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Abstract 

Organic ionic plastic crystal electrolytes,  containing a plastic crystal and lithium salt,  offer a 
potential balance between mechanical and electrochemical properties for solid state lithium-ion 
battery  electrolytes.  These  electrolytes  contain  multiple  mobile  ionic  species  (three  or  four), 
resulting in complex transport mechanisms which have not yet been established. Plastic crystals are 
defined by long-range positional order and short-range rotational disorder. It is therefore necessary 
to quantify changes in the local crystal structure of the electrolyte as current flows through it. 
Herein,  we  examine  the  electrochemical  properties  of  pyrrolidinium-based  plastic  crystal 
electrolytes containing lithium salt and zwitterion additives, including measurements of current 
fraction and limiting current. We obtain species-specific insight into electrolyte transport using 
pulsed-field gradient nuclear magnetic resonance spectroscopy and find that, while the zwitterion 
additive increases ionic conductivity, it decreases lithium diffusivity with respect to other ionic 
components. With  operando spatiotemporally resolved wide angle X-ray scattering we observe 
location-specific crystal rotations due to the passage of ionic current.  We posit that reducing energy 
dissipation due to rotation is essential for using plastic crystal electrolytes in practical applications. 
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Introduction

Traditional  liquid  electrolytes  for  rechargeable  lithium-ion  batteries  are  mixtures  of  organic 
solvents and salts.1 There is considerable interest in developing new electrolytes for rechargeable 
batteries as they could enable an increase in energy density and improvement in safety.2,3 Inorganic 
crystalline electrolytes are one attractive alternative offering comparable ionic conductivity to 
traditional liquid electrolytes.4–6 These crystalline electrolytes are characterized by high storage 
modulus which enables coupling with high-capacity electrodes such as lithium metal anodes.7,8 
However, limitations to their application arise due to their non-compliant nature, driven by losses of 
contact between the electrode and electrolyte as battery electrodes expand and contract during 
operation.9,10 Organic ionic plastic crystal electrolytes, comprising mixtures of a plastic crystal and 
salt, appear to be a natural bridge between liquid electrolytes and inorganic crystalline electrolytes. 
The compliance of these electrolytes may enable better electrode/electrolyte contact and their 
solid-like mechanical properties may enable coupling with high-capacity and high energy density 
electrodes.11–14 Yet, a major limitation to the application of plastic crystal electrolytes is their 
conductivity, which is significantly lower than that of both liquid and crystalline electrolytes.5,13,15,16 
The reason for poor ion transport in plastic crystal electrolytes has not yet been established.

Salts comprising a bulky organic cation and inorganic anion naturally self-assemble to form solid 
plastic  crystals.  Examples  of  cations  include  ammonium,17,18 phosphonium,19–22 and 
pyrrolidinium23,24,  coupled  to  anions  including  bis(fluorosulfonyl)imide  (FSI-), 
bis(trifluoromethanesulfonyl)imide (TFSI-), and tetrafluoroborate (BF4

-). These crystals exhibit an 
intermediate plastic crystal phase, which exists between the liquid and crystalline phases, and is 
defined by long-range order and short-range rotational disorder.11,14 When mixed with a lithium salt, 
the mixture comprises only charged species (three or four), making them fundamentally different 
from traditional liquid electrolytes based on neutral organic solvents. In principle, all species in a 
plastic crystal electrolyte are mobile and can translate under an applied electric field. In contrast, 
only the cation is translationally mobile in inorganic crystalline electrolytes.

The passage of current through inorganic crystalline electrolytes occurs without the formation of 
concentration  gradients  due  to  electroneutrality.25 Since  the  anions  cannot  translate,  the 
concentration of cations must be uniform even as current passes through the electrolyte. In contrast, 
the passage of current through traditional liquid electrolytes containing a neutral solvent results in 
the formation of salt concentration gradients due to the mobility of all three electrolytic species.26

The  underpinnings  of  these  concentration  gradients  have  been  described  by  Newman’s 
concentrated solution theory.27 Their magnitudes are governed by three transport properties, ionic 
conductivity,  diffusion  coefficient,  and  cation  transference  number,  and  two  thermodynamic 
properties,  the  salt  activity  coefficient  and  the  partial  molar  volume  of  the  salt.  Interest  in 
quantifying concentration gradients arises from the fact that the motion of all species other than the 
working lithium ion results in energy dissipation and a reduction of battery efficiency.28 While 
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concentration gradients could exist in plastic crystal electrolytes, due to the mobile nature of all 
species, there is no systematic understanding of the phenomena which drive their development. 
Moreover, the presence of long-range order requires the development of models that go beyond 
Newman’s  concentrated  solution  theory.  For  example,  when  current  is  passed  through  the 
electrolyte, fundamentally different plastic crystal phases may form locally within the electrolyte 
due to the presence of salt concentration gradients. 

In a symmetric Li/electrolyte/Li cell containing a traditional liquid electrolyte, the magnitude of 
concentration gradients increases with increasing applied current. The current density at which the 
salt concentration at the negative electrode at steady-state approaches zero is called the limiting 
current. If the applied current exceeds the limiting current, then the cell voltage diverges at a time 
called the Sand’s time.29 The Sand’s time is a measure of the time required for the salt concentration 
at the negative electrode to approach zero. To our knowledge, neither limiting current nor Sand’s 
time has been measured in any plastic crystal electrolyte. 

In this study, we explore the ion transport properties for ternary organic ionic plastic crystal 
electrolytes,  containing  N,N-diethylpyrrolidinium  bis(fluorosulfonyl)imide  ([C2epyr][FSI]), 
lithium bis(fluorosulfonyl)imide (LiFSI), and a zwitterionic (ZI) additive. Previous studies suggest 
that zwitterion additives lead to enhanced ion dissociation, improved battery cycling, and increased 
electrolyte stability against lithium metal.30–33 We examined electrolytes with varying molar ratios 
of [LiFSI]/[ZI] – 5/10, 5/20, 10/10, and 15/20 – to explore how the addition of salt and zwitterion 
additives  impacted  the  thermal,  morphological,  and  electrochemical  properties  of  these 
electrolytes. We employed pulsed-field gradient nuclear magnetic resonance spectroscopy (PFG-
NMR) to provide species-specific insight into ion transport. Finally, we conducted operando wide 
angle X-ray scattering (WAXS) to probe morphological changes to the electrolyte under the passage 
of ionic current. Our findings indicate that ionic conductivity increases with increasing zwitterion 
concentration,  but  that  Li+ transference,  and in turn practical  battery performance,  is  heavily 
compromised. We measure the Sand’s time and limiting current using lithium symmetric cells to 
quantify battery performance. PFG-NMR confirms the sluggish diffusivities of Li+.  Operando 
WAXS measurements unveil the presence of current-induced crystal grain rotations which could 
serve as an additional pathway for energy dissipation.

