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Abstract

Addition of electrolyte additives (ethylene or vinylene carbonate) is shown to dramatically
improve the cycling stability and capacity retention (1600 mAhg?) of Si nanowires (NWSs) in
a safe ionic liquid (IL) electrolyte (0.1LiTFSI-0.6PYR13FSI-0.3PYR13TFSI) . We show using
post-mortem SEM and TEM, a distinct difference in morphologies of the active material after

cycling in the presence or absence of the additives. The difference in performance is shown by



post-mortem XPS analysis to arise from a notable increase in irreversible silicate formation in
the absence of the carbonate additives. The composition of the solid electrolyte interphase
(SEI) formed at the active material surface was further analysed using XPS as a function of the
IL components revealing that the SEI was primarily made up of N, F and S containing

compounds from the degradation of the TFSI and FSI anions.
Keywords: lonic Liquid, Electrolyte, Silicon Nanowires, SEI, Ex-situ
Introduction

Replacing graphite anodes in Li-ion batteries with Si offers a ten- fold increase in
lithium storage capacity, owing to a change from intercalation to alloying as the charge storage
mechanism.* The associated volume changes in alloying (~300% e.g Si) has long meant a
negligible cycle life for large particles although significant promise has emerged with
nanostructured morphologies to withstand repeated cycling.>® NW morphologies are
particularly promising as they can be grown directly from the current collector, offering
additional benefits in terms of short Li diffusion distances, good conductivity and the ability to
eliminate non-L.i active weight from battery (i.e. binders and conductive additives). As a result,
binder-free NW based anodes have exhibited some of the best reported cycling stability to date
in the literature.>*3 Initially, the ability of the NWs to survive repeated cycling was thought to
be due to the ability of each NW to withstand the volume change, however, recent work has
shown that the NWs undergo a morphological evolution from discrete structures into a fibrous
porous network that is more resilient.® ** A major remaining hurdle is the instability of the solid
electrolyte interphase (SEI) over extended charge/discharge cycles for Si anodes.'®1® The
repeated volume changes during alloying/dealloying fractures the SEI- continually re-exposing
the active material each cycle. The SEI is thus under constant repair, resulting in a

consequential consumption of the electrolyte and cycleable Li, along with irreversible reactions



with the anode material (e.g. formation of lithium silicates).}’?? The outcome is a reduced
coulombic efficiency and steady/continued fade in capacity.??* The use of electrolyte
additives has been investigated to try to overcome these issues, where ‘stable SEI formers’
have been used to form conductive and mechanically flexible SEIs. While additives typically
make up just 1-5 wt.% of the electrolyte, they can significantly influence the battery’s

electrochemical performance.'# 25-%0

Currently, most electrolytes employed are volatile and carbonate-based, which can
compromise the safety of the battery, with overheating or short-circuiting of the cell leading to
thermal runaway and subsequent fire and/or explosion.®! These safety concerns have prompted
research into ionic liquids (ILs) as battery electrolytes due to their low vapour pressure induced
inflammability.32-33 ILs, are room temperature molten salts composed of organic cations paired
with inorganic or organic anions. A typical IL electrolyte for a Li-ion battery is based on N-
alkyl-N-methylpyrrolidinium cations ((PYRn)") with bis-(trifluoromethanesulfonyl)imide
(TFSI") or bis-(fluorosulfonyl)imide (FSI") anions.3*3¢ Both anions are beneficial to the
electrolyte where FSI™ has moderate viscosity, a low melting point and offers fast ion transport,
whereas TFSI- possesses a wide electrochemical and thermal stability.3* 3" Previous reports
have confirmed the fundamental compatibility of IL electrolytes with Si and Ge anodes, leading
to encouraging electrochemical performance.®®*® However, despite their key role in
determining long term cycling stability, there has been limited research on use of electrolyte

additives to improve the performance of Si anodes within IL electrolytes.

