2 Hz with an AC amplitude of 10 mV. The thermal 
stability of the NCM-811 samples delithiated in various electrolytes was 
evaluated using DSC (Netzsch DSC3500) in a temperature range of 
50–350 ◦C. The NCM-811 powder was recovered from the coin cells 
after delithiation to 4.5 V and then placed into Al capsules in the glove 
box without washing and drying. The samples were heated at a rate of 
10 ◦C min− 1 under an N2 atmosphere in the DSC chamber. 

3. Results and discussion 

Si/CNT/G composite powder was fabricated via a spray-drying 
method. Fig. 1 shows the scheme of the synthesis. With the SDBS sur
factant, the CNTs and Si particles were well dispersed in the solution. 
The Si particles with interweaving CNTs were then surrounded by the 
graphitic sheets introduced later. After the spray drying, the Si/CNT 
clusters were wrapped by the graphitic sheets via the PVP/CMC binder. 
The crystal structure of the Si/CNT/G was examined using XRD; the 
obtained pattern is shown in Fig. 2(a). The diffraction peaks located at 
28.5◦, 47.5◦, 56.1◦, 69.5◦, and 76.7◦ are associated with the (111), 

(220), (311), (400), and (331) planes of polycrystalline Si, respec
tively. Graphitic carbon (002) and (101) diffractions appear at 26.2◦

and 45◦, respectively. Fig. 2(b) shows an SEM image of the Si/CNT/G 
particles, which have a ball-like morphology with a diameter of 
approximately 10 μm after spray drying. The high-resolution TEM image 
in Fig. 2(c) shows that the Si nanoparticles were well mixed and inte
grated with CNTs and graphitic sheets. Fig. 2(d) shows the corre
sponding electron diffraction pattern, in which the Si and graphitic 
carbon diffraction signals can be clearly observed. The Raman spectrum 
of the Si/CNT/G sample is shown in Fig. 2(e). The peaks at ~520 and 
~960 cm− 1 are ascribed to the vibration bands of polycrystalline Si [36]. 
The signals at ~1345 cm− 1 and ~1595 cm− 1 correspond to the carbon D 
and G bands, respectively. The former is related to imperfect carbon 
bonding and the latter results from the Raman-allowed in-plane vibra
tion of sp2 carbon [37]. The carbon content in the Si/CNT/G composite 
was examined by thermogravimetric analysis (TGA). The data in Fig. 2 
(f) show a clear weight loss at around 625–750 ◦C due to the burnout of 
carbon species. It is noted that the Si oxidation mainly happens above 
800 ◦C, which is outside the temperature range of our TGA measure
ment. The results indicate that the carbon content of the Si/CNT/G 
sample is around 25 wt%. 

LiFTFSI was mixed with Pyr12O1FTFSI in molar ratios of 2:8 and 4:6 
(denoted as Pyr12O1FTFSI-1 and Pyr12O1FTFSI-2, respectively). The 
electrolyte with LiFSI and Pyr13FSI with a molar ratio of 2:8 is denoted 
as IL-3, and that with LiTFSI and Pyr13TFSI with a molar ratio of 1:9 is 
denoted as IL-4. Note that LiTFSI/Pyr13TFSI liquid mixtures occur in a 
narrow molar ratio range, and thus a higher Li+ fraction cannot be 
achieved without precipitation of a crystalline complex. The molecular 
structures of the IL cations and anions are shown in Fig. 3. The viscosity, 
ionic conductivity, Li+ transference number, and glass transition tem
perature of the ILs are shown in Table S1. To examine the compatibility 
of the Si/CNT/G electrode with various IL electrolytes, galvanostatic 
tests were performed. Fig. S1(a) (d) show the initial three char
ge–discharge curves measured at 50 mA g− 1. The cells with 
Pyr12O1FTFSI-1, Pyr12O1FTFSI-2, IL-3, and IL-4 electrolytes showed 
initial Coulombic efficiency (CE) values of 78%, 80%, 76%, and 36%, 
respectively. The efficiency loss can be mainly ascribed to the reductive 
decomposition of the electrolyte, which led to the formation of the SEI 
[38]. The relatively high CE values found for Pyr12O1FTFSI-based ILs are 
associated with a superior SEI that better stabilized the electrode surface 
(the details are examined later). The results suggest that the TFSI− - 
derived SEI passivated the Si/CNT/G electrode, hindering subsequent 
lithiation/delithiation reactions. For comparison, the initial CE value of 
the same electrode in the conventional electrolyte, consisting of 1 M 

Fig. 3. Molecular structures of the IL cations and anions used in this study.  



LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 by vol
ume) mixed solvent, was 75% (Fig. S2). A high initial CE is important for 
Si-based anodes with regard to their potential practical applicability. 

Fig. 4(a) (d) show the charge–discharge profiles (after two condi
tioning cycles) of the Si/CNT/G electrodes measured at various specific 
currents with different electrolytes. At 50 mA g− 1, reversible capacities 
of 1265, 1280, 1270, and 92 mAh g− 1 were found for the Pyr12O1FTFSI- 
1, Pyr12O1FTFSI-2, IL-3, and IL-4 electrolytes, respectively. With 
increasing charge–discharge rate, the specific capacities decreased, as 
shown in Fig. 4(e). Table 1 reveals that the specific capacities measured 
in the electrolytes decreased to 106, 384, 317, and <1 mAh g− 1, 
respectively, at a specific current of 2 A g− 1, corresponding to 8%, 30%, 
25%, and <1% of the capacities found at 0.2 A g− 1. The higher Li+

fraction of Pyr12O1FTFSI-2 (compared to that of Pyr12O1FTFSI-1) allows 
greater Li+ availability and a higher Li+ transference number [39], 
leading to a superior rate capability. The rate capability is even better 

Fig. 4. Charge-discharge curves of Si/CNT/G electrodes recorded in (a) Pyr12O1FTFSI-1, (b) Pyr12O1FTFSI-2, (c) IL-3, and (d) IL-4 electrolytes at various current rates. 
(e) Comparative rate performance of various cells. (f) EIS spectra of various cells and equivalent circuit used for data fitting (solid spheres represent data points and 
solid lines represent fitting curves). 

Table 1 
Reversible capacities (mAh g 1) of Si/CNT/G electrodes measured at various 
rates in IL electrolytes.  

Specific current (A/g) Pyr12O1FTFSI-1 Pyr12O1FTFSI-2 IL-3 IL-4 

0.05 1265 1280 1270 92 
0.1 1207 1253 1231 47 
0.2 998 1082 1054 16 
0.3 776 963 927 4 
0.5 352 718 673 <1 
1 149 593 533 <1 
2 106 384 317 <1 

Capacity@2 A/g
Capacity@0.05 A/g

(%)  
8 30 25 <1  

                                                                                                                                                                                                                                  



than that of IL-3, which is known to enable excellent high-rate perfor
mance of Si anodes [26]. We tried to increase the LiFSI molar ratio in the 
Pyr13FSI IL and found that the maximal ratio is approximately 3:7 (due 
to the solubility limit). As shown in Fig. S3, the high-rate specific ca
pacities found for the LiFSI/Pyr13FSI 3/7 electrolyte only marginally 
increase compared to those for IL-3 (i.e., are still clearly lower than those 
of Pyr12O1FTFSI-2). The cell with IL-4 exhibited low capacities, espe
cially at high rates. This can be attributed to the poor Li+ conductivity of 
the TFSI− -derived SEI [40]. Of note, the electrode high-rate performance 
measured for the conventional LiPF6/EC:DEC electrolyte (in Fig. S2) is 
also inferior to that found for Pyr12O1FTFSI-2. This is particularly 
remarkable, since the rate capability of IL-comprising cells is usually 
low. Our proposed IL electrolyte, however, has great potential to over
come this limitation. 

