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Preface to ”Composite Electrolyte & Electrode

Membranes for Electrochemical Energy Storage &

Conversion Devices”

Electrolyte membranes have found large employment as separators in electrochemical energy

systems, such as flow batteries, fuel cells, electrolyzers, etc., and as such have found increasing

applications also in commercial batteries and supercapacitors. One of the most promising

approaches for improving the safety and reliability of the commercial rechargeable lithium batteries

is the adoption of ionically conducting polymer membranes. These membranes of the capacity

to reduce/minimize the liquid leakage within a device. A large effort is currently devoted

towards optimizing and improving the chemistry and formulation of the electrolyte separator

as it plays a key role in the performance and safety of the electrochemical system. Similarly,

the formulation of electrode membranes strongly influences power density, cycling behavior, and

reliability. Therefore, these issues are currently under worldwide investigation and represent a

key point for the development of the final electrochemical system. The goal of this Special Issue

is to present a variegated and a detailed overview on the last findings and frontier approaches

regarding these challenging topics. Moreover, it represents an optimal site for welcoming the

latest innovations obtained by key laboratories covering the following issues: gel and solvent-free

electrolyte membranes for lithium batteries, electrolyte membranes for fuel cells, and electrode

membranes for lithium batteries.

Giovanni Battista Appetecchi

Editor

ix





membranes

Editorial

Composite Electrolyte & Electrode Membranes for
Electrochemical Energy Storage & Conversion Devices

Giovanni Battista Appetecchi

ENEA (Italian National Agency for New Technologies, Energy and Sustainable Economic Development)
Materials and Physicochemical Processes Technical Unit (SSPT-PROMAS-MATPRO), Via Anguillarese 301,
S. Maria di Galeria, 00123 Rome, Italy; gianni.appetecchi@enea.it; Tel.: +39-06-3048-3924

Received: 9 November 2020; Accepted: 17 November 2020; Published: 21 November 2020

1. Introduction

Currently, electrolyte membranes are largely employed, due to their intriguing peculiarities,
as separators in electrochemical energy storage systems such as flow batteries, fuel cells, electrolyzers,
etc., and they are also finding applications in commercial batteries and supercapacitors. For instance,
one of the most promising approaches for improving safety and reliability of commercial lithium-ion
batteries is the adoption of ionically conducting polymer membranes, because of their capability to
reduce/minimize the (organic) liquid leakage within the device. Large effort is currently devoted
towards optimization and improvement of the chemistry (polymer, salt, solvent, additive, etc.) and
formulation of the electrolyte separator as it plays a key role in determining performance and safety of
the electrochemical system. Similarly, the formulation of electrodic membranes, which contain passive
components such as electronic and/or ionic conductors, polymer binders, etc. not affecting the energy
density of the device, strongly influence, however, a device’s power density, cycling behavior and
reliability. Therefore, although well-known over time, these issues are currently under deep worldwide
investigation and represent a key point for the development of an improved electrochemical system.

The goal of the present Special Issue is presenting a variegated and a detailed overview of the
latest findings and frontier approaches regarding these challenging topics. Also, it represents an
optimal site for welcoming the latest innovations obtained by key laboratories presently involved.
The contained articles cover the following highlights: (i) gel electrolyte membranes for lithium battery
systems; (ii) solvent-free electrolyte membranes for lithium battery systems; (iii) electrolyte membranes
for fuel cells; and (iv) composite electrode membranes for lithium battery systems. A brief descriptive
summary of the scientific contributions is reported here.

2. Special Issue Highlights

2.1. Gel Electrolyte Membranes for Lithium Battery Systems

Lithium-ion battery systems are one of the best, if not the best, power sources because of
their much higher energy density and cycling performance with respect to other cell technologies.
However, they use flammable and volatile organic electrolytes, which represent major safety and
reliability concerns, leading to dangerous events (thermal runaway) such as venting, fire and cell
bluster. A strategy for increasing their safety level is represented by the confinement of the organic
electrolyte within proper polymer hosts for obtaining gel Li+-conducting membranes able to combine
mechanical characteristics of solids (retention of organics) with ion transport properties typical of
liquid solutions. Several contributions to this Special Issue focus on this topic.

The manuscript by Barbosa et al. [1] offers a review about recent advancements on different
families (homopolymers, co-polymers, composites, and polymer blends) of lithium battery electrolyte
separators based on poly(vinylidene fluoride), PVdF. For instance, the separator membrane plays a

Membranes 2020, 10, 359; doi:10.3390/membranes10110359 www.mdpi.com/journal/membranes1
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key role on the battery performance and cycle life, i.e., allowing fast Li+ transport and, at the same
time, good compatibility towards both electrodes. In particular, the authors highlight the importance
of parameters such as polarity and porosity on the properties of the electrolyte. Finally, a comparison
with different types of separator membranes is given.

Several compounds were proposed as additives and/or co-components aiming to improve the
characteristics (physicochemical/electrochemical/mechanical properties) of gel electrolyte systems.
In the present Special Issue, different approaches (even in terms of technological advances) are presented
and discussed by the authors.

Navarra et al. [2] report a physicochemical and electrochemical investigation on a composite gel
polymer electrolyte (GPE) based on high molecular weight poly(ethylene oxide), PEO, and polymer host
reinforced with nanosized silica. The PEO-SiO2 blend was obtained by the electrospinning technique,
allowing production of the composite polymer host as composed by entangled micro-fibers able of
housing/retaining the liquid electrolyte. It was then gelled in a mixed solution formed by an organic
solvent-ionic liquid-lithium salt solution. Ionic liquids (ILs), i.e., salts molten at room temperature or
below, are non-volatile and non-flammable compounds which are proposed as alternative solvents (in
place of the organic ones) for enhancing the safety and reliability of lithium batteries.

Simari et al. [3] propose the incorporation of organo-modified montmorillonite clays as nano-additives
into a GPE system constituted by poly(acrylonitrile)/poly(ethylene oxide), PAN/PEO, blend (polymer host),
lithium salt and organic solvents (ethylene carbonate/propylene carbonate mixture). The organo-clays
were prepared by intercalation of CTAB molecules in the interlamellar space of sodium smectite clay
through a cation-exchange reaction. A multinuclear NMR spectroscopy investigation allowed measuring
the 7Li and 19F self-diffusion coefficients, and the spin-lattice relaxation times. Additionally, a full
description of the ions dynamics is reported (including ion transport number and ionicity index).

The effect of ionic liquid addition into GPEs is reported and discussed also in the contribution
by Villarreal et al. [4], who have been investigating a mixed organic/ionic liquid electrolytic system.
In addition, the authors studied the beneficial effect of incorporation of succinonitrile additive (5 wt.%)
on the GPE ion transport properties and on the cycling performance of Li/SnO2-C and Li/LiCoO2

polymer half-cells.

2.2. Solvent-Free Electrolyte Membranes for Lithium Battery Systems

Polymer-salt systems are liquid-free, solid-state solutions (namely solid polymer electrolytes,
SPEs) in which the polymer acts as the solvent and the salt (LiX) is the solute. A typical example is
represented by the PEO-LiX complexes. The results of development of SPEs are appealing from the
safety and technological (i.e., possibility to be manufactured, easily and at low-cost, into thicknesses
and shapes not allowed by liquid electrolytes, and better flexibility and mechanical robustness) points
of view, thus opening new perspectives to applications in lithium batteries. The absence of any liquid
(organic) leakage remarkably enhances the safety and reliability of the electrochemical device and
substantially improves the interfacial behavior; these advantages could make possible the employment
of lithium metal anodes.

The manuscript by Munoz et al. [5], highlighting how polymer electrolyte development is still a
priority, gives a wide review aimed at illustrating various approaches to PEO SPEs, using the NMR
spectroscopy technique for investigating their chemical structure and ion transport properties.

PEO electrolyte systems are known to exhibit ion conductivity values suitable for practical
applications only at medium-high temperatures (above 70 ◦C, at which PEO is fully amorphous);
this considerably narrows the operative temperature range of all-solid-state lithium polymer batteries.
Therefore, a large effort was devoted to prevent PEO host crystallization, thus extending the amorphous
phase content at lower temperatures. A very promising approach for improving the ion transport
properties of SPEs is represented by the incorporation of ionic liquids into the polymer matrix.

