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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Cyano-based Ionic liquid (IL) electro
lytes are studied with Si nanowire
anodes.

• Vinylene carbonate (VC) is investigated
as SEI forming additive.

• VC helps reducing IL decomposition and
controlling SEI growth.

• The resulting SEI has a layered structure
including inorganic and organic species.

• Si nanowire anodes deliver in such F- 
free electrolyte 1500 mAh g− 1 after 500
cycles.
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A B S T R A C T

Herein, the mixture of the fluorine-free cyano-based ionic liquid N-butyl-N-methylpyrrolidinium tricyanome
thanide (Pyr14TCM), lithium dicyanamide (LiDCA) (1:9 salt:IL mole ratio) and 5 wt% vinylene carbonate (VC) is 
proposed as an electrolyte for the stable electrochemical alloying of silicon nanowire (Si NW) anodes. Detailed 
electrochemical characterization of the electrolyte (long-term galvanostatic cycling and impedance tests of Si 
NW-Li half-cells) demonstrates a remarkable cycling performance of the Si anode delivering 1500 mAhg− 1 after 
500 cycles with 99.5% Coulombic efficiency. The electrode/electrolyte interface is thoroughly investigated via 
scanning electron microscopy (SEM), energy dispersive X-ray (EDX) mapping, and X-ray photoelectron spec
troscopy (XPS). The postmortem analysis reveals the key role of VC in controlling the IL decomposition, resulting 
in a bilayer solid electrolyte interphase (SEI) formation. The inner layer is mostly composed of graphitic carbon 
serving as a conductive coating for Si, and inorganic compounds such as Li3N providing high Li-ion conductivity. 
The outer-layer, is rich in polymeric species ensuring the good mechanical stability and flexibility to withstand 
the extreme volume change of Si during de-/alloying process, thus explaining the observed prolonged cycling 
performance.  
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1. Introduction

Lithium-based systems currently dominate battery markets from
electric vehicles to portable electronics. Given the continuously growing 
volume of such markets, factors such as safety, production costs and 
environmental impact during production and recycling are of crucial 
importance when it comes to designing new battery materials [1–6]. 

The electrolytes used in commercial lithium ion batteries (LIBs) are 
mixtures of linear (e.g., dimethyl carbonate (DMC), diethyl carbonate 
(DEC), and ethyl methyl carbonate (EMC)) and cyclic (e.g., ethylene 
carbonate (EC)) carbonates as solvents and lithium hexa
fluorophosphate (LiPF6) as conducting salt. However, there are major 
drawbacks and safety hazards associated with these electrolytes. For 
instance, the organic carbonate solvents are highly flammable [7]. 
Additionally, LiPF6 suffers from relatively low thermal stability [8,9] 
and is highly sensitive to water. In fact, even trace amount of moisture 
result in defluorination reactions, forming compounds such as PF5 and 
HF, which are known to be toxic and corrosive and have a detrimental 
influence on the battery performance [10,11]. From this point of view, 
fluorine-free electrolytes [12–14], in particular fluorine-free ionic liq
uids, have shown promising results [15,16]. 

Ionic liquids (ILs), which are molten salts at room temperature, 
represent a safer alternative class of electrolyte solvents owing to their 
inherently low volatility and wide temperature stability [17–19]. In 
particular, cyano-based ILs such as Pyr14TCM, exhibit low viscosity, 
high ionic conductivity, and low density compared to the 
well-established fluorinated ILs such as bis(trifuoromethanesulfonyl) 
imide (TFSI)- and bis(fluoromethanesulfonyl)imide (FSI)-based ILs [15, 
20–22]. This can potentially lead to increased safety, coupled with lower 
production costs due to the absence of the fluorination step during 
electrolyte production [12,15]. 

In this work the focus is placed on the binary mixture of Pyr14TCM 
and LiDCA (1:9 mole ratio), following our previous study wherein the 
physico-chemical and electrochemical characteristics of N-butyl-N- 
methylpyrrolidinium dicyanamide (Pyr14DCA) and Pyr14TCM were 
comprehensively investigated [16]. The study revealed that a mixed 
anion electrolyte (LiDCA-Pyr14TCM in 1:9 mole ratio) formed the thin
nest and the most homogenous solid electrolyte interphase (SEI) on Li 
metal electrode, resulting in improved electrochemical performance 
compared to single-anion electrolyte systems. Additionally, the elec
trolyte also exhibited high ionic conductivity (4.9 mS cm 1 at 20 ◦C) 
[16]. 