Fig. 4(f) shows the EIS data of various cells acquired after two con
ditioning cycles. The Nyquist plots show a semicircle at high frequencies 
and a sloping line at low frequencies, which can be characterized by the 
equivalent circuit shown in the inset of Fig. 4(f), where Re, Rct, CPE, and 
W represent the electrolyte resistance, charge transfer resistance, 
interfacial constant phase element, and Warburg impedance associated 

with Li+ diffusion within the electrode, respectively [41]. The fitting 
results indicate that the Rct values, which correspond to the diameters of 
the semicircles, are 48, 30, 35, and 115 Ω for the Pyr12O1FTFSI-1, 
Pyr12O1FTFSI-2, IL-3, and IL-4 cells, respectively. The Rct trend is in line 
with the electrode high-rate properties presented in Fig. 4(e). 

To gain more insight into the SEI chemistry, XPS was applied to the 
Si/CNT/G electrodes, which were subjected to three charge–discharge 
cycles at 50 mA g− 1 in various electrolytes. Fig. 5(a) shows the C 1s 
spectra of the samples, which can be split into several constituents. In 
addition to the main C–C bonding peak at 284.6 eV, additional peaks for 
C–O (286.5 eV), O–C––O (288.5 eV), and CO3

2− (289.9 eV) were 
observed [42,43]. The ether group in the side chain of Pyr12O1 promotes 
the formation of oxygen-containing species in the SEI. An excessive 
amount of organic species hindered Li+ ion transport and the des
olvation reaction of Li+ [44,45], contributing to the inferior perfor
mance of the Pyr12O1FTFSI-1 cell (vs. Pyr12O1FTFSI-2 and IL-3 cells). 
There is an additional signal at ~292.5 eV for both FTFSI- and TFSI- 
based electrolytes, which can be ascribed to the C–F bond (from TFSI 
moieties). For the IL-4 sample, the SEI chemistry is quite distinct (i.e., 
absence of O–C––O and CO3

2− species). This explains the entirely 

Fig. 5. XPS (a) C 1s, (b) F 1s, and (c) N 1s spectra of Si/CNT/G electrodes after being cycled for three times in Pyr12O1FTFSI-1, Pyr12O1FTFSI-2, IL-3, and IL-4 
electrolytes. 

                                                                                                                                                                                                                               



different electrochemical behavior of this electrode from that of the 
other electrodes (Fig. 4). The F 1s spectra (Fig. 5(b)) consist of two 
peaks, which are related to LiF and incomplete IL anion decomposition 
(S–F/C–F bonding), respectively. As shown, the Pyr12O1FTFSI-2 elec
trode shows the highest LiF fraction. The LiF compound, which is 
chemically stable and has an insulating nature, can effectively passivate 
the electrode surface [46]. This contributes to its highest initial CE 
observed in Fig. S1(b). With a high Li+ fraction of Pyr12O1FTFSI-2, the 
electrons of FTFSI− anions are substantially drawn. The less negative 
FTFSI− anions thus became more susceptible to reduction, tending to 
produce LiF. The TFSI− anions are not easily decomposed; the LiF signal 
is thus small. For the N 1s spectra (Fig. 5(c)), a peak associated with 
pyrrolidinium cations (at ~403.3 eV) and a peak associated with imide 
anions (at ~400 eV) are observed [47]. Besides, a signal corresponding 
to Li3N (at ~398 eV) is clearly found for the FTFSI and FSI samples (this 
signal is small for the TFSI sample). The high Li+ fraction of 
Pyr12O1FTFSI-2 promotes anion decomposition, resulting in the high 
Li3N concentration on the electrode surface. It is worth mentioning that 
the Li3N compound both maintains the mechanical robustness of the SEI 
and provides high Li+ conductivity [47,48]. Of note, the SEI layer 

produced from Pyr12O1FTFSI-2 IL has high amounts of both protective 
LiF and conductive Li3N. This unique composition of the SEI is respon
sible for the superior CE and rate capability of the Si/CNT/G electrode. 

