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Abstract 

Reliable, safe and high performance solid electrolytes are a critical step in the advancement of high ener-
gy density secondary batteries. In the present work we demonstrate a novel solid electrolyte based on the 
organic ionic plastic crystal (OIPC) triisobutyl(methyl)phosphonium bis(fluorosulfonyl)imide (P1444FSI). 20 

With the addition of 4 mol% LiFSI, the OIPC shows a high conductivity of 0.26 mS cm-1 at 22 °C. The 
ion transport mechanisms have been rationalized by compiling thermal phase behaviour and crystal struc-
ture information obtained by variable temperature synchrotron X-ray diffraction. With a large electro-
chemical window (ca. 6 V) and importantly, the formation of a stable and highly conductive solid electro-
lyte interphase (SEI), we were able to cycle lithium cells (Li | LiFePO4) at 30 °C and 20 °C at rates of up 25 

to 1 C with good capacity retention. At the 0.1 C rate, about 160 mAh g-1 discharge capacity was 
achieved at 20 °C, which is the highest for OIPC based cells to date. It is anticipated that these small 
phosphonium cation and [FSI] anion based OIPCs will show increasing significance in the field of solid 
electrolytes.  

Introduction 30 

In the development of safer electrolytes for lithium ion/metal 
batteries,2-8 Organic Ionic Plastic Crystals (OIPCs) are particular-
ly appealing. With relative strong ionic bonding between charged 
species, they are commonly non-flammable and non-volatile. 
Furthermore, as solid and plastic materials they can relieve leak-35 

age concerns, allow a variety of cell shapes, simplify material 
handling and potentially be integrated into 3D printing technolo-
gies. Plastic crystals are often also referred to as rotational crys-
talline phases9-11 due to the fact that, within long-range ordered 
crystalline structures, they embody orientational and/or rotational 40 

short-range molecular motions. These motions confer solid elec-
trolyte materials with the highly desired combination of mechani-
cal flexibility12,13 and rapid ion transport. This set of desired 
properties cannot be easily achieved in common solid electrolytes 
based on either ceramic, glass or polymer electrolytes. Conse-45 

quently, OIPCs have been increasingly recognized as potential 
solid ion conductors for electrochemical devices such as batter-
ies,2-8,12,14-24 supercapacitors,9-11,25 fuel cells,12,13,26-31 and dye 
sensitized solar cells.24,32-37 
 Another advantage of OIPCs is that like ionic liquids (ILs), the 50 

physical and chemical properties can be tailored by selectively 
combining cations and anions. Since the pioneering research into 
OIPCs as solid electrolytes in 1986,38 researchers have been seek-
ing, modifying and developing cations11,12,16,39,40, anions 12,41-43 
and their combinations to pursue competitive cell performance. 55 

This requires electrolytes with a suitable plastic phase range, 
wide electrochemical window and high ionic conductivity. Nev-
ertheless, very few combinations have thus far been found to give 
practical cell performance, particularly at ambient temperature. 
 At ambient temperature, one of the limiting factors is the low 60 

ionic conductivity of OIPCs even with the addition of lithium 
salt, because Phase I generally occurs at higher temperatures. It is 

Page 1 of 9 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

common for OIPCs to have several phases, and by convention, 
the phase just below the melting point is denoted as Phase I. This 
is the most “plastic” and conductive phase (with one known ex-
ception44). Moreover, with certain lithium salt additions, it is 
usually Phase I that exhibits sufficient conductivity for practical 5 

applications (i.e. >10-4 S cm-1). Unfortunately, popular pyrrolidi-
um11, imidazolium45 and ammonium46,47 based cations with short 
alkyl chains (up to two carbons) commonly form OIPCs with a 
higher-than-ambient Phase I (and with long alkyl chains they 
usually form room temperature ionic liquids48). This is particular-10 

ly the case when the anions are structurally simple, such as [PF6], 
[BF4], or [N(CN)2]-. Some of these OIPCs have Phase I onset 
temperatures above 150 °C46 and therefore it is the less plastic or 
even rigid phases (i.e. normal insulating crystal phases) that occur 
at ambient temperature. Consequently, the lack of short-range 15 

disorder undermines both the mechanical flexibility and ionic 
conductivity.  
 Therefore, over the last decade, a major search for alternative 
cations or anions has been undertaken to realize functional lithi-
um cells using OIPCs at ambient temperature. Alarco et. al. re-20 