The contributions by González et al. [6] and Kim et al. [7] focus on an IL-containing, thermoplastic
PEO electrolyte, prepared through solvent-free processes, to obtain solid, Li+-conducting membrane
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separators. In addition, González et al. proposed a reinforcement of the SPE system with modified
sepiolite (TPGS-S). The authors demonstrate how the incorporation of the ionic liquid largely improves
the thermal, ion-transport and interfacial properties (particularly with the lithium metal anode) of the
polymer electrolyte. Tests carried out in all-solid-state cells have shown excellent cycling performance
and capacity retention, even at high rates, which are never tackled by ionic liquid-free SPEs.

2.3. Electrolyte Membranes for Fuel Cells

Electrochemical energy conversion devices as fuel cells are rather attractive for automotive and
stationary applications. The core of this clean technology is the electrolyte separator, typically a Nafion
(sulfonate tetrafluoroethylene-based copolymer) proton exchange membrane. For more efficient power
generation, fuel cells should operate above 80 ◦C at which temperature, however, Nafion suffers from
water evaporation, leading to remarkable proton conductivity decay. One approach for overcoming
this drawback is represented by the incorporation of inorganic additives into Nafion membranes in
order to improve the water retention.

In the frame of the present Special Issue, Mazzapioda et al. [8] report a physicochemical investigation
into composite proton-conducting membranes for fuel cell applications, based on a Nafion host and
incorporating a calcium titanium oxide (CaTiO3−δ) filler. The authors discuss how the addition of the
additive, besides enhancing the mechanical properties, improves the water affinity and ionic conductivity.
However, high filler contents are seen to play a detrimental effect.

2.4. Composite Electrode Membranes for Lithium Battery Systems

The fourth highlight of this Special Issue is dedicated to composite electrode membranes to
be addressed by electrochemical energy devices, in particular lithium batteries. The scientific and
technological community involved in this field knows very well the importance of the electrode
formulation, i.e., ability of allowing high electronic conductivity and sufficient porosity in combination
with good mechanical properties, on the overall battery behavior [1]. At the same time, even the
processing route plays a decisive role in determining the electrode performance, resulting in primary
importance for certain application. Among these, printed batteries are receiving increasing interest
due to the daily growing use of small-size electronic devices, which require very thin-layer batteries
for the energy supply. Having this target in mind, industrial gravure printing can represent a proper
production technology due to its high speed and quality, and its capability to realize whatever
shape electrodes.

The contribution by Montanino et al. [9] proposes the realization of LiFePO4 cathode tapes through
gravure printing. This technique, even if it is one of the most appealing for realizing functional layers,
has not been investigated in detail until now. In addition, the authors have explored the possibility of
employing the printing technique for battery manufacturing.

3. Final Remarks

To summarize, the increasing need of more and more performant (in terms of energy and power
density, cycle life and safety) electrochemical devices for storage and conversion of energy is strongly
pushing towards the formulation of the new electrolytes. The research on electrolyte separators capable
of granting lower cost, safer, more benign and environmentally friendly cells will also expand in
view of a large-scale diffusion of hybrid/electric vehicles and delocalized small stationary storage
systems. For instance, the electrolyte membrane formulation is expected to play a key role in the cell
performance rating capability, compatibility with electrodes, cycling behavior and safety. Also, a deeper
understanding of the polymer electrolyte restricted inside the electrode pores is needed for a proper
formulation design. In the frame of this scenario, the present Special Issue aims to offer an overview
about the different approaches followed to achieve the above-mentioned targets, in particular in the
field of electrolyte membranes.
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Abstract: The separator membrane is an essential component of lithium-ion batteries,
separating the anode and cathode, and controlling the number and mobility of the lithium
ions. Among the polymer matrices most commonly investigated for battery separators are
poly(vinylidene fluoride) (PVDF) and its copolymers poly(vinylidene fluoride-co-trifluoroethylene)
(PVDF-TrFE), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), and poly(vinylidene
fluoride-cochlorotrifluoroethylene) (PVDF-CTFE), due to their excellent properties such as high
polarity and the possibility of controlling the porosity of the materials through binary and ternary
polymer/solvent systems, among others. This review presents the recent advances on battery
separators based on PVDF and its copolymers for lithium-ion batteries. It is divided into the
following sections: single polymer and co-polymers, surface modification, composites, and polymer
blends. Further, a critical comparison between those membranes and other separator membranes is
presented, as well as the future trends on this area.

Keywords: PVDF; copolymers; battery separator; lithium-ion batteries

1. Introduction

In the field of mobile applications, the efficient storage of energy is one of the most critical
issues, since there is a fundamental need to maximize the amount of energy stored. This issue can be
accomplished by increasing the gravimetric and volumetric energy density of the batteries [1].

The electrochemical lithium ion battery is used to provide power to a large variety of mobile
appliances, such as smartphones, tablets, and laptops, as well as an increasing number of sensors and
actuators, which will have a fundamental role in the shaping of the Internet of Things and Industry 4.0
concepts, the main trend for current technological evolution [2]. Lithium ion batteries can also power
electric and hybrid vehicles, and take part in the management of renewable energy production, being
essential in a more sustainable energy paradigm. As some renewable resources, such as solar and
wind, are intermittent over time, storing energy for their use during periods of lack of resources is a
critical issue for lithium ion batteries [3,4].

Lithium ion batteries are very suitable for the aforementioned applications due to their advantages
with respect to other battery types, as they are lighter, cheaper, have a higher energy density
(250 Wh·kg−1, 650 Wh·L−1), lower charge lost, no memory effect, a prolonged service-life, and a
higher number of charge/discharge cycles [5].

Membranes 2018, 8, 45; doi:10.3390/membranes8030045 www.mdpi.com/journal/membranes5
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Furthermore, the global market of lithium ion batteries is currently growing, and it is expected
that in 2022, the market value will reach $46.21 billion, with an annual growth rate of 10.8% [6].

The first commercial lithium ion battery, which was by Sony, entered the market in 1991, with the
fundamental contribution of John Goodenough in the development of LiCoO2 as the active material
for the cathode [7].

The main components of a battery are the anode, the cathode, and the separator, which are
represented in Figure 1, together with the working principle of a lithium ion battery.

Figure 1. Schematic representation of a lithium ion battery and its working operation.

During the discharge process of the battery, the cathode acts as an oxidizing element, receiving
electrons from the external electric circuit and being reduced. The anode is the reducing element,
releasing electrons to the external electrical circuit, being oxidized during the electrochemical
reaction [8].

2. Battery Separator: Function, Characteristics, and Types

Separators play a key role in the operation of electrochemical devices. The main purpose of the
separator membranes is to separate the cathode from the anode, avoiding the occurrence of short
circuits, and controlling to the mobility of lithium ions between electrodes. The performance of a
separator in a lithium ion battery is determined by some requirements such as porosity, chemical and
thermal stability, electrical insulator, wettability, dimensional stability, and resistance to degradation
by chemical reagents and electrolytes (Figure 2) [9]. Figure 2 shows the ideal values for the main
requirements of a separator membrane.

6
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Figure 2. Ideal values for the main requirements of a separator membrane.

There are different types of separators, but the most widely used consist of a polymer matrix
embedded by the electrolyte solution, i.e., a liquid electrolyte where salts are dissolved in solvents,
water, or organic molecules. The main types of separators are shown in Table 1 [10].

Table 1. Types and characteristics of different separators adapted from [10].