Following these promising results, we extend here the study to the 
high capacity silicon anodes. Si is amongst the most promising anode 
materials for the next generation of LIBs [23,24]. However, the appli
cation of “pure” elemental Si still remains a challenge to overcome due 
to the extensive volume variation of up to 280%, which induces a great 
mechanical stress on the composite electrode [25]. Nonetheless, Si has 
already been incorporated, up to ca.8 wt%, in graphite anodes to boost 
the energy and power density of commercial batteries [25,26]. 

For this study, Sn seeded Si NWs synthesized directly from the 
stainless-steel current collector were selected as a model system. This 
eliminated any influence from binder and/or conductive additives, 
enabling a more accurate investigation of the impact of the electrolyte 
on the electrochemical performance and SEI morphology and compo
sition. We present the cycling performance of Si NW electrodes in IL 
electrolyte (LiDCA-Pyr14TCM 1:9 mole ratio) with and without the 
electrolyte additive vinylene carbonate (VC, 5 wt%). Electrochemical 
impedance spectroscopy (EIS), scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron 
spectroscopy (XPS) have been employed to comprehensively probe the 
characteristics of the electrode/electrolyte interphase upon cycling. To 
the best of our knowledge, no other work on the application of fluorine- 
free ILs for Si-based anodes is available. 

2. Experimental

Electrolyte preparation: Pyr14TCM, Pyr14DCA and LiDCA were
supplied by IoLiTec GmbH. The three materials were dried following the 
procedure previously reported [16]. The water content of the ILs was 
determined lower than 20 ppm by coulometric Karl Fischer titration 
(Mettler-Toledo Titrator Compact C30; detection limit 10 ppm). All 
dried samples were directly transferred into an Ar filled glove-box 
(LabMaster, Mbraun GmbH, Germany, O2 < 0.1 ppm, H2O < 0.1 ppm) 
for storage and cell assembly. Vinylene carbonate (VC, 99.5%) was 
purchased from Merck and used as received. The electrolyte solutions 
LiDCA-Pyr14TCM (salt:IL = 1:9 mole ratio, referred to as ILE thereafter) 
and LiDCA-Pyr14TCM+ 5 wt% VC (weight percent with respect to the 
total weight of the solution, referred to as ILE + VC thereafter) were 
prepared and stored inside the glove-box. Fig. S7 in Supporting Infor
mation displays the structure of the ions constituting the investigated 
ILs. 

Si NW anode preparation: Sn seeded Si NW anodes were fabricated 
using a solvent vapour growth system. The preparation method was 
discussed in full detail previously [27,28]. In this case, a 20 nm thick Sn 
layer was thermally evaporated onto a 12 mm stainless steel disk. The 
growth substrates were then placed in a long-neck Pyrex round bottom 
flask containing 7 ml of squalane (Sigma Aldrich, 99%). The flask was 
connected to an argon line via a water condenser, placed inside an up
right furnace and heated to 460 ◦C. Subsequently, 0.75 ml of phenyl
silane (Sigma Aldrich, 97%) precursor was injected into the system 
through a septum cap. After 1 h, the reaction was terminated and the 
setup was allowed to cool to room temperature. 

Prior to use, the electrodes discs were further vacuum-dried for 12 h 
it 100 ◦C. The electrodes were then transferred to an argon-filled glove- 
box (LabMaster, Mbraun GmbH, Germany, O2 < 0.1 ppm, H2O < 0.1 
ppm) for storage and cell assembly. The active mass loading of the 
electrodes ranged from 0.1 to 0.2 mg cm 2. 

Electrochemical tests: For the electrochemical characterization, 
three-electrode Swagelok® cells were used. The cell assembly was car
ried out in an argon-filled glove box using Si NW electrode as working 
electrode (WE) and metallic Li foil (99% battery grade, Honjo Metal, 
Japan) as counter and reference electrodes (CE and RE). The electrodes 
were separated by a glass fiber felt (Whatman GF/D grade) soaked with 
130 μl of the IL electrolyte (ILE and ILE + VC). All measurements were 
conducted at 20 ± 2 ◦C using climatic chambers (Binder). The Si/Li half- 
cells were investigated through galvanostatic cycling experiments 
within 0.01 and 2 V vs. Li/Li+ potential range at C/20 (1C = 3579 mA 
g 1) for the first cycle and C/10 for the following using a battery cycler 
(Maccor 4000, USA). Electrochemical impedance spectroscopy (EIS) 
measurements were performed on Si/Li half-cells in three-electrode cell 
configuration via a VMP-3 potentiostat (Biologic Science Instruments). 
The impedance spectra were recorded upon cycling (after each full 
charge/discharge cycle) at OCV conditions in the frequency range of 1 
MHz–10 mHz, by applying a 10 mV amplitude voltage. 