In this study, the positive effects of the addition of SEI forming additives (EC and VC)
on the performance of Si NWs anodes in a 0.1LiTFSI-0.6PYR13FSI-0.3PYR13TFSI 1L
electrolyte are investigated and explained. The base IL electrolyte used combines FSI- and
TFSI™ ions in order to access the combination of properties such as wide electrochemical

window, good chemical and thermal stability, flame retardancy and negligible vapour



pressures.*#7 1t is shown that the SEI composition and morphological evolution of the active
material within the base IL electrolyte are markedly different to the additive containing
electrolytes. The incorporation of electrolyte additives not only leads to significant
morphological changes of the Si NW arrays during cycling (formation of a connected active
material network versus textured NW formation) but also leads to crucial SEI composition
differences (specifically a suppression of parasitic Li silicate formation). These factors explain
the enhanced electrochemical performance of the electrolyte additive-containing IL and
highlight the critical role played by IL electrolyte formulation for high capacity Li-ion anode

materials.

Results & Discussion
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Figure 1. a) Schematic of Si NW half-cell testing and influence of electrolyte composition on structural
evolution. b) Chemical structures of the electrolyte constituents: i) LiTFSI, ii) PYR13TFSI iii) PYR13FSI,
iv) EC, v) VC. ¢) Low and d) high magnification SEM images of the Sn-seeded Si NWs synthesized directly
from SS current collects. e) TEM of a Si NW showing diameter of NW and spherical Sn seed. f) XRD taken
of NW covered substrate where peaks for Si, Sn and the underlying SS can be seen.



The Sn seeded Si NWSs were synthesized directly from the stainless-steel current
collector eliminating the requirement for slurry processing of the electrodes and, additionally,
ruling out interference from binders and conductive additives in our study (Figure 1a). The
main electrolyte components are shown in Figure 1b. The wires are typically 100 nm in
diameter with the Sn seed size of 400 nm as shown in SEM and TEM images Figure 1 c-e.
The as-grown anodes used in this study had active mass loadings of approximately 0.2 mg/cm?.
While the central focus of this study is on the impact of IL electrolyte formulations on Si NW
stability and morphology during cycling, we acknowledge that the mass loadings investigated
in this study are lower than that required for commercial systems. Nonetheless, practical mass
loadings could potentially be achieved through greater morphological control (e.g. synthesizing
longer Si NWs, thus maintaining the benefits afforded by the NW morphologies during
cycling) and optimization of the current collector (e.g. by utilizing a 3D current collector with
increased surface area or adopting a double-sided NW growth protocol). XRD revealed
reflections consistent with cubic Si and tetragonal Sn (Figure 1f), with the remaining
reflections from the stainless-steel current collector. Three different electrolyte compositions
were investigated in this study, the pure IL and the IL with either the EC or the VC additive.
The use of ternary (0.1LiTFSI-0.6PYR13FSI-0.3PYR13TFSI) and quaternary (0.1LiTFSI-
0.6PYR13FSI-0.3PYR13TFSI + 5% EC or VC) electrolytes in this study aimed to combine the
moderate viscosity, fast ion transport and thermal stability of PYR13FSI with the wide
electrochemical and thermal stability afforded by PYR13TFSI.3® A TFSI:FSI mole ratio of 2:3
was used on the basis of a previous study where it was determined to be the optimal ratio in
terms of compromise between ion-transport, and thermal and rheological properties.®® The
addition of organic species does not compromise the safety of the battery as the small quantities

ensure they are consumed within the first half cycle.*®
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Figure 2. a) Charge and discharge capacities of the Si NWs over 250 cycles when cycled in each electrolyte
composition. The material was cycled at a C/5 rate in a potential range of 0.01 — 1 V. b) Discharge capacity
retention, plotted as a percentage, for each Si NW anode cycled in the IL electrolytes. ¢) Charge and
discharge capacities at varying cycling rates of the Si NWs in each electrolyte composition and the

associated d) Percentage capacity retention for the three electrolyte compositions tested.