Separator Characteristics Typical Materials

Microporous Operates at low temperatures (<100 ◦C);
pore size = 50–100 Å

Nonwoven fibers (cotton, nylon,
polyester, glass), polymers (PP, PE,

PVC, PTFE), rubber, asbestos, wood

Nonwoven Resistance to degradation by electrolytes;
thickness > 25 μm; pore size = 1–100 μm

Polyolefins (PE, PP, PA, PTFE; PVDF;
PVC)

Ion exchange
membrane

High chemical resistance; impervious to
electrolytes; pore size < 20 Å PE, PP, Teflon-based films

Supported liquid
membrane

Solid matrix with a liquid phase;
insolubility in electrolyte; high chemical
stability

PP, PSU, PTFE, CA

Polymer electrolyte Simultaneously separator and electrolyte;
high chemical and mechanical integrity Polyethers, PEO, PPO, lithium salts

Solid ion conductor simultaneously separator and electrolyte -

The most commonly used materials as matrix for lithium ion battery separators are polymers,
or polymer composites. Some of the most commonly used polymers are poly(propylene) (PP),
poly(ethylene) (PE), poly(vinylidene fluoride) (PVDF) and its copolymers, poly(ethylene oxide) (PEO),
and poly(acrylonitrile) (PAN) [11]. Some separators are developed by blending two different polymers
to improve the characteristics of the membrane. In some cases, nanoparticles are added to the matrix
as fillers to increase its mechanical stability or ionic conductivity. In composites separators, the most
widely used fillers are oxide ceramics (ZrO2 [12,13], Al2O3 [14,15], SiO2 [16,17]), carbonaceous fillers
(graphene [18], carbon black [19], carbon nanofiber [20]), and ionic liquids [21], among others.
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The solvents must possess some requirements to ensure proper battery operation. The properties
of a good solvent are high dielectric constant, low viscosity, high chemical stability, and in liquid form
over a wide temperature range. For this application, solvents of ethylene carbonate (EC), propylene
carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate
(EMC) are the most commonly used [11].

3. Poly(vinylidene fluoride) and Its Copolymers

Considering the different polymer matrices used for battery separators, PVDF
and its copolymers (poly(vinylidene fluoride-co-trifluoroethylene), poly(vinylidene
fluoride-co-trifluoroethylene) (PVDF-TrFE), poly(vinylidene fluoride-co-hexafluoropropylene),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), and poly(vinylidene
fluoride-cochlorotrifluoroethylene) (PVDF-CTFE)) show exceptional properties and characteristics for
the development of battery separators, highlighting high polarity, excellent thermal and mechanical
properties, wettability by organic solvents, being chemically inert and stable in the cathodic
environment, and possessing tailorable porosity through binary and ternary solvent/non-solvent
systems [22,23]. The main properties of these polymers are presented in Table 2 [11].

PVDF and its copolymers are partially fluorinated semi-crystalline polymers where the
amorphous phase is located between the crystalline lamellae arranged in spherulites. It can crystallize
in different crystalline phase, depending on the temperature and processing conditions [24,25].
In relation to the crystalline phases of PVDF and its copolymers, the most important phases are
the β-phase, since it presents ferroelectric, piezoelectric, and pyroelectric properties, and the α-phase,
which is the most stable thermodynamically, when material is obtained directly from the melt [24].
As illustrated in Table 2, PVDF and its polymers are characterized by excellent mechanical properties,
good thermal stability up to 100 ◦C, and a high dielectric constant, which is essential for assisting the
ionization of lithium salts.

Table 2. Main properties of PVDF and its copolymers [26–28].

Polymer Melting Temp./◦C Degree of Crystallinity/% Young Modulus/MPa
Dielectric
Constant

PVDF ~170 40–60 1500–3000 6–12
PVDF-TrFE ~120 20–30 1600–2200 18
PVDF-HFP 130–140 15–35 500–1000 11
PVDF-CTFE ~165 15–25 155–200 13

PVDF copolymers have drawn increasing attention for battery separators, as the addition of other
monomers to the VDF blocks increases the fluorine content and decreases the degree of crystallinity
(Table 2), which is particularly relevant once the uptake of the electrode solution occurs in the
amorphous region through a swelling process for accommodating the electrolyte and, as a result,
increases the ionic conductivity [29]. The recent literature on PVDF and its battery separator copolymers
is structured into four sections dedicated to single polymers, surface modification, composites,
and polymer blends, respectively.

The main achievement for PVDF and co-polymers as battery separators was thoroughly reviewed
in [11]. Since then, important contributions have been achieved, which are the subject of the
present review.

3.1. Single Polymer and Co-Polymers

As already mentioned, one of the main characteristics of PVDF and its co-polymers is their high
dielectric permittivity, providing a large affinity with polar electrolytes when compared to other
polymers [11]. The main characteristics of the developed PVDF and the copolymer membranes are
shown in Table 3.
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Table 3 shows that the electrospinning technique is widely used to produce functional membranes.
Thus, electrospun separators have been developed for PVDF-PDA [31], PVDF-HFP [44], and
PVDF-CTFE [47].

For the PVDF-CTFE membrane, the cell assembly considered for the battery performance tests is
represented in Figure 3.

Figure 3. Manufacturing of a testing cell based on PVDF-CTFE separators [47], with copyright
permission from Springer Nature.

For PVDF-HFP electrospun membranes, it has been demonstrated that a single layer membrane
shows good porosity and uptake value, but that the mechanical stability is negatively affected, with
the viscosity of the solution playing an important role [44]. Also, a novel gel electrolyte was developed
based on PVDF-HFP by the addition of disiloxane into the electrolyte solution [42], leading to a
thermally stable separator that is not flammable, thus contributing to safer lithium ion batteries [45].
It this sense, ionic liquids have also been used in electrolyte solutions, improving both safety and the
ionic conductivity of the membranes [43].

A multistep electrospinning technique for the production of PVDF membranes for electrical
double-layer capacitors has been proposed, allowing for the manufacture of thinner and more densely
packed separators [30].

Further, membranes have been developed based on PVDF for air-cathode in microbial fuel
cells [38] and piezo-supercapacitors [39]. Dual asymmetric PVDF separators were produced by a
thermally-induced phase separation method, in which the large and interconnected pores in the bulk
structure ensures an improved electrolyte uptake and ionic conductivity, while the small pores in the
surfaces prevent the loss of electrolyte and the growth of lithium dendrites. It is indicated that those
separators ensure safer batteries with high discharge capacity and longer cycle life [36].

A further step towards the development of more environmentally friendly PVDF separator
membranes was proposed by using DMPU as a solvent for PVDF, and IL [C2mim][NTf2] as an
electrolyte. The use of the IL increased the ionic conductivity and discharge capacity of the membrane
when compared with separators using conventional electrolytes [9].

Porous PVDF-HFP membranes were prepared with non-solvents using the phase inversion
technique. When selecting different types of non-solvents such as water, methanol, ethanol, and
propanol, and their contents in acetone, it was possible to control the size of the pores (Figure 4) [46].
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Figure 4. Phase diagram of the ternary mixture—PVDF–HFP, acetone, and non-solvent—in order to
control PVDF-HFP membrane morphology [46], with copyright permission from the Royal Society
of Chemistry.

Finally, a correlation between the β-phase content of the separators, and the rate capability
and cyclability of the batteries was demonstrated for different PVDF co-polymers, showing that the
PVDF-TrFE membrane has the best battery performance for the highest β-phase content (100%) [41].

Thus, it is observed that for single (co)polymer membranes, the main focus is to tailor the
morphology to obtain good uptake without mechanical deterioration, and to improve the interaction
between the electrolyte solution and the separator membrane.

3.2. Surface Modification of the Separator Membranes

Typically, surface modification of the membranes is carried out to improve specific properties
such as wettability, and thermal and mechanical stability. PVDF membranes have been prepared after
different surface modifications, but also have been used to modify the properties of other polymer
membranes, as presented in Table 4.
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The most commonly used surface modification is the use of PVDF and its copolymers for the
coating of other polymers such as polyethylene porous separators. Thus, the coating of PE with a Al2O3

ceramic layer and a PVDF electrospun nanofiber layer leads to enhanced electrolyte uptake, improved
capacity discharge, and cycle life [55]. Similarly, a PDA coating on PVDF improves hydrophilicity,
enhancing electrolyte uptake and ionic conductivity of the separator [31].

A typical surface modification technique, such as plasma treatment, allows significant
improvement of the electrolyte uptake of PVDF electrospun membranes [48].

A hot-pressing technique was proposed to develop PET/PVDF separators, with improved
mechanical behavior properties [52].

The preparation of a PVDF/PMMA/PVDF separator showed great potential for its use in
lithium-sulfur batteries, showing high initial discharge capacity and cycle stability, also reducing
cell polarization and suppressing the shuttle effect, which is described as the transport of soluble
polysulfides between both electrodes and the associated charge [54].

A composite membrane with a PVDF/HEC/PVDF sandwich structure was developed, leading
to higher electrolyte uptake, ionic conductivity, and cycling performance. It is also greener and safer
because of the fire-retardant behavior of its components [58].