ported a series of new OIPCs based on pyrazolium imide cations 
and the bis(trifluoromethanesulfony)imide ([NTf2]) anion.21 
Some of these new OIPCs show Phase I at room temperature and 
are highly conductive. By adding LiNTf2 into one of OIPCs (N, 
N’- diethyl-3-methylpyrazolium NTf2), they were able to cycle 25 

cells with LiFePO4 | Li4Ti5O12 electrodes at ambient and even 
lower-than-ambient temperatures. However, the cell capacities, 
especially at higher currents, were relatively low, and it appears 
that this pyrazolium based cation suffers from low cathodic sta-
bility.16 Recently, two novel OIPCs were found to have conduc-30 

tive phases at ambient-temperature. One is from the series based 
on the fluorohydrogenate ([(FH)2F]) anion43 (with N,N-dimethyl 
pyrrolidinium as the cation); the other is from the series based on 
the cyanate ([OCN-]) anion (with N-ethyl-N-methyl pyrrolidinium 
as the cation).49 Unfortunately, both of these OIPCs have narrow 35 

electrochemical windows (electrochemical windows of some 
cyanate based OIPCs were recently tested but not published). In 
2007, Zhou et. al. found that Li[CF3BF3] doped N,N-diethyl-N-
methyl-N-(n-propyl)ammonium trifluoromethyltrifluoroborate 
([N1223][CF3BF3]) had high conductivity at room temperature as 40 

well as sufficiently wide electrochemical window.12 Thus, this 
material could also be useful for lithium battery development. 
 Triisobutylmethylphosphonium bis(fluorosulfonyl)imide 
(P1444FSI), which has a suitable plastic phase range (10 – 37 °C), 
was discovered in our recent work developing a series of novel 45 

OIPCs using small phosphonium cations.40 In general, compared 
to their quaternary ammonium analogues (e.g. imidazolium, 
tetraalkylammonium and pyrrolidinium), phosphonium based 
OIPCs have been much less studied. Nevertheless, phosphonium 
based ILs can have higher thermal and electrochemical stability 50 

than their ammonium analogues,50 and some phosphonium ILs 
are already being synthesized on an industrial scale.51,52 The [FSI] 
anion has been patented for commercial use in the form of ionic 
liquid electrolytes.53,54 As a result of delocalization of the nega-
tive charge on this anion,55 the weak ionic interactions in the ILs 55 

decreases the viscosity and increases the conductivity, which is 
particularly favourable for battery electrolyte development when 
high rate performance is pursued. Furthermore, the [FSI] anion 

seems to support long-term cycling of the deposition/stripping 
process on lithium metal very well;56,57 this is closely related to 60 

the formation of a stable and conductive solid electrolyte inter-
phase (SEI).58 Good capacity retention of several cathode materi-
als (e.g. LiCoO2

59, LiFePO4 
60-62) has also been seen in some 

[FSI] based ionic liquid electrolytes. 
 In this work, we present lithium (Li | LiFePO4) cells using a 65 

solid electrolyte consisting of 4 mol% LiFSI in P1444FSI; the cells 
realize high capacity retention and rate capability cycling at am-
bient temperature. We ascribe this outstanding performance to the 
doped OIPC, which has a large electrochemical window, high 
ionic conductivity and the ability to form a stable and conductive 70 

SEI on the lithium metal surface. Analysis of the thermal and 
structural characteristics of the pure and doped OIPCs also pro-
vides insights into the origins of this superior electrolyte perfor-
mance. 

Experimental 75 

Materials synthesis and melt doping  

Triisobutylmethylphosphonium bis(fluorosulfonyl)imide 
(P1444FSI) was synthesized from triisobutylmethylphosphonium 
tosylate purchased from CYTEC® and potassium 
bis(fluorosulfonyl)imide purchased from Fluolyte (Suzhou 80 

Fluolyte Co., Ltd.) following a previously published route40. Lith-
ium bis(fluorosulfonyl)imide (LiFSI) salt was purchased from 
Solvionic®, France (purity > 99%) and used as received. Addition 
of LiFSI to P1444FSI was performed in an argon filled glove box. 
LiFSI powder was added to liquid P1444FSI (m.p. 37 °C) at 60 °C 85 

and the mixture was stirred for 20 min to obtain a clear solution, 
before being allowed to solidify at room temperature. 

