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Nickel-rich layered cathodes suffer from unstable interfaces and structural collapse, leading to poor
cycling stability in conventional carbonate-based electrolytes. lonic liquid electrolytes have the potential
to enable high-safety and high-specific energy in lithium metal batteries employing nickel-rich
cathodes. However, their practical performance is limited by their low ionic conductivity and
unsatisfactory interphase formation, which allow operation only at relatively low current densities. In this
work, a dual-cation-IL-based electrolyte was employed comprising NaPFg as an additive for tuning the
solvation structure. This electrolyte, which exhibited high ionic conductivity (5.06 mS cm™ at 20 °C),
enabled Li||LiNig g3C00.11MnNg 05B0.0102 cells operating in the voltage range of 3.0-4.3 V with excellent
capacity retention after 500 cycles at 1 C (95.2%) and a 1500-cycle-long lifespan (>80%). Even after
reducing the operative temperature to 0 °C, the cells could deliver high discharge capacity (above
150 mA h g™ at 0.5C without capacity decay. Ex situ X-ray photoelectron spectroscopy and time-of-

Received 5th February 2025, flight secondary-ion mass spectrometry analyses revealed that the electrode/electrolyte interphase
Accepted 26th March 2025 derived from the NaPFg¢ additive was more robust and uniform, possibly facilitating sodium co-
DOI: 10.1039/d5ee00669d deposition on the anode surface against Li dendrite growth. Meanwhile, the inorganic-dominated
cathode/electrolyte interphase (CEl) considerably protected the cathode structure and inhibited lattice
rsc.li/ees distortion and microcracks, as revealed by atom-level electron microscopy and in situ X-ray diffraction.

Broader context

High-specific-energy rechargeable lithium batteries are being fiercely studied by researchers and battery makers to meet the ever-increasing demands for
extended driving ranges in electric vehicles and electric vertical take-off and landing (eVTOL) aircrafts. However, the most pressing task is to ensure high safety
using an exceptionally stable electrolyte to eradicate the risks of battery ignition or explosion. In recent years, ionic-liquid-based electrolytes (ILEs) have been
proposed as potential replacements for conventional highly flammable carbonate-based electrolytes, especially for lithium metal batteries (LMB). However, the
inferior ionic conductivity of ILEs at ambient temperatures limits the rate performance of the resulting cells. Herein, a highly ion-conducting dual-cation IL-
based electrolyte comprising the NaPF, additive was developed, which afforded LMBs with a 1500-cycle-long lifespan at 1C (>80%) and room temperature or
0 °C using high-voltage, nickel-rich positive electrodes. This study highlights the possibility of employing ILEs in practical LMBs to realize high safety and long-
term cycling.

“State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan, Hubei 430070, China.
E-mail: thin@whut.edu.cn

b Helmholtz Institute Ulm (HIU), Helmholtzstrasse 11, Ulm 89081, Germany. E-mail: guk-tae.kim@kit.edu, stefano.passerini@kit.edu

¢ Karlsruhe Institute of Technology (KIT), P.O. Box 3640, Karlsruhe 76021, Germany

4 School of Physics and Materials Science, Nanchang University, Nanchang, Jiangxi, 330031, China

“i-Lab & CAS Key Laboratory of Nanophotonic Materials and Device Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Acadeny of Sciences, Suzhou, Jiangsu
215123, China

f Department of Energy Convergence Engineering, Cheongju University, Cheongju, Chungbuk, 28503, Republic of Korea

$11 Chem Co., Ltd, 282, Hagui-ro, Dongan-gu, Anyang-si, Gyeonggi-do, Republic of Korea

" Austrian Institute of Technology (AIT), Center for Transport Technologies, Giefinggasse 4, 1220, Wien, Austria

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ee00669d

4740 | Energy Environ. Sci., 2025, 18, 4740-4752 This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0003-1041-5376
https://orcid.org/0000-0002-7945-0826
https://orcid.org/0000-0001-9497-994X
https://orcid.org/0000-0001-8764-1246
https://orcid.org/0000-0001-9421-2183
https://orcid.org/0000-0002-6606-5304
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee00669d&domain=pdf&date_stamp=2025-04-15
https://doi.org/10.1039/d5ee00669d
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00669d
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018010

Open Access Article. Published on 28 March 2025. Downloaded on 12/13/2025 3:43:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1. Introduction

High-specific-energy rechargeable lithium batteries hold great
potential in the development of electric vehicles, promising to
deliver a longer driving range and relieve charging anxiety.
Presently, cathode materials mainly restrict the energy perfor-
mance of cells because of their lower theoretical specific
capacity than those of silicon/graphite and, potentially, lithium
metal anodes."” Nickel-rich layered oxides LiNi,Co,Mn;_, ,0,
(NCM, x > 0.8) have been at the forefront of promising cathode
candidates in virtue of their high specific capacity and working
voltage and low cost.>*
exhibit poor cycling stability’ and thermodynamic instability®
in conventional carbonate-based electrolytes owing to the
highly reactive Ni** ions, which are easily reduced to Ni**/Ni**
by carbonate solvents (e.g., ethylene carbonate), simultaneously
causing the decomposition of solvent molecules.””® Further-
more, these cathodes suffer from cation mixing between Ni**
and Li’, resulting in the formation of the inactive rock-salt
phase starting from the surface of the outer secondary particle
and progressing into their bulk along the boundary of primary
particles. This process is accompanied by severe microcracks in
the cathode secondary particles, which further increase the Li*
charge transfer resistance and aggravate performance decay.’°
Construction of highly robust cathode/electrolyte interphases
(CEIs) via electrolyte engineering has gained widespread recog-
nition because it can suppress the performance degradation of
nickel-rich cells by sustaining the structural integrity of cathode
particles."”"™* Conventional carbonate-based electrolytes gener-
ally form a non-uniform, organic-rich CEI layer accompanied by
a high resistance and poor capability making to mitigate side
reactions between the electrolyte and cathode.’® In compari-
son, inorganic-rich species, typically represented by lithium
fluoride (LiF), have been demonstrated to facilitate uniform
and rapid transportation of lithium ions across electrode/
electrolyte interfaces by enhancing electronic insulation and
ionic conduction and thereby avoiding unceasing electrolyte
decomposition.">"” The electrolyte plays a critical role in determin-
ing the electrode/electrolyte interface chemistry.'®'® Undoubtedly,
rationally designing inorganic-rich electrode/electrolyte interphases
via electrolyte engineering is a feasible route to achieve high-
performance nickel-rich lithium batteries.