For PVDF-HFP membranes, several coatings have been applied, such as ZrO2 nanoparticles [64],
PP polymer [59], PMMA polymer [60], PDA layer [12], and SiO2-modified PET [61], leading mainly to
improved electrolyte uptake.

Surface modifications are also achieved by modifying the drying temperature of PVDF-HFP/PET
separators prepared by dip-coating, with a drying temperature of 80 ◦C improving cycle and rate
performances with respect to batteries with a conventional PP separator [58].

The dip-coating of a PE separator with γ-Al2O3/PVDF-HFP/TTT, proved to increase electrolyte
uptake and ionic conductivity when compared with conventional membranes, as shown in Figure 5
where its microstructure and cycling performance are presented. The discharge performance was also
enhanced as well as the thermal resistance [13].

Figure 5. (a) Cross-section scanning electron microscopy (SEM) images of the
γ-Al2O3/PVDF-HFP/TTT(95/5/2)- coated PE separator and (b) relative discharge capacities
as a function of the C-rate [13], with copyright permission from Elsevier.

Basically, surface modifications are essential for improve the electrolyte wettability of the
separators, and are realized in several polymer membranes of single and multiple layers with many
polymers (PP, PET, PMMA, etc.) and filler nanoparticles.

3.3. Composite Membranes

Polymer composites are used to improve battery performance by incorporating suitable fillers,
such as oxides ceramic, zeolites, and carbon nanotubes, among others, with the objective of increasing
ionic conductivity, mechanical strength, and thermal stability. The main properties of composite
separator membranes based on PVDF and its copolymers are presented in Table 5.
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Several fillers such as n-butanol [90], SiO2 [103], ZnO [86] MgAl2O4 [105], and MMT [107] particles
were used with PVDF and its copolymer composites in order to improve thermal and mechanical
stability as well as the ionic conductivity value.

Mechanical improvement of separators has been achieved by developing sandwich-type
composite separators, by a successive electrospinning method and based on PMIA [79].

The addition of DNA-CTMA in a PVDF matrix allows the development of flexible membranes,
with interesting mechanical properties, highlighting its favorable stretch properties, allowing foldable
separators with elevated elasticity [71].

The addiction of cellulose nanoparticles in the separator structure proved to significantly increase
the mechanical strength of the membrane. It also improves the wettability and induces the β-phase
formation in PVDF. However, the presence of NCC reduces the ionic conductivity of the membrane [73].

The use of SiO2 nanoparticles in a PVDF electrospun separator can raise the mechanical strength
of the membrane, thus leading to a more tough and durable battery [106].

Improved security operation for lithium ion batteries, due to suitable flammability resistance, has
been addressed by developing PVDF/LiPVAOB composites membranes [33].

The direct application of a ceramic suspension of PVDF/Al2O3 in the electrode, resulting
in a separator-cathode assembly, enhances the adhesion between these structures, and improves
electrochemical cell performance [66].

PVP/PVDF membranes incorporated with carbon black nanoparticles were produced for
supercapacitor applications. The separators showed improvements in mechanical properties and
dielectric constant values [19].

GPEs based on boron-containing cross-linker proved to have high thermal resistance, maintaining
their dimensional stability up to 150 ◦C, due to their stable PVDF matrix. Also, ionic conductivity and
electrochemical stability were improved when compared to commercial separators [68].

Studies on the influence of solvents in nanoclay/PVDF separators showed that using DMAc as a
solvent improves the porosity and electrolyte uptake of the membrane when compared with most used
solvents such as NMP or DMF. Furthermore, the addition of PVP to the separator structure contributed
to increase the pore size and to reduce the degree of crystallinity [72].

The addition of a metal-organic framework to a polymer structure proved to increase the
conductivity of the produced membrane without needing an electrolyte. The membrane also showed
high durability and good mechanical properties [76].

The dipping of PVDF nanofiber membranes into Al2O3 proved to improve the thermal stability of
the produced separator and its ionic conductivity. It also shows a low discharge capacity decay, even
at high discharge rates [111].

A double-layer separator was prepared with PVDF and reduced graphene oxide, for lithium-sulfur
batteries. It is shown that the two layers combined their properties to enhance the thermal stability of
the membrane and the cycling performance of the cells [82].

The use of inorganic fibers as substrate for separators lead to improved thermal and mechanical
stability when compared to commercial membranes. It was also proven that it enhanced the
electrochemical performance of lithium ion cells [115].

CNF/PVDF composite membranes showed greater performance when applied in Li-S batteries,
with enhanced cycling stability. The produced batteries retained a capacity of 768.6 mAhg−1 after 200
cycles at a 0.5 C rate [20]. The development of PVDF-C separators by the phase-inversion method
for Li-S batteries also leads to outstanding electrochemical performance results, associated with the
presence of the conductive carbon network in the polymer matrix [69].

In the search for more environmental friendly materials, a separator with PVDF, cellulose
acetate and Al(HO)3 particles was developed by non-solvent induced phase separation (NIPS),
the microstructure being presented in Figure 6a. This membrane exhibited high porosity, electrolyte
uptake, and ionic conductivity, as well as good cycling capacity, even at high C-rates, as demonstrated
in Figure 6b [70].
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Figure 6. (a) SEM images of separators microstructure and (b) cycle performance of cells assembled [70],
with copyright permission from Elsevier.

PVDF was also used in the study of the potential of zeolitic imidazolate framework-4 in separators.
The prepared membranes showed high thermal stability, porosity, ionic conductivity, and cycling
performance when compared with conventional separators [120].

The incorporation of Meldrum’s acid groups in the PVDF structure proved to increase the ionic
conductivity of the membrane, as well as the cycling performance, in particular at high C-rates [74].

PVDF/PFSA electrospun nanofibers allow the development of membrane with high mechanical
stability and ionic conductivity with high discharge capacity and cycling stability [81].

A GPE membrane was developed by blending PVDF with PEO and ZrO2. This membrane
showed high electrolyte uptake, and excellent rate performance and discharge capacity for application
in lithium-sulfur batteries [88].

Electrospun membranes with Octaphenyl-POSS nanoparticles showed a significant improvement
in porosity and electrolyte uptake. For a ratio of 2:100 (w:w), the separator proved to have high
mechanical stability, ionic conductivity, and thermal stability [77].

A nonaflate anion-based IL and lithium salt was introduced on a GPE, allowing the development
of a membrane with high thermal stability and electrochemical properties. When used alongside with
a LiCoO2 cathode, this separator also showed good discharge capacity and capacity of retention [96].

The addition of MgAl2O4 as filler in electrospun fibrous PVDF-HFP separators contributes
to improving electrochemical performance, with high discharge capacity and excellent cycle life
results [104].

The integration of m-SBA15 as filler in a polymer matrix, on the other hand, is advantageous as it
decreases the degree of crystallinity of PVDF-HFP, increasing electrolyte uptake and enhancing the
ionic conductivity [109,110].

The enhancement of the electrochemical performance has been extensively addressed by
composites membranes with TiO2 nanoparticles [119], and clay nanosheets [95], the latter improving
the interfacial areal connection between the polymer structure and clay, facilitating ion transport.

The NaA zeolite is considered to be a very interesting material for incorporation as filler in lithium
ion battery separators. It allows the formation of voids in the composite separator structure, which are
filled with electrolyte, substantially increasing the ionic conductivity [108].

The safety operation of lithium ion batteries can be upgraded by the addition of metal hydroxides
such as Al(OH)3 and Mg(OH)2, in PVDF-HFP composite separators. These metal hydroxides endow a
fire-retardant behavior to the cells, due to their natural thermal stability [91].

Kuo et al. synthesized an oligomeric ionic liquid from a phenolic epoxy resin. By blending
this ionic liquid with PVDF-HFP, a high performance, non-flammable gel polymer membrane was
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obtained. This membrane exhibits high ionic conductivity, although with a low liquid electrolyte
uptake (<50%) [111].

The addiction of ZrO2 filler increases the porosity, ionic conductivity, and thermal resistance of the
PVDF membranes. The presence of polar constituents and high connected interstitial voids facilitate
electrolyte absorption, increasing the ionic conductivity and the performance of the membranes [113].
When a layer of ZrO2 was added between two layers of PVDF-HFP, the obtained separator presented
even better electrochemical properties [114].