The initial discharge (delithiation) capacities for each test were: 2016 mAhg™* (IL with
no additive), 2220 mAhg* (IL + 5% EC) and 2081 mAhg™ (IL + 5% VC) (Figure 2a). These
gravimetric capacities translated to areal capacities in the range of: 0.44 —0.40 mAh/cm?. After
250 cycles the anodes retained capacities of 1148 mAhg™ (no additive), 1443 mAhg* (+ EC)
and 1605 mAhg? (+ VC) mAhg?. These capacities corresponded to 57%, 65% and 77%
retention, respectively (Figure 2b). Figure 2 also compares the performance observed for the
IL-based electrolytes to that of Si NWs cycled in an EC/DEC electrolyte in terms of gravimetric

capacities and % capacity retention. The corresponding voltage profiles of the 1st, 10th, 25th,



50th, 100th, and 250th cycles for the four tests are presented in Figure S1. After 250 cycles,
the Si NWs cycled in the EC/DEC electrolyte exhibited capacities of ~850 mAhg?
corresponding to 43% of the initial capacity retained. This is ~14% lower than the performance
in the pure ionic liquid and 34% lower than additive optimised IL. Ex-situ SEM analysis of the
Si NWs after 100 cycles in the EC/DEC electrolyte (Figure S2) showed that the active material
was fragmented into isolated regions that were tens of microns in size, which contrasts with a
more interconnected and better anchored structure with similar cycles in the IL-based
electrolytes (Figure S3). Improved coulombic efficiencies (CE) were evident in Si NWs cycled
in the IL-based electrolytes versus the carbonate electrolyte (Figure S4). For the EC/DEC
electrolyte, it took 100 cycles to reach 99% CE, a value that all three IL electrolytes had reached
before the 50th cycle. As an unstable SEI, constantly under repair, is typically responsible for
poor coulombic efficiency,***° these results suggest the passivating layer formed by the
decomposition of IL electrolytes is more robust and requires less repair on subsequent cycles

and is reflected in the long-term stability for these electrodes.

The rate capability, evaluated by charging and discharging Si NW electrodes in each
of the electrolytes for 5 cycles at rates of C/10, C/5, C/2, C, 2C, 5C, 10C and back to C/10, are
shown in Figure 2c with the relative capacity retention as a percentage in Figure 2d. The ionic
liquid with 5% VC performed best up to 1C, although at 2C and 5C the fully carbonate-based
electrolyte performed better with capacities of 530 mAhg™ at 5C. This suggests that while IL
electrolytes can compete over long-term cycling, they still require improvement for high rate
applications. At the fastest rate tested, 10C, while all electrodes exhibited poor capacities the
highest was for IL + VC. One of the primary reasons for poorer performance at faster rates is
due to low electrical conductivity and low rate of Li diffusion of Si.>* When cycled again at
C/10, the capacities returned to ~90% of their initial values showing that the material is robust

and remains electrically contacted to the current collector. The DCPs of the 2nd cycle for all



four tests are identical, showing that the two-step lithiation/delithiation of Si (Figure S5) is not

significantly impacted by the electrolyte composition.
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Figure 3. Ex-situ a) TEM and b) DFSTEM of the once-Si NW morphology after 100 cycles in 0.1LiTFSI-
0.6PYR13FSI-0.3PYR13TFSI electrolyte. Ex-situ ¢) TEM and d) DFSTEM of the once-Si NW morphology
after 100 cycles in 0.1LiTFSI-0.6PYR13FSI-0.3PYR1sTFSI + 5% EC electrolyte. Ex-situ ) TEM and f)
DFSTEM of the once-Si NW morphology after 100 cycles in 0.1LiTFSI-0.6PYR1:FSI-0.3PYR13TFSI + 5%
VC electrolyte.

SEM images of the active material with the SEI layer intact after 100 cycles revealed a
thick coating across all visible areas (Figure S6). Following the chemical removal of the SEI,

a notable difference between NWs cycled in the pure IL versus the NWs cycled in the presence



of the carbonate additives is observed. In the pure IL, while there was evidence of fusion
between NWs, the morphology of the active material was less consistent, with the NW
structures evident in a more textured form (Figure 3a,b & Figure S3). This suggests some
NWs had stopped reversibly alloying contributing to the reduced capacities. The active material
was composed of a network of nanometre-sized ligaments (Figure 3c,d for EC containing
electrolyte and Figure 3e,f for VC containing electrolyte), resulting from a combination of
pore formation and lithium assisted electrochemical welding over repeated
lithiation/delithiation.* 526 The formation of this network has been previously observed to
impart stability on the active material during long term cycling which coincides with an
improved capacity retention observed here (for the additive containing ILs) in Figure 3a.1*
Additional TEM images (Figure S7) of the restructured morphologies are presented in