Methods

Electrolyte Preparation

Electrolytes containing [C2epyr][FSI] with 5/10, 5/20, 10/10, 15/20 ratios of [LiFSI]/[ZI] were 
prepared by Mitsubishi Chemical Corporation.  The electrolytes are named such that the first 
number refers to the moles of LiFSI and the second number refers to the moles of zwitterion on a 
100-mole basis of [C2epyr][FSI]. For example, the 5/10 electrolyte comprises a mole ratio of 5 
moles LiFSI, 10 moles zwitterion, and 100 moles [C2epyr][FSI]. The electrolytes were made by 
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melting [C2epyr][FSI] at 140°C, and then adding the zwitterion, ((3-(1-methylpyrrolidin-1-ium-1-
yl)propyl)sulfonyl)((trifluoromethyl)sulfonyl)imide (for simplicity, we refer to this compound as 
ZI). The mixture was left at 140°C for an hour. Following this, LiFSI was added and the mixture 
was stirred at 140°C for an additional hour. The electrolyte was then allowed to cool to room 
temperature. Upon receipt at UC Berkeley, the electrolytes were dried at 60°C overnight under 
vacuum  prior  to  use. All  sample  preparations  for  DSC,  WAXS,  NMR,  or  electrochemical 
measurements were conducted within an argon glovebox with O2 < 1 ppm and H2O < 1 ppm. 

Density measurements

The room temperature density (ρ) of [C2epyr][FSI] at each [LiFSI]/[ZI] composition was measured 
by weighing a 40 μL pan filled with electrolyte. This was repeated in triplicate for each sample, and 
results are summarized in Table S1. The lithium salt concentration of each electrolyte,  cLi, was 
calculated following:

cLi=
r LiFSI ρ

(r LiFSIMLiFSI+r ZIMZI+M IPC ) , (eq. 1)

where rLiFSI and rZI denote the molar ratio of Li salt or zwitterion to the [C2epyr][FSI] plastic 
crystal, respectively, and Mi represents the molar mass of species i in kg mol-1. 

Differential scanning calorimetry

DSC samples were prepared inside an argon glovebox by sealing 5 to 20 mg of electrolyte within 
hermetic  aluminum pans  (TA Instruments).  Measurements  were  conducted  at  the  Molecular 
Foundry with a TA Instruments DSC Q200 under N2 flow. After an initial heating cycle to 150°C to 
erase the thermal history, the plastic crystal samples were cooled to -90°C and then heated back to 
150°C at 5°C min-1. This second heating cycle was reported. In the case of the 5/20 electrolyte, the 
second heating cycle was done at 10°C min-1  to obtain sharper features in the DSC trace. By 
convention, the first phase below the liquid phase (L) is denoted as plastic crystal phase I. 

Wide-angle X-ray scattering

Ex situ and operando WAXS measurements were conducted at the Stanford Synchrotron Radiation 
Lightsource (SSRL) beamline 11-3. The X-ray energy was fixed at 12.7 keV, and diffractograms 
were collected on a Rayonix MX225 CCD area detector. The sample-to-detector distances and 
detector  tilts  were  calibrated  for  the  ex  situ  and  operando  experiments  using  a  lanthanum 
hexaboride standard, and ex situ scans were collected with a 1 s exposure time. Data were collected 
at room temperature (25°C). Ex situ cells were assembled inside a glovebox by placing electrolyte in 
airtight  aluminum holders with polyimide windows.  The 2D intensities  recorded on the area 
detector were integrated using the Nika program for IGOR Pro to yield intensity I as a function of 
scattering vector, q, and azimuthal angle, χ.34   
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Operando  Swagelok style cells  comprising lithium indium symmetric cells  were housed in a 
custom polycarbonate holder. 40 mol% lithium indium (LiIn) alloy electrodes were fabricated 
according to the procedure outlined in ref. 35.35 To assemble the operando cells, electrolyte was 
placed  within  a  polycarbonate  spacer  (McMaster-Carr)  and  sandwiched  between  two  LiIn 
electrodes. The ensemble was placed within the custom polycarbonate holder and screwed into 
place with stainless steel core pins (McMaster-Carr) and PEEK nuts (IDEX). The cells resemble 
those depicted in ref. 3435 – the main difference between the setups was the use of amorphous 
polycarbonate for the holder and washer material to reduce the appearance of sharp WAXS peaks 
from the cell body. Moreover, the polycarbonate washer was thinned down to a thickness of 0.5 mm 
around the electrolyte to minimize the X-ray path length through the cell body. 

The operando WAXS experiment was performed by mounting the cell onto a vertical stage and 
connecting it to a portable Biological VSP300 potentiostat placed inside the hutch. During the 
experiment, the cell was moved in 50 μm increments along the electrolyte from one electrode to the 
other (x-direction). X-rays passed through the electrolyte, parallel to the electrodes, and the beam 
profile was 50 μm tall and 300 μm wide. Scattering measurements were collected at seven locations 
along the electrolyte. At each cell position, images were acquired with a 30 s exposure time every 20 
min. 

Data analysis was performed using the pyFAI library in python.36 Scattering images were integrated 
to yield 2-dimensional (χ, q) plots using the pixel-splitting method with 360 azimuthal sectors in χ 
and  1,024  rings  in  q.  To  obtain  azimuthally-averaged  I(q)  spectra,  intensities  from  the  2-
dimensional (χ, q) data were filtered to remove any bright streaks and then summed over the entire χ  
range at each value of q. To obtain I(χ) spectra, the raw intensities from the 2-dimensional (χ, q) data 
were summed over a specific value of q (e.g. 0.85 Å-1) ± 0.01 Å-1. Changes in the location of peaks 
in I(q) generally signal phase changes (e.g. appearance or disappearance of plastic crystal phase), 
while  changes  in  I(χ)  generally  signal  crystal  rotations.  The  intensities  reported  are not 
transmission-corrected.  Due to the lithium indium electrodes and the stainless-steel  plungers, 
regions of  χ  were obscured depending on the measurement position. An example of the data 
analysis workflow for data acquired at t = 0.3 h and at x/L = 0.8 is provided in Figure S14.   

Electrochemical measurements

Conductivity

Conductivity  measurements  were  conducted in  coin  cells  assembled using CR2032 coin  cell 
components (Hohsen Corp). Electrolyte was added to an adhesive silicone spacer with a thickness 
of 500 μm and an inner diameter of 3.175 mm (McMaster-Carr) and sandwiched between 500 μm 
blocking stainless-steel electrodes (MTI). A stainless-steel wave spring (MTI) was placed on top of 
the stack, and the coin cells were sealed with a crimper (MTI). Conductivity, κ, was measured in a 
Jeio Tech TC-ME-100 environmental  chamber at  three temperatures (30,  50,  70,  90°C).  The 

6

1
2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28

29

30

31
32
33
34
35
36



temperature was verified with the use of a thermocouple. The cells were allowed to equilibrate for 
30 min at temperature before the experiments were conducted. AC impedance spectroscopy was 
conducted using a Biologic VMP300 potentiostat, using a frequency range of 1 MHz to 100 mHz 
and a sinus amplitude of 80 mV. The bulk resistance, Rb, was obtained from the Nyquist plot of the 
impedance spectra. Conductivity was calculated from the measured Rb according to:

κ= L
Rb A

 , (eq. 2)

where L is the thickness of the separator (cm) and A is the surface area of the electrodes (cm2).