Differential scanning calorimetry (DSC) 

DSC was performed on a TA-Q100 instrument. All samples were 
weighed and sealed in aluminium pans under N2 atmosphere. The 90 

samples were first cooled from room temperature to –20 °C, and 
subsequently heated to 60 °C at a rate of 2 °C/min. The first run 
was performed to minimize effects of different thermal histories 
of the samples on the DSC traces. The DSC results presented in 
this paper were collected from the second cooling and heating 95 

cycle. 

Synchrotron X-ray powder diffraction  

Samples were loaded into 0.5 mm Boron-Rich glass capillaries 
(Charles Supper Company Inc., Natick, MA) within an argon-
filled glove box and an airtight seal was formed by melting the 100 

open end of each capillary. Variable temperature measurements 
were conducted isothermally (2 °C/min ramping and 5min iso-
thermal time at each target temperature) using the Australian 
Synchrotron, Powder Diffraction Beamline in transmittance mode, 
at a wavelength of 1.2381 Å. The standard NIST LaB6 105 

(a = 4.15689 Å, Pm3m), ca. 2 to 40 µm size, was used for cali-
bration.  

Electrochemical impedance spectroscopy (EIS) 

Ionic conductivity was measured by ac impedance spectroscopy 
on a Solartron® SI1260 impedance/gain phase analyser, which 110 

was connected to a Solartron® 1296 dielectric interface. A plati-
num-wire cell (two electrodes) was used for EIS measurements, 
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Fig 2. Variable temperature synchrotron X-ray diffraction patterns 
obtained for pure P1444FSI (black) and 4mol% LiFSI doped P1444FSI 
(red and upside-down) at 0, 17 and 30 °C. 

with the cell constants calibrated with 0.01 M KCl solution. All 
samples were packed and sealed in a nitrogen atmosphere. Data 
was collected over a frequency range from 10 MHz to 1Hz using 
a signal amplitude of 0.1V at temperatures ranging from -20 to 
60 °C at 5 °C intervals. The cell temperature was controlled by a 5 

Eurotherm® 2204, within 0.1 °C tolerance. The ramp rate was 
about 0.33°C/min, and the samples were held at each temperature 
for 5 min to equilibrate prior to measurement. 

Cyclic voltammetry  

Cyclic voltammetry was performed using a Bio-Logic® SP-200 10 

potentiostat in an argon-filled glove box. The cyclic voltammo-
grams were acquired using a two-electrode cell setup, which is 
effective for solid or highly viscous samples and requires mini-
mal amount of sample. The electrochemical window of the pure 
liquid P1444FSI was measured by soaking a piece of polyethylene 15 

separator (MTI® battery grade, 18 mm in diameter) in melted 
OIPC. The composite was sandwiched between a platinum work-
ing electrode with active surface area of 0.0078 cm2 (1 mm in 
diameter) and a platinum counter/reference disk electrode with 
active surface area of 2.54 cm2 (18 mm in diameter). In this con-20 

figuration, the counter disk electrode also effectively acts as a 
quasi-reference electrode. The oxidation and reduction reactions 
were carried out in separate runs with fresh samples at 60 °C (on 
a hot-plate inside the glove box) with freshly prepared working 
and counter/reference electrodes (polished with 0.05 µm alumina 25 

powder and rinsed in distilled water). The platinum quasi refer-
ence potential was further calibrated using the ferrocene 
(Fc)/ferricinium (Fc+) redox couple dissolved in the OIPC (EFc

+/Fc  
= 0.2 V vs. EPt). The same electrode configuration but using cop-
per as the working and lithium metal as the counter/quasi refer-30 

ence electrode was used to study the Li+/Li redox behaviour after 
the addition of 4 mol% LiFSI to the OIPC, measured at 20 °C, 
i.e., when the doped OIPC was solid. The conversion factor be-
tween ELi+/Li and EFc+/Fc is -3.6 V i.e. ELi+/ Li  =  -3.6 V vs. EFc+/Fc, 
used for the discussion, is an estimation based on the litera-35 

ture63,64. 