In recent years, ionic liquid electrolytes (ILEs) were revealed to
yield dense inorganic-rich CEI, enabling highly stable lithium
metal batteries coupled with high capacity nickel-rich- and
lithium-rich-cathodes.”*® The underlying reason is the highly
stable electrode/electrolyte interphases composed of LiF-
dominated inorganic products, which protect cathode materials
against an attack from acidic species in electrolytes.>® Further-
more, it should be emphasized that the intrinsic properties of
ILEs, e.g., non-flammability, low volatility and a broad electro-
chemical stability window (ESW), make them promising as highly
safe electrolytes for next-generation lithium metal batteries.**?*
Despite their potential, the low ionic conductivity of common ILEs
remains a significant obstacle to their practical applications,
particularly under high-rate-performance and low-temperature

Nevertheless, nickel-rich materials
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conditions. Among ILEs, ethylmethylimidazolium (EMI)-based
ILEs are promising candidates because they exhibit ionic con-
ductivities close to those of carbonate-based electrolytes, e.g.
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (EMIFSI)
can achieve an impressive ionic conductivity of 7.71 mS cm™* at
20 °C.>* However, these types of ionic liquids have poor compat-
ibility with lithium metal, leading to lower electrochemical stabi-
lity. This limitation hampers the further development of EMI-
based ILEs, restricting them from becoming the mainstream
option in high-voltage lithium metal batteries.”® Their poor catho-
dic stability is ascribed to the reactivity of the proton at the C-2
position in the imidazolium ring, which forms N-heterocyclic
carbenes after the prolonged contact of ILs with lithium metal.*®
Fluoroethylene carbonate (FEC) can form a protective solid elec-
trolyte interphase (SEI) layer that prevents direct contact between
the EMI cation and lithium metal, thus alleviating subsequent
decomposition reactions associated with ionic liquids.>® Anions
also have a significant effect on the interfacial stability between the
EMI cation and lithium metal anode. Takafumi et al. compared
different anions, specifically bis(fluorosulfonyl)imide (FSI) and
bis(trifluoromethanesulfonyl)imide (TFSI), and demonstrated that
FSI” imparts superior stability than TFSI~ when used in
combination with the EMI cation and sodium metal anode.”’
Additionally, functionalizing the imidazolium cation®® and using
high-concentration ILEs>® can effectively enhance the stability of
EMI-based ILs in lithium metal batteries. Nevertheless, in these
routes, it is arduous to fully block the side reactions of EMI
cations.

In this study, we present a novel electrolyte engineering
approach to realize the exceptional stability of lithium metal
batteries comprising EMI-based ILEs. The competitive func-
tions of 1-butyl-1-methylpyrrolidinium (Pyr,,") and the electro-
Iyte additive NaPF, fully isolate the reduction of EMI cations
against lithium metal while enabling the formation of a rein-
forced CEI that strongly protects the integrity of the cathode
structure, thus guaranteeing outstanding electrochemical per-
formance. Consequently, this study highlights the feasibility of
using EMI-based ILEs and provides a novel strategy to simulta-
neously achieve high stability and high rate capability in
lithium metal batteries.

2. Results and discussion

Electrochemical stability, a crucial benchmark of electrolytes
for their use in high-voltage battery chemistries, can be eval-
uated via linear sweep voltammetry (LSV). To assess the influ-
ence of dual cations (Pyr;," and EMI') compared with that of
pure EMI cations, the LSV curves of a pure EMI cation-based
ILE (0.2LiFSI-0.8EMIFSI, named PEIL) and a hybrid ILE
(0.2LiFSI-0.4EMIFSI-0.4Pyr,,FSI, named HEIL) are displayed
in Fig. 1a. At a threshold for oxidation of 2.5 pA cm ™2, a very low
value compared with most previous studies, the increase in the
current around 4 V in the LSV curve of the PEIL indicates the
onset of the oxidation reaction occurring at the platinum
electrode. Compared with the HEIL, where the EMI cation is
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partially replaced by the Pyr,, cation, the current increases
more gradually, crossing the oxidation threshold at ~4.5 V.
Although unexpected, the presence of the Pyr,, cation clearly
contributes to the enhancement in the anodic stability of the
electrolyte, which can be attributed to the larger steric hin-
drance of the alkyl group that forms a thicker double-layer and
overscreens anions from oxidation.”*>° However, the larger
steric hindrance of the Pyr;, cations inevitably impairs the
lithium transport ability. To evaluate this effect of Pyrm+ addi-
tion, the ionic conductivity of the PEIL and HEIL at different
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temperatures is displayed in Fig. 1b. A relatively high ionic
conductivity of 5.85 mS cm ™" is observed for the HEIL at 20 °C,
which is slightly lower than that of the PEIL (7.52 mS cm ™).
Still, the HEIL exhibits ionic conductivities of 2.37 and
0.62 mS cm™ " at 0 and —20 °C, respectively. This indicates that
the dual-cation-based HEIL exhibits high conductivity at room
temperature and sub-ambient temperatures. To verify the effect
of Pyr,," addition on the electrochemical performance of lithium
metal batteries, the cycling behaviours of PEIL- and HEIL-based
Li|[NCMS83 cells are compared in Fig. 1c and Fig. S1 (ESI}).
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(a) LSV curves of PEIL and HEIL electrolytes at a scan rate of 0.1 mV s+

Voltage (V vs. Li/Li")

. (b) lonic conductivity of the HEIL electrolyte. (c) Coulombic efficiency of

Li|INCM83 cells using the PEIL or HEIL upon cycling at 1C and 20 °C. (d) Detailed specific capacities of the PEIL-based Li|[NCM83 cell from the voltage
curves presented in Fig. S4 (ESIT). (e) Long-term cycling behaviour of Li|[NCM83 cells in the HEIL at 2C. Comparison of differential capacity curves in the