Current fraction

To prepare Li symmetric cells , Li chips (MTI) were brushed on both sides and then pressed with a 
hand press until shiny. Electrodes with a diameter of 6 mm were punched out and affixed onto 
stainless steel shims (MTI) by pressing between pouch material with a hand press. Electrolyte was 
placed in the adhesive silicone spacers and sandwiched between Li electrodes to form the coin cell 
stack and crimped. Assembled cells were preconditioned by applying a current of +/- 0.1 uA cm -2 

for 12 h, for a minimum of 4 cycles until a stable interfacial resistance, Ri, was reached. Current 
fraction measurements were carried out using the Bruce-Vincent method,37 wherein a voltage of 
+10 mV was applied for 13.7 h, with impedance measurements collected every 20 min, and then the 
cell was allowed to relax for 12 h at open-circuit voltage. This process was repeated at -10 mV. The 
current fraction was calculated according to eq. 3:

ρ
+¿=

iss (ΔV−iΩRi ,0 )
iΩ (ΔV−iSSRi ,SS )

¿ , (eq. 3)

where iΩ is calculated by eq. 4:

iΩ=
ΔV

Rb,0+Ri ,0
 . (eq. 4)

Where  ΔV  is the applied voltage (V), the subscripts  b and  i refer to the bulk and interfacial 
resistances respectively, and the subscripts 0 and SS refer to initial and steady-state measurements 
respectively.

Restricted diffusion

The diffusion coefficient was calculated using the restricted diffusion approach.38 The open-circuit 
relaxation potential following the current fraction experiment was fit to an exponential form (eq. 5):
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U (t )=k0+ae
−bt,  (eq. 5)

where the diffusion coefficient, D, is related to the coefficient, b, by:

D=L
2b
π2  . (eq. 6)

Where L is the thickness of the electrolyte (cm).

Limiting current via Sand’s time

The thickness-normalized limiting current of each electrolyte was measured at 30°C using the 
Sand’s time approach described previously.29 Following measurement of current fraction, multiple 
current densities were applied to the Li-Li symmetric cells for 12 h followed by an 18 h relaxation 
period back to open-circuit potential and an impedance measurement to ensure no significant 
changes  to  bulk  or  interfacial  resistance.  The  current  density  was  increased  until  potential 
divergence occurred for a minimum of four different current densities.  The limit of potential 
divergence was set to 1 V and the time taken for the potential to diverge was recorded as the Sand’s 
time. To estimate the limiting current density, we adopted the linear approach reported by Hoffman 
et al.29

All electrochemical data were collected and analyzed with the EC Lab software.

Pulsed field gradient NMR

NMR samples were prepared by loading electrolyte into 5 mm NMR tubes. The electrolytes were 
melted at 150°C before being sealed under an argon atmosphere to reduce void space formation. 
Self-diffusion coefficients were measured using pulsed field gradient NMR at a field strength of 9.4 
T on a Bruker Avance IV NEO (400.23 MHz for 1H, 155.54 MHz for 7Li, and 376.59 MHz for 19F) 
spectrometer fitted with a 5 mm double resonance broad band diffusion probe (diffBB) equipped 
with a z-axis gradient. The diffBB probe had a maximum gradient strength of 17 T/m and a Great60 
amplifier was used to generate the gradient pulses. Sample temperature was calibrated using an 
ethylene glycol sample (80%) in DMSO-d6 (20%). Diffusion coefficients were measured at 30, 50, 
70, and 90°C, with an equilibration period of 20 min.  A standard diffusion double stimulated echo 
sequence (diffDsteAV3) using sine shaped magnetic field gradient pulses was employed with 
application of 16 dummy scans at the beginning of spectral acquisition and 8 scans (1H, 19F) or 256 
scans (7Li) per gradient amplitude. 16 gradient strengths (g), in equally spaced increments, were 
applied to achieve optimal signal attenuation. The range of maximum gradient strengths was varied 
up to 1400 G cm-1 for different nuclei and different temperatures to optimize signal attenuation. For 
1H and 19F experiments, a 1-1.5 ms gradient pulse application duration (δ), 100-200 ms diffusion 
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time (Δ), 5 s repetition time, 100 µs gradient pulse stabilization delay (d16), and a 90° pulse 
duration (p1) of 15 µs at 16 W pulse power (plw1) were used. For 7Li experiments, a 1-2 ms gradient 
pulse application duration (δ), 200-500 ms diffusion time (Δ), 10 s repetition time, 100 µs gradient 
pulse stabilization delay (d16), and a 90° pulse duration (p1) of 19 µs at 22 W pulse power (plw1) 
were used. Pulse times were varied based on the diffusion coefficient resolution required at different 
temperatures. Data was processed with Bruker’s Topspin Software, using Dynamics Center. Peak 
intensities were calculated by analyzing the highest gradient slice and calculating the integral of the 
peak with an integral width equal to the full width of the peak at half maximum intensity. The 
attenuation curves of the integrated peak intensities were fit to the Stejskal–Tanner equation (eq. 7) 
for double stimulated echo sequence using sine-shaped gradient pulses.39–41

S (g )=S (0 )exp[−Dγ2δ2g2(Δ−δ
2 ) 4π2 ] (eq. 7)

Where S (g ) and S (0 ) are the intensity of the PFG-echo profile at the gradient strengths of g and 0, 
respectively, D = self-diffusion coefficient (m2 s-1), γ = gyromagnetic ratio (s-1 G-1). 
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Results & Discussion

We measured the thermal and structural properties of [C2epyr][FSI] electrolytes as a function of 
salt and zwitterion concentration. The components of the plastic crystal electrolytes are given in 
Figure 1a, and the compositions studied in this work are given in  Table 1. The density of the 
electrolytes is reported in Table S1. The electrolytes are named according to the molar ratio of 
[LiFSI]/[ZI] additive, e.g. 5/10 contains 5 moles of LiFSI and 10 moles of zwitterion on a 100-mole 
basis of [C2epyr][FSI]. The thermal properties of the electrolytes, characterized by differential 
scanning calorimetry (DSC), are shown in Figure 1b. The data obtained from the 5/10, 10/10, and 
15/20 electrolytes are similar. We observed a crystalline phase at low temperatures, and a sharp 
peak in the DSC curve signifying a phase transition to a plastic crystal phase. The solid-solid 
transition temperatures range from -32 to -37°C for the 5/10, 10/10, and 15/20 electrolytes. In 
15/20, a subtle feature appears at -18°C. The origin of this feature remains to be established. The 
5/10, 10/10, and 15/20 electrolytes exhibited melting points at 109, 87, and 72°C, respectively, 
indicating that  increasing the concentration of  the lithium salt  and the zwitterion resulted in 
decreases in melting temperature, but did not significantly affect the crystal-to-plastic-crystal phase 
transition temperature. The DSC curve of the 5/20 electrolyte exhibits a broad and poorly defined 
crystal-to-plastic-crystal peak in the vicinity of -30°C. The temperature of this phase transition is 
similar to those of the other electrolytes. Additional features are seen at temperatures above 40°C in 
the DSC curve of the 5/20 electrolyte. The main conclusion of our DSC study is that all electrolytes 
exhibit a plastic crystal phase at 25°C. Following the literature,11 we refer to this as phase I. 