2.1. Postmortem analysis 

The morphology of the Si NW electrodes surface after the first cycle 
in ILE or ILE + VC and the100th cycle in ILE + VC, was characterized by 
scanning electron microscopy (SEM; Zeiss LEO 1550 microscope). The 
cells were disassembled inside the glove box. The recovered electrodes 
were rinsed with dimethylcarbonate (DMC) to remove the residual IL 
and dried for 2 h inside the glove box antechamber under vacuum. The 
electrodes were then transferred to the SEM chamber via an air-tight 
transfer box preventing exposure to air. 

X-ray photoelectron spectroscopy (XPS) experiments were per
formed on the Si NW electrodes after the first cycle in ILE or ILE + VC. 
The cells were disassembled inside the glove box. The electrodes were 
rinsed with DMC and dried before transfer to the XPS using an air-tight 
vessel to prevent contact with air or moisture. Although DMC is known 



substantially from the following cycles (as shown in Fig. 2a), displaying 
a shoulder at 1.1 V (also marked in dQ/dV plot in Fig. 2b) followed by a 
flat plateau at about 0.1 V, indicative of Li-alloying in c-Si. The observed 
shoulder matches the voltage reported for decomposition of VC [42]. 
Note that the absence of such feature in the subsequent cycles suggests 

Fig. 1. a) potential profile vs capacity, b) differential capacity vs potential, and 
c) the evolution of lithiation/delithiation capacity and Coulombic efficiency vs
cycle number of Li/Si half-cells in ILE. The first full cycle was carried out at
0.02C, whereas the following cycled were run at 0.1C at 20 ◦C.

to form carbonate compounds upon decomposition on the electrode’s 
surface, thus introducing artifacts to the SEI composition, the additional 
rinsing step for sample preparation is inevitable. In fact, the large 
amount of IL remaining on the electrode’s surface, makes it effectively 
inaccessible even after prolonged sputtering time. Indeed, the Ar+ 

sputtering method to remove the IL traces is more invasive, which can 
induce more alterations in the SEI. Finally, DMC is the most common 
solvent used in literature for removing the traces of ionic liquid from the 
electrode’s surface for post-mortem analysis [29–31]. For the mea-
surements, a monochromatic Al Kα (hν = 1.487 eV) X-ray source and the 
Phoibos 150 XPS spectrometer (SPECS –Surface Concept) equipped with 
a micro-channel plate and Delay Line Detector (DLD) were used. The 
scans were acquired in a Fixed Analyzer Transmission mode with an 
X-ray source power of 200 W (15 kV), 30 eV pass energy and 0.1 eV
energy steps. The fitting of the experimental spectra was performed with
the CasaXPS software, using a nonlinear Shirley-type background and
70% Gaussian and 30% Lorentzian profile functions. Due to absence of a
clear hydrocarbon peak in C 1s spectra commonly selected as reference,
the binding energy scale was set to N+ 1s peak (i.e., positive nitrogen
from the pyrrolidinium ring) equal to 402 eV [32]. Additionally, the
binding energy separations (ΔBEs) of each species observed in different
elements was determined ensuring the correctness of the peak fitting, as
was previously carried out for other Li-battery compounds [16,33].

3. Result and discussion

3.1. Electrochemical performance of Si NW electrodes in fluorine-free IL 
electrolyte 

The reversibility of Li alloying/dealloying process for the Si NW 
anode in ILE was studied by galvanostatic cycling. Fig. 1 displays the 
potential vs. capacity profiles, the corresponding differential capacity 
plot, and capacity/Coulombic efficiency vs. cycle number. As shown in 
Fig. 1a, the first cycle was performed at a slower C-rate (0.02C) to allow 
for the proper formation of the SEI layer, while the following cycles were 
performed at a higher C-rate, i.e., 0.1C. The first lithiation and deli-
thiation capacities were 1732 mA h g 1 and 730 mA h g 1, respectively, 
yielding a Coulombic efficiency of 42%. Despite the low capacities and 
Coulombic efficiency, the differential capacity profile of the first cycle 
(Fig. 1b) shows the characteristic features of crystalline Si (c-Si) lith-
iation process. The main peak at 0.1 V arises from the two-phase region 
where c-Si reacts with Li to form an amorphous lithium silicide (a-LixSi) 
[34,35]. This peak is observable in the potential profile as the long 
sloping plateau (Fig. 1a). The differential capacity plot also reveals the 
presence of several small peaks below 1 V corresponding to the shoulder 
observed in the first lithiation profile, and a very small peak at 20 mV 
arising from c-Li15Si4 phase formation [35–39]. Upon delithiation, two 
peaks appearing at 0.32 V and 0.5 V correspond to delithiation plateaus 
of amorphous Si, while the peak at 0.45 V is related to the delithiation of 
the c-Li15Si4 phase which disappears in the following cycles. From the 
second cycle, the capacity dropped to 400 mA h g 1 and kept rapidly 
fading until 130 mA h g 1 after 100 cycles (Fig. 1c). The clear lith-
iation/delithiation peaks of amorphous Si observed in the differential 
capacity plot (inset in Fig. 1b) indicate that the alloying process still 
takes place, however, the poor cycling performance could potentially be 
due to the absence of an effective SEI layer on the Si NWs. 