Li|LiFePO4 coin cell cycling  

Before assembly, lithium metal discs (10 mm in diameter) were 
punched from a 0.3 mm lithium strip (Sigma Aldrich®) and used 
as received. The LiFePO4 cathode (10 mm in diameter) was dried 40 

under vacuum at 55 °C overnight. The LiFePO4 loading was 1.5-
2 mg cm-2 (75% active material, 15% acetylene black and 10% 
polyvinylidene fluoride). To prepare the composite electrolyte, a 
polyethylene separator (MTI®) was soaked in the melted OIPC at 
60°C. After the separator was fully wetted, the temperature was 45 

reduced to 19 ±1°C and the composite solidified.  Coin cells 
(2016, MTI®) were assembled inside an argon-filled glove box. 
Cell cycling tests were performed using a Biologic® VMP3/Z 
potentiostat controlled by EC-lab® (V.10.12) software inside a 
Heraeus 6000 series oven controlled to ±0.5 °C. The voltage cut-50 

offs were set to 3.8 V for charging and 2.8 V for discharging. The 
impedance measurements for pristine cells were conducted at 
open circuit before charging for the first time and the cell voltag-
es were about 3 V. The in situ impedance measurements were 
conducted after the cells were fully discharged and the voltage 55 

had recovered to about 3.1 V after resting at open circuit for 3 
minutes. 

Results and discussion 
Thermal phase behaviour  

Table 1. The thermal phase behaviour of pure and doped P1444FSI, as 60 

determined by DSC (Temperatures at the maximum of the peaks are 
reported). 

Samples 
Phase III – II II – I I – melt 

Temperature/°C  | Entropy/J mol-1K-1 
Pure 

P1444FSI 8.3   52 24.2  11 37.1  24 

+4 mol% 8.2  40 24.8  5 34.6  -* 

+8 mol% 8.1   25 25.0  -* 27.4  -* 

* Entropy is not included due to poorly defined peak. 

Fig 1. The DSC traces (second heating cycle) of pure P1444FSI, 4 and 
8 mol% LiFSI doped P1444FSI. The insert image shows the chemical 
structure of P1444FSI. 
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The thermal behaviour, evaluated by DSC, of the pure P1444FSI 
sample together with the 4 and 8 mol% LiFSI doped samples is 
shown in Figure 1, and the transition temperatures and entropy 
data are summarized in Table 1. The phase behaviour of the pure 5 

sample has been previously published by our group,40 and was 
reproduced here with the new batch of material. The pure materi-
al undergoes two sharp solid-solid phase transitions before the 
well-defined melting point of 37.1 °C, where it releases only 
24 J mol-1 K-1 melting entropy. Based on its waxy nature and 10 

Timmermans’ criterion for molecular plastic crystals10 and later 
observations6,11 for ionic plastic crystals, we consider this materi-
al to be a typical plastic crystal exhibiting two plastic crystal 
phases after a major transition at 8°C: Phase II (from 8 to 24 °C) 
and Phase I (from 24 to 36 °C).  15 

 The thermal phase behaviour is changed significantly in the 
4 mol% LiFSI doped system. There is a new and broad peak 
emerging just before the final melting of the material at 34.6 °C. 
This new peak could be associated with the melting of a lithium-
enriched phase created by the addition of lithium salt; this for-20 

mation of a new compound when an alkali metal salt is mixed 
with an OIPC has previously been discussed.65,66 Meanwhile, the 
entropy of the transition from Phase III to II decreases by 23 % 
compared with that of the pure sample. This suggests that the 
lithium-enriched phase may not participate in this transition and 25 

that some amorphous phase may also be present. As the LiFSI 
salt content in the system was increased (to 8 mol%), the melting 
point decreased to below 30 °C so much so that it is likely that 
the observed broad peak also incorporates the melting of lithium-

enriched phase. Therefore, further investigations were focused on 30 

the pure and the 4 mol% LiFSI doped plastic crystals for both 
fundamental studies and application development.  
 To obtain greater insight into the temperature dependent phase 
behaviour, we also measured the variable temperature synchro-
tron X-ray diffraction patterns of both pure and 4 mol% LiFSI 35 

doped samples, as shown in Figure 2. The diffraction patterns in 
Phase III (0 °C) and Phase II (17 °C) exhibit large differences 
between the pure and doped samples and from the enlarged ver-
sions of Fig 2 (Fig S1, S2, S3 included in ESI), some additional 
new peaks clearly appeared in the 4 mol% LiFSI doped sample at 40 