Graphene oxide nanosheets incorporated during the phase inversion of PVDF-HFP improve
electrochemical battery performances of the produced separators, as well as thermal stability and the
mechanical properties of the membrane [97].

HMSS/PVDF-HFP composite separators with improved porosity were developed; the presence
of SiO2 spheres created a well-developed microporous structure, leading to higher wettability and
ionic conductivity [98].

The incorporation of a superfine LLTO in a PVDF-HFP separator enhanced the ionic conductivity
of the membrane. It was also been shown that a cell with a this type of separator presents improved
discharge capacity and rate performance [101].

Bohemite composite separators were produced, exhibiting cycling performances comparable
to the conventional ones. These membranes are also safer because of the limitation to Li dendrite
formation, preventing the occurrence of short circuits [67].

A comparative study of Al2O3 and NaAlO2 particles in a gel polymer electrolyte proved that
NaAlO2 membranes present higher ionic conductivity than Al2O3, as well as improved mechanical
properties [14].

ZrO2 membranes with PVDF-HFP as a binder were produced by solvent casting methods. These
separators present high porosity and thermal stability, but show lower mechanical strength than
commercially available membranes [116].

A GPE produced by thermal crosslinking of PEGDA and PEGMEA proved to be compatible with
lithium ion batteries, with a high coulombic efficiency of 94% after 100 cycles [78].

Liu et al. produced a GPE with PVDF-HFP and graphene via NIPS. The addition of a small
concentration of graphene (0.002 wt. %) proved to significantly improve the properties of the membrane
by increasing porosity, electrolyte uptake, ionic conductivity, and cycling performance, when compared
to commercial separators [18].

Regardless of the fillers type used, Table 5 shows that most of the work is devoted to increasing
ionic conductivity and electrochemical performance compared to the pure matrix. In particular, inert
oxide ceramics (Al2O3, TiO2, SiO2, ZrO2) reduce the degree of crystallinity, and enhance mechanical
properties and ionic conductivity value. Carbon materials (CNF, Graphene, rGO) improve safety
and interfacial stability between electrodes and separator membranes, and lithium fillers such as
Li1,3Al0,3Ti1,7(PO4)3, LiTSFI, and LLTO increase ionic conductivity value of the separators.

In addition, there are other fillers types such as zeolites and clays that are being intensely used for
the development of separators, allowing the improvement of electrochemical behavior.

3.4. Polymer Blend Separator Membranes

Finally, another type of separator membrane are polymer blends where two different polymers
with complementary properties are used; for example one showing excellent mechanical properties
and the other with a hydrophilic character. The main properties of polymer blends based on PVDF
and its copolymer are presented in Table 6.
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PVDF composite separators with methyl cellulose as host of gel polymer electrolyte allows the
development of low cost and environmentally friendlier separators with excellent mechanical, thermal,
and electrochemical performances [123].

A trilayer porous membrane of PVDF-HFP with PVC as the middle layer was developed. It was
shown that a good porosity and uptake value can be achieved, though the mechanical stability was
negatively affected [44].

Cells produced with PVDF-NCC separators presented good battery performance at high C-rates,
which is very critical for meeting the minimum and maximum power-assist requirements for
integration in hybrid electric vehicles [124,125].

A mechanically strengthened electrospun composite PVDF-HFP/PEG/PEGDMA separator was
developed. PEG and PEGDMA allow the improvement of the mechanical strength of the composite
membrane, which is confirmed by the existence of physical bonded structures [143].

P(MMA-co-PEGMA) and PDMS-g-(PPO-PEO) copolymers within PVDF allow the reduction of
the crystallinity of the PVDF matrix, and gently improve the electrolyte uptake, thus leading to an
enhanced ionic conductivity [129,136].

PLTB can be successfully used in a PVDF-HFP composite separator. In comparison with a typical
PP separator, it is more safe and efficient, due to its thermal and electrochemical stability. This separator
is very promising in terms of security operation, because of flame retardant characteristics [144].

An eco-friendly technique to recover cellulose acetate from wasted cigarette filters (Figure 7) was
developed, and the material can be integrated in a PVDF/CA membrane for lithium ion batteries,
which presents a good performance [140].

Figure 7. Preparation of PVDF-HFP/CA nanofiber separators for lithium ion batteries [140], with
copyright permission from the American Chemical Society.
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PVDF separators were manufactured by a phase inversion technique, with two different
cross-linking agents (TAIC and MEP) and with the application of gamma radiation. The produced
membranes are characterized by good mechanical behavior and low electrical resistance [34].

Electrospun PVDF membranes blended with PMMA/SiO2 showed good porosity and elevated
electrolyte uptake [137]. Blending with PI further enhanced their thermal and mechanical properties,
ensuring a better battery performance than commercial PE separators [134].

PVDF/PEO blend membranes show an increase of the ionic conductivity and electrolyte uptake
when compared with PVDF membranes. The improved wettability and porosity in x-PEGDA-coated
PEI/PVDF membranes has been also reported [147].

PVDF-HFP/HDPE membranes were prepared by non-solvent induced phase separation.
This separator presents good cycling performance in lithium ion batteries and a high ionic
conductivity [141]. Further studies showed an increased discharge capacity of these membranes,
by decreasing the size of the HDPE fillers [121].

PVDF/PAN blend separators were produced by TIPS [126] and electrospinning [127],
with improved thermal and mechanical properties. The best PVDF/PAN ratio was 90:10. Despite the
lower ionic conductivity when compared with conventional separators, these membranes showed
higher cycle and C-rate performance [126].

PVDF/PAN electrospun membrane have excellent dimensional stability even at high
temperatures, high electrolyte uptake and ionic conductivity, and superior discharge capacity [127].

The blending of PVDF and PEO in an electrospun membrane proved to increase significantly the
electrolyte uptake of the separator, while decreasing the shutdown temperature [132]

Cross-linked PBA/PVDF GPE were prepared by soaking semi-interpenetrating polymer networks
with liquid electrolyte. For a PBA/PVDF ratio of 1:0.5, the best results of electrolyte uptake, ionic
conductivity, and cycling stability were obtained [128].

A PVDF/PET hybrid separator was produced via a mechanical pressing process. The obtained
membrane presented high wettability and electrolyte uptake, while maintaining good thermal
stability [133].

The introduction of PANI in a PVDF separator by the breath figure method proved to increase the
electrolyte uptake and ionic conductivity of the membrane. The best results were obtained for 30% of
PANI, with a uniform pore structure and excellent thermal stability [142].

The use of PVDF-HFP/PVSK membranes in lithium-sulfur batteries has been reported. It has
been proved that even small amounts of PVSK (5 wt. %) increase the discharge capacity of the cell and
reduce the capacity decay [146].

An increase of the use of natural polymers and biopolymers is observed for the preparation of
PVDF and copolymer blends, considering the environmental issues. It is demonstrated in Table 6 that
they allow to improve mechanical properties and wettability, and consequently the battery performance.
In addition, the use of conductive polymers such as PANI in polymer blends has acquired special
attention in recent years, considering that the electrical properties are improved without mechanical
deterioration. Typically, the most commonly used PVDF and PVDF-HFP blends are developed with
PAN and PEO polymers, allowing the improve thermal and mechanical stability, as well as wettability
and ionic conductivity value, respectively.

4. Conclusions and Future Trends

In this review, the latest advances in PVDF-based battery separators for lithium-ion battery
applications are presented.

Considering the excellent properties of PVDF and its copolymers as a separation membrane and
the importance of the role of the battery separator in battery applications, this review was divided
into four different sections—single polymers, surface modification, polymer composites, and blends,
where, for each category, the improvement of the main properties of the separators’ degree of porosity,
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uptake value, mechanical and thermal properties, ionic conductivity, and cycling performance, as well
as safety and environmental impacts,- for the different developed materials was presented.

In the single polymer category, PVDF and PVDF-HFP stand out as the most commonly applied
polymers produced by various processing techniques, with TIPS and electrospinning methods being
the most commonly used to tailor microstructure (degree of porosity and pore size) to improve
battery performance.

The number of research papers on surface modifications of the membranes has increased in
recent years, as the surface of the polymer membrane strongly affects the uptake process. Surface
modification is accomplished by coating hydrophilic polymers or plasma treatment to increase the
interaction between the polymer membrane and the electrolytic solution.