To promote the formation of a stable SEI layer on Si NWs, 5 wt % VC 
was added to the electrolyte. The use of VC as an additive was recently 
reported in a study of Stokes et al., which demonstrated VC to be the best 
performing amongst possible non-fluorinated additives [28]. The use of 
an organic additive should not affect the overall safety of the cell, as the 
small amount present in the electrolyte should mostly be consumed 
during the first half cycle (lithiation) [40,41]. 

Results obtained from the galvanostatic cycling test of Si anode in 
ILE + VC are reported in Fig. 2, showing a significant performance 
improvement. The first lithiation profile (run at 0.02C) differs 



the complete consumption of VC during the first lithiation cycle. How
ever, this behavior could also be explained by the formation of a very 
strong SEI capable of withstanding the volumetric changes of lithiated 
Si, i.e., preventing the exposition of fresh Si to the electrolyte and the 
further decomposition of remaining VC. 

During delithiation, both the potential profile and the corresponding 
differential capacity plot replicate the features recorded for the Si anode 
in ILE (VC-free). The first cycle capacity values for lithiation and deli
thiation were 4125 mA h g 1 and 2016 mA h g 1, respectively, which 
correspond to a Coulombic efficiency of 48.8%. Since the capacity loss 
due to decomposition of VC was determined to be about 6% (270 mA h 
g 1 based on the peak area in the differential capacity curve), the 
remaining capacity loss (45%) could be associated with other factors 
such as electrolyte reaction with the native SiO2 layer [43], or surface 
degradation exposing fresh Si surface to the electrolyte [44]. Detailed 
discussion regarding the morphology and composition of SEI layer is 
presented in the following section (see part 3.2). It should be noted 
though, that relatively low first-cycle Coulombic efficiencies are not 
unexpected for Si NW anodes. In fact, values below 80% are quite 
common [39,41,45–48]. This low efficiency can be explained by the 
large interfacial contact area between the electrolyte and the nano-sized 
active material, leading to extensive SEI layer formation and low 
Coulombic efficiency [39]. 

In the following lithiation half-cycles (at 0.1C) the two plateaus 
appearing at 0.22 V and 0.1 V(see Fig. 2b) are characteristic of Li 
alloying with amorphous Si, while those two at 0.3 V and 0.5 V during 
delithiation arise from the corresponding reverse processes. The addi
tional peak observed during lithiation at 0.38 V coincides with the 
lithiation of Sn seeds, suggesting that these seeds remain in electrical 
contact with Si NWs during cycling (Fig. S1 in supporting information). 
However, the peak associated with the dealloying of Li+ from Sn, which 
should appear above 0.5 V, could not be identified, hence suggesting 
that the process is irreversible. The reappearance of Sn lithiation peak in 
the following cathodic scans is, however, quite unexpected. Although 
we do not have a direct explanation for such phenomenon, it could be 
speculated that in each cycle new Sn seeds become electrochemically 
active as result of the active material (Si) rearrangement in the electrode 
allowing the electrical contacting of the Sn seeds that were previously 
disconnected. The capacity associated with the lithiation of the Sn seeds 
was determined from the peak area in the differential capacity curve to 
be quite small (marked in Fig. 2b), corresponding to about 3% of the 
total delivered capacity. Although such contribution is minimal and 
decreases with cycling, it could be partially responsible for the 
Coulombic efficiency not exceeding 99.5% during the cycling test. 