supporting information.
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Figure 4. High resolution Si 2p spectra of the Si NWs after 100 cycles using each electrolyte additive. Prior

to analysis the SEI layer was removed

The chemical composition of the cycled active material with the SEI removed was
analyzed using XPS. The deconvoluted Si 2p spectrum, presented in Figure 4, indicates peaks
for elemental Si and lithium silicates (LixSiOy) and silicon dioxide.>! °8-%° The presented spectra
are similar for all three electrolyte compositions, apart from an additional peak corresponding

to SiO2 at approximately 103 eV for the additive containing electrolytes. This suggests a larger



portion of the elemental Si is consumed to form LixSiOy in the pure IL compared to when the
additives are used. This is evident from the more prominent LixSiOy peak (100.5 eV) relative
to the elemental Si peaks on the pure IL spectrum. Additionally, the fact that no peak exists
for SiO2, which is expected as the electrodes were exposed to air for the removal of the SEI, is
further evidence that the surface of the additive free active material is composed of LixSiOy.
These silicate phases are known decomposition products for cycled Si electrodes.?0-2L 30, 61-63
Their presence in higher proportions at the surface of Si in the pure IL explains the poorer
capacity retention of this electrode as their formation is irreversible. Conversely, the use of the
additives helps create a more resilient SEI layer over the active material which is less likely to
fracture and prevents unwanted consumption of Si. The more stable SEI layer appears to inhibit
the formation of silicates, which, by forming chemically stable SiO2 layer on the surface of
NWs at initial cycles, would block the surface toward further electrochemical processes.®* This
explains the improved cycling performance of the electrode material in the additive-containing
electrolyte. Furthermore, the presence of the LixSiOy phase at the surface of the additive free
NWs may prevent the active material from partaking in lithium assisted electrochemical
welding, thus inhibiting the formation of the mechanically robust interconnected porous
network.3® > It is noted that for all three spectra, no peaks exist at 105-106 eV, indicating the
absence of SiOxFy species. This is an added benefit to using an IL based electrolyte salt
(LiTFSI) over the traditional electrolyte salt, LiPFs, which forms HF in the presence of trace
amounts of moisture, which in turn reacts with SiO2 to form SiOxFy.%° The stability and

resistance of LiTFSI in forming HF has been attributed to a lower sensitivity to electrolysis.%®
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Figure 5. a) C 1s spectra of the SEI layer after 100 cycles using each additive as well as the XPS obtained
for the IL directly. b) N 1s spectra of the Si NWs after 100 cycles using each additive as well as the XPS
obtained for the IL directly. c) F 1s spectra of the Si NWs after 100 cycles using each additive as well as the
XPS obtained for the IL directly. d) O 1s spectra of the Si NWs after 100 cycles using each additive as well
as the XPS obtained for the IL directly.




The XPS C 1s spectra for the SEI of all three electrolyte compositions as well as the
blank uncycled IL are presented in Figure 5a. Due to the low vapor pressures associated with
ILs, it is difficult to completely remove all of the electrolyte, therefore XPS spectra of pure IL
was used to identify residual 1L on the ex-situ spectra.®” Dimethylcarbonate was used to wash
electrodes prior to analysis, as is standard in the field.3> %8 In the C 1s, the most intense peak at
284.6 eV occurs due to hydrocarbon (CH) and the alkyl carbon (CC) species- degradation
products from the PYR13 ion and the carbonate additives. The peak at 286 eV corresponds to
CN species from PYRu3 degradation and CO species due to breakdown of the carbonate-based
electrolyte additives. As such, this peak is more prominent for the additive containing
electrolytes due to the increased signal from carbonate degradation products in the SEI layer.
The presence of the CO decomposition species is corroborated by a peak ~533 eV on the C 1s
(Figure 5d).2° The presence of CN species at the SEI surface is reciprocated in the N 1s spectra
(Figure 5b) (403 eV). In the C 1s for the blank IL, a CFs peak at ~ 292.4 eV is due to the
bonding environment of the TFSI anion. This is also reciprocated as a high intensity peak
appearing at 688.7 eV on the F 1s spectra (Figure 5c) for the uncycled IL. This peak, albeit at
a lower intensity, is present for all three electrolyte compositions after being subjected to 100

charge/discharge cycles.