Fig. 6(a) compares the cycling stability data of the Si/CNT/G elec
trodes measured in various IL electrolytes at a specific current of 100 
mA g− 1. After 200 charge–discharge cycles, the capacity retention ratios 
for the Pyr12O1FTFSI-1, Pyr12O1FTFSI-2, and IL-3 cells were 50%, 80%, 
and 60%, respectively. The IL-4 cell was not further evaluated due to its 
poor charge–discharge performance. Fig. 6(b) shows the EIS spectra of 
the electrodes after cycling. As illustrated in Fig. 6(c), the Rct values of 
the three cells reached 95 Ω (98% increase), 38 Ω (27% increase), and 
55 Ω (57% increase), respectively, after 200 cycles. The relatively small 
Rct increase of the Pyr12O1FTFSI-2 cell can be attributed to the robust 
LiF- and Li3N-rich SEI. Fig. 6 (d) (f) show the postmortem SEM images 
of the Si/CNT/G electrodes after cycling. Basically, the electrode 
structures were preserved (compared to the as-fabricated electrode 
(Fig. S4)). The interweaving CNTs and wrapping graphitic sheets 
effectively accommodate the volume variation of Si particles, leading to 
the decent integrity of the electrodes. However, we did observe distinct 
surface morphologies of the electrodes cycled in various electrolytes. 

Fig. 6. (a) Cycling stability, (b) EIS spectra after 200 charge–discharge cycles (solid spheres represent data points and solid lines represent fitting curves), and (c) 
variations of Rct with the cycle number of Si/CNT/G electrodes measured in various electrolytes. SEM images of Si/G/CNT electrodes after cycling in (d) 
Pyr12O1FTFSI-1, (e) Pyr12O1FTFSI-2, and (f) IL-3 electrolytes for 200 times. 

                                                                                                                                                                                                                                 



Pyr12O1FTFSI-1 produced a thick and nonuniform SEI layer because the 
organic-species-rich SEI did not effectively passivate the electrode [49]. 
The relatively low CE reflects the continuous decomposition of the 
electrolyte. The excessive formation of the SEI hindered Li+ transport 
and resulted in noticeable capacity fading. In contrast, the SEI generated 
in IL-3 was dominated by inorganic components (i.e., high LiF, but low 
C–O/O–C O content), which can be brittle and poorly adhered 
[50,51]. It is easily broken down and reformed during cycling, leading to 
SEI accumulation. Pyr12O1FTFSI-2 produced an organic–inorganic well- 
balanced SEI that most effectively stabilized the electrode/electrolyte 
interface. Organic species at a proper amount can act as binders and 
strain buffers in the SEI, increasing mechanical toughness [50,52], and 
the LiF and Li3N compounds provide high passivation ability [53,54]. 
Therefore, the electrode structure is retained to the highest extent, 

explaining the superior cycling stability of the cell comprising 
Pyr12O1FTFSI-2. It was reported that an advanced binder can minimize 
mechanical degradation and thus further improve durability of a Si- 
based electrode [15]. This strategy could be incorporated to increase 
the electrode cyclability in the Pyr12O1FTFSI-2 electrolyte. 

Electrolyte compatibility toward the positive electrode is important 
for practical LIB implementations. Fig. 7(a) shows the linear sweep 
voltammetry (LSV) curves of Al electrodes measured in various elec
trolytes. The Al electrodes subjected to 5-V polarization for 12 h were 
examined using SEM. The data obtained are shown in Fig. 7(b) (e). An 
SEM image of the pristine Al electrode is provided in Fig. S5 for com
parison. In IL-3, a strong irreversible oxidation current emerged before 
4 V. The SEM image confirms that this anodic reaction is related to Al 
pitting corrosion. FSI− anions are prone to react with Al, forming soluble 

Fig. 7. (a) LSV curves of Al electrodes recorded in various electrolytes with potential scan rate of 1 mV s 1. SEM images of Al electrodes subjected to 5-V polarization 
for 12 h in (b) Pyr12O1FTFSI-1, (c) Pyr12O1FTFSI-2, (d) IL-3, and (e) IL-4 electrolytes. 

                                                                                                                                                                                                                                



Al–FSI complexes [55]. This problem hinders FSI-based IL electrolytes 
for high-voltage LIB applications. As shown in Fig. S6, even when the 
LiFSI to Pyr13FSI molar ratio was increased to 3:7, serious Al dissolution 
still occurred. In contrast, it is found that the Al corrosion in FTFSI-based 
IL electrolytes was significantly suppressed, indicating a lower com
plexing ability of FTFSI− (vs. FSI− ) toward Al. As shown in Fig. 7(a), the 
high Li+ fraction of Pyr12O1FTFSI-2 can further reduce Al corrosion. The 
high Li+ concentration promotes the formation of Li+/FTFSI− contact 
ion pairs and ion aggregates [56,57]. Because there are fewer free 
FTFSI− anions to coordinate Al, the LSV oxidation current decreases. 
Although IL-4 had poor performance in terms of forming an effective 
SEI, it showed a wide electrochemical stability window and little Al 
corrosion [58,59]. According to the LSV and SEM data in Fig. 7, the Al 
corrosivity of Pyr12O1FTFSI-2 is as low as that of IL-4. 