The DSC results  shown in  Figure 1b (except  5/20) are consistent  with literature reports.  In 
reference 24, it was shown that a [C2epyr][FSI] electrolyte containing 5 mol% LiFSI had a melting 
temperature of 119°C and exhibited a plastic crystal phase at lower temperatures, including room 
temperature. This electrolyte composition is analogous to a 5/0 concentration and will be referred to 
as the 5/0 composition herein. Additionally, it was shown that increasing the concentration of LiFSI 
salt results in a decrease in the melting point of plastic crystal electrolytes, with a negligible change 
in the crystal-to-plastic-crystal phase transition temperature.23 

The crystal structure of the electrolytes at 25°C were characterized by wide-angle X-ray scattering 
(WAXS) and are shown in Figure 1c. Characteristic peaks were observed in the 5/10, 10/10, and 
15/20 electrolytes at q values of 0.87 and 1.23 Å-1. These values correspond to interplanar spacings 
(d) of 7.22 and 5.11 Å, according to d = 2π/q. As was observed in the DSC data, the WAXS data 
from the 5/20 electrolyte was different from that of the other electrolytes. Scattering peaks at  q 
values of 0.87 and 1.23 Å-1 were accompanied by several additional peaks, suggesting the presence 
of secondary phases or polymorphs.42 The WAXS results shown in Figure 1c are generally similar 
to  those  reported  in  the  literature  for  neat  [C2epyr][FSI]  or  salt-containing  [C2epyr][FSI].  In 
references 23,24,43 and 40, it was shown that neat [C2epyr][FSI] exhibits two characteristic peaks in X-
ray diffraction for the phase I plastic crystal. In these reports, the characteristic spacings were 7.2 
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and 5.1 Å for the neat material, and the presence of few peaks was attributed to a higher degree of 
symmetry  in  the  phase  I  plastic  crystal.  Additionally,  X-ray  diffraction  studies  of  a  similar 
electrolyte, [C2mpyr][FSI], in the neat state and with 10 mol% LiFSI also displayed a signature of 
two peaks for the phase I plastic crystal, and the interplanar spacing increased slightly with the 
addition of LiFSI salt.23 Interpreting WAXS data from plastic crystals in terms of a lattice structure 
is nontrivial. In ref. 44, a definitive interpretation of WAXS data was only possible after a single 
crystal was obtained using exacting means, and X-ray diffraction measurements were collected at 
100 K. There are no well-defined strategies for obtaining single crystals in these systems. We did 
not attempt to obtain single crystals of the electrolytes studied in this paper. To the best of our 
knowledge, the data in  Figure 2c are the first WAXS measurements of zwitterion-containing 
[C2epyr][FSI] electrolytes.

Figure 1. (a) Chemical structures of species in the plastic crystal electrolyte studied in this work. 
(b) Differential scanning calorimetry traces of the plastic crystal electrolytes. By convention, Phase 
I is designated as the first phase below the melting point. (c) Ex situ wide angle X-ray scattering of 
the plastic crystal electrolytes at 25°C. 

11

1
2
3
4
5
6
7
8
9

10
11

12
13
14
15
16

17



Table 1. Composition of the [C2epyr][FSI]/LiFSI/ZI plastic crystal electrolytes.

Electrolyte Name [C2epyr][FSI]

(mol)

LiFSI

(mol)

ZI

(mol)

cLi+

(mol L-1)

5/10 100 5 10 0.18

5/20 100 5 20 0.19

10/10 100 10 10 0.38

15/20 100 15 20 0.64

Figure 2 describes the results of electrochemical characterization of the plastic crystal electrolytes. 
Ionic conductivity,  κ, (Figure 2a) was measured at 30, 50, 70, and 90°C. At 30°C, the ionic 
conductivities for the electrolytes were 7.90 × 10-5

 S cm-1, 1.12 × 10-4 S cm-1, 2.49 × 10-4 S cm-1, 
and 5.19 × 10-4 S cm-1 for the 5/10, 5/20, 10/10, and 15/20 electrolytes, respectively. In a previous 
study, the ionic conductivity of [C2epyr][FSI] mixed with 5 mol% LiFSI (5/0) at 25°C was 6.4 × 
10-5 S cm-1 and is provided on Figure 2a as a reference.24 The addition of zwitterion in the 5/10 
electrolyte resulted in ionic conductivity of  similar  magnitude to the previously reported 5/0 
electrolyte. Increasing the zwitterion concentration in the 5/20 electrolyte resulted in a modest 
increase in ionic conductivity. There are several reports of increased conductivities in electrolytes 
upon the addition of  zwitterions.30,45,46 In  the materials  of  interest,  we posit  that  transport  is 
facilitated  by  the  presence  of  defects  induced  in  the  [C2epyr][FSI]  crystal  lattice  by  the 
zwitterions.43,47,48 Larger increases in ionic conductivity were obtained by increasing the lithium salt 
concentration: the conductivity of the 15/20 electrolyte is a factor of 5 larger than that of the 5/20 
electrolyte. This is consistent with previously reported observations on pyrrolidinium-based plastic 
crystal electrolytes mixed with alkali salts.42,49 The relative changes in conductivity are similar in the 
temperature range between 30 and 70°C for all electrolytes; the electrolytes are plastic crystals in 
this temperature range. However, at 90°C, the conductivities of the 10/10 and 15/20 electrolytes are 
within experimental error. The DSC results indicate that these electrolytes are in the liquid state at 
this temperature.

Figure 2b shows the current fraction, ρ+¿¿, for the plastic crystal electrolytes, as measured by the 
Bruce-Vincent-Watanabe method.50–52 In conventional electrolytes comprising mixtures of a lithium 
salt and a solvent, current fractions deviating from unity signal the formation of salt concentration 
gradients that result in concentration overpotentials.50,53 For all electrolytes in this study, ρ+¿¿ranges 
from 0.01 to 0.04. These values are an order of magnitude lower than those typically reported for 
plastic crystal electrolytes with similar chemistries. In particular, ρ+¿¿ of 5/0 [C2epyr][FSI] with 
LiFSI at 60°C was measured to be 0.27,24 while that of 5/0 [C2epyr][FSI] with Mg(FSI)2 at 25°C 
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was measured to be 0.28.54 In comparison, previously reported lithium transference numbers for 
pyrrolidinium-based ionic liquids, estimated by current fraction measurements, PFG-NMR, and 
electrophoretic NMR , have been observed at magnitudes similar to the  ρ+¿¿ observed in this 
work.55–57 The reason for the differences between our measurements on plastic crystal electrolytes 
and the existing plastic crystal electrolyte literature remains to be established. 