both 0 °C and 17 °C. However, the highest temperature diffrac-
tion patterns (in Phase I at 30 °C) are very similar. The different 
diffraction intensities at some 2theta positions may be a result of 
orientational variability of the crystals in the capillaries.  
 The DSC analysis and X-ray diffraction patterns suggest that 45 

the addition of just 4 mol% Li salt to the OIPC results in the pres-
ence of at least two phases (compositional phases, not to be con-
fused with plastic crystal phases) in the Phase III and II tempera-
ture regions: the pure OIPC (or possibly an OIPC-rich solid solu-
tion with some Li dissolved in the matrix) and a lithium-enriched 50 

phase. The additional peaks in the XRD pattern suggest that a 
second phase, most likely the lithium-enriched phase, has a quite 
different crystal structure from that of the pure OIPC. Thus, we 
probably observed mixed reflection peaks from both composi-
tional phases in the 0 °C and 17 °C (Phase III and Phase II) dif-55 

fraction patterns. However, at 30 °C (in Phase I for the OIPC) 
both XRD patterns only reflect the pure OIPC phase, suggesting 
that the lithium rich phase has melted, which is consistent with 
the DSC analysis. This melting behaviour could be a result of a 
eutectic reaction, as observed in some other OIPC sys-60 

tems,18,26,66,67 however, additional thermal analysis at multiple Li 
salt compositions would be needed to confidently describe the 
phase behaviour of this OIPC-Li system. 

Conduction mechanisms 

The ionic conductivity of the pure and LiFSI (4 and 8 mol%) 65 

containing plastic crystals was measured over a temperature 
range of -30 to 60 °C (Figure 3). The increase in conductivity 
moving from the pure to mixed systems is greater than that be-
tween the two lithium-salt containing ones, which display rela-
tively similar values. Here, we discuss the conduction mecha-70 

nisms for the different phases. 
1)    Rigid conventional crystal phase (-30 – 5 °C): the pure mate-

rial has low conductivity in this phase. However, after the 
addition of 4 or 8 mol% LiFSI, the conductivity increases 
remarkably, by more than 3 orders of magnitude. This jump 75 

in the conductivity suggests that the lithium-enriched phase 
discussed above is highly conductive. However the presence 
of an amorphous phase may also contribute to this high con-
ductivity.  

Fig 3. Temperature dependent conductivity data acquired for pure, 4 
and 8mol% LiFSI doped P1444FSI. Each phase is labelled and the tran-
sition temperatures of pure P1444FSI are marked by dashed lines. Ex-
ample Nyquist plots are shown in the ESI Fig S5-S12.  
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2)   Plastic crystal phases (10 – 35 °C): the 4 mol% LiFSI doped 
OIPC with the presence of a lithium-enriched phase and an 
increasingly conductive OIPC phase, has up to 3.5 orders of 
magnitude increase in conductivity in Phase II compared to 
the pure material, reaching 0.26 mS cm-1 at 22 °C. In Phase 5 

I, because of the melting and possible percolation along 

grain boundaries of the lithium-enriched phase, there is ra-
ther low activation energy for ion transport compared to that 
of the pure sample. Despite the likely existence of a liquid 
component, the doped OIPCs as a whole have a soft but still 10 

solid-like nature at this temperature. This significant in-
crease in conductivity by percolated liquid domains has also 
been recently discussed by Henderson et. al.18  

3)   In the ionic liquid phase (above 40 °C for the pure sample 
and 35 °C after lithium addition): both the mixed and pure 15 

systems have similar conductivities, around 2.0 mS cm-1 at 
40 °C, which is comparable to that of N-propyl-N-methyl-
pyrrolidinium FSI ionic liquid.56 

Electrochemical behaviour 

As key properties for lithium battery electrolytes, the electro-20 

chemical stability and Li0/Li+ redox behaviour were investigated 
by cyclic voltammetry in pure P1444FSI and with 4 mol % LiFSI 
added. Figure 4.a shows the voltammograms of the pure P1444FSI, 
consisting of separate reduction and oxidation scans. The cathod-
ic limit is ca. -3.2 V vs. ferrocene/ferrocenium (Fc/Fc+), which is 25 

in a good agreement with that of other quaternary phosphonium 
ILs40,50,68. For most ILs with electrochemically stable anions such 
as [PF6], [BF4], [NTf2], [FSI], it is generally believed that the 
reduction potentials of the cationic species determine the cathodic 
limit of the IL. In this case, in addition to literature data,40,50,69 our 30 

present observation confirms that the phosphonium cation with 
small alkyl chains has a high cathodic limit, superior to that of 
imidazolium70,71 and quaternary ammonium 72,68 cation based ILs, 
and approaching those of pyrrolidinium11 or piperidinium71 cation 
based ILs.  35 