Generally, the addition of fillers increases battery performance through the improvement of ionic
conductivity in polymer composites, but has not yet demonstrated the best filler for PVDF and its
copolymer membranes. The most commonly used fillers are inert oxide ceramics, carbon materials,
and lithium fillers. The most improved properties are mechanical properties, interfacial stability,
between electrodes and separator membranes and ionic conductivity value, respectively.

In relation to the polymer blends, the appearance of new blends based on natural and conductive
polymers within PVDF for battery separators has been observed.

The blends of PVDF and its copolymers widely used are with PAN and PEO polymers, allowing
the improvement of mechanical properties and wettability and electric properties, respectively.

The future trends for single polymer separators are to obtain single polymers with a porosity
above 50% but a smaller pore size below 500 nm to prevent dendrite growth. Further, it is expected
an increase in the use of ionic liquids as electrolytic solution. In relation to surface modifications, the
use of poly (ionic liquids) and natural polymers as a surface modification coating of PVDF polymer
membranes will be interesting, considering environmental issues.

With respect to polymer composites, future perspectives are related to improving the interaction
between polymer matrix and fillers, in order to optimize filler content without decreasing electrical
properties or hindering mechanical stability. Also, the use of more than one filler with complementary
properties may be the way for improving cycling performance.

The progress with respect to polymer blends is related to the scalability of the fabrication process,
increasing the interaction and compatibilization of the two polymers.

In summary, PVDF-based battery separators allow the tailoring of all the properties/characteristics
required for a new generation of separator membranes for lithium-ion batteries with high power and
excellent cycling performance.
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List of Symbols and Abbreviations

(C2H5)3CH3NBF4 Triethylmethylammonium tetrafluoroborate
[C2mim][NTf2] 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
Al(OH)3 Aluminum hydroxide
Al2O3 Aluminum oxide
AlO(OH) Bohemite
AN Acetonitrile
BC Boron-containing cross-linker
CA Cellulose acetate
CMC carboxymethyl cellulose
CNF Carbon nanofiber
DEC Diethyl carbonate
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DEM Diethoxymethane
DMAc Dimethyl acetamide
DMC Dimethyl carbonate
DME 1,2-dimethoxyethane
DMF Dimethyl formamide
DMSO Dimethyl sulfoxide
DNA-CTMA Deoxyribonucleic acid-cetyltrimethylammonium
DOL 1,3-dioxolane
EC Ethylene carbonate
EMC Ethyl methyl carbonate

EMImNfO-LiNfO
1-ethyl-3- methylimidazolium nonafluoro-1-butanesulfonate/lithium
nonafluoro-1-butanesulfonate

EMITf 1-ethyl 3-methyl imidazolium trifluoromethane sulfonate
EMITFSI 1-ethyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide
EP Ethyl propionate
Et4N-BF4 Tetraethylammonium tetrafluoroboratein
GF Glass fiber
GO Graphene oxides
GPE Gel polymer electrolyte
H2SO4 Sulfuric acid
HDPE High density polyethylene
HEC Hydroxyethyl cellulose
HMSS Hollow mesoporous silica spheres
HTPB-g-MPEG Hydroxyl-terminated polybutadiene-grafted-methoxyl polyethylene glycol
KOH Potassium hydroxide
LiClO4 Lithium percholorate
LiCoO2 Lithium cobalt oxide
LiFAP Lithium Tris(pentafluoroethane)-trifluorophosphate

LiNfO/BMImNfO
Lithium nonafluorobutanesulfonate/1-butyl-3-me-thylimidazolium
nonafluorobutanesulfonate

LiNO3 Lithium nitrate
LiPF6 Lithium hexafluorophosphate
LiPVAOB Lithium polyvinyl alcohol oxalate borate
Li-S Lithium-sulfur
LiTFSI lithium bis(trifluoromethanesulfonyl)imide
LLTO Li0.33La0.557TiO3
MA Meldrum’s acid
MC Methyl cellulose
MEP Ethylene oxide-propylene oxide
Mg(OH)2 Magnesium hydroxide
MgAl2O4 Magnesium aluminate
MMT Montmorillonite
MOF-808 Zirconium (IV) metal-organic framework
m-SBA 15 Mesoporous silica
NaA NaA zeolite
NaClO4 Sodium perchlorate
NaTf Sodium trifluoromethane sulfonate
NCC Nanocrystalline cellulose
NIPS Non-solvent induced phase separation
NMP N-methyl-2-pyrrolidone
OIL Oligomeric ionic liquid (bromide bis(tri-fluoromethane)sulfonimide)
P(MMA-co-PEGMA) Poly(methyl methacrylate-co-poly(ethylene glycol) methacrylate)
PAN Polyacrylonitrile
PANI Polyaniline
PBA Poly(butyl acrylate)
PC Propylene carbonate
PDA Polydopamine
PDMS-g-(PPO-PEO) Poly(dimethylsiloxane)-graft-poly(propylene oxide)-block-poly(ethylene oxide)
PE Polyethylene

31



Membranes 2018, 8, 45

PEG Polyethylene glycol
PEGDA Poly(ethylene glicol)diacrylate
PEGDMA Polyethylene glycol dimethacrylate
PEGMEA Poly(ethylene glycol) methyl ether acrylate
PEI Polyetherimide
PEO Polyethilene oxide
PET Polyethylene terephthalate
PFSA Perflourosulfonic acid
PI Polyimide
PLTB Polimeric lithium tartaric acid borate
PMIA Poly(m-phenylene isophthalamide)
PMMA Polymethyl methacrylate
POSS Polyhedral oligomeric silsesquioxane
PP Polypropylene
P-PAEK Phenolphthaleyne-poly(aryl ether ketone)
PSx-PEO3 Polysiloxane-comb-propyl(triethylene oxide)
PSU Poly(sulfone)
PTFE Poly(tetrafluoroethylene)
PVA Polyvinyl alcohol
PVC Poly(vinyl chloride)
PVDF Poly(vinylidene fluoride)
PVDF-co-CTFE Polyvinylidene fluoride-co-chlorotrifluoroethylene
PVDF-co-HFP Poly(vinylidene fluoride-co-hexafluoropropylene)

PVDF-HFP
Poly(vinylidene fluoride-co-hexafluoropropene)Poly(vinylidene
fluoride-hexafluoropropylene)

PVDF-PE Polyvinylidene difluoride-coated polyethylene
PVDF-TrFE Poly(vinylidene fluoride-trifluoroethylene)
PVP Polyvinylpyrrolidone
PVSK Polyvinylsulfate potassium salt
rGO Reduced graphene oxide
SCPC Self-charging power cell
SiO2 Silicon dioxide
SN Succinonitrile
SnO2 Tin oxide
TAIC Triallyl isocyanurate
TEABF4 Tetraethyl ammonium tetrafluoroborate
TiO2 Titanium dioxide
TIPS Thermal-induced phase separation
TTT 1,3,5-trially-1,3,5-triazine-2,4,6(1 H,3 H,5 H)-trione
VC Vinylene carbonate
x-PEGDA x-polyethylene glycol diacrylate
ZnO Zinc oxide
ZrO2 Zirconium dioxide
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Abstract: Solid polymer electrolytes, in the form of membranes, offering high chemical and
mechanical stability, while maintaining good ionic conductivity, are envisaged as a possible
solution to improve performances and safety in different lithium cell configurations. In this
work, we designed and prepared systems formed using innovative nanocomposite polymer
membranes, based on high molecular weight poly(ethylene oxide) (PEO) and silica nanopowders,
produced by the electrospinning technique. These membranes were subsequently gelled with
solutions based on aprotic ionic liquid, carbonate solvents, and lithium salt. The addition of
polysulfide species to the electrolyte solution was also considered, in view of potential applications
in lithium-sulfur cells. The morphology of the electrospun pristine membranes was evaluated
using scanning electron microscopy. Stability and thermal properties of pristine and gelled
systems were investigated uisng differential scanning calorimetry and thermal gravimetric analysis.
Electrochemical impedance spectroscopy was used to determine the conductivity of both swelling
solutions and gelled membranes, allowing insight into the ion transport mechanism within the
proposed composite electrolytes.