The diffusion coefficient, D, was measured using restricted diffusion experiments at 30°C (Figure 
2c). D gives the diffusive flux due to driving forces that arise in the presence of a concentration 
gradient. For all electrolytes, D was of a similar order of magnitude, varying from 1.4 x 10-8 cm2 s-1 

in the 10/10 electrolyte to 3.1 x 10-8 cm2 s-1 for the 5/20 electrolyte.

Figure 2. Experimentally measured plastic crystal electrolyte transport properties: (a) conductivity 
κ versus temperature, (b) current fraction ρ+¿¿ versus composition, and (c) diffusion coefficient D 

versus  composition.  Experiments  to  determine  ρ+¿¿ and  D were  conducted  at  30°C.  The 
conductivity for a 5/0 electrolyte reported by Yamada et al.24 at 25°C is added for reference using the 
star symbol. All experiments were repeated at least three times on independent cells and error bars 
representing one standard deviation are shown.

PFG-NMR was conducted on the  1H (DC2epy r
+¿¿),  7Li (DLi+¿¿), and  19F (DFS I−¿¿,  DZI) nuclei to 

capture the species-specific self-diffusion coefficients for all species in the electrolytes. Di reflects 
the Brownian motion of species  i  in the absence of concentration gradients. The self-diffusion 
coefficients of each species in the electrolytes are plotted as a function of temperature in Figure 3. 
Representative NMR spectra for the electrolyte species are given in Figure S1, and an example fit of 
the  PFG-NMR results  to  the  Stejskal-Tanner  equation,  which enables  the  estimation of  self-
diffusion coefficients, is provided in Figure S2. For all electrolytes, DFS I−¿¿ > DC2epy r

+¿>DLi+¿¿¿ > DZI. 
In previous studies of [C2epyr][FSI] with 10 mol% LiFSI (without zwitterion), the order of self-
diffusion coefficients was DFS I−¿¿ > DLi+¿¿ > DC2epy r

+¿¿.43 It appears that the addition of zwitterion 
slows down the diffusion of Li+ relative to the other ionic components in the electrolyte. The 
addition of zwitterion slows down the diffusion of all ionic species; compare the 5/10 data in 
Figure 3a and the 5/20 data in  Figure 3b. In contrast, the addition of lithium salt hastens the 
diffusion of all species; compare the 5/10 data in Figure 3a and the 10/10 data in Figure 3c. The 
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5/20 electrolyte had the slowest diffusivities,  while the 10/10 electrolyte exhibited the fastest 
diffusivities. The spread between the specific species diffusion coefficients across all the electrolyte 
compositions decreases with increasing temperature. This is most clearly seen in Figures S3-6, 
where we plot the diffusivity of each ionic species as a function of temperature.

Figure 3. Self-diffusion coefficients of species in the plastic crystal electrolytes measured by 
pulsed-field gradient NMR versus temperature. The nuclei studied were 1H, 7Li, and 19F. The 1H and 
7Li spectra were used to determine  DC2epy r

+¿¿ and  DLi+¿¿.  The  19F spectra contained two well 
resolved peaks which were used to determine DFS I−¿¿ and DZI (Figure S1). (a) 5/10 electrolyte, (b) 
5/20 electrolyte, (c) 10/10 electrolyte, (d) 15/20 electrolyte. All experiments were repeated at least 
three times and error bars representing one standard deviation are shown. In some cases, error bars 
are smaller than the symbol.

Using  Newman’s  dilute  solution  theory  for  a  multicomponent  electrolyte,  we  estimate  the 
conductivity, σ , for an electrolyte containing three ionic species:27 
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σ=F2∑
i

z i
2uici, (eq. 8)

where z i is the charge, ui is the mobility, and ci is the concentration of species i. We invoke the 
Nernst-Einstein relation to relate the mobility and diffusion coefficients in dilute solutions,

Di=RT ui . (eq. 9)

Combining eq. 8 and 9, we obtain: 

σ=F2∑
i

z i
2Dici
RT

 . (eq. 10)

When applied to the plastic crystal electrolytes, which contain three ionic species, the 
conductivity is described by,

σ= F2

RT
¿. (eq. 11)

We also define a ratio, β, which compares the experimentally-determined ionic conductivity, κ, and 
estimated conductivity, σ:58 

β= κ
σ

. (eq. 12)

β equals  one  corresponds  to  an  idealized  liquid  electrolyte,  wherein  all  ionic  species  move 
independent of each other. This ratio thus provides insight into the nature of ionic correlations in 
plastic crystal electrolytes. 

Figure 4a compares  σ and κ for the 5/10 electrolyte, where we observe an order of magnitude 
difference in the ionic conductivities at 30°C. The comparison between  σ and  κ for all  other 
electrolytes is given in Figures S7-9. The temperature-dependence of β of all electrolytes is given 
in Figure 4b. The electrolyte with the highest conductivity, 15/20, also exhibits the highest value of 
β. This suggests that the motion of ions in this electrolyte is decoupled from each other. The 
electrolyte with the lowest conductivity, 5/10, also exhibits the lowest value of β. One expects the 
value of  β  to increase with increasing temperature due to a decrease in the strength of ionic 
interactions relative to thermal energy. Contrary to this expectation, increasing the temperature of 
all electrolytes from 30 to 50°C results in small to no decrease in  β. In the temperature range 
between 50 and 90°C, however, β increases with increasing temperature. 
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Figure 4. (a) Comparison of experimental (κ) and Newman’s dilute solution theory estimate (σ) of 
ionic conductivity for the 5/10 electrolyte at various temperatures. (b) β (β=κ /σ) values for all 
plastic crystal electrolytes at various temperatures.

The current-voltage characteristics of all our electrolytes were measured using lithium symmetric 
cells. A constant current was applied, and the time-dependence of the cell voltage was recorded. 
Small changes in L are obtained across individual experiments because of slight differences in cell 
assembly. To account for this, and to ensure that the results obtained in this work can be readily 
compared to values in the literature obtained on cells with entirely different electrolyte thickness, 
we utilize a length-normalized form of current density, iL. Typical data obtained is shown in Figure 
5a for selected current densities applied across the 5/10 electrolyte. The cell voltage approaches a 
steady plateau at low current densities of 0.23 μA cm-1 and below. At current densities of 1.3 μA 
cm-1  and above, we observe a divergence in the measured voltage. The time required for the cell 
voltage to reach 1 V is taken as the Sand’s time,  tsand.  Following the approach described in 
reference  29,  we  plot  L2/tsand versus  the  length-normalized  current  density,  iL for  the  5/10 
electrolyte in  Figure 5b.  A linear extrapolation of the data to  L2/tsand= 0 gives the length-
normalized limiting current,  ilimL = 1.1 ± 0.06 µA cm-1. The limiting current in a given cell is 
inversely  proportional  to  L.29 The  corresponding  data  and  plots  for  the  other  plastic  crystal 
electrolytes are given in Figures S10-12. The length-normalized limiting currents were estimated 
to be 1.1 ± 0.06 µA cm-1, 1.6 ± 0.2 µA cm-1, 1.6 ± 0.2 µA cm-1, and 1.4 ± 0.2 µA cm-1 for the 5/10, 
5/20, 10/10, and 15/20 electrolytes respectively. 