The long-term cycling test of the Si NW anode (Fig. 2c) depicts an 
increase in Coulombic efficiency in the second cycle to 87%, and around 
96% during the following 30 cycles. Following, the cycling stability 
improves over time, with Coulombic efficiency converging to 99.5% 
after 100 cycles. This indicates that, eventually, a stable SEI layer is 
formed in the fluorine-free ILE + VC, despite the extreme volume 
changes of the Si anode during the lithiation and delithiation processes. 
Overall, reversible capacities of 1760 mA h g 1 after 200 cycles and 
1500 mA h g 1 after 500 cycles are recorded (Fig. 2c), corresponding to, 
respectively, 88% and 75% retention with respect to the second cycle 
delithiation capacity. Previously, we have reported the performance of 
similar Si NW electrodes in carbonate and F-containing IL electrolytes 
[28,54]. The characteristics of these electrodes (synthesis regimes, mass 
loadings etc.) are comparable and allow a thorough comparison of their 
performance based on the electrolyte compositions. Overall the capacity 
values here compare well with our previous studies in alternative elec
trolytes (with and without VC as the SEI forming additive). A compar
ison can be made after 250 cycles, as our previous studies employed this 
cutoff for cycle number. Based on the base electrolyte of 0.1LiTFSI-0.6
PYR13FSI-0.3PYR13TFSI, the specific capacity was approximately 1100 
mAhg 1 after 250 cycles without VC and 1600 mAhg 1 with 5% VC 
[28]. For carbonate-based electrolytes, the Si nanowire electrode 
delivered only 250 mAhg 1 after 250 cycles, while the addition of 3% 
VC boosted the capacity to 1300 mAhg 1 [54]. In this work, the capacity 
of the electrode after 250 cycles in the VC containing electrolyte is ca. 
1700 mAhg 1. Therefore, it outperforms both the carbonate electrolyte 
as well as the costly F-containing IL. It should also be noted that the 

Fig. 2. a) potential profile vs capacity, b) differential capacity vs potential, and 
c) the evolution of delithiation/lithiation capacity and Coulombic efficiency vs
cycle number of Li/Si half-cells in ILE + VC. The first full cycle was carried out
at 0.02C, whereas the following cycled were run at 0.1C at 20 ◦C.



boundaries. Notably, after the first cycle in ILE, the electrode’s surface 
(Fig. 4c) remains relatively flat with micrometer-size deposits observed 
on the surface. Having a closer look at the Si NWs (Fig. 4d), they appear 
to be covered by a thick decomposition layer filling all the pores 
amongst them. The presence of such a thick layer could explain the 
extremely large impedance recorded for the electrode after the first 
cycle (see Fig. 3a). The large deposits observed on the electrode surface 
(Fig. 4c) are shown at higher magnification in Fig. S2 in Supporting 
Information. To further investigate the chemical composition of these 
deposits, energy dispersive X-ray (EDX) mapping was carried out. The 
deposits, which consist of carbon and nitrogen (Fig. S2 in Supporting 
Information), are attributable to the reduction product of ILE (i.e., 
LiDCA-Pyr14TCM). Interestingly, the Si signal detected from these re
gions is drastically lower than from the rest of the surface, indicating a 
rather dense coverage of the nanowires in these spots. This suggests that 
the decomposition products are mostly formed on the stainless-steel 
current collector, which grow to cover the nanowires. Considering 
that the metallic current collector is more electronically conductive than 
Si, along with the highly porous nature of the nanowire coating, it is 
plausible to assume that the current collector is the preferred site for the 
electrolyte decomposition [53]. 

The influence of VC on the morphology of the electrode after the first 
cycle is observable in Fig. 4e. The surface appears rough and frag
mented, indicative of volume changes during the (de-)alloying process. 
A more detailed look at the surface reveals island-like deposits similar to 
those observed in the case of ILE. The EDX mapping results (Fig. S3 in 
Supporting Information) are consistent with the electrolyte composition 
and deposition of SEI. However, the main signals detected differ from 
those of the sample cycled in ILE. In fact, in addition to the expected 
oxygen and carbon signals, a weaker signal from nitrogen was recorded 
confirming the role of VC in reducing the decomposition of ILE. At 
higher magnification (Fig. 4f), the well-preserved nanowires can be 
distinguished on the electrode surface. 

After the 100th cycle, the electrode surface is evidently more ragged 
(Fig. 4g), indicative of repeated expansion/contraction of the underlying 
Si layer. Fig. 4i reveals a porous network of interconnected nano- 
ligaments after repeated cycling, which has been shown to play an 
essential role in high capacity retention over the course of hundreds of 
cycles [41,54]. It is notable that Fig. 4e–i also showcase the formation of 
a rather non-homogenous SEI layer. Such phenomenon is also reported 
by Luo et al. and can be attributed to several factors [55]. For example, 
the non-uniform distribution of Li amongst the Si NWs may lead to 
increased local conductivity in regions where more Li is accumulated, 
resulting in a not entirely homogenous SEI [55]. 