 The pure plastic crystal has anodic limit above ca. 6 V vs. 
Li+/Li (2.4 V vs. Fc+/Fc), which makes it an interesting candidate 
for further development with high voltage cathodes.73,74 Never-
theless, it worth noting that compared with similar small phos-
phonium ILs with the NTf2

 anion,40,50 the FSI anion is usually 40 

oxidized at a slightly lower potential, which is consistent with the 
lower thermal stabilities of these ILs compared to those contain-
ing the NTf2 anion.40,72  

Fig 4. (a) Cyclic voltammogram of pure P1444FSI at 50 °C with a scan 
rate of 100 mVs-1. Working and reference/counter electrode were both 
Pt, which was calibrated by internal Fc+/Fc reference (The conversion 
factor: EFc+/Fc  = 0.2 V vs. EPt). (b) Cyclic voltammograms of 4 mol% 
LiFSI doped P1444FSI at 20°C with a scan rate of 50 mVs-1. Only 1st-5th 
cycles and 9th cycle (dashed line) are shown. The lithium plating and 
striping efficiency of each cycle was calculated from integration of re-
duction (Qred) and oxidation (Oox) peaks. Working electrode was copper 
and reference/counter electrode was lithium.  
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 The Li+/Li redox behaviour of the 4 mol% LiFSI doped 
P1444FSI is plotted in Figure 4.b. The cyclic voltammetry has been 
successfully performed using the plastic crystal electrolyte in the 
solid state at ambient temperature. Moreover, because of the high 
conductivity at 20 °C, and the good cathodic limit, the lithium 5 

plating (reduction) peaks can be fully resolved. Interestingly, in 
general, in ILs for lithium electrochemistry and specifically for 
phosphonium based ILs, 75,76 it has not been possible to fully 
resolve the lithium reduction peak due to insufficient cathodic 
stability of the IL resulting from reduction of the IL cation. For 10 

the 4 mol% LiFSI doped P1444FSI, when we set the lowest scan 
cut-off to -0.8 V vs. Li+/Li, the reduction or decomposition is 
observed (shown as a ‘loop’, Fig 4b). Thus, the cut-off was then 
set to -0.5 V from the second cycle. A repeated experiment with 
the cut-off set to -0.5 V from the first cycle (Fig S4 of ESI) shows 15 

lithium plating and stripping results consistent with those shown 
in Fig 4.b) Another reduction process also occurs in each cycle at 
ca. 0.4 V vs Li+/Li. The intensities of these peaks decreased suc-
cessively with each cycle, especially from the first to the second 
cycle. The potential at which this process occurs is consistent 20 

with the onset of reduction in the pure system, as shown in Fig-
ure 4.a. It is generally accepted that this behaviour is associated 
with solid electrolyte interphase (SEI) formation.77 Importantly, 
for good battery performance, the SEI must be stable and support 
high lithium ion conductivity. In the voltammograms presented in 25 

Figure 4.b, there is little further reduction at 0.4 V vs. Li+/Li dur-
ing subsequent cycling. In addition, the reduction currents at the 
cut-off end (-0.5 V) are decreasing with successive cycles and, 
most importantly, the estimated lithium redox coulombic effi-
ciency (determined from the ratio of the oxidation and reduction 30 

peak areas), jumps from 0.49 to 0.62 after the first cycle and 
grows to 0.81 by the 9th cycle. This clearly indicates the for-
mation of a stable and effective SEI. In general, the mechanism 
of formation of the SEI on lithium metal in IL or OIPC based 
electrolytes is unclear. However, as supported by the observation 35 

of a stable and functional SEI in [FSI] based IL | Li systems, 56-

58,78   we believe that the [FSI] anion in this OIPC also exerts an 
advantageous impact. Furthermore, given the sharp, well defined 
and fully resolved lithium reduction peaks, which is rarely found 
in literature, including those based on [FSI] ionic liquids, 56,78 we 40 