It is instructive to compare the limiting current of plastic crystal electrolytes and that of a well-
studied  system,  poly(ethylene  oxide)  bis(trifluoromethanesulfonyl)imide  (PEO/LiTFSI).  The 
limiting current of the PEO-based electrolyte at 90°C, wherein the molar ratio of lithium ions to 
ether oxygens is 0.1, is 30 µA cm-1. The limiting current of traditional liquid electrolytes is a 
function of three transport parameters (κ, D, and t+¿0¿) and a thermodynamic factor. The parameters 
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that govern the limiting current in plastic crystal electrolytes have not yet been established. In the 
most highly conducting plastic crystal electrolyte, 15/20, κ = 5.2 x 10-4 S cm-1, ρ+ = 0.02, and D = 1.5 
x 10-8 cm2 s-1. The values for PEO/LiTFSI are κ = 1.5 x 10-3 S cm-1, ρ+ = 0.06, and D = 8 x 10-8 cm2 

s-1.59 The small value of ilimL in all plastic crystal electrolytes relative to PEO/LiTFSI can thus be 
tentatively attributed to lower values of κ, ρ+, and D. In liquid and polymer electrolyte systems, the 
limiting current is attributed to the formation of concentration gradients. Whether or not ionic 
concentration gradients are responsible for the divergence in cell voltage (e.g. Figure 5a) remains 
to be established. In principle, the concentration of both Li+ ions and neutral zwitterions could vary 
across the length of the cell. These variations may induce phase transitions. There is no knowledge 
of the effect of dc current on the local crystal structure in plastic crystal electrolytes. 

Figure 5. Experimental Sand’s time measurements to estimate limiting current of the 5/10 plastic 
crystal electrolyte. (a) Example cell voltage (V) versus time profile for one replicate at different 
length-normalized current densities (iL) for the Sand’s time experiments. Experiments were run for 
12 h, but the time axes are limited to 6 h to highlight the divergence of V at applied currents larger 
than the limiting current. tsand is defined as the time at which the cell voltage reaches the cutoff 
voltage of 1 V. (b) Plot of L2/tsand versus iL from experimental Sand’s time data given in (a) used 
to calculate the limiting current. The  x-intercept gives the length-normalized limiting current. 
Experiments to determine limiting current were repeated at least three times on independent cells.

We conducted operando WAXS to elucidate the structure of the plastic crystal electrolytes under an 
applied current. We focused on the 5/10 electrolyte for this study and investigated the effects of 
applying 11.3 µA cm-2 for 8 h through a lithium-indium symmetric cell, followed by 11 h at open-
circuit. The applied current density corresponded to a length-normalized current density of 0.57 µA 
cm-1

, approximately 50% of the ilimL = 1.13 µA cm-1 (Figure 5). We chose lithium-indium electrodes 
(instead of pure lithium) to obtain a sharp interface between the electrode and the electrolyte; the 
high molar mass of indium relative to lithium blocks X-ray transmission.35 A schematic of the 
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operando WAXS set up is given in Figure 6a, and an image of the cell is provided in Figure S16. 
Briefly, X-rays passed through the electrolyte, parallel to the electrodes. The cell was moved in 50 
μm increments  along the  thickness  direction  (x)  during  the  electrochemical  experiment,  and 
scattering profiles were collected as a function of length-normalized spatial position (x/L) and time 
(t). Based on the dimensions of the cell, we collected spectra at seven positions in x/L. We present 
the potentiostatic data in Figure 6b. Initially, the cell was at open-circuit until t = 1.15 h. WAXS 
profiles obtained during this period were used to study the crystal structure in different locations of 
the cell, and evaluate how the local structure evolves with time. At t = 1.15 h, a current of 11.3 µA 
cm-2 was applied to the cell, indicated by the first dashed vertical line. The potential rose rapidly to 
0.75 V due to the ohmic drop across the electrolyte and an increase in interfacial impedance (see 
Figure S13). At t = 1.7 h, the potential started to decay toward a steady-state value of 0.52 V. After 
8 h of constant-current, at t = 9.15 h, the cell was allowed to relax at open-circuit as indicated by the 
second dashed vertical line. The cell voltage dropped rapidly to 0 V and continued to drift toward 
negative values. The time-dependent voltage curve from the lithium-indium symmetric WAXS cell 
differs from the time-dependent voltage curves obtained in lithium-symmetric cells. More work is 
needed to understand the origin of these differences. Nevertheless, the WAXS experiments provide 
structural information that cannot be gleaned from electrochemical experiments. 

Figure 6. (a) Schematic of operando experiment to determine spatiotemporally-resolved WAXS 
profiles. The incident X-ray beam passes through the electrolyte, parallel to the electrodes, and the 
sample was translated in the x-direction to measure scattering profiles as a function of  x /L. A 
sample 2D WAXS profile from the center of the cell prior to polarization is shown, along with the 
azimuthal coordinates.  (b) Time-dependent cell  voltage during the  operando  experiment.  The 
dashed lines at t = 1.15 h and t = 9.15 h denote the start of the constant current polarizations step 
and  the  return  of  the  cell  to  open-circuit.  The  applied  current  was  11.3  µA cm -2,  which  is 
approximately 50% of the limiting current.

It is clear from Figure 6a that the scattering profiles are not azimuthally-symmetric. Any crystalline 
material would comprise grains oriented along different directions. If all directions were equally 
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represented in the scattering volume, the scattering profiles would comprise concentric  rings 
(Debye-Scherrer rings). The presence of diffraction spots in Figure 6a indicates the presence of 
relatively large grains at specific orientations. This anisotropy is more clearly visualized in the raw 
spectrum and integrated plots presented in Figure S14. In such systems, any sample that is prepared 
will contain grains at different specific orientations. The measured transport properties may differ 
from sample to sample because transport may depend on the orientation of individual grains 
relative to the chosen direction of transport. In our experiments on the class of plastic crystals  
discussed here,  most  samples  exhibited reproducible  transport  properties,  which are  reported 
above.  However,  we  prepared  several  5/0  samples  (containing  no  zwitterion)  and  found 
conductivities that varied by an order of magnitude. We have therefore chosen not to discuss our 
data on this particular sample.