On the N 1s XPS of the pure IL there are two peaks corresponding to the only two N
environments of the uncycled electrolyte with the N* species (PYRi3") appearing at
approximately 402.2 eV and the N species (TFSI/FSI") appearing at 399.3 eV, consistent with
previously reported results.®® The N 1s and F 1s confirm degradation of the IL components, in
particular the anions, with additional species present for all three electrolyte compositions and
disappearance of peaks present for the pure IL. For the N 1s, the peak corresponding to N*
(401.5 eV) remains which may be due to residual PYRu3 in the SEI layer during XPS analysis,

however the peak most likely corresponds to a nitrate species due to the indication of an NO3



species on the O 1s at approximately 533.4 eV (Figure 5d). The most intense peak on the F 1s
spectra is that for the LiF species (684.7 eV) which is attributed to the reaction between Li and
the reduced IL anions.® 7° Furthermore, the peak for LiF, the presence of which on the surface
of NWs would lead to sluggish Li* transport kinetics and consequent capacity fading due to its
high resistivity, is less pronounced in the VVC-added IL-based electrolyte.”* During lithiation,
the FSI anion reduces to a SO2F radical as an initial degradation product before losing an F
that forms LiF species present in the SEI;® 72 while also forming an SO containing species.®>
% The presence of a SO2 (SO2 or —SO2) environment is confirmed on the S 2p spectrum at
approximately 168 eV (Figure S8). TFSI, a more robust ion, is initially reduced to a
N(SO2CF3)2" radical before reacting again.®” ”® The most probable route, involves the breaking
of one of the S-N bonds, forming "NSO3CFs™ and SO2CFs".”* Another potential route involves
cleavage of the reduced C-S bond with the resulting ions predicted to undergo further reductive
decomposition, yielding species such as NSO, CFs, and SOz, which form insoluble components
in the SEI with Li.”>"" The NSO species is present in the SEI layer and confirmed on the N 1s
spectra at 400 eV. Additionally, a peak at ~398 eV likely corresponds to a nitride (N*) species
on the N 1s spectra (Figure 5b).%8 77® NSO, which is electronically insulating, but ion-
conductive, is more pronounced in VC- or EC-added IL electrolytes versus the pure IL
electrolyte. This is significant as NSO protects the NW surface against the electrolyte, while

providing excellent Li* diffusion kinetics.®

While most of the decomposition products can be related to the FSI and TFSI, the
PYRu3 cation also contributes to the SEI composition. The N 1s spectra suggests a breakdown
of the PYR13 cation which then provides the H* for the formation of the LiOH species present
in the SEI appearing on the O 1s spectra at ~531 eV.%® 7 However, this is the same region
where LiO: is also expected. Additionally, LIOH/LiO2, SO2 and NOs containing species are

highlighted as decomposition products, for all three electrolyte compositions after 100 cycles



in the O 1s spectra. The deconvoluted S 2p spectrum clearly shows the presence of SO2 species
in the SEI for all three tests and, as discussed, is a degradation product of both the FSI and
TFSI anions.8! Additionally, the SO2 species likely breaks down further to form sulphate,
sulphite and sulphide species which are accounted for on the S 2p spectrum.’® 8 These peaks
are all consistent for the three electrolyte compositions as the presence of S in the SEI is

exclusively due to degradation of the IL components.

Conclusions

High reversible capacities and improved long-term cycling stability were observed for Si NW
anodes when cycled in safer, flame retardant IL electrolytes incorporating a small sacrificial
amount of carbonate additives. This improved Li-ion battery performance over conventional
carbonate-based electrolytes resulted from a more robust SEI that required less repair upon
each cycle. VC containing IL electrolytes showed a 20% improvement over the pure IL
electrolyte and a 34% improvement over the conventional carbonate-based electrolyte. It was
discovered, through ex-situ XPS and electron microscopy, that these additives helped form a
more resilient SEI layer which inhibited the irreversible decomposition of elemental Si to
lithium silicates at the surface of NWs. This facilitated the complete restructuring of the active
material to a fused interconnected network, which bestowed improved capacity retention on
the material. This study highlights the potential of ILs as safe, higher performance alternatives

to carbonate-based electrolytes for future Li-ion battery applications.
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