Fig. 8. Charge discharge curves of NCM-811 electrodes recorded in (a) Pyr12O1FTFSI-1, (b) Pyr12O1FTFSI-2, (c) IL-3, and (d) IL-4 electrolytes at various current 
rates. (e) Cycling stability of NCM-811 electrodes measured in Pyr12O1FTFSI-1 and Pyr12O1FTFSI-2 electrolytes. 

Table 2 
Reversible capacities (mAh g 1) of NCM-811 electrodes measured at various 
rates in IL electrolytes.  

Specific current (C) Pyr12O1FTFSI-1 Pyr12O1FTFSI-2 IL-3 IL-4 

0.1 190 204 – 86 
0.2 185 186 – 39 
0.5 169 177 – 25 
1 129 164 – 16 
2 99 155 – 8 
Capacity@2 C

Capacity@0.1 C
(%)  52 76 – 9  

                                                                                                                                                                                                                               



Fig. 8(a) (d) show the charge–discharge curves of the NCM-811 half 
cells with Pyr12O1FTFSI-1, Pyr12O1FTFSI-2, IL-3, and IL-4 electrolytes, 
respectively, within a voltage range of 2.7–4.5 V (vs. Li+/Li). With the 
IL-3 electrolyte, the charging voltage did not reach the cut-off value and 
leveled off at ~4 V. This can be ascribed to the occurrence of Al disso
lution side reactions, which consume the applied current. Although this 
IL works well with the Si/CNT/G anode, its cathode compatibility is 
poor. As shown, the IL-4 cell exhibits low charge–discharge capacities, 
probably due to the highly resistive SEI on the Li anode surface. The 
measured capacities of NCM-811 at 0.1C with Pyr12O1FTFSI-1 and 
Pyr12O1FTFSI-2 electrolytes were 190 and 204 mAh g− 1, respectively 
(1C 275 mA g− 1). At 2C, the reversible capacities decreased to 99 and 
151 mAh g− 1, respectively, corresponding to 52% and 74% retention 
compared to the values obtained at 0.1C (Table 2). Fig. 8(e) compares 
the cycling stability data of the NCM-811 half cells with various elec
trolytes recorded at 0.5C. The capacity retention ratios of the 
Pyr12O1FTFSI-1 and Pyr12O1FTFSI-2 cells after 200 charge–discharge 
cycles are 37% and 85%, respectively. The superior rate capability and 
cyclability found for the latter cell can be attributed to the suppressed Al 
current collector corrosion. Moreover, as shown in Fig. S7, the NCM-811 
surface morphology and EIS impedance remain stable upon cycling in 
the Pyr12O1FTFSI-2 electrolyte. As shown in Fig. S8, the conventional 1 
M LiPF6/EC:DEC electrolyte NCM-811 half cell retained only 8% of its 
initial capacity after the same number of charge–discharge cycles. At the 
high-Ni-content NCM-811 surface, carbonate electrolyte decomposition 
and interfacial side reactions are promoted at high potential [60], 
leading to rapid cell deterioration. The proposed high-Li+-fraction 
Pyr12O1FTFSI-2 IL electrolyte is highly promising for high-voltage Ni- 
rich NCM cells. 