It is instructive to begin our discussion of the WAXS data using azimuthally-averaged intensity 
profiles. We turn to the WAXS results and begin by charting azimuthally-averaged intensity as a 
function of q over time at three representative positions in the cell: near the positive electrode, the 
center, and near the negative electrode (x/L = 0.2, 0.5, and 0.8, respectively). This is shown by 
Figure 7. The data in the three panels of Figure 7 are qualitatively similar. Two dominant peaks at 
q = 0.85 and 1.21 Å-1 are observed at all time points and cell positions. These scattering signatures 
align with the ex situ measurements (Figure 1c). The relative intensities of the two peaks, however, 
depend on both position and time. Before current is passed (t = 0.3 h), the high q peak is much 
weaker than the low q peak at x/L = 0.2 and 0.5. However, the peak intensities are comparable at x/L 
= 0.8. Based on this observation, we conclude that the crystals obtained at different locations in the 
cell are in different orientations. It is likely that this is due to the stresses applied to the electrolyte as 
it was loaded into the cell. 

The positions of the two primary peaks do not shift significantly with the passage of current, 
indicating that the plastic crystal nature of the electrolyte is preserved in the presence of an applied 
current. However, the applied current generally leads to an increase to the intensity of the peaks; see 
scattering data between 2.3 and 8.5 h. In traditional liquid electrolytes, the steepest concentration 
gradients are obtained near the electrodes. Even near the electrodes, wherein the concentration of Li 
is expected to vary locally, we do not observe dramatic changes in the WAXS profiles. Returning the 
cell to open-circuit results in a general decrease in the intensity of the peaks. The exception is the 
significant increase of the low q peak between t = 12.6 and 14.6 h for x/L = 0.5. 
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Figure 7. Azimuthally-averaged WAXS intensity as a function of q at selected times for three cell 
positions, x/L = 0.2, 0.5, and 0.8. Scattering profiles are shifted vertically and guiding lines at 0.85 
and 1.21 Å-1  are added for visual clarity. Trace colors correspond to the measurement time, and 
electrochemical steps are designated by a solid curve for constant-current polarization and a dash-
dot curve for open-circuit. The scattering from the plastic crystal electrolyte is superposed on a 
broad background peak due to scattering from the polycarbonate components of the operando cell. 
Example data analysis workflow is given in Figure S14.

To further elucidate any structural changes in the electrolyte, we tracked the intensity as a function 
of azimuthal angle χ at the primary q position (q = 0.85 Å-1). Changes in peak intensity distributions 
as a function of χ generally signal rotations of crystal grains. The spatiotemporal intensity profiles 
as a function of χ, at the same three representative positions in the cell discussed in Figure 7 (x/L = 
0.2, 0.5, and 0.8), are given by  Figure 8. It is evident that the electrolyte exhibits significant 
anisotropy prior to polarization, as shown by the bottom traces of Figure 8 at each cell position. 
This is unsurprising, based on how electrolyte was loaded into the cell – in the operando cell, core 
pins exert pressure on the electrolyte faces during assembly. However, the dependence of intensity 
on  χ changes  with  time,  even  before  the  current  is  turned  on.  This  can  be  noted  with  the 
disappearance of a peak at 330° between t  = 0.3 and 0.6 h at  x/L = 0.2. This indicates that the 
stresses used to load the sample do not dissipate quickly. We posit that the plastic crystal grains at a 
given location in the cell undergo rotations due to these residual stresses.
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After current is turned on, several peaks appear and disappear at specific values of χ, signaling 
continued rotation of  the plastic  crystal  grains.  However,  there is  a  general  increase in peak 
intensities as current is passed. Returning the cell to open circuit results in an overall decrease in 
scattering intensity with some exceptions (e.g. the 14.6 and 16.7 h data at x/L  = 0.2 and 0.5).

A clearer view of the effect of ionic current on crystal structure is obtained by examining a limited 
range of χ values. In Figure 9a, we show the data between χ = 170 and 210° at x/L = 0.2. The 
applied current increases the peak intensity at χ = 176° from t = 2.3 to 6.4 h. However, the peak 
intensity decreases between 6.4 and 8.5 h. The applied current also produces small additional peaks 
between 193 and 206°. The current-induced peaks in this range of χ persist after the cell is returned 
to open-circuit. In Figure 9b, we show the data between χ = 20 and 50° at x/L = 0.8. Here, we see 
that applying current leads to an increase in the intensity of the peaks at χ  = 36 and 46°. These 
current-induced peaks diminish significantly in intensity after the cell is returned to open-circuit. 

It is not trivial to obtain an overall picture of current-induced morphological changes in the 5/10 
plastic crystal electrolyte. The complexity of the data in  Figures 6-9 is bewildering. Lacking a 
better alternative, we examined the spatiotemporal dependence of the intensity-weighted average of 
χ, χ :

χ (x ,t )=
∑
0°

360°

χI ( χ ; x ,t )

∑
0°

360°

I ( χ ; x ,t )
. (eq. 13)
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Figure 8. WAXS intensity I for the peak at q = 0.85 Å-1 as a function of azimuthal angle χ at selected 
times for three cell positions, x/L = 0.2, 0.5, and 0.8. Scattering spectra are shifted vertically for 
visual clarity. Trace colors correspond to the measurement time, and electrochemical steps are 
designated by a solid curve for constant-current polarization and a dash-dot curve for open-circuit. 
The x-axis limits were chosen to highlight regions where clear changes in the WAXS profiles were 
evident. The full spectra from χ = 0° to 360° at all locations are given in Figure S15. 
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Figure 9. WAXS intensity I for the peak at q = 0.85 Å-1 as a function of azimuthal angle χ at selected 
times for x/L = (a) 0.2 and (b) 0.8. The x-axis limits are subsets of Figure 8 to clarify changes in 
peak intensity. Scattering spectra are shifted vertically for visual clarity. Trace colors correspond to 
the measurement time, and electrochemical steps are designated by a solid curve for constant-
current polarization and a dash-dot curve for open-circuit. 

In Figures 8-9, we examine the variables that affect the intensity at q = 0.85 Å-1 as a function of 
azimuthal angle, location, and time. In eq. 13, we defined the intensity-weighted average of χ  for 
these results. A simple measure of the overall rotation of crystal grains is obtained by computing ∆
χ , defined as 

Δ χ (x ,t )=χ (x ,t )−χ (x ,0 ) (eq. 14)

The time-dependence of ∆χ  obtained at different values of x/L is plotted in Figure 10, alongside 
the time-dependence of the cell potential. The dashed vertical lines denote the start of the constant-
current polarization and return to open-circuit. The evolution of local structure was tracked using 
Δ χ . When current was applied, Δ χ  near the positive electrode (0.2 ≤ x/L≤ 0.5) was negligible 
(Figure 10b). Near the negative electrode (0.6 ≤ x/L≤ 0.8), however, Δ χ  remained at zero for the 
first  five hours of  polarization but  drifted significantly in the last  four hours of  polarization, 
attaining a value of -70° at the end of polarization (Figure 10c). When the cell was returned to 
open-circuit, the Δ χ  values near the negative electrode returned to zero. Surprisingly, near the 
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positive electrode, Δ χ , which was zero for about five hours after the return to open-circuit, drifted 
towards +70° during the last three hours at open-circuit. Qualitatively speaking, the WAXS results 
provide  insight  into  the  effect  of  applied  current  on  the  crystal  structure  of  plastic  crystal 
electrolytes. Perhaps the main difference between liquid electrolytes and plastic crystal electrolytes 
is that, in the case of liquid electrolytes, the applied current causes translation of the ions towards 
the positive electrode, while in the plastic crystal electrolytes, the applied current causes rotation in 
the crystal grains. The mechanisms which underlie these rotations are complex, and we posit that 
they arise from the formation of local stresses in these systems. These stresses provide an additional 
pathway for energy dissipation and efficiency loss through the electrolyte.