3.2.2. Solid electrolyte interphase (SEI) characterization 
To gain further insight into the chemical composition of the SEI layer 

formed on the Si NW electrodes in ILE and ILE + VC, ex-situ XPS mea
surements were performed after the first galvanostatic cycle (i.e., deli
thiated state). High-resolution C 1s, N 1s, O 1s, Si 2p and Li 1s spectra of 
both electrodes (cycled in ILE and ILE + VC) were acquired from the 

Fig. 3. Nyquist plots of Si electrodes in a) ILE and b) ILE + VC after the 1st and 20th cycles. (c) Equivalent circuit used to fit impedance data.  

stability of the cell in the current study was sufficient to enable 500 
cycles, which was not previously examined. Regarding the capacity 
decay observed upon 500 consecutive cycles, a closer look at the dif-
ferential capacity curves (Fig. S1 in Supporting Information) reveals that 
the capacity fading mostly affects the second sloping plateau (i.e., 
around 50 mV). This confirms that cycling at 100% depth of discharge 
(DOD) has a detrimental effect on cycling performance, as was observed 
in previous studies [34,49]. We are currently investigating the influence 
of capacity-limited cycling conditions as well as higher current densities 
on cycling stability of Si NW anodes in F-free IL electrolytes and the 
results will be published in future work. 

In order to investigate the changes occurring at the electrode/elec-
trolyte interface upon cycling, electrochemical impedance spectroscopy 
(EIS) was performed. Fig. 3a and b shows the Nyquist plot for the Si NW 
electrodes in ILE and ILE + VC, respectively, after the 1st and 20th cycle. 

In both cases, the impedance spectrum consists of two semicircles at 
high to medium frequencies corresponding, respectively, to Li diffusion 
through the SEI (RSEI | CPE1) and charge transfer at the electrode 
interface (RCT | CPE2). Finally, a linear regime is observed at lower 
frequencies, i.e., below 6 Hz, associated with the contribution from Li+

ions diffusion within the active material [45,50,51]. Considering the 
focus of this study on the interphase, the diffusive part of the spectra 
were excluded from the fitting of the impedance data. The equivalent 
circuit shown in Fig. 3c was used to model the impedance spectra (the 
resulting resistance values are summarized in Table S1). The extremely 
large charge transfer resistance (RCT) in ILE (5102 Ω) explains the low 
lithiation capacity in the first cycle (1732 mA h g 1). In fact, this can 
lead to rapid electrode potential drop to the set cut-off voltage before 
reaching the full lithiated state of Si. On the contrary, after addition of 
VC, the charge transfer resistance is decreased to 2587 Ω and the lith-
iation capacity increased to 4125 mA h g 1. 

Comparing the evolution of the spectra upon cycling, the effect of VC 
on the overall impedance is marked. The reduction of the charge transfer 
resistance (RCT), which decreases from 2587 to 514 Ω upon the first 20 
cycles in ILE + VC compared to a minimal decrease from 5102 to 4889 Ω 
in case of ILE, is evident. This decrease coincides with the establishment 
of the stable cycling regime observed in Fig. 2c and could be attributed 
to the increased electronic conductivity of the lithiated Si NWs [52]. The 
transformation of the discrete nanowires into a porous network 
providing a larger surface area for reaction (see the detailed 
post-mortem morphology study in section 3.2.1) could also explain such 
a behavior [41]. 

3.2. Post mortem characterization 

3.2.1. SEM/EDX 
The morphology of the Si NWs electrodes’ surface after cycling in 

both ILE and ILE + VC was investigated via SEM (Fig. 4). For compar-
ison, the SEM images of the pristine electrode are shown in Fig. 4a and b, 
which evidence a dense coverage of nanowires across the entire sub-
strate, with the nanowire’s surface appearing clean and with sharp 



electrode surface and after 10, 20, 30, and 40 min of Ar+ sputtering to 
provide the depth profiling of the surface layer. For each sample, the 
variation of relative elemental concentration was determined based on 
the survey scans, taking into account the sensitivity factor and the peak 
area of each element. Fig. 5 presents the atomic concentrations of each 
element with respect to increasing sputtering time. The survey scans of 
the cycled and pristine electrodes are provided in Figs. S4–S6 in Sup
porting Information. As shown in Fig. 5, in both cases, the main 
contribution comes from carbon-containing species (≈45%), which re
mains almost unchanged with sputtering time. It is noteworthy that for 
the electrode cycled in ILE + VC (Fig. 5b), the nitrogen concentration is 
remarkably lower than that recorded for the one in ILE, while the con
centration of oxygen is higher. This clearly indicates the preferential 

reduction of VC over the N-containing species present in the electrolyte, 
in agreement with the results obtained from the EDX mapping (see part 
2.2.1). Compared to the gradual increase of the Si content in case of the 
electrode cycled in ILE (Fig. 5a), the Si content reaches a constant value 
of ≈3.6% after 30 min of sputtering in case of the ILE + VC sample. This 
suggests that the SEI layer formed in the ILE + VC is relatively thinner. It 
should be noted that due to inhomogeneous nature of the SEI layer, the 
thickness of the surface layer cannot be accurately determined. The 
slightly higher concentration of Li (about ≈25%) for the electrode cycled 
in the ILE is in agreement with its lower first cycle Coulombic efficiency 
compared to that cycled in ILE + VC (i.e., 42% and 48%, respectively). 
Interestingly, for both electrodes, the relative concentration of the ele
ments remains almost constant during the extended sputtering time, 

Fig. 4. Post mortem SEM images of Si NW electrodes (a–b) at pristine state, (c–d) after the first cycle in ILE, (e–f) after the first cycle in ILE + VC, and (g–i) after the 
100th cycle in ILE + VC. 



indicating a relatively homogenous composition throughout the SEI 
layer thickness. 