Fig 5. (a) Li|LiFePO4 cell cycling at 0.3C rate at 30°C using a composite electrolyte (4 mol% LiFSI doped P1444FSI and polyethylene separator, as 
shown in the inserted image). (b) Charging-discharging profiles for the first four, 10th and 15th cycles of the 50 cycles shown in (a). (c) Nyquist plot 
of in-situ impedance measurements before the first cycle, and after the 10th and 15th cycles. The frequency range was from 1MHz to 0.1Hz. (d) Cell 
capacity retention (tested with another cell) at charging/discharging rate ranging from 0.1C to 1C. The initial 5 cycles labelled by hollow data points 
were regarded as preconditioning cycles and there was a 3hour resting time before switching to a higher rate.   
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also ascribe some of this behaviour to the solid-state properties of 
the OIPC system: in this system a stable SEI may be derived from 
the formation of a thin layer of chemically and/or morphological-
ly ‘altered’ solid electrolyte in the closest vicinity to the metal 
surface, its formation being influenced by solid-state ion diffu-5 

sion processes and mechanical stresses.17,79 

Li | LiFePO4 plastic crystal cell cycling  

Prototypical Li | LiFePO4 cells have been cycled, using a compo-
site electrolyte consisting of a polyethylene separator and 4 mol% 
LiFSI doped P1444FSI OIPC (shown in the inset of Figure 5.a). 10 

Based on the previous thermal and electrochemical analyses, we 
performed the cell tests at 30 °C and 20 °C. 
 The cycling results at 30 °C are presented in Figure 5. Fig-
ure 5.a shows the overall cell performance for 50 cycles at a rate 
of 0.3 C. Although with a relatively low active material loading, 15 

the specific charging/discharging capacity climbs to ca. 
160 mA.h g-1 with ca. 99% coulombic efficiency at the 5th cycle, 
after which the charge capacity is retained for the remaining cy-
cles, with only the discharge capacity declining slightly, to 
156 mA.h g-1 and 97% efficiency, by the last cycle. The cycling 20 

performance is strongly affected by the SEI formation process 

during the first several cycles, during which the discharge capaci-
ty steadily increases, accompanied by an efficiency increase from 
ca. 91% to ca. 99%. It is also interesting to note a decrease in the 
internal cell polarisation indicated by the difference between 25 

charge and discharge plateaus, shown in Figure 5.b. Correspond-
ing in-situ impedance measurements are also plotted in Fig-
ure 5.c. This decrease in cell polarisation could originate from 
several phenomena: first, the SEI formed can act as a conductive 
“buffer” layer that reduces the solid/solid interfacial resistance, 30 

and after the 4th cycle the overpotential is stabilized. Second, with 
plastic crystal electrolytes we have consistently observed that 
during initial polarisation cycles (with Li symmetric cells) the 
internal cell resistance drops substantially, in what we have re-
ferred to as the preconditioning process.17,19,79 It has been ob-35 

served that in cycled cells an apparent recrystallization of the 
OIPC at the interface/interphase region forms smaller grains and 
hence more grain boundary area, which may contribute to im-
proved conductivity.17 Finally, because of the Joule heating dur-
ing the cell cycling process and the effect of lithium dissolution, 40 

there may be the formation of more of the melted eutectic phase 
at the interface, which leads to better electrode wetting and higher 

Fig 6. (a) Charging-discharging profiles of Li|LiFePO4 cell cycling at 0.1C and 20°C using composite electrolyte (4 mol% LiFSI doped P1444FSI and 
polyethylene separator). (b) The Nyquist plot of in-situ impedance measurements before the first cycle, and after the 10th and 15th cycles. The frequen-
cy range was from 1MHz to 0.1Hz. (c) The cell capacity retention (tested with another cell) at charging/discharging rate ranging from 0.1C to 1C. The 
initial 5 cycles labelled by hollow data points were regarded as preconditioning cycles and there was a 3 hour resting time before switching to a higher 
rate.   
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conductivity.  
 To obtain more information on the utility of the cells with the 
plastic crystal electrolyte, the capacity and efficiency were rec-
orded at rates from 0.1 C to 1 C (Figure 5.d). The discharge ca-
pacity is still greater than ca. 150 mAh g-1 at a rate of 0.5 C, and 5 