100th and 170th cycle for cells with the (f) PEIL and (g) HEIL electrolytes.
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No significant difference is observed in the first cycle (Fig. S2,
ESIY); the PEIL cell delivers a discharge capacity of 210 mAh g™,
which is slightly lower than that of the HEIL cell. While the
discharge capacity of the PEIL cell stays relatively stable during
the subsequent 200 cycles, large fluctuations and, eventually,
degradation of coulombic efficiency (CE) are observed after
approximately 120 cycles, with the CE hardly returning to 99%
upon further cycling (Fig. 1c). The change in the CE upon
prolonged cycling (500 cycles) is displayed in Fig. S3 (ESIt),
confirming that the low CE of the PEIL cell is persistent,
indicating that the side reactions of the ILE continuously occur
in the cell during its cycling. To further analyse the underlying
reasons for this behaviour, the selected voltage profiles after
specific cycle numbers are presented in Fig. S4 (ESIt). While the
discharge curves are almost consistent, an obvious discrepancy
is observed in the charge curves at high voltages, which extends
to larger values with increasing cycle numbers. This is probably
due to the decomposition of FSI™ anions or the growth of soft
dendrites, as evidenced by the SEM images of cycled lithium
metal (Fig. S5, ESIT), which show numerous pits on the metal
surface and fluffy-like dendrites growing from these pits, leading
to the larger charge capacity that dramatically decreases the
CE.*"*? The charge/discharge capacities and CE values of the
PEIL-based cell after several selected cycles are compared in
Fig. 1d. There is no significant variation in the discharge
capacity, but the charge capacity shows significant fluctuations.
In contrast, the HEIL cell maintains high CE values, close to
100%, during cycling (Fig. 1c and Fig. S3, ESI{), and the HEIL
cell exhibits stable cycling performance for 500 cycles. Even at a
high rate (2C), the cell still maintains high cycling stability with a
capacity retention of 82.2% after 500 cycles (Fig. 1e). Generally,
the electrochemical behaviour is associated with phase transi-
tions occurring on the surface and bulk of the cathode.*® To
further understand the fluctuating CE, the differential capacity
curves of PEIL- and HEIL-based Li||NCM83 cells are compared
in Fig. 1f and g. A sharp increase in the peak corresponding to
the H2-H3 phase region is observed in the differential capacity
curve of the PEIL-based cell. This region reflects the transforma-
tion of the crystalline structure from the hexagonal H2 solid
solution phase to the H3 solid solution phase, accompanied by
lattice contraction, which cannot contribute to an increase in the
peak intensity. Therefore, the abrupt peak growth can be
ascribed to the flattening of the voltage plateau at which the
process occurs. In contrast, the H2-H3 peak in the differential
capacity curve of the HEIL-based cell does not abruptly change,
but a slight peak shrinkage during the reduction process is
observed (Fig. 1f), which indicates mild performance degrada-
tion upon cycling (Fig. S1, ESIT). The capacity retention of this
cell is 94.3% after 200 cycles, which indicates the imperfect
performance of the electrode/electrolyte interphases and/or the
corrosion of the current collector in the full FSI anion ILE
system.> The LiPF salt is the most common lithium salt, and
it exhibits certain defects, such as poor thermal stability. How-
ever, it can excellently suppress the corrosion of the Al current
collector.>® More importantly, PFs~ anions are known to con-
tribute to the formation of a fluorine-rich cathode/electrolyte

This journal is © The Royal Society of Chemistry 2025
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interphase.>**”
genous lithium deposition via co-deposition on the anode sur-
face, hindering lithium dendrite growth.>®?° Therefore, NaPFg
was introduced as an additive into the HEIL to tune the inter-
facial chemistry at both electrodes of the Li||[NCMS83 cell.

The novel electrolyte was prepared by dissolving NaPFs and
LiFSI (mole ratio = 1:9) in an equimolar mixture of EMIFSI and
Pyr,,FSI to obtain 0.2NaPF4-1.8LiFSI-4EMIFSI-4Pyr,4FSI, hen-
ceforth called NaEIL. The stripping/plating behaviour of the
NaEIL and HEIL on lithium metal anodes at different current
densities is compared in Fig. 2a. At a low current density
(0.1 mA ecm™?), no significant difference is observed between
the symmetric Li cells employing the HEIL and NaEIL. Initially,
the potential of the cell with the NaEIL is slightly higher than
that of the cell with the HEIL, probably due to the partial
replacement of lithium ions by larger sodium ions, leading to
a slightly reduced Li" ion transport ability.*® This is also con-
firmed by their measured ionic conductivity at different tem-
peratures (Fig. S6, ESIT), where a slightly lower ionic conductivity
is observed for the NaEIL-based cell than the HEIL-based cell
(e.g., 5.06 vs. 5.85 mS cm™ " at 20 °C). However, when the current
density is increased to 0.2 mA cm™?, obvious fluctuations occur
in the voltage of the HEIL-based cell at approximately 100 h,
indicating the occurrence of partial short circuits inside the cell.
Subsequently, the cell voltage decreases upon cycling even with
an increase in the current density, demonstrating the occurrence
of short circuits due to Li dendrite deposition. In contrast, the
cell using the NaEIL exhibits a stepwise increase in the voltage
with increasing current density, which gradually stabilizes with
cycling at the same current rate, indicating the absence of Li
dendrites, i.e., the formation of a stable electrode/electrolyte
interphase. To further evaluate the electrochemical behaviour
of the electrolyte with and without the NaPF, additive at high
current densities, prolonged stripping/plating cycling tests at
0.5 mA cm™ > were performed for both electrolytes. The electro-
chemical impedance spectroscopy (EIS) results of the cells