Keywords: gel polymer electrolyte; electrospinning; lithium batteries

1. Introduction

Intense research efforts are still directed to improve the characteristics of lithium battery devices
for energy storage. In particular, attention is directed to those devices that possess the requirements
of safety and performance for powering electric vehicles [1] or for stationary use in smart-grids [2,3].
In this scenario, great advances in terms of reliability can be achieved by moving from liquid to
polymer electrolytes. Among the different types of polymer electrolytes for lithium batteries, those
based on polyethylene oxide (PEO) membranes, have received significant attention [4].

PEO membranes combine high chemical stability, solid-like diffusivity, and good ionic
conductivity [5,6]. The main problem that has limited the use of PEO is its poor ionic conductivity
at room temperature (10−8 S/cm) due to the presence of crystalline phases. Conductivity values of
interest for applications in lithium batteries (>10−4 S/cm) are reached only above 65 ◦C, i.e., beyond
the melting temperature of the polymer crystalline phase. The reason for this behavior is to be found in
the peculiar PEO conduction mechanism as the lithium ion moves from a coordination center (the PEO
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oxygen atoms) to the next. This movement is made possible only if the chain undergoes subsequent
rearrangement steps. The dynamics of this process is greatly facilitated by a high mobility of the chains.
Consequently, high values of ionic conductivity are reached above the melting temperature in the
amorphous phase where long-range chain active motions are possible [7].

In this paper we address the problem of PEO low room temperature conductivity using three
different strategies [8]. The first one consists of incorporating inside the fibers of electrospun PEO
membranes inert ceramic particles, which act as fillers. The presence of these particles inhibits
the PEO chains tendency to crystallize, leading to membranes with a higher amorphous fraction.
In addition, as is well documented in the literature, it is known that the fillers stabilize the lithium
electrolyte interface and increase the Li+ transference number due to Lewis acid–base type interactions
between the ceramic surface groups and the polymer chains coordination sites. As an additional
benefit, the presence of this inorganic dispersion improves the mechanical properties of the composite
polymer membranes. In general, the best overall performances have been obtained with nanometric
particles having acidic surface groups and in a 5–20 wt.% ratio with respect to the polymer [5,8–11].
The second strategy involves the use of lithium salts with low lattice energy, which favors the lithium
salt dissociation. To achieve this goal, lithium salts with large and flexible anions, that disperse
effectively the charge and are able to increase the free-volume between the polymer chains and thus to
promote the ionic mobility, have been used [8,12,13]. The third approach has involved the addition
of an aprotic ionic liquid (IL) that increases the total ionic conductivity, competing with lithium-ions
toward the binding sites of coordination and creating additional free-volume between the chains [8].
The disadvantages of ionic liquids are their high viscosity, their tendency to form ionic clusters,
and their high cost [14]. To mitigate such drawbacks, we have added to the electrolyte formulations
alkyl carbonates, which reduce the viscosity of the solution and form a protective passivating film
(i.e., a solid–electrolyte interface, SEI) on the lithium anode [8].

In this perspective, we designed and prepared innovative electrolytic systems with the aim of
providing a compositional study and elucidation on the role of different components. Emphasis is
given to the analysis of the conducting properties of the proposed systems as a figure of merit in
view of applications in electrochemical devices. Such electrolytes consist of nanocomposite polymer
membranes of PEO/silica produced through the electrospinning technique and then gelled using
two liquid solutions. The two solutions, based on the aprotic ionic liquid PYR14TFSI, contain a
mixture of two carbonate solvents, i.e., ethylene carbonate and dimethyl carbonate (EC and DMC),
and the bis(trifluoromethane)sulfonyl imide lithium salt (LiTFSI). In one of the two solutions,
the polysulfide Li2S8 was also added. The addition of this last component is justified by the fact
that these systems have been thought to provide possible future applications not only in conventional
lithium batteries but, specifically, in lithium-sulfur batteries [15–17]. The dissolution of the sulfur
cathode in the form of polysulfides (and the consequent shuttle phenomenon) strongly limits the
development of this technology. For this reason, we intend to reduce such dissolution playing on the
solubility equilibrium, by adding a buffer polysulfide to the electrolyte [18–20]. Also, some ILs (such
as N-methyl-N-butylpyrrolidinium bis(trifluoromethanesulfonyl)imide, PYR14TFSI) have already
demonstrated the ability to suppress the dissolution of polysulfides increasing the performance of
sulfur cathodes [16]. The choice of LiTFSI as lithium source is due to its stability, large dimension,
and flexible imide structure. These latter properties, together with the strong electron withdrawing
behavior of the (trifluoromethane)sulfonyl group, enhance the negative charge delocalization and, in
turn, guarantee a high salt dissociation level. Moreover, the TFSI anion is the same contained in the
ionic liquid, which should avoid the Li+-ion transference number reduction, possibly occurring when
additional ionic species are added to the solution [21].
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2. Experimental

2.1. Materials for Membranes Preparation

Poly(ethylene oxide) (PEO, Mw = 4 M ≈ 4 × 106 g/mol) and Silica (Nanopowder, average size
= 10–20 nm—“BET” Brunauer–Emmett–Teller) were purchased form Sigma-Aldrich (St. Louis, MO,
USA). Bi-distilled water was produced in house.

2.2. Membrane Separators Fabrication

An in-house made electrospinning apparatus, composed of a high voltage power supply
(Spellman SL 50 P 10/CE/230, Hauppauge, NY, USA), a syringe pump (KD Scientific 200 series,
Holliston, MA, USA), a glass syringe, a stainless steel blunt-ended needle (inner diameter: 0.84 mm)
connected with the power supply electrode, and a grounded aluminum plate-type collector (area
≈10 cm2), was utilized in order to prepare the electrospun PEO membranes. The water-based PEO
polymer solution was dispensed through a Teflon tube to the needle that was vertically placed
on the collecting plate. PEO was dissolved at a concentration of 3% w/v in bi-distilled water.
To create the composite systems, after the polymer dissolution, silica nanoparticles were added
to the resulting solutions in proper amounts in order to produce a final membrane containing 10%
w/w of silica. The realized dispersions were electrospun by using the following conditions: voltage
= 13 kV, needle-to-collector distance = 30 cm, and flow rate = 0.005 mL/min. A quality control was
performed in order to verify the homogeneity of the sample thickness by means of a digital micrometer.
Only specimens having thicknesses in the range of 50 ± 10 μm were used for further characterizations.

The two synthesized membranes will be here labelled as “es-PEO” (for the electrospun sample
based on pure PEO) and “es-PEO-SiO2” (for the electrospun sample based on PEO with 10% of
silica particles)

2.3. Swelling Solutions

Liquid electrolyte solutions were prepared as gelling media of the polymer membranes, in order
to evaluate the potentialities of the resulting gelled membranes as polymer electrolytes for lithium
batteries. In particular, in view of their potential application in lithium-sulfur batteries, two similar
solutions, with and without a polysulfide (henceforward called “PS-containing sol” and “PS-free sol,”
respectively), were prepared. PS-containing sol was formed using PyR14TFSI 77 wt.%, EC:DMC (1:1
volume ratio) 18.4 wt.%, LiTFSI 0.5 mol/kg, Li2S8 4.6 wt.%, and PS-free sol used PyR14TFSI 80 wt.%,
EC:DMC (1:1 volume ratio) 20 wt.%, and LiTFSI 0.5 mol/kg.

The ionic liquid N-methyl-N-butylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI)
was bought from Solvionic (99.9%, Toulouse, France) and used as received; the lithium salt
(bis(trifluoromethane)sulfonyl imide (LiTFSI) was purchased from Fluka (99.9%, Munich, Germany)
and used without further purification; carbonates solvents, i.e., ethylene carbonate (EC) and dimethyl
carbonate (DMC), were provided by Sigma-Aldrich. Polysulfide (in form of Li2S8) was produced
in situ via direct reactions between metallic lithium (Chemetall, Frankfurt am Main, Germany) and
elemental sulfur (Sigma-Aldrich) in stoichiometric ratio, in a corked vial where the other components
were already presents; the mixture was heated to 60–70 ◦C, stirred for the first four hours, and let it
stand for the next twenty hours. These operations were performed in a controlled argon atmosphere
dry box having a humidity content below 1 ppm.

2.4. Characterizations

The PEO-based membranes were characterized, both dry and after gelation by the two
liquid electrolytes.