drops to 140 mAh g-1 at 0.75 C and 130 mAh g-1 at 1 C. This 
remarkable performance is the first example, to our knowledge, 
of an OIPC electrolyte system performing at practical rates at 
ambient temperature. The coulombic efficiency surprisingly in-
creases with increasing rate, which may be due to a reduction in 10 

irreversible processes at the ‘top of charge’ due to the greater cell 
polarisation (and hence shorter time in these regions) that occurs 
with increasing rate. 
 We then tested fresh cells with exactly the same configuration 
at a lower temperature of 20 °C, i.e. in Phase II. The performance 15 

data are gathered in Figure 6. At the rate of 0.1 C, the discharge 
capacity plateaued at ca. 155 mAh g-1 after the 10th cycle (Fig-
ure 6.a).  This capacity is comparable to that of Li | LiFePO4 cells 
containing FSI ionic liquid electrolytes61,62 and, to the best of our 
knowledge, is the highest discharge capacity for Li | LiFePO4 20 

cells with plastic crystal electrolytes reported so far19,20,22,80,81 
(including cells running at elevated temperatures). Similar to the 
cells cycled at 30 °C, we observed the largest irreversible capaci-
ty loss on the first cycle. This is consistent with the Li+/Li redox 
behaviour at 20 °C (Figure 4.b). We ascribe the capacity loss to 25 

SEI formation, as discussed previously, which could be one of the 
factors contributing to the high cell capacity achieved. The in-situ 
impedance measurements (Figure 6.b) also suggest an improved 
interfacial conductivity, showing a dramatic decrease (by more 
than 1000 Ω) of the interfacial resistance within the initial 10 30 

cycles. It is important to point out that, in contrast to the evolu-
tion of interfacial resistance in the cell running at 30 °C and 0.3 C 
rate (Figure 5.c), the interfacial resistance continues to drop after 
10 cycles in the cell running at 20 °C and 0.1 C rate. This very 
much resembles the preconditioning process discussed previous-35 

ly, associated with recrystallization of the plastic crystal at the 
Li | plastic crystal interface.17 Therefore, unlike the cell running 
at 30 °C where the melted eutectic phase is present, the observa-
tion of the preconditioning process in the cell running at 20 °C 
and at 0.1 C strongly suggests that similar solid-state processes 40 

may be occurring in this cell under these conditions. The cell 
performance at low rates (Figure 6.c) is comparable to that at 
30 °C, demonstrating that an effective SEI has been formed. At 
the higher 1 C rate, however, the discharging capacity (118 mA.h 
g-1) is lower than that at 30 °C, and appears limited by the bulk 45 

conductivity of the electrolyte.  

Conclusions 
An organic ionic plastic crystal (OIPC) electrolyte P1444FSI has 
been studied and applied as a solid electrolyte in a safe, high per-
formance prototype lithium battery at ambient temperature. Char-50 

acterization of the thermal phase behaviour, together with crystal 
structure information obtained by synchrotron X-ray diffraction, 
has been compiled to study the OIPC phase/structure environ-
ments for the added lithium ions, which plays a key role in under-
standing the conduction mechanisms that lead to the high conduc-55 

tivity value of 0.26 mS cm-1 at 22 °C. Electrochemical studies of 
this material indicate a large electrochemical window (ca. 6 V). 

Importantly, at 20 °C when the material is in the solid state, it is 
possible to distinctly resolve the Li0/Li+ redox reaction from 
which we have direct evidence of formation of a stable and high-60 

ly conductive solid electrolyte interphase (SEI). We believe that 
the desired SEI formation is not only caused by the FSI anion 
chemistry but may also be influenced by the solid nature of the 
electrolyte. The high ionic conductivity, excellent electrochemi-
cal stability and good interfacial properties of the OIPC enabled 65 

excellent cycling performance of (Li | LiFePO4) cells at 30 °C 
and 20 °C. 160 mAh g-1 discharge capacity was achieved at both 
30 °C and 20 °C with 0.1 C rate, which is the highest reported for 
OIPC based cells to date. At the 1 C rate, the cells retained capac-
ities of approximately 118 mAh g-1 and 130 mAh g-1 at 20 and 70 

30 °C, respectively.  
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