To obtain further insights into the nature of the SEI species and their 
depth distribution on the Si electrodes, the high-resolution N 1s and C 1s 
core spectra before and after 40 min of sputtering are presented in Figs. 6 
and 7 for electrodes cycled in ILE and ILE + VC, respectively. To confirm 
the accuracy of the peak assignments and to correct for possible BE shifts 
associated with charging phenomena, the ΔBEs of identified phases 
were calculated and reported in Table S2 in Supporting Information [16, 
33,56]. 

SEI composition in ILE. The N 1s spectrum of the outermost surface 
of the electrode (Fig. 6, top) displayed two sets of peaks. The first three 
peaks correspond to TCM (-C–––N) at 398.72 eV [16,57–61], DCA
(-C-N--C-) at 399.56 eV [16,62], and N+ at 402.01 eV [32,62–64], 
evidencing the presence of residual IL on the electrode surface, despite 
having been washed with DMC [16,62,63]. 

The second set of peaks appearing at 396.56 eV, 397.96 eV, and 

400.40 eV, are attributed to LiCxHyN/Li3N, -C-N- and/or LiCHN, and 
–N═C- double bond in a polymeric network, respectively [59–61,64,65].
These features are associated with reduction products of the electrolyte,
where a polymeric network and Li3N form due to reduction/polymeri
zation of the DCA and TCM anions [15,66,67]. This is supported by
previous studies on Li metal electrodes and confirmed by MD and DFT
simulations [12,16]. Additionally, the presence of the double and triple
bonds is testified by the observed π-excitation signal toward higher BE
(about 4 eV) [12,60].

Upon sputtering, although the same components appear in the N 1s 
spectrum, the intensity of the three IL-related peaks (i.e., –C–––N at 
398.84 eV, -C-N--C- at 399.60 eV, and N+ at 401.95 eV) decreases, 
consistent with the removal of the residual IL along with the surface 
during etching. Additionally, the contribution of peaks ascribed to the 
decomposition products of the IL increases significantly. More precisely, 
the inorganic compounds such as Li3N at 396.84 eV as well as com
pounds with -C-N- bond (at 398.14 eV) and –N═C- bond (at 400.60 eV) 

Fig. 5. Atomic concentration of the observed elements on the Si electrode surface after the first cycle in (a) ILE and (b) ILE + VC as a function of etching time.  

Fig. 6. High-resolution N 1s, and C 1s photoelectron spectra, before and after etching, of the Si electrode surface after the first cycle in ILE.  



characteristics appear to be dominating the inner layer, i.e., closer to the 
Si surface. It is worth noting the persistent presence of the IL signals most 
probably originates from the trapped IL in the porous structure of the Si 
nanowires. 

The C 1s high-resolution spectrum of the outermost surface indicates 
the presence of C–C/C–H species at 284.53 eV [68,69], C–––N at 286.35 
eV [59,61], and C–N at 287.07 eV [59,61,70], originating from 
degraded IL (i.e., DCA , TCM , and Pyr14

+ ), as well as contributions from 
the IL persisting on the surface. Additionally, species with O–C––O 
character (possibly lithium alkylcarbonate) at 288.30 eV and CO3

2 at 
290.0 are detected, resulting from the reactions with DMC during the 
washing step [68,69,71]. In agreement with the conjugated C═N bonds 
observed in the N 1s spectra, the peak appearing at 285.63 eV also has 
the characteristics of carbon atoms having two single bonds with car
bon/nitrogen and one double bond with nitrogen (note the peak at about 
4 eV higher value attributed to π-excitation of the C–––N and C═N 
network). Furthermore, a small peak at 283.73 eV is seen on the surface, 
corresponding to graphitic sp2 carbon. The amount of graphitic carbon 
present in the sample increases significantly with sputtering time and 
dominates the inner layer of the SEI, as shown in the C 1s spectrum 
(Fig. 6, bottom). Formation of such species indicates a complete 
reduction of the TCM anion, resulting in formation of graphitic carbon 
and Li3N, which was in fact observed in the N 1s spectra [12,16]. 