Figure 10. (a) Time-dependence of cell potential over operando experiment. Time-dependence of 
Δ χ  for the 5/10 electrolyte at q = 0.85 Å-1 for (b) 0.2 ≤ x/L≤ 0.5 and (c) 0.6 ≤ x/L≤ 0.8. The 
constant-current (CP) and open-circuit (OCV) steps are marked by the dashed vertical lines. 

Conclusions
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A series of electrolytes were obtained by adding a lithium salt and a zwitterion to a pyrrolidinium-
based organic ionic plastic crystal. While conductivity could be improved by increasing salt and 
zwitterion concentrations, all electrolytes exhibited unexpectedly low current fraction values on the 
order of 0.02. In alignment with these low current fraction values, the electrolytes also displayed 
low limiting currents, as estimated via Sand’s time measurements. Our electrochemical results 
highlight that ionic conductivity alone is a poor metric for electrolyte performance. We conclude 
that none of the plastic crystal electrolytes studied here would support practically relevant current 
densities in rechargeable batteries. 

Using PFG-NMR, we measured the self-diffusion coefficients of the cationic C2epyr+ and Li+, the 
anionic FSI-, and the zwitterion species. We observed that the addition of zwitterion decreased the 
diffusivity of the Li+ relative to the other ionic species. Thus, the improved ionic conductivity in the 
presence  of  zwitterion  may  compromise  Li+ transference.  A  rigorous  understanding  of  Li+ 

transference in plastic crystal electrolytes requires quantification of field-induced velocities of all 
species, which we have not yet measured. While the PFG-NMR experiments confirm that all 
species are mobile under quiescent conditions, the relative mobility of the species under applied 
electric fields has not yet been established. The PFG-NMR results are, at best, indirectly related to 
cation transference.

We turned to operando WAXS to probe spatiotemporal structure of the plastic crystal electrolyte 
under an applied field. The structure was probed at a current density that was 50% of the limiting 
current. It is apparent that the response of plastic crystals to an applied current can be complex and 
irreversible. During polarization, significant rotation of the plastic crystal grains occurs near the 
negative electrode. After returning the cell to open-circuit, the plastic crystals in this region spring 
back to their quiescent state. In contrast, during polarization, negligible changes in plastic crystal 
structure are observed near the positive electrode. After returning the cell to open-circuit, the plastic 
crystals in this region rotate to an angle that is equal and opposite to that found in the negative 
electrode region at the end of polarization. It is likely that these complex observations are related to 
current-induced local stresses in these systems. 

In simple electrolytes comprising three mobile species, Newman’s concentrated solution theory 
enables  prediction  of  ion  transport  with  the  knowledge  of three  transport  properties,  ionic 
conductivity,  diffusion  coefficient,  and  cation  transference  number,  and  two  thermodynamic 
properties, the salt activity coefficient and the partial molar volume of the salt. Ion transport in 
plastic crystal electrolytes is governed by these transport and thermodynamic parameters, as well as 
the characteristics of the crystalline phase. It  is often difficult to compare the efficacy of ion 
transport  across  different  plastic  crystals  because  improvements  in  one  parameter,  such  as 
conductivity, often come at the expense of another.  ilimL = 1.6 µA cm-1 will serve as a simple 
benchmark for evaluating the efficacy of next-generation plastic crystal electrolytes and will allow 
for  comparison across  different  classes  of  solid  electrolytes.  Extending concentrated solution 
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theory to include the presence of crystals is necessary for a deeper understanding of the mechanistic 
underpinnings of ion motion in plastic crystal electrolytes.
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Supplementary Information

Sample PFG-NMR spectra, fittings, and full self-diffusion coefficient results; full comparisons of 
experimental ionic conductivity and Nernstian conductivities across all electrolyte compositions; 
Sand’s time estimations of limiting current across all electrolyte compositions, Nyquist plot for 
custom operando cell impedance; sample workup of operando WAXS spectra and full spectra of 
intensity versus azimuthal angle over three cell positions; measurements of electrolyte density
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List of Symbols

c Concentration (mol L-1)

[C2epyr][FSI] N,N-diethylpyrrolidinium bis(fluorosulfonyl)imide

CI Centroid of scattering intensity over χ (°)

D Diffusion coefficient (cm2 s-1)

Di Self-diffusion coefficient of species i from PFG-NMR (cm2 s-1)

d Interplane spacing (Å)

dc Direct current

DSC Differential scanning calorimetry

F Faraday’s constant (96,485 C mol-1)

I Scattering intensity (a.u.), function of q and/or χ

i Current density (mA cm-2)

L Thickness of electrolyte (electrode-to-electrode distance) (cm)

LiFSI Lithium bis(fluorosulfonyl)imide salt

MLi Molar mass of LiFSI salt (187.07 g mol-1)

MIPC Molar mass of [C2epyr][FSI] plastic crystal (308.36 g mol-1)

MZI Molar mass of zwitterion additive (324.36 g mol-1)

PFG-NMR Pulse-field gradient nuclear magnetic resonance spectroscopy 

PyFAI Python fast azimuthal integrator WAXS analysis package

q Scattering vector (Å-1)

r Molar ratio of lithium to ether oxygens in the electrolyte ([Li+]/[EO])

ri Molar ratio of species i (e.g. LiFSI, ZI) to [C2epyr][FSI] in the electrolyte 

t Time (h)

WAXS Wide-angle X-ray scattering

x Position in the electrolyte along the direction of ion transport 

28

1



x/L Position in the electrolyte normalized by the electrolyte thickness

ZI Zwitterion additive ((3-(1-methylpyrrolidin-1-ium-1-yl)propyl)sulfonyl)

((trifluoromethyl)sulfonyl)imide

Greek Letters

β Ratio of experimental and theoretical conductivities

κ Ionic conductivity (S cm-1)

π Mathematical constant (3.14159)

ρ Electrolyte density (kg L-1)

σ Nernst-Einstein estimated conductivity (S cm-1)

χ Azimuthal angle of 2D scattering (°)

χ Intensity-weighted average of χ (°)

Δ χ Time-dependent change of χ  (°)
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