Furthermore, sodium ions can promote homo-

comprising the two electrolytes before cycling display consistent
interfacial resistance (Fig. 2b), suggesting that the sodium-
containing additive does not induce any additional spontaneous
reaction upon contacting the lithium metal surface. After the
stripping/plating cycling test (Fig. 2c), the HEIL electrolyte shows
a fast and continuous decrease in the overpotential until the
occurrence of a full short circuit after approximately 100 h, as
evidenced by the square-wave-like overpotential in Fig. S7a (ESIT)
and Fig. 2d. The almost-zero resistance further confirms the
dendrite short circuit in the HEIL (Fig. S7b, ESI}). In contrast,
the NaEIL electrolyte exhibits a steadier overpotential. The
resistance almost does not change compared with the value
before cycling (Fig. S7c, ESIT). Even after 400 h, the cell main-
tains a stable overpotential, as shown in Fig. 2d. To evaluate the
influence of the NaPF, additive on the electrochemical stability of
the IL-based electrolyte, the NaEIL was subjected to LSV measure-
ments, as shown in Fig. S8 (ESIt). The electrochemical stability
window is slightly broadened by the presence of the additive,
revealing that NaPF does not diminish the anodic stability of the
NaEIL but reinforces its oxidation resistance ability. In the next

Energy Environ. Sci., 2025, 18, 4740-4752 | 4743
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(a) Stripping/plating behaviour of symmetric Li||Li cells with the HEIL and NaEIL at different current densities. (b) EIS spectra of the HEIL and NaEIL
. (c) Stripping/plating behaviour of symmetric Li||Li cells in the HEIL and NaEIL at 0.5 mA cm™2, and its (d) enlarged section.

(e) Long-term cycling performance of Li[|[NCM83 cells in the EIL and NaEIL at 1C and 20 °C and the (f) corresponding selected voltage curves within the

cycle range from 3 to 500 in NaEIL.

step, Li||[NCM83 cells with the two electrolytes were assembled to
assess their electrochemical performance. Compared with the
HEIL-based cell, the NaEIL-based cell shows a slightly higher
initial discharge capacity during the activation process at 0.1C (the
corresponding voltage profiles are shown in Fig. S9, ESIT), while
its CE is comparable. At 1C, both cells deliver similar discharge
capacities. However, the capacity retention after 500 cycles clearly
improves from 88.4% for the HEIL-based cell to 95.2% for the
NaEIL-based cell. Additionally, the voltage evolution after the
cycling of the NaEIL-based cell demonstrates remarkable stability
(Fig. 2f), whereas a stronger performance decay is observed for the
HEIL-based cell (Fig. S10, ESIt). This impressively high cycling
stability confirms the beneficial effect of the addition of NaPF, to
the electrolyte.

The difference in electrochemical performance generally
originates from the morphology and microstructure of electro-
des. To investigate the effect of NaPF, on the lithium metal
anode, the surfaces of the lithium electrodes extracted from
symmetric cells were analysed via SEM (Fig. S11, ESIt). While a
fluffy-like layer and several dendritic filaments are observed on
the Li surface after cycling with the HEIL electrolyte (Fig. S11a,
ESIY), a distinctly different morphology is observed after cycling
with the NaEIL electrolyte (Fig. S11b, ESI{). More precisely, a
denser, globular coverage is observed on the lithium metal
surface. The elemental distribution, obtained using energy-
dispersive X-ray spectroscopic (EDX) mapping, reveals that

4744 | Energy Environ. Sci., 2025, 18, 4740-4752

the coating layer formed on the electrode in the NaEIL-based
cell is rich in inorganic sulfide- and fluoride-based products
(Fig. S11c, ESIt). Additionally, EDX mapping shows the homo-
genous distribution of sodium on the lithium surface. Although
sodium only accounts for a low weight ratio of surface species,
its participation in the formation of the SEI layer is evident. The
larger sodium ions prefer to co-deposit at lithium protuberance
sites, which suppresses the growth of lithium dendrites.*3%*
Compared with the anode, the microstructure of the cathode
also plays an important role in the cycling stability of cells.
Therefore, the structure and surface chemistry of the cathode
after cycling were also comprehensively studied. In particular,
advanced spherical-aberration-corrected scanning transmis-
sion electron microscopy (Cs-STEM) was employed to under-
stand structural evolution during cycling. Furthermore, cycled
NCMS83 secondary particles were cut using a focused ion beam
(FIB) to observe their internal structures. In general, the parti-
cles cycled with either the HEIL or NaEIL exhibit good struc-
tural integrity after 200 cycles (Fig. S12, ESI{). However, mild
microcracks are observed in the particles cycled in the HEIL,
whereas no damage is observed in the particles cycled in
the NaEIL.

The primary particles embedded in the secondary particles
after 200 cycles in both electrolytes are well visible in the STEM
images (Fig. S13, ESIt). The high-angle annular dark-field
(HAADF) images reveal that the polygon-shaped primary

This journal is © The Royal Society of Chemistry 2025
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particles have a size of <1 pm. To obtain more information on
the outer surface of the primary particles, the analysis focused
on the edge area (red rectangle, Fig. S13c, ESIt) to observe the
crystal fringes more in detail (Fig. 3a). First, a thin layer
(~ 8 nm thick) is observed on the surface of the particle cycled
in the HEIL, which is mainly composed of amorphous species
and the rock-salt NiO phase, as observed in the magnified
image of region I (in Fig. 3b). Then, in the bulk of the particle, a
NiO layer (~2 nm thick) is observed. The fast Fourier transform
(FFT) image of region I verifies the rock salt structure of the
outer layer (Fig. 3c). In contrast, the inner part of the particle
(region II) still maintains a well-ordered hexagonal phase
(Fig. 3d). The integrated EDX elemental mapping for F, Ni
and Co (Fig. 3e and Fig. S14, ESIY) of the outer layer demon-
strates that it is mainly composed of nickel rather than fluor-
ine. Such a reconstructed inactive NiO
unfavourable for Li* transport.****

Next, the edge of the cathode particle cycled in the NaEIL
was characterized (Fig. 3g). In this case, a ~2-nm spinel or
rock-salt phase layer is observed at the outer layer of the
primary particle. Additionally, a thin dark layer is observed
on the topmost particle surface, which is visible more clearly in
the HAADF image (Fig. S15, ESIt). This amorphous layer is 2—
3 nm thick and shows a strong fluorine signal in EDX mapping
(Fig. 3k and 1), demonstrating the formation of a fluorine-rich

layer may be
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CEI on the NCMS83 primary particles. In contrast, no nickel
signal is detected in the topmost surface layer. The individual
elemental mappings further confirm the lack of transition
metal ions in the topmost surface layer (Fig. S15, ESIf).
Additionally, the EDS mapping for phosphorus reveals that
this layer is not only fluorine-rich, but also contains a signifi-
cant amount of phosphorous. Therefore, it can be concluded
that an F- and P-rich CEI is formed on the surface of the NCM83
particles upon cycling in the NaEIL, which enhances the
structural stability upon long-term cycling. The well-ordered
layer structure (Fig. 3h, selected from region III) demonstrates
that the hexagonal structure remains intact, with a lattice
distance of 0.49 nm (Fig. 3j). Moreover, the very thin and
uniform 5-6-atomic-layer thick spinel or rock-salt phase
(~2 nm) may contribute to the enhanced structural stability.
To further analyse the chemical composition of the compo-
nents on the surface of cathode particles, X-ray photoelectron
spectroscopy (XPS) was performed before and after ion sputter-
ing. The cycled electrodes were rinsed with dimethyl carbonate
(DMC) before measurements and then transferred to the XPS
chamber without contacting ambient air. The detailed spectra
in the C 1s, O 1s and F 1s regions of the electrodes are exhibited
in Fig. 4a—c while those in the N 1s and P 2p regions are shown
in Fig. S16 and S17 (ESIY). In the C XPS spectrum of the NaEIL
electrode, a stronger peak is detected at approximately 290.5 eV,

Distance (nm)

Fig. 3 STEM-HAADF images and corresponding results in (a)—(f) HEIL and (g)—(l) NaEIL. (a) STEM image of the NCM83 electrode after 200 cycles in HEIL.
(b) Magnified image of region | in Fig. 3a. FFT images of (c) region | and (d) region Il in Fig. 3a. EDX mappings of (e) F, Co, and Ni elemental distributions and
(f) individual F elemental distribution. (g) STEM images of the NCM83 electrode after 200 cycles in NaEIL. (h) Magnified image, (i) FFT image and (j)
intensity line profile of region Il in Fig. 3g. EDX mappings for (k) F and Ni elemental distributions and (l) individual F elemental distribution.
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which is assigned to C-F species in the NaEIL electrode
(bottom, Fig. 4a-c), compared with the HEIL electrode (top,
Fig. 4a—c), probably originating from the PVdF binder. The less-
intense peak of C-N/C-O species at 286.3 eV indicates the
reductive decomposition of the cations of the IL. Combining
the significantly lower characteristic peaks of the IL and its
decomposition products in the N 1s (Fig. S16, ESIt), it can be
deduced that the IL’'s decomposition is much less pronounced
for NaEIL than for HEIL. The peak at ~531.8 eV in the O 1s
region can be attributed to C—O from carbonates, originating
from the rinsing with DMC, and S—O from sulphates, formed
due to the decomposition of FSI anions. However, this peak is
much stronger in the XPS spectrum of the electrode cycled in the
NaEIL than in the HEIL, which indicates the presence of a higher
concentration of sulphates on the NaEIL surface. Additionally,
an obviously stronger peak of LiF is observed in the F 1s
spectrum of the electrode cycled in the NaEIL. These inorganic
species are mechanically stiff, excellent ion conductors, and poor
electronic conductors, contributing to the formation of a robust,
functional CEI. The XPS analysis was complemented with time-
of-flight secondary ion mass spectrometry (ToF-SIMS) measure-
ments to determine the products on the particle surface from a
three-dimensional (3D) perspective. The distribution of fluorine
ions (mainly LiF) is more uniform after cycling with the NaEIL;
after cycling in this electrolyte, a higher fluorine concentration is
detected on the electrode surface (Fig. 4d), which further
indicates the formation of a more homogenous and robust CEI
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layer. To determine the origin of this difference, 3D images of
Na' and PF,~ distributions in the CEI formed with the NaEIL are
shown in Fig. 4e and f. The rare distribution of Na" and PFg~
implies that these ions are not directly involved, to a larger
degree, in the formation of the CEI layer. In contrast, the 3D
images of PO, species (Fig. 4g) show the decomposition of PFs
into phosphates (also corroborated by the P 2p XPS detailed
spectrum in Fig. S17, ESIT) and LiF and the integration of these
products into the CEI layer, which results in the high concen-
tration of LiF (Fig. 4h). The 3D images of SO, demonstrate the
much higher concentration of inorganic sulphates from the
outer surface of the particle to its inner layer (Fig. 4i), which
originates from the decomposition of the FSI anion. This is also
consistent with the above-given XPS results (Fig. 4b). The corres-
ponding depth profiles of the intensity of F~ and SO, are
displayed in Fig. 4j and k. These indicate that the fluorine and
sulphate concentrations after cycling are much higher in the top
layer in the NaEIL-cycled electrode (i.e., near the electrolyte) than
the HEIL-cycled electrode. Furthermore, higher contents of
fluorine and sulphates are maintained with the depth of CEI
layer in the former than the latter. Inorganic products such as
fluorides, phosphates and sulphates are known to contribute to
a more stable electrode/electrolyte interphase,***” enhancing
the structural stability of cathode particles during long-term
charge/discharge cycling.

To evaluate the effect of the NaPF, additive on the crystalline
structure of the cathode upon charge/discharge cycling, an
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Fig. 4 Detailed XPS spectra of the (a) C 1s, (b) O 1s and (c) F 1s regions of NCM83 electrodes after 200 cycles in HEIL (top) and NaEIL (bottom). TOF-SIMS
analysis of cycled NCM83 electrodes. (d) Mapping distribution of F ions in (left) HEIL and (right) NaEIL. 3D distributions of (e) Na*, (f) PF¢~, (g) PO, and (h)
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in-depth in situ XRD study was performed to monitor the phase than the initial angle. The maximum peak shift is approxi-
evolution during the first charge/discharge cycle in both elec- mately 0.81°. A similar behaviour is observed when using the
trolytes. The primary reflections of (003) and (104) were selected NaEIL as the electrolyte (Fig. 5b), where the maximum peak
to assess the variation in the c-lattice parameter of the R3m  shift (0.79°) is only slightly lower than that in the HEIL.
space group and the cation mixing in the layered structure. However, the (003) peak shift after the first full charge/dis-
After charging the material in the HEIL (Fig. 5a), the (003) peak charge cycle is comparatively small, only 0.04° in the NaEIL
initially shifts to lower angles following the extraction of wversus 0.15° in the HEIL. Similar results are observed for the
lithium ions from the cathode. However, a dramatic reversal, (104) peak upon cycling in the NaEIL and HEIL (0.02° vs. 0.11°).
i.e., a shift back to higher angles, is later observed, which is To estimate the variation in the lattice, the ¢ value and unit cell
ascribed to the phase transformation from H2 to H3, where the volume were calculated from Rietveld refinements. The results
delithiation inside the crystal structure leads to a corres- in Fig. S18 (ESI{) confirm smaller c-axis contraction and lower
ponding variation in the ¢ value. During the discharge process, lattice volume variation in the NaEIL. The origin of such a lower
the trend is reversed, with the (003) peak ending 0.15° lower peak shifting in the NaEIL is the higher stability of the CEI
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layer, which prevents the side reactions of highly reactive Ni**
with electrolytes at high delithiation states and suppresses the
Li*/Ni** mixing on the surface of active material particles.
Overall, this leads to lower mechanical strain along the c-axis,
restraining the formation and propagation of microcracks in the
NCMBS83 particles. These results highlight the role of NaPFs in
stabilizing the cathode structure, which in turn suppresses per-
formance degradation. To understand the effect of NaPF¢ from a
molecular perspective, density functional theory (DFT) calcula-
tions in combination with molecular dynamics (MD) simulations
were performed to identify the differences made by the additive
on the electrolyte and, later, on the CEI The highest occupied
molecular orbital (HOMO) energy of NaPF, is obviously lower
than those of the ionic liquid and lithium salts (Fig. 5c), confirm-
ing the enhanced oxidation resistance ability due to the addition
of the NaPF, additive, in agreement with the LSV results (Fig. S8,
ESIt). MD simulations reveal the solvation structures of ILEs with
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and without the NaPF salt. Selected snapshots of the solvation
structure are displayed in Fig. S19 (ESI}), which reveal that Li"
ions are mainly surrounded by FSI™ anions (Fig. 5d and e). After
the addition of NaPFg, however, the first solvation shell is altered,
containing FSI™ and PF4" . The radial distribution function (RDF;
Fig. 5f and g) shows a prominent peak of FSI™ at ~2.0 A in the Li*
solvation shell, along with an additional peak related to PF  at
~3.4 A, suggesting that PFs~ is also involved in the formation of
the first solvation shell despite its comparatively low content in
the electrolyte (PFs~ : FSI™ = 1:40) (Fig. 5h). PFs~ participating in
the formation of the solvation structure can compete for oxidative
decomposition on the cathode surface, contributing to the con-
struction of a more robust CEI, as confirmed by the XPS results.
This increases the structural stability of the cathode during
charge/discharge cycling, avoiding microcrack formation and/or
the surface reconstruction of cathode particles, both of which
deteriorate performance.
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(a) Long-term cycling behaviour of the Li|[NCM83 cell with NaEIL at 20 °C. (b) Comparison with reported state-of-the-art IL-based and additive-

assisted electrolytes in nickel-rich cathodes (the size of the circles is proportional to the areal current density). (c) Cycling performance of Li|[NCM83 cells
with HEIL and NaEIL at 0 °C. (d) Schematic of the effects of PEIL, HEIL and NaEIL electrolytes on the secondary cathode particles in Li|[NCM83 cells.
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On the anode side, however, the strong adsorption energy of
FSI™ on the lithium surface (—2.2 eV) supports its preferential
involvement in the SEI formation (Fig. 5i, corresponding
adsorption models are displayed in Fig. S20, ESIT). The large
steric hindrance of Pyr,," and the strong adsorption energy of
anions (FSI™ and PF, ) restrict the access of EMI" cations to the
lithium surface, preventing its reduction and thereby leading to
the superior cathodic stability of the electrolyte.

To further highlight the outstanding electrochemical stability
induced by the NaPF; electrolyte additive for nickel-rich cathodes
in lithium metal cells, the NaEIL cells were subjected to long-term
cycling tests. As shown in Fig. 6a, the Li|NaEIL|NCMS83 cell
maintains high cycling stability after 1500 cycles at a charge/
discharge rate of 1C (0.5 mA cm™?), with a capacity retention of
> 80%. This remarkable performance is superior to most previous
reported IL-based cells in terms of the cycle life and rate perfor-
mance (Fig. 6b; for details, see Table S1, ESIT),>*>**>® and it
indicates the great potential of the designed ILE for high-specific-
energy lithium metal cells. Finally, to evaluate the performance of
the ILEs at lower temperatures, Li||[NCMS83 cells were tested at
0 °C (Fig. 6¢). While the HEIL-based cell delivers a capacity of
~120 mA h g~" at 0.5C (0.25 mA cm™?), its CE declines after
30 cycles. By contrast, the NaEIL cell delivers a capacity of
150 mA h g%, i.e., slightly more than its 80% discharge capacity
delivered at 20 °C, and maintains a stable CE upon cycling. These
results demonstrate the remarkable low-temperature performance
of the NaFEIL, contrasting the typical behaviour of common ionic
liquid-based electrolytes at subambient temperatures.

In summary, while the pure EMI-based ILE suffers from
poor lithium metal compatibility, which is ascribed to the
reduction of EMI cations with lithium metal, the presence of
Pyr,, cations efficiently suppresses this side reaction and
lithium dendrite growth. However, by adding NaPFs, which
enables the formation of highly uniform and robust electrode/
electrolyte interphases, the structural deterioration of the cath-
ode and the growth of lithium dendrites can be fully avoided
(Fig. 6d), guaranteeing the high stability of nickel-rich lithium
metal batteries even upon long-term cycling.

3. Conclusions

In this work, a novel dual-cation-based ionic liquid electrolyte is
designed. Li| [NCM83 cells operating with this electrolyte achieve
high cycling stability with a capacity retention of 95.2% after 500
cycles at 1C. The addition of NaPFs demonstrates great advan-
tages by tuning the electrode/electrolyte interphases. On the one
hand, the larger Na" is co-deposited, which facilitates uniform
lithium deposition. On the other hand, PF¢ ™ is involved in the
solvation structure of lithium ions and contributes to the
formation a robust inorganic-rich cathode-electrolyte inter-
phase, which helps prevent microcrack formation and lattice
distortion in the secondary and primary cathode particles,
respectively. This study reports the NaPF, additive strategy for
developing high-performance ionic liquid-based electrolytes, as
well as other electrolyte, for high-voltage nickel-rich cathodes

This journal is © The Royal Society of Chemistry 2025
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and provides an in-depth understanding of the principles for
designing electrolytes for lithium metal batteries.

4. Experimental section

4.1. Material preparation

The LiNij g3C0011Mng 05Bo.010, (NCM83) positive electrode was
prepared by mixing the active material, conductive carbon Super
C65 (IMERYS) and polyvinylidene difluoride binder (PVdF, Solef
6020, Solvay) in a weight ratio of 92 :4: 4 into a slurry (solid content
> 60%) using N-methyl-2-pyrrolidone (NMP; anhydrous, > 99.5%;
Sigma-Aldrich) as a dispersant and a solvent. Then, the slurry was
cast onto an aluminum foil (12 pm) and dried in a dry room (dew
point < —60 °C) overnight. The foil was punched into 12-mm-
diameter disks, which were vacuum-dried at 120 °C for 12 h and
then pressed at 5 ton cm > The average areal loading was
approximately 2.5 mg cm 2 The ionic liquid electrolytes were
prepared by dissolving LiFSI (LiFSI, 99%, PROVISCO, CS) in
EMIFSI in a molar ratio of 2:8 or by mixing LiFSI with EMIFSI
and Pyr,,4FSI in a molar ratio of 2: 4 : 4. Both ILs were prepared in-
house according to the procedure described in the literature.””
Next, the electrolytes were pre-dried in a tubular vacuum oven
(Biichi) at 70 °C and further purified by pumping down until 10~
mbar using a turbo molecular pump to remove volatile com-
pounds. The water content of the ILs and electrolytes was below
10 ppm, as determined via Karl-Fischer titration. The NaEIL
electrolyte was prepared by dissolving LiFSI and NaPF, in EMIFSI
and Pyr,,4FSI in a molar ratio of 0.2:1.8:4:4.

4.2. Electrochemical measurements

Galvanostatic cycling was conducted in pouch cells, which were
assembled in a dry room (dew point < —60 °C) using Whatman
glass fibre sheets (GF/A) as separators and lithium metal sheets
as the counter electrode (500 um thick, 2 em x 2 c¢m size). The
cells were cycled between 3.0 V and 4.3 V at 0.1C during the first
two (formation) cycles and then at 1C in the Maccor battery
tester 4300. The anodic electrochemical stability of all electro-
Iytes was evaluated via linear sweep voltammetry (Solartron
1260) using platinum as the working electrode and Li metal as
the counter electrode in a Swagelok™ type T-cell. The cell voltage
was swept at 0.1 mV s ' from the open circuit value (OCV)
towards more positive (anodic) voltages. The electrochemical
impedance spectroscopy (EIS) of Li-metal cells was performed
using a VMP multichannel potentiostat (Bio-Logic). Impedance
spectra were collected from cells in a fully discharged state in the
frequency range from 1 MHz to 10 mHz by applying a 5-mV
voltage amplitude. The (dis)charge rate of 1C corresponds to a
specific current of 200 mA g~ ". All potential values from three-
electrode cells refer to the Li/Li" quasi-reference redox couple.
Unless otherwise indicated, all electrochemical measurements
were performed in climatic chambers set at 20 + 2 °C.

4.3. Materials characterization

The conductivity of ILEs was measured using a conductometer
equipped with a frequency analyser and a thermostatic bath
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(MMates Italia). The electrolytes were sealed in glass conduc-
tivity cells (assembled in the glove box) equipped with two
platinum-platinized electrodes. The cell constant was deter-
mined using a 0.01 M KCIl standard solution. The corres-
ponding measurements were performed in the temperature
range from —30 to 80 °C and recorded every 5 °C. The
equilibration time at each temperature was set to 1 h.

The morphologies of electrodes were investigated via scan-
ning electron microscopy (SEM; ZEISS Crossbeam XB340
equipped with an energy-dispersive X-ray spectroscopy (EDX)
detector). To investigate the internal structure of the electrode
and crystal structure of cathode particles, the samples were
etched using a Capella focused ion-beam (FIB) source (gallium
ion source) using milling and polishing currents of 30 nA and
3 nA, respectively, at an acceleration voltage of 30 kV. Then, the
cross-sections of samples were investigated via spherical-
aberration-corrected scanning transmission electron microscopy
(Cs-STEM, Titan Cubed Themis G2300) with EDX (Super X,
300 kV). ToF-SIMS measurements were conducted on positive
electrodes after 200 cycles to study their chemical composition
as a function of the sample depth. A Cs" beam (~ 70 nA at 2 keV)
was employed to sputter a 100 x 100 um” area. X-ray photoelec-
tron spectroscopy (XPS) was performed using a Specs XPS system
with a Phoibos 150 energy analyzer using monochromatic Al Ko
radiation (1486.6 eV) and pass energies of 30 and 90 eV at the
analyzer for detail and survey spectra, respectively. The XPS
analysis of samples was performed either directly or after Ar
ion sputtering for 30 min (sputtering rate = ~0.1 nm min~ ", 0.03
HA, 5 KV). Casa XPS was used for data analysis, applying Shirley-
type backgrounds and Gaussian-Lorentzian peak shapes. For
the p peaks (P 2p and S 2p), peak doublets with the expected
intensity ratio (2:1) and spin-orbit splitting(s) were used in the
fit. All XPS spectra were calibrated to the C (1s) peak of the
adventitious C (C-C/C-H species)/conductive C additive at
284.8 eV. For sample preparation, all cycled electrodes were
thoroughly rinsed with DMC, vacuum-dried, and transferred to
the characterization equipment under inert gas.

X-ray diffraction (XRD) patterns were recorded using a
Bruker D8 diffractometer equipped with a Cu Ko source (4 =
0.15406 nm) in the 10° < 20 < 140° range with a step size of
0.010° and an acquisition time of 1.4 s per point for powder
samples, while the in situ datasets were acquired in the 10° <
20 < 88.5° range with a step size of 0.022° and an acquisition
time of 0.5 s per point.

Operando XRD experiments were performed using the same
Bruker D8 diffractometer to measure the unit cell evolution and
phase transition during (dis)charge. The patterns were collected
in the 26 range from 16° to 73° with a step size of 0.0164°. The
operando tests were conducted in the voltage range from 4.3 V to
3.0V at a charge rate of 0.04C and a discharge rate of 0.06C with
a sampling interval time of 30 minutes. The collected XRD
patterns were refined in the R3m space group® using the Le
Bail method and the JANA 2020 software.>® The refinement
settings include a manually defined background in combination
with the Chebyshev polynomial with five variables. Subse-
quently, the vertical shift was considered using Sycos, while
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the unit cell parameters (a and c) were refined. The peak profile
was refined using the pseudo-Voigt peak-shape function with
GW, LY, and LX.

Molecular dynamics (MD) simulations were used to investigate
the solvation structures of electrolytes (representative solvent
structure snapshots are shown in Fig. S19, ESIt). For the HEIL
system, the simulation comprised 100 LiFSI, [Pyry,][FSI|] and
[EMI][FSI] in a ratio 2:4: 4. For the NaEIL system, the simulation
comprised 100 LiFSI, [Pyr;4|[FSI], [EMI][FSI] and NaPF; in a ratio
1.8:4:4:0.2. The solution components were randomly packed
into cubic simulation boxes. All MD simulations were performed
using the Forcite module with the COMPASS III force field®® in
Materials Studio (MS) 2020. van der Waals and Coulombic inter-
actions were respectively considered by atom-based and Ewald
methods with a cut-off value of 12.5 A. Equations of motion were
integrated with a time step of 1 fs. After energy minimization, the
electrolyte system was fully relaxed under periodic boundary
conditions for 400 ps in the NPT (P = 1 atmosphere, T =
293.0 K) ensemble using the Nose thermostat and Berendsen
barostat, which was sufficient time for the system temperature,
potential and total energy to stabilize. After reaching the equili-
brium state, another 400-ps simulation under the NVT ensemble
was performed to extract trajectory and data for calculating the
radial distribution function (RDF) and coordination number (CN).
The dynamic trajectory for each system was outputted at an
interval of 4 ps. The coordination number N; of atom i in the
first solvation shell surrounding Li* was calculated as follows:

Rm
g(r)rzdr

N,' = 47'(ka
0

where Ry, is the distance of the first minimum following the first
peak in the RDF curve, g(r) represent the RDF curve, p is the
number density of atom i. The binding energies between Li" and
FSI™ or PFs, as well as the HOMOs and LUMOs of LiFSI,
[Pyr14][FSI], [EMI][FSI] and NaPF, were calculated using the
DMOL3 module in MS 2020 in MS. Firstly, the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzer-
hof (PBE) exchange—correlation functional was employed to fully
relax FSI~, PF¢ ", LiFSI, [Pyr,,][FSI], [EMI][FSI] and NaPF,. The
double-numeric quality basis sets with polarization functions
were used. The iterative tolerances for energy change, force and
displacements were 1 x 10~° Ha, 0.002 Ha A~ and 0.005 A,
respectively. In the self-consistent field (SCF) procedure, 10~°
a.u. was used for the convergence standard electron density.
After structural optimization, the Adsorption Locator Tools®" in
MS were used to locate Li" at the energy favourable site of FST~
and PF, ™. Then, each interaction pair was freely optimized using
the DMol3 module. Finally, single-point energy calculations were
executed. The binding energies E;, were calculated using the
following equation:

Eb = Etotal - Eanion - ELi+

where E. is the total energy of the optimized adsorption
structure, Eanion is the energy of FSI™ or PFs , and Ey;- is the
energy of one Li'.

This journal is © The Royal Society of Chemistry 2025
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The calculations for EMI', Pyr,", FSI” and PF,~ adsorption
on the Li (100) surface were respectively performed within the
framework of the density functional theory (DFT) as implemen-
ted in the Vienna Ab-initio Simulation Package (VASP) code using
the projector-augmented wave method with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional.®” The influ-
ence of vdW interactions was considered using a modified
version of vdW-DF, referred to as “optB86b-vdw”.®* The
projector-augmented wave potentials were used with an energy
cut-off of 500 eV. The lattice constraints for the Li (100) slab,
which is composed of four layers Li, are 13.775 A x 13.775 A.
There exists a vacuum layer larger than 20 A perpendicular to the
surface plane. A 3 x 3 x 1 Monkhorst k-mesh was used for
geometry optimization, during which the bottom layer of the Li
substrate was fixed. An energy convergence of 1.0 x 10~ * meV
per atom was ensured during self-consistent field calculations.
The convergence criterion for the atomic forces was 0.01 eV A™%,
After structural optimization, EMI", Pyr,,", FSI” and PF,~ were
respectively adsorbed on the Li (100) surface. Then, geometrical
optimization was performed for each adsorption system, fol-
lowed by static calculations. The k-meshes were doubled for
single-point calculations. The adsorption energies E,q were
calculated using the following equation:

Ead = Etotal — Eadsorbate — Eslab

where Eiotal, Eadsorbate ad Egap are the energies of the adsorp-
tion system, adsorbate, (i.e. EMI', Pyry,", FSI~ or PF, ) and Li
(100) slab, respectively.
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