To assess the safety properties, the interfacial exothermic reactions 
between the delithiated NCM-811 and various electrolytes were exam
ined using DSC. As shown in Fig. 9, the sample with the conventional 1 
M LiPF6/EC:DEC electrolyte exhibits an exothermic onset at ~135 ◦C, 
which is attributed to the electrolyte decomposition catalyzed by the 
fully charged (thus highly active) NCM-811 surface and the phase 
degradation (to spinel/rock-salt phases) of the layer-structure NCM-811 
[61,62]. The shoulder at a higher temperature can be ascribed to the 
breaking of metal–oxygen bonds and thus oxygen release from the NCM- 

811 lattice [63,64]. The overall heat released is as high as 985 J g− 1, 
indicating a vigorous interfacial exothermic reaction. In contrast, the 
samples with IL electrolytes showed considerably higher exothermic 
onset temperatures and less heat generation, as depicted in Fig. 9. This 
confirms the high safety of using IL electrolytes in LIBs. Among them, the 
Pyr12O1FTFSI-2 sample exhibited the best thermal stability, with an 
onset temperature of 280 ◦C and a total heat of 420 J g− 1. The high 
LiFTFSI content of this IL reduced the organic pyrrolidinium cation 
fraction, increasing electrolyte thermal stability [65]. The experimental 
results also suggest that Pyr12O1FTFSI-2 produced a cathode/electrolyte 
interphase that can better stabilize the delithiated NCM-811, mitigating 
the structural deterioration and metal–oxygen bond breaking reactions. 

The Si/CNT/G||NCM-811 full cells were assembled, as depicted in 
Fig. 10(a), to evaluate the effects of electrolyte composition on the 
overall battery performance. Fig. 10(b)–(d) compare the char
ge–discharge profiles of the full cells containing the conventional 1 M 
LiPF6/EC:DEC, Pyr12O1FTFSI-1, and Pyr12O1FTFSI-2 electrolytes, 
respectively. The last cell clearly outperformed the others in terms of 
maximum capacity and rate capability. These results are consistent with 
the half-cell testing results. Fig. 10(e) shows the cycling stability data of 
the three full cells evaluated at a rate of 0.5C. The 1 M LiPF6/EC:DEC and 
Pyr12O1FTFSI-1 cells died (capacity faded to zero) after 70 and 100 cy
cles, respectively. The Pyr12O1FTFSI-2 cell exhibited the best cyclability. 
After 300 cycles, its capacity retention was 80%, with a char
ge–discharge CE of ~99.9%. This can be attributed to the superior 
compatibility of the proposed electrolyte toward both the high-capacity 
Si/CNT/G anode and the Ni-rich high-voltage NCM-811 cathode. 

4. Conclusions 

A unique combination of Pyr12O1
+ and FTFSI− enables a high frac

tion of Li+ in an IL electrolyte. This electrolyte was for the first time 
adopted for Si/CNT/G||NCM-811 LIBs. The ether side chain on Pyr12O1 
creates organic C–O/O–C––O species in the SEI. The high Li+ fraction 
promotes FTFSI− decomposition, producing a LiF- and Li3N-rich SEI. 
The unique SEI composition makes the rate capability of Si/CNT/G in 
the Pyr12O1FTFSI-2 electrolyte higher than that in the conventional 1 M 
LiPF6/EC:DEC electrolyte. With this SEI, the electrode cycling stability 
in this electrolyte outperforms that found for the FSI-based IL electro
lyte, which is known to favor Si anode durability. FTFSI− anions show 
low corrosivity toward Al. An increase in Li+ concentration in the IL 
electrolyte can further suppress the Al corrosion current. The 
Pyr12O1FTFSI-2 electrolyte shows high compatibility with the Ni-rich 
NCM-811 cathode up to 4.5 V. A remarkable capacity of >200 mAh 
g− 1 and a superior cycle life were achieved for NCM-811. The DSC data 
indicate that the Pyr12O1FTFSI-2 electrolyte can effectively suppress the 
interfacial exothermic reactions of delithiated NCM-811, thus increasing 
battery safety. The Si/CNT/G||NCM-811 full cell with the Pyr12O1FTFSI- 
2 electrolyte has better high-rate performance (150 mAh g− 1@2C based 
on NCM-811) and cyclability (80% retention after 300 cycles) than those 
of cells with the low-Li+-fraction Pyr12O1FTFSI-1 and conventional 
carbonate electrolytes. The proposed electrolyte composition and design 
strategies have great potential for use in high-energy-density and high- 
reliability LIBs. 
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