The removal of IL along with the increase in the reduction/decom
position products of the electrolyte is also clearly seen in the C 1s 
spectrum after sputtering. This is in agreement with the results obtained 
from the N 1s spectrum, suggesting a higher degradation occurring close 
to the Si surface. 

SEI composition in ILE + VC. Considering the N 1s spectrum (Fig. 7, 
top), the peaks associated with the IL, appearing at 398.50 eV (-C–––N), 
399.43 eV (-C-N--C-), and 402.01 eV (N+ of Pyr14

+ ), are dominant, once 
again indicating for the presence of residual IL on the surface despite the 
washing step. However, in comparison with the electrode cycled in ILE, 
the spectrum is less broadened. More precisely, when VC is added, the 

extent of electrolyte degradation appears to be diminished. This is evi
denced by the peaks identified as -C-N- (at 398.03 eV) originating mostly 
from the Pyr14

+ cation reduction, and N═C- double bond (at 400.23 eV) 
associated to the polymeric network (note the π-excitation signal at 
403.13 eV) formed by reduction of the DCA and TCM anions. However, 
the peak associated with LiCxHyN/Li3N (at 397.06 eV) only appears after 
sputtering along with removal of the IL (Fig. 7, bottom). Li3N is known 
to be a critical SEI component providing high Li + conductivity (6 mS 
cm 1 at 25 ◦C) [72,73]. Interestingly, the inner layer of the SEI is 
dominated by Li3N and species with -C-N- bond characteristics (possibly 
LiCHN), whereas the intensity of the peak corresponding to the C––N 
polymeric network decreases. It should be noted that when considering 
the difference in the total amount of nitrogen detected for this sample (i. 
e., almost one third of the detected amount for the ILE sample), the IL 
residue after sputtering is almost negligible and most likely arising from 
the ions still trapped in the porous structure of the electrode. 

As mentioned previously, formation of nitride species (i.e., Li3N) 
requires the complete reduction of the TCM and/or DCA anions, which 
consequently results in formation of graphitic carbon. This is also evi
denced in the C 1s spectra before and after sputtering, where the sp2 

graphitic carbon peak at 283.3 eV appears only in the inner layer of the 
SEI (Fig. 7, bottom), in agreement with the N 1s spectra. 

Similarly to the observed trend in the N 1s spectra, the intensity of 
the peak at ≈ 285.5 eV, associated with C––N bonds in a polymeric 
network, decreases with sputtering. This suggests that the formed SEI 
consists of two main layers: the outermost layer has polymeric charac
teristics, which can provide good mechanical stability and flexibility to 
withstand the volume changes of the underlying Si, while the inner layer 
is dominated by inorganic compounds such as Li3N, delivering high Li- 
ion conductivity, as well as graphitic network that provide electronic 
conductivity. 

Unexpectedly, the species identified in the C 1s spectra (Fig. 7) of the 
electrode cycled in ILE + VC are no different from those detected for the 
electrode cycled in ILE. In particular, besides the peak at 288.9 eV 

Fig. 7. High-resolution N 1s, and C 1s photoelectron spectra, before and after etching, of the Si electrode surface after the first cycle in ILE + VC.  



––

4. Conclusion

In this study, the fluorine-free IL, LiDCA-Pyr14TCM (1–9 mole ratio)
is investigated as electrolyte in combination with Si NW anodes. The 
galvanostatic cycling and electrochemical impedance spectroscopy tests 
of the Si anode with the IL electrolyte showed a poor cycling perfor
mance and extremely high interfacial resistance, suggesting the need for 
an SEI forming additive. In this regard, addition of the 5 wt% of VC to 
the electrolyte resulted in a highly reversible Si–Li alloying process with 
capacities of 1760 mA h g 1 after 200 cycles and 1500 mA h g 1 after 
500 cycles, corresponding to 88% and 75% retention with respect to the 
second cycle delithiation capacity, respectively. The detailed study of 
the electrode/electrolyte interface during and after cycling revealed 
transformation of the nanowires into a porous network of inter
connected nano-ligaments which, in turn, resulted in a decrease in 
interfacial resistance after prolonged cycling. On the basis of the XPS 
and EDX results, the addition of VC had a crucial role on reducing IL 
decomposition and consequently controlling the SEI thickness. The SEI 
formed in ILE exhibited a very homogenous composition throughout the 
thickness, whereas in case of ILE + VC the SEI consisted of two main 
layers. The inner layer appeared to be rich in graphitic carbon and 
inorganic compounds, enhancing the electronic conductivity of the Si 
substrate and Li-ion conductivity of the SEI, respectively. The outer 
layer, on the other hand, was rich in polymeric species, including groups 
with carbon-nitrogen single, double and triple bonds, which ensure a 
more cohesive and flexible surface film while serving as an insulating 
layer to prevent further electrolyte decomposition. 
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