Gelation of membranes was realized by dropping the liquid electrolyte on disks of membranes,
keeping the weight ratio solution-to-membrane ≈5.
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The morphology of the electrospun pristine dry membranes was evaluated by means of scanning
electron microscopy (SEM—EVO50, Zeiss, Jena, Germany). In order to reduce the charge accumulation,
the membranes were covered with a thin layer of evaporated gold before SEM measurements.

Thermal properties were evaluated by means of differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA). DSC measurements on both pristine and gelled membranes,
as well as on pure PEO powder, were performed with a Mettler-Toledo DSC 821 (Zaventem, Belgium)
instrument under an inert nitrogen flux, cooling from room temperature down to −90 ◦C, holding for
10 min at −90 ◦C, and then heating up to 80 ◦C at a scan rate of 10 ◦C/min. TGA was carried out on
pristine membrane samples and on pure PEO powder, with a Mettler-Toledo TGA/SDTA 851e under
an inert nitrogen flux, heating from room temperature to 600 ◦C at a scan rate of 10 ◦C/min.

Electrochemical impedance spectroscopy (EIS) was used to determine the conductivity of the two
swelling solutions and of the gelled membranes. To obtain the conductivity values of the solutions,
the measurements were carried out by dipping a conductivity cell for liquids (composed of two
sheets of platinum facing at the distance of 1 cm) in the test solution and controlling the temperature
with a oven (Büchi-Oven B-585, BUCHI Italia S.r.l., Cornaredo, Italy) in the range 20–60 ◦C. A VSP
potentiostat/galvanostat (Bio-Logic Science Instruments, Seyssinet-Pariset, France) was used to record
the impedance spectra of the samples in the frequency range of 1 mHz–1 kHz with a sinusoidal signal
of 5 mV amplitude. All the spectra, plotted as Nyquist plots, showed an almost vertical straight line
intercepting the real axis at high frequency. The value in Ω of this intercept, i.e., the cell resistance at
infinite frequency, has been used to calculate the conductivity of the samples under study through
the equation:

σ = 1/R × (L/S),

where “L” and “S” are, respectively, the distance in centimeters and the surface area in centimeters
square of the electrodes.

The conductivity of gelled membranes was evaluated using EIS, assembling coin-type cells
with stain-less steel current collector electrodes, where the swollen PEO membrane acts as an
electrolyte separator. For each cell, a 100 μm-thick Teflon O-ring spacer was adopted and two
disks of membrane having diameter 0.8 cm were directly gelled in the cell by dropping the desired
amount of liquid electrolyte. Impedance spectra were recorded by applying a 10 mV amplitude signal
in the frequency range 200 kHz–1 kHz using a VMP2 potentiostat/galvanostat (Bio-Logic Science
Instruments, Seyssinet-Pariset, France). The temperature was controlled in the range −50 ◦C to +60 ◦C
with a Tenney Junior Compact Temperature Test Chamber (TPS, White-Deer, PA, USA).

3. Results and Discussion

Morphology of pristine PEO-based electrospun membranes is shown in Figure 1. SEM images
were recorded for both es-PEO (Figure 1a) and es-PEO-SiO2 (Figure 1b) samples, without and with the
inorganic additive, respectively. All samples are made of bead-free fibers with an average diameter of
250–300 nm. When nanoparticles were added to PEO solution, the resulting fibers showed slightly
higher diameter that can be explained by the inclusion of silica particles inside the polymer fibers.
Moreover, Figure 1b shows a certain degree of silica agglomerates, deposited on single fibers or within
voids in the polymer mat. Such micrometric agglomerates resulted from the aggregation during the
electrospinning process in aqueous media of silica particles, given as spherical porous nanopowder by
the product specification.

Thermal stability of pristine membranes, compared to pure PEO powder, was investigated by
TGA measurements, as shown in Figure 2.
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Figure 1. SEM images of the two electrospun membranes: (a) without silica additive, and (b) with
10 wt.% SiO2.

 

Figure 2. TGA (a) and derivative-TGA (b) curves of the two electrospun pristine membranes and of
pure PEO powder.
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High thermal stability typical of pure PEO polymer, extending up to 400 ◦C, is preserved in
both pristine membranes. As highlighted by the minimum of the derivative curves in Figure 2b,
temperatures of decomposition were quite similar for all the investigated samples (i.e., 401 ◦C for
the es-PEO membranes and ≈404 ◦C for both PEO powder and es-PEO-SiO2). Unexpected residual
masses were revealed above 450 ◦C in Figure 2a. Pure PEO powder was not completed removed
beyond its decomposition temperature, giving ≈8% of left over weight. This could be attributed to
non-volatile residuals and to the presence of thermo-stable additives or catalytic compounds used in
the synthesis of the polymer. It should be noticed that such residual mass is expected to be reduced
by lowering the heating rate, due to a diffusion-limited elimination of the decomposition products
by the powder bulk. This did not happen in the case of es-PEO membrane, showing no residuals
after it decomposes. Products of decomposition were easily removed from this high surface area
sample and eventual additives, such as inhibitors and stabilizers, present in the starting powder were
separated and eliminated during the electro-spinning process in aqueous media. A residual mass
slightly higher than 10% was revealed for the es-PEO-SiO2 membrane, which was attributed to the
inorganic silica filler.

The DSC response of the two pristine membranes, compared with pure PEO powder, is displayed
in Figure 3. One main thermal transition was evident in all the DSC traces due to the melting of
the polymer crystalline phase. The temperature and energy involved in this melting process have
been evaluated and reported in Table 1. Temperature values here shown have been derived from the
minimum of the endothermic peak, and in this respect, no valuable differences are noticed among the
samples. The additive-free electrospun membrane is actually the sample showing a slightly lower
melting temperature and a narrower peak. More remarkable differences were observed in terms of
the enthalpy change, highlighting the role of both the electrospinning process and the silica filler.
Clearly, lower energy was involved in the melting of pure PEO powder, which also revealed its
lower crystallinity. The electrospinning process, due to its ordering effect, somehow increased the
crystalline degree of the membranes, compared to the starting polymer powder, corresponding to a
higher melting enthalpy. On the contrary, silica nanoparticles and their micrometric aggregates have
the effect of lowering crystallinity, towards a more amorphous system with respect to plain, PEO-based
electrospun membranes.

Figure 3. Heating scan of the DSC curves recorded for the two electrospun pristine membranes and for
pure PEO powder.
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Table 1. Enthalpy change and temperature related to PEO melting (values derived from DSC response
in Figure 3).

Sample ΔHmelting/J·g−1 Tmelting/◦C

PEO powder 104.0 72.3
es-PEO membrane 188.5 68.7

es-PEO-SiO2 membrane 149.7 72.2

Gelation of the polymer membranes using liquid electrolyte solutions (i.e., PS-free sol and
PS-containing sol) was achieved to finally obtain the desired Li+-conducting composite electrolytes.
The transition from solid to gel-like systems was very easily and quickly attained with the proposed
electrospun fiber mats due to their high surface-to-volume ratio. Thermal properties of the resulting
electrolytes have been checked after the gelation process. The DSC response of the new gelled
electrolytes is reported in Figure 4. As expected, the melting transition of the polymer was highly
influenced by the presence of the liquid component. The crystallinity of PEO was strongly reduced,
almost suppressed, upon gelation, giving rise to an amorphous, plasticized electrolyte system. In this
respect, the nature of the electrolyte solution, with or without polysulfide, appeared almost irrelevant.
The main role was due to the ionic liquid (i.e., the major component of the liquid electrolytes), which
interacted with the polymer chains, thus preventing their crystallization. Interestingly, a certain degree
of crystalline phase, even though very small, was preserved when silica particles were present (see the
melting peak around 60 ◦C in Figure 4b). This is quite reasonably attributed to preferential interactions
established between the inorganic filler and the liquid solution, leaving partially-coordinated PEO
chains free to crystallize. In this respect, if we assume the starting PEO powder as a reference, it was
possible to compare the crystallinity of our different samples by dividing the enthalpy change for
the melting transition of each quoted sample by the enthalpy of melting related to the PEO powder.
As already pointed out, crystallinity of the electrospun starting membranes was higher than that
of the PEO powder due to the ordering effect of the electrