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While the high energy density of lithium metal has long been a strong driver for the development of lithium
metal batteries, harnessing the full theoretical capacity in a safe, practical device requires significant
advances in electrolyte design. The use of quasi-solid state electrolytes can be greatly beneficial for
increasing safety, suppressing the growth of lithium dendrites and prolonging cell lifetime. Organic ionic
plastic crystals (OIPCs) are a unique class of disordered solid that can support high ionic conductivities
and lithium ion mobility. Until recently, OIPCs were used primarily as matrix materials and incorporated
only low dopant concentrations of lithium salts. Here we report a very high lithium content electrolyte
containing 90 mol% lithium bis(fluorosulfonyl)imide, Li[FSI], combined with 10 mol% of a conductive

pyrrolidinium FSlI-based OIPC. The resultant quasi-solid state electrolyte achieves a conductivity of 0.24
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Accepted 18th October 2019 mS cm™ at 30 °C, supports stable lithium electrochemistry and has a very good lithium ion transference

number of 0.68. Symmetrical LilLi cell cycling is demonstrated at 0.1 mA cm™2 for 100 hours. This

DOI: 10.1039/c9talll75a showcases a new approach for designing safer quasi-solid state electrolytes with high lithium content
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Introduction

There is increasing demand for the development of next
generation batteries with increased safety, energy density and
rate capability in order to meet the tremendous growth in
technology, portable devices and electrical vehicles. Despite
continued developments in lithium-ion batteries and new
emerging battery technologies,”” the use of lithium metal
anodes, with a theoretical capacity of 3860 mA h ¢~ ' and an
electrode potential of —3.04 V (vs. SHE), remains an attractive
alternative for greatly improved theoretical energy density.®’
However, the use of lithium metal is hindered by lithium
dendrite growth during repeated battery cycling, leading to
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and excellent electrochemical and transport properties.

short circuits and a fire hazard, particularly when organic
solvent-electrolytes are used.*® To help address the flamma-
bility problem, ionic liquid electrolytes have been investigated.
These can support the stable performance of lithium, sodium
and other emerging battery technologies,'*** with the advan-
tage of being non-flammable and possessing negligible vapour
pressure. However, as with all liquid electrolytes, concerns
remain over the possibility of leakage.

Solid-state electrolytes have generated increasing interest in
recent years."'*> The safety and stability advantages of ionic
electrolytes can be enhanced by use of organic ionic plastic
crystals (OIPCs), the disordered solid-state analogues of ionic
liquids. While many classes of solid-state electrolyte are limited
by poor ion transport and/or brittleness, the intrinsic disorder
and plasticity (soft physical properties) of OIPCs can be
a significant advantage for target ion transport and good
electrolyte/electrode interfacial contact.'*>® For application as
electrolytes, the OIPC matrix is traditionally combined, or
“doped”, with a small amount of lithium salt and the efficacy of
this approach for lithium metal batteries has been demon-
strated. For example, 4 mol% lithium bis(fluorosulfonyl)imide
(Li[FSI]) in triisobutyl(methyl)phosphonium bis(fluorosulfonyl)
imide ([Pyj444)][FSI]) supports good cycling performance of
Li|LiFePOy cells, with 160 mA h g~ " discharge capacity at 20 °C
with 0.1C rate.”

The benefits of using very high lithium salt concentration
liquid electrolytes have been recognised in recent years,
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overcoming prior concerns related to the increased viscosity of
such systems, and the advantages can include excellent thermal
and electrochemical stability, reduced Al (current collector)
corrosion and high Li" transference numbers.?>?® The trans-
ference number, which represents the ratio of current carried by
the target metal ions (Li'") compared to the other ionic species,
is one of the most important parameters that predict battery
performance.*"** Electrolytes with majority salt content, termed
“solvent-in-salt”, have been shown to have high lithium trans-
ference number.>>** The concept of “polymer-in-salt” electrolyte
was first reported by Angell et al.** for a polymer system with
a glass transition below room temperature, which allowed the
electrolyte to retain its flexibility and good ionic conductivity.
The authors predicted a transference number close to unity, as
estimated from decoupling index values.*® However, problems
such as crystallisation of salts and high glass transition
temperatures (Ty) can be a hindrance to the development of
these electrolytes. A majority lithium salt content electrolyte
(“water-in-salt”) was reported to expand the electrochemical
window of water and support high efficiency lithium ion battery
cycling up to 1000 cycles.*® Recently, Suo et al* reported
a lithium ion transference number of 0.73 for a molecular
solvent-based “solvent-in-salt” liquid electrolyte. The authors
reported high cycling efficiency and significant reduction in
dendrite formation. However, the safety concerns of molecular
solvent electrolytes, because of their volatility and flammability,
remain a concern.

For ionic electrolytes that can address these flammability
concerns, Zhou et al. reported a dramatic increase in lithium
ion transference number from 0.10 to 0.37 when the Li[FSI]
content was increased from 10 mol% to 50 mol% in a [C,mpyr]
[FSI] composite system solidified with PVDF (where [C,mpyr] =
N-ethyl-N-methylpyrrolidinium, and FSI = bis(fluorosulfonyl)
imide).? The benefits of high salt concentrations have also been
established in sodium-based batteries utilising ionic liquids,*
and in a mixed-phase electrolyte of 40 mol% Na[FSI] in a phos-
phonium-based OIPC.** Here, we introduce this concept to
a new class of material, to develop “plastic crystal in salt” quasi-
solid state electrolytes.

In this work, with respect to the choice of OIPC for the
development of a high Li salt content electrolyte, it was
important to utilise a particularly conductive and disordered
plastic crystal, in order to mitigate mass transport limitations
associated with the majority component, the more crystalline Li
[FSI] salt. Pyrrolidinium-based ionic liquids and OIPCs have
been shown to support stable lithium electrochemistry and
uniform plating/stripping of lithium metal,****** and we have
recently reported the synthesis and characterisation of a highly
conductive OIPC based on the symmetrical N,N-dieth-
ylpyrrolidinium ([C,epyr]) cation and the FSI anion (ca.
107> S em ™! at 30 °C).* This is higher ionic conductivity than
the more widely known [C,mpyr]|[FSI] OIPC.**** The [C,epyr]
[FSI] undergoes a solid-solid phase transition at —35 °C,
enabling the material to exist in a relatively disordered state at
ambient temperature. As a result, high ionic conductivity and
mechanical properties favourable for practical application are
obtained. With respect to the use of this OIPC as a solid
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electrolyte, preliminary demonstration of stable lithium elec-
trochemistry and a lithium transference number of 0.27 at 60 °C
with a low salt content of 5 mol% Li[FSI]| has been demon-
strated.* In our previous study, it was shown that the combi-
nation of equimolar amounts of Li[FSI] (3.2 mol kg™ ") with
([Crepyr]) results in a liquid electrolyte.*> This 50 mol% Li[FSI]
in [C,epyr|[FSI] liquid electrolyte exhibited a lithium trans-
ference number of 0.39 and cycling efficiency of 96% over 100
cycles in a Li|Li symmetrical cell.”” These preliminary results
strongly supported the investigation of [C,epyr]|[FSI] for the
development of very high Li content solid electrolytes.

Thus, here we report a quasi-solid state electrolyte based on
[Caepyr][FSI] with 90 mol% Li[FSI]. The performance of the
quasi-solid state electrolyte is compared to that of the corre-
sponding liquid electrolyte of [C,epyr][FSI] with 50 mol% Li
[FSI].** The thermal phase behaviour of the new 90 mol% Li[FSI|
quasi solid state-electrolyte is discussed, as characterised by
DSC, while solid-state NMR spectroscopy shows the relative
mobility of the different ionic components. Electrochemical
measurements of the ionic conductivity, lithium ion trans-
ference number and lithium metal plating/stripping behaviour
show the good target-ion transport properties of the electrolyte.
Finally, cycling and post-mortem analysis on Li|Li symmetrical
cells were performed. These results demonstrate the significant
promise of the novel, highly concentrated Li plastic crystal in
salt material for use in Li metal batteries.

Experimental
Synthesis and purification of [C,epyr][FSI]

Synthesis and purification of [C,epyr][FSI] was reported in our
previous publication.* The 90 mol% Li[FSI] + 10 mol% [Crepyr]
[FSI] sample was prepared by dissolving Li[FSI] (CoorsTek, Inc.,
>99.5%) and [C,epyr][FSI] in acetonitrile (>99.9%, Sigma-
Aldrich). Acetonitrile was then removed under vacuum (0.01
mbar). Samples were dried prior to all experiments under
vacuum, at ambient temperature for 24 h and then 50 °C for 24
h. Samples were then transferred to an argon glove box.

Thermal analysis

Thermal analysis was conducted by differential scanning calo-
rimetry (DSC) using a Mettler Toledo DSC 822e or NETSCH DSC
214 Polyma instrument. Samples were enclosed in aluminium
pans in an argon-filled glove box. Samples were subject to three
heating cycles following a 30 min cooling period at the lowest
temperature. The data shown was taken from the second
heating cycle.

The ionic conductivity and the charge transfer resistance

The ionic conductivity and the charge transfer resistance were
measured using a Biologic MTZ-35 impedance analyser. Elec-
trochemical impedance spectroscopy (EIS) was used, where
a sinusoidal wave potential of amplitude 10 mV was applied at
a frequency range of 7.0 MHz to 0.1 mHz, and the current
response and corresponding phase shift were measured. The
data was analysed using a Nyquist impedance plot, where

This journal is © The Royal Society of Chemistry 2019
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typical semi-circles were obtained. The first touch-down was
attributed to the solution resistance (Ry,) and the diameter of
the semi-circle was attributed to the resistance of the electro-
lyte-electrode interface (Rcr).** Samples were enclosed in a dip-
cell composed of two platinum spheres immersed in a sample
vial and sealed from air by a rubber ring. Samples were loaded
in the dip-cell and sealed an argon-filled glove box. The
conductivity of the neat [C,epyr][FSI] sample was previously
reported,” measured in a barrel cell designed for solid state
samples.

Diffusion coefficients

Diffusion coefficients of 'H, '°F and ’Li were measured at
different temperatures using a Bruker Avance III 300 MHz wide-
bore NMR spectrometer equipped with a Diff50 diffusion probe.
Pulse gradient stimulated echo was used for all the measure-
ments. Diffusion times for *H, *°F and “Li were 20, 10, and 10
ms, respectively. Gradient pulse length was 5 ms, and the
gradient strength was varied according to diffusion coefficients
in order to cover the entire NMR signal attenuation. Recycle
delay was 2 s for all nuclei and temperatures, to allow the spin
magnetization to recover to equilibrium, and the gradient coil
to dissipate heat. Solid-state NMR measurements were performed
on a Bruker Avance III 500 MHz wide bore NMR spectrometer
equipped with a 4 mm H/F-X double resonance magic angle
spinning (MAS) probe. The spinning rate was 8 kHz for 'H and
9F MAS experiments. The static 'H, '°F and 'Li NMR spectra
were recorded using the same probe, and the same sample, but
in a stationary state. The static spectra were recorded after the
spinning. RF pulse length was 4 s for all the nuclei, and recycle
delays were 10 s for 'H and "°F, and 300 s for 'Li NMR.

Lithium transference number (t;*)

Lithium transference number (¢;;) was measured electro-
chemically following the Vincent-Bruce method.** Li|Li
symmetrical cells were assembled in an argon-filled glove box
using CR 2032-type coin cells. The electrolyte was enclosed in
a polyethylene ring used as a spacer with thickness of 0.5 mm,
inner diameter of 8 mm and outer diameter of 16 mm. No
separator material was used.

Lithium transference number was also estimated using the
diffusion coefficients of 'H, '°F and “Li measured by NMR. The
transference number was estimated to be the ratio of the
diffusion coefficient of “Li relative to the combined diffusion
coefficient of all *H, '°F and ’Li species present.

Li|Li symmetrical cells

Li|Li symmetrical cells, described above, were cycled by a Bio-
logic VMP3 under an applied current.

Post-mortem analysis

Post-mortem analysis of lithium metal electrodes was per-
formed following electrolyte removal and electrode washing
with dimethyl carbonate (DMC) in an argon-filled glove box.

This journal is © The Royal Society of Chemistry 2019
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Images were taken using a JEOL JSM-IT300-LV scanning elec-
tron microscope (SEM) with an accelerating voltage of 5 kV.

Cyclic voltammetry (CV)

Cyclic voltammetry (CV) was performed using a Biologic SP-200
potentiostat and a three electrode cell in an argon-filled glove
box. A platinum disk with surface area of 2.0 mm?, a lithium
metal coil and a lithium metal strip were used as working,
counter and reference electrode respectively. A 20 mV s~ ' scan
rate was used.

The average cycling efficiency (ACE)

The average cycling efficiency (ACE) was measured in the three
electrode cell described above according to literature proce-
dure;** a known amount of lithium was deposited on the elec-
trode surface (Qp) and a fraction of that deposit (Q.) was cycled
until all the lithium initially deposited was depleted (giving
a potential spike). ACE is given by 100 x NQ./(NQ. + Qp), where
N is the number of cycles obtained before depletion of the
lithium deposit. Current values used throughout this experi-
ment were gradually increased from 0.1 mA cm > to 0.5 mA
ecm 2, where the highest ACE was obtained at Q, =
1.0 mA h em™? and Q. = 0.25 mA h ecm™2.

Results and discussion
Thermal and transport properties

The plastic phase(s) of OIPCs are reached by heating through
one or more solid-solid phase transition, with phase I the most
conductive - naming convention designates phase I as the
highest temperature solid phase. These solid-solid phase
transitions signify the onset of rotational and/or translational
motion of the ions within the crystal lattice of the OIPC, creating
short-range disorder and defects that support good ionic
mobility. Fig. 1(a) shows the DSC traces of neat [Cyepyr][FSI],
neat Li[FSI] and the mixture with 90 mol% Li[FSI|. The phase
behaviour of [C,epyr][FSI] and the mixtures with up to 50 mol%
Li[FSI] were reported previously.”> The neat [C,epyr|FSI]
undergoes a solid-solid phase transition at —34 °C and melts at
131 °C with a small entropy change (9 ] K~' mol ™), which is
a feature indicative of plastic crystal behaviour.** The 90 mol%
Li[FSI] sample displays a small (ca. 1 ] K~* mol ") solid-solid
phase transition at —50 °C, similar to that displayed by the neat
Li[FSI]. This suggests the presence of a certain amount of Li[FSI]
in the mixture, which is consistent with the NMR discussed
below. Broad melting peaks are a feature commonly observed in
OIPCs with salt addition, both in single phase and multi-phase
systems.'***%¢ Visually, the 90 mol% Li[FSI| sample is a soft
solid (Fig. 1, inset). Thus, the combination of 10 mol% OIPC
with the Li[FSI] produces a salt that can exist in a quasi-solid
state until temperatures well-over ambient, which is beneficial
for incorporation into practical devices without leakage.

The 90 mol% Li[FSI| quasi-solid state material exhibits an
ionic conductivity of ca. 2 x 107* S em™" at 30 °C (Fig. 1(b)),
which is relatively high compared to many other reported solid-
state electrolyte materials such as polymers and thin films
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Fig. 1 (a) The thermal phase behaviour of the neat plastic crystal
[Coepyrl[FSI], LilFSI], and [C,epyrl[FSI] combined with 90 mol% Li[FSI],
measured by DSC. Onset temperatures shown. An arrow indicates the
endothermic heat flow direction. Inset: the structure of [C,epyr][FSI]
and a photograph of the new high lithium salt content 90% Li[FSI] in
[Coepyrl[FSI] quasi-solid state material on a spatula held vertically,
demonstrating its solid nature, (b) the ionic conductivity of the neat
plastic crystal [Coepyr][FSI] and Li[FSI]-containing materials. Addition of
50 mol% Li[FSI] produces an ionic liquid, while 90 mol% Li[FSI] yields
a very conductive quasi-solid state material.

(conductivity range of ca. 10> to 1077 S em™'),** and two orders
of magnitude higher than for the previously reported high Li
content “polymer-in-salt” systems (ca. 107%S cm™" for 90 mol%
lithium salt at room temperature).*

The ionic conductivity of this OIPC-based electrolyte is only
about an order of magnitude lower than its liquid counterpart
with 50 mol% Li[FSI], but without the associated leakage
concerns for device application. The conductivity is also
significantly higher than for the neat OIPC, despite the fact that
this plastic crystal is one of the most conductive reported to-
date and that it is combined with a large proportion of
a more crystalline material. This enhanced transport is
consistent with the observation of increased dynamics in the
mixture, compared to the neat materials, also shown by the
NMR analysis discussed below. Thus, the thermal analysis and
conductivity suggest the presence of a very mobile phase
combined with a Li[FSI]-rich phase. While the material is solid
overall, the mobile phase - which has a high Li content — may be
a liquid phase that exists within the grain boundaries of the
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solid Li[FSI] rich phase. As proposed by Forsyth et al.** for a high
Na salt content OIPC system, this morphology could provide the
advantages of liquid-like target ion transport within an overall
quasi-solid state system, plus a “reservoir” of Li ions that can be
utilised during Li cycling. The increased ionic conductivity of
OIPC-lithium salt mixtures due to the presence of a liquid
phase was also discussed by Henderson et al.*” for a mixture of
tetraethylammonium bis(trifluoromethanesulfonyl)imide with
lithium bis(trifluoromethanesulfonyl)imide, where the forma-
tion of a eutectic composition at low lithium salt concentration
allowed a liquid-like conductivity mechanism in the electrolyte.

Lithium transference number

A high transference number of lithium ions (#;+) is one of the
most desirable properties for Li battery electrolytes because it
can lower the internal resistance and increase the rate capability
of the cell.** Here, for the new high lithium content electrolyte,
a ty;+ of 0.68 was achieved at 25 °C, measured by the Bruce-
Vincent electrochemical method.**® To the best of our knowl-
edge, this is the highest reported transference number for an
OIPC-based electrolyte to date. Previous reports, which have
concentrated on lower Li salt concentrations, gave ¢;;+ ranging
from ca. 0.27 to 0.44.>*3%1%% Single ion conducting polymer
electrolytes have been designed that achieve transference
numbers closer to unity, such as the 0.85 achieved by Bouchet
et al.,>**®* but often with a trade-off of relatively low ionic
conductivities (e.g. in the 107> S cm™? range at ambient
temperature). Thus, the combination of good transference
number and high ionic conductivity in the 90 mol% Li[FSI]
quasi-solid state OIPC electrolyte are a promising combination
for device application.

Solid-state and diffusion NMR analysis

The structure of the new electrolyte material and the mobility of
the different ions was analysed by multinuclear solid-state NMR
spectroscopy. The line widths of static NMR spectra indicate the
extent of mobility in materials. OIPCs typically exhibit narrow
linewidths as a result of disorder in the matrix allowing higher
degrees of motion compared to crystalline solids.*® Thus, this
technique can be very valuable for revealing the presence of
rotational or translational motion, and any structural hetero-
geneity in the material.®® For example, in an OIPC-based
material the presence of a fraction of mobile ions within
a more rigid matrix can be indicated by the presence of a sharp
peak superimposed on a broad peak in the static spectra.”***
Furthermore, 'H, '°F and ’Li NMR analysis can be used to
investigate the relative mobilities of the cation, anion and
lithium ions, respectively.

The line widths of the static '"H NMR spectra for pure
[Csepyr][FSI] and the quasi-solid state 90 mol% Li[FSI] +
[C,epyr][FSI] electrolyte are shown in Fig. 2(a). The narrower 'H
line width of the latter indicates considerably faster [Cyepyr]
cation dynamics in the quasi-solid state electrolyte compared to
the pure OIPC, which is consistent with the higher conductivity.

The static '°F NMR spectra of the three different materials is
shown in Fig. 2(b). There is a broad peak in the spectrum of the

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Multi-nuclei solid-state NMR spectra of the new “plastic crystal
in salt” material containing 90 mol% Li[FSI] in [Coepyr][FSI], as well as
the neat [C,epyrlIFSIl, demonstrating the ion dynamics. (a) Static *H
NMR spectra of the neat OIPC and the 90 mol% Li[FSI]-containing
sample, where the narrower H lines indicate faster cation dynamics in
the Li[FSI]-containing system as a result of increased disorder in the
structure. (b) Static *°F NMR spectra, (c) static “Li NMR spectra of the
90 mol% Li[FSI] in [CoepyrlIFSI], and of LilFSI], and (d) static “Li NMR
spectra of the 90 mol% Li[FSI] in [Coepyr][FSI] where the lower red solid
line was recorded with a 5 second recycle delay (D1) in order to
suppress the NMR signal from the longer T1 (crystalline) component;
the upper solid red line was recorded with 300 s recycle delay in order
to obtain a fully relaxed NMR spectrum from the overall sample; the
green dashed line is the difference spectrum that is attributed to the "Li
signal from the more crystalline component. All spectra were acquired
at room temperature.

quasi-solid state electrolyte containing 90 mol% Li[FSI] that
appears at the same position as the broad peak in the Li[FSI]
sample (black line). There is also a sharp peak that appears in
the same position as the peak in the pure [C,epyr][FSI] (blue
line). Thus, the NMR analysis indicates two different environ-
ments for the FSI anions in the new electrolyte system. The
position of the broad peak, which is attributed to Li[FSI], is far
off the [FSI] peak of the neat [C,epyr][FSI] as a result of the large
chemical shift anisotropy (CSA) of the '°F in the more crystalline
material, causing significant line-broadening. The isotropic
chemical shift of the narrow peak is very close to that of the '°F
peak in the neat [C,epyr][FSI], which is also observed in the MAS
spectra (Fig. S11). The static '°F spectrum of the neat [C,epyr]
[FSI] (Fig. 2(b)) shows line splitting, which is removed by magic
angle spinning (Fig. S1}). This suggests that in the static
[C,epyr][FSI] sample the two fluorine atoms present on the [FSI]
anion are orientated such that they are at different angles
relative to the applied magnetic field, causing slightly different
chemical shifts. Importantly, this is not observed in the OIPC
with 90 mol% Li[FSI], indicating faster reorientation motion of
the [FSI] anions in the mobile phase of the new electrolyte that
is consistent with the higher conductivity.

Fig. 2(c) shows the static "Li spectra of the quasi-solid state
electrolyte material and of pure Li[FSI]. The spectrum of the new
electrolyte shows two peaks - a broad and a narrow component

This journal is © The Royal Society of Chemistry 2019
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- and the latter is much narrower (and thus due to more mobile
Li) than for pure Li[FSI]. This is analogous to the composition
previously proposed for a mixed-phase (solid and liquid)
mixture of OIPC combined with a sodium salt.** The two
different components were further investigated by assessing the
influence of relaxation time, as shown in Fig. 2(d). The fully
relaxed static 'Li NMR line, which was obtained with a 300
second relaxation time, shows two peaks: a broad and a narrow
component. This narrow component was isolated by a second
scan with shorter relaxation time of 5 seconds, which allows the
elimination of the crystalline signal that takes much longer to
relax. Integration of the narrow peak shows that 16% of lithium
is dissolved in the OIPC, and the linewidths show that this
results in Li ions that are considerably more mobile than in the
solid Li[FSI].

To investigate further the ion mobility, the diffusion coeffi-
cients of “Li, "H and '°F were measured by pulse-field gradient
(PFG) NMR at different temperatures (Fig. 3). This allows
comparison of the mobility of the lithium ions in the electrolyte
compared to the [C,epyr] cation and [FSI] anion, represented by
'H and "°F respectively.

The diffusion coefficients for all the ions in the quasi-solid
state 90 mol% Li[FSI] mixture are significantly higher than
those in the neat [C,epyr|[FSI], which is consistent with the
linewidths in the static NMR (Fig. 2) and with the higher
conductivity (Fig. 1(b)). Importantly, the "Li is the most diffusive
species in the quasi-solid state mixture, giving a transference
number of 0.63 by NMR analysis. This is consistent with the
high transference number of 0.68 measured electrochemically,
discussed above, and an important predictor of good device
performance. Typically, transference number values measured
electrochemically show lower values than those measured by
NMR because of ion pairing.” The fact that this is not observed
in the present system appears to be consistent with the rela-
tively high mobility of Li, shown by NMR, which indicates less
coupled ionic mobility. Thus, in summary, the NMR analysis
indicates high target ion mobility and also suggests the

10104
[C,epyr][FSI1+90%Li[FSI]
-11 | .
10 . o
‘:; ‘%:: H
NE -12 |
£10 .
[Cepyr][FSI]
107134 /1H
1014 2.? i ‘},0 i 6=0 . 7P T ©c)
35 34 33 32 31 30 29 28
1000/T (K‘*)

Fig. 3 The diffusion coefficients of the different ionic species in the
neat [Coepyrl[FSIl and 90 mol% Li[FSI] + [CoepyrllFSI] samples,
revealing the higher diffusion of “Li ions compared to the other ionic
species. Data was obtained from PFG-NMR experiments. The solid
lines are guides to the eye.
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presence of both a Li[FSI|-rich environment and a second
environment of more mobile ions.

Lithium electrochemistry

The highly reactive nature of lithium metal poses a significant
practical challenge in the development of next generation
battery technologies employing a lithium metal anode. To
achieve long cycle-life, stabilisation of the lithium metal is
required and the battery electrolyte assumes the principal role
through its interaction with lithium. Fundamentally, the elec-
trolyte must form a stable solid-electrolyte interphase (SEI)
layer, which modulates the flow of lithium ions to and from the
electrode surface, and ideally allows lithium plating and strip-
ping to proceed with high coulombic efficiency.*”** Of the wide
range of electrolyte materials that have been investigated for
lithium metal battery applications,*** many promote the
formation of an SEI but ultimately fail to deliver the high cycling
efficiencies required. This situation eventually leads to Li
dendrite formation, particularly at higher current densities,
which remains a significant challenge in the deployment of
lithium metal anodes.®*”** Cyclic voltammetry (CV) in a three
electrode cell is an important first step that provides insight
into the electrochemical stability of new electrolytes during
lithium cycling, as well as giving an initial estimate of the
coulombic efficiency. While coulombic efficiencies obtained
from CVs are typically modest due to the fast scan rate
compared to cell cycling, this technique can provide funda-
mental understanding of the lithium plating/stripping kinetics
that is important for further development of the electrolyte.
Fig. 4(a) shows the cycling voltammetry of the quasi-solid state
90% Li[FSI] + [C,epyr][FSI] sample at room temperature. The
material shows stable cycling behaviour, with distinct lithium
plating and stripping peaks occurring within the previously
reported electrochemical window of [C,epyr|[FSI| (>3.6 V).**
Moderate coulombic efficiencies of >70% were obtained at
room temperature in the second and third cycle. An increased
coulombic efficiency of 84% was achieved using an elevated
temperature of 50 °C (Fig. S21), attributed to an increase in ionic
conductivity. The occurrence of a second peak during the
stripping cycles is a result of lithium alloying with the platinum
working electrode.>® This preliminary assessment of the elec-
trolyte demonstrates that this new class of “plastic crystal in
salt” material can stabilise lithium metal and support lithium
electrochemistry.

The average cycling efficiency (ACE) was then measured by
cycling a fraction of a pre-deposited quantity of lithium in order
to gain an accurate estimation of the reversibility of the lithium
plating and stripping process. The plot of electrode potential
against time for a typical ACE experiment, shown in Fig. 4(b),
exhibits a progressive increase in over-potential with cycle
number that indicates a build-up of “dead” lithium on the
electrode surface, creating a more resistive layer.** The highest
ACE of 85% was obtained at a relatively high current density of
0.5 mA cm ™2, where a charge of 1.0 mA h ecm 2 was initially
deposited on the electrode surface and a charge of
0.25 mA h cm ™2 was deposited and stripped during each cycle.
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Fig. 4 (a) Cyclic voltammetry (CV) showing the lithium plating and
stripping from the 90 mol% Li[FSI] quasi-solid state electrolyte. Data
was obtained using a three-electrode cell: a platinum disc with 2.0
mm? surface area, a lithium strip and a lithium coil were used as
working, reference and counter electrodes respectively. (b) The
average cycling efficiency measurement were performed using the
same three-electrode cell at the same temperature.

The experiment was stopped when the potential value exceeded
2.5 V. High ACEs of >95% are typically reported for liquid
electrolytes,* including the previously reported 50 mol% Li[FSI]
in [Cyepyr|[FSI] liquid electrolyte that produced an ACE of
96%,** which confirms the good chemical stability of [C,epyr]
[FSI]. Thus the lower ACE value achieved in the 90% Li[FSI|
system is attributed largely to the impact of slower mobility of
ions in the solid electrolyte than in the liquid, consistent with
the order of magnitude lower ionic conductivity. Additionally,
we hypothesise that the formation of multiple electrolyte
morphologies at the electrode surface could play a role in
reducing the ACE, where the presence of a crystalline Li[FSI]
component may have hindered the formation of a stable SEI in
some regions. Future work will explore preconditioning of the
lithium metal surface to create a favourable morphology, as
demonstrated in previous studies.”**’

Li|Li symmetrical cell cycling

The formation of a smooth and stable SEI layer is widely
considered essential for long term cycling of lithium metal cells
and therefore investigation into the nature and formation of
this layer with different electrolytes has been the subject of
extensive studies.’®*" Here, the ability of the new quasi-solid

This journal is © The Royal Society of Chemistry 2019
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Fig.5 (a) Cycling of Li|Li symmetrical cells at 25 °C with 0.1 mA cm™2

current density and one hour half cycles. The cells contain the (a)
quasi-solid state 90 mol% Li[FSI] in [C,epyr][FSI] and (b) the liquid
50 mol% Li[FSI] in [Coepyrl[FSI] electrolyte. The apparent gap in the
cycling profile in (b) is a result of a pre-set resting period. A close up
view of the first 22 cycles of the liquid cell is shown in (c), and at 315
hours shown in (d). As a result of the solid nature of the materials, no
separator was needed in the symmetric cell with either electrolyte —
only a 0.5 mm thick polyethylene ring spacer.

state electrolyte to form a stable SEI layer and support lithium
cycling was investigated using Li|Li symmetrical cells.

Fig. 5(a) shows the cycling data of the quasi-solid state
electrolyte obtained at 0.1 mA cm™? current density with half
cycles of one hour. At 25 °C, stable cycling with an over-potential
of 200 mV was obtained for the first 28 cycles, followed by an
unstable potential trace and ultimately a short circuit at cycle 38
marked by a drop in over-potential. A typical increase in SEI
layer resistivity is evident in the increase in over-potential
between cycle 1 and cycle 21. This is also apparent in EIS data
collected after selected plating cycles, shown in Fig. S3,7 where
an increase in the interfacial resistance occurs with increasing
cycle number - a feature commonly observed in solid-state
electrolyte cells.*>*

In order to investigate further the stability of the SEI layer
formed with this new cation and anion chemistry, the 50 mol%
Li[FSI] in [C,epyr][FSI] liquid electrolyte was cycled in Li|Li
symmetrical cells under the same conditions (Fig. 5(b)).
Contrary to the quasi-solid state electrolyte, the cycling profile
shows decreasing over-potential with cycle number. This is
common cycling behaviour for liquid electrolytes, where the
growth of dendrites on the electrode surface reduces the inter-
electrode spacing and causes the over-potential to drop until
the cell short circuits.>*%

The decreasing over-potential is in agreement with the cor-
responding EIS data that shows a decrease in the interface

This journal is © The Royal Society of Chemistry 2019
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resistance (Rcr) over the cycling profile, shown in Fig. S3.f The
liquid 50 mol% electrolyte supported stable cycling of lithium
for over 300 cycles. This confirms that the chemical components
of the electrolyte with the new [C,epyr] cation are suitable for
lithium battery applications. It also highlights that the cell
behaviour of the 90 mol% Li[FSI] system (Fig. 5(a)) reflects the
quasi-solid nature of the material, which changes the transport
and interfacial resistances but brings advantages of eliminating
leakage and increasing safety. The authors predict that cell
design optimisation such as reduction of electrolyte thickness
or cycling at elevated temperatures could significantly enhance
cycle life.

Post mortem analysis of Li|Li symmetrical cells

The mechanism of dendrite formation on lithium metal
surfaces has been the subject of extensive study, and mass
transport limitations are widely considered to be a leading
cause of the problematic uneven plating and stripping
processes.®»**°® An important potential advantage of increasing
the lithium salt concentration is mitigating the mass transport
limitations by providing a high concentration of active species
near the electrode surface (these being primarily the electro-
active Li", but also the FSI anion for SEI formation).?>¢”% To
help identify the failure mechanisms of the symmetrical cells
utilising the high salt content liquid and solid electrolytes, SEM
analysis was used to assess the electrode morphology post-
cycling.

The cell containing the liquid electrolyte was cycled for over
300 cycles until it short circuited, shown in Fig. 5. Fig. 6(a)
shows an overview image of the lithium metal post-cycling with

Fig.6 SEMimages of the lithium electrode surface post-cycling for: (a
and b) the liquid 50 mol% Li[FSI] in [Coepyrl][FSI], and (c and d) the 90%
Li[FSI] quasi-solid state electrolyte. The area marked by an arc and
arrows was under the polyethylene ring used as the spacer and thus
not in contact with the electrolyte. Circled areas in (c) show reduced
dendritic formations for metal cycled using the new quasi-solid state
electrolyte. The magnifications used were X18 and X22 for (a) and (c)
respectively, X200 for (b) and (d). The scale bars are noted on each
figure.
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the liquid electrolyte, revealing a distribution of small dendrites
across the metal surface. This is consistent with previous
studies where dendritic growth leads to decreasing interfacial
resistance due to increased surface area on the lithium metal
surface and an ultimate failure of the cell when short circuit
Occurs'6,43,53,63,69

The decreasing resistance is evident in the decreasing over-
potential over the cycling profile shown in Fig. 5(b) and in the
Nyquist plots obtained after plating the electrode shown in
Fig. S3.T The marked electrode area was protected by a poly-
ethylene spacer and thus represents the lithium electrode still
in pristine condition.

Fig. 6(c) and (d) shows the surface of the lithium metal post-
cycling with the 90 mol% Li[FSI] quasi-solid state electrolyte.
The cell was cycled for approximately 100 hours until it short-
circuited, shown in Fig. 5(a). Here, the dendrites formed on
the electrode surface appear to be smaller compared to those
formed with the liquid electrolyte containing a lower concen-
tration of lithium. Some regions on the surface - indicated by
white circles - show no significant change to the lithium metal,
indicating relatively even plating and stripping processes. The
retention of a smooth lithium surface when cycled with highly
concentrated electrolyte was demonstrated by Suo et al.,” where
a 7 : 1 salt to solvent system showed a notably smooth surface
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Fig. 7 The electrolyte and interfacial resistance in a symmetrical Li|Li
cell shown by (a) Nyquist plots obtained every hour for symmetrical
cells containing the 90% Li[FSI] quasi-solid state electrolyte resting in
a 25 °C oven and (b) the solution resistance (Rs,) and charge transfer
resistance (Rc1) obtained from the Nyquist plots and plotted vs. time.
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compared to its lower concentration counterparts. Further-
more, solid-state electrolytes can provide an additional physical
barrier to the growth of Li dendrites.***® Future studies with the
new “plastic crystal in salt” electrolyte will investigate the use of
additives or separator materials such as glass or polymer fibres
to provide a stronger physical barrier against dendrite forma-
tion and further prolong cell lifetime.

Assessment of the stability of the SEI

To investigate the stability of Li cells containing the quasi-solid
state 90 mol% Li[FSI] electrolyte, EIS measurements were taken
every hour for 32 days to monitor the changes to the cell
resistance and SEI The Nyquist plots, calculated charge transfer
resistance (Rcr) and solution resistance (Ry) are shown in
Fig. 7.

A 1 kQ increase in the Rcr occurred over the first 28 days,
after which it stabilised, indicating the formation of a stable SEI
layer. A less pronounced 200 Q increase was observed in the
solution resistance, attributed to small changes in the compo-
sition of the electrolyte as a result of SEI formation. For the high
salt content quasi-solid state electrolytes reported here, the
stabilization of the interfacial resistance over time suggests that
pre-treatment of the lithium metal electrode may be beneficial
for forming a stable SEI before cycling. This approach has been
demonstrated by Basile et al.*® in ionic liquid-based electrolytes
and is proposed here as a future avenue for further improving
the cycling behaviour of new high salt content quasi-solid state
electrolytes.

Conclusions

The advancement of new solid-state electrolytes is an important
strategy for mitigating leakage and the safety concerns associ-
ated with the very reactive Li metal. Highly concentrated liquid
electrolytes have previously been suggested as a route to
improved lithium cycling and reduced dendrite growth, by
decreasing the mass transport limitations hampering conven-
tional electrolytes. Here we have combined these two important
strategies, reporting a novel “plastic crystal in salt” electrolyte
with 90 mol% Li[FSI] for use in lithium metal batteries. The
highly conductive organic ionic plastic crystal [C,epyr][FSI] was
used at 10 mol% concentration, imparting the predominantly
Li[FSI]-based electrolyte with advantageously soft, quasi-solid
state properties. Electrochemical analysis of the electrolyte
shows fast ion dynamics, where the high ionic conductivity is
dominated by lithium ions with a transference number of 0.68.
Additionally, stable lithium plating and stripping behaviour
was demonstrated, supported by a reduction in dendrite
formation on the lithium surface compared to a liquid elec-
trolyte comprised of the same components. NMR analysis
suggests the presence of both a Li[FSI]-rich environment and
a second environment of very mobile ions - possibly in a liquid
phase contained within the grain boundaries of the overall
quasi-solid state material - and supports the assessment of high
transference number. Thus, the combination of a small amount
of high conductivity OIPC with 90 mol% Li[FSI] is proposed as

This journal is © The Royal Society of Chemistry 2019
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a new route to quasi-solid state electrolytes with fast target ion
transport that supports efficient and stable lithium metal
plating and stripping. This approach paves the way for the
development of other very high salt content quasi solid-state
electrolytes utilising plastic crystals, and the advancement of
more stable, safer and efficient lithium metal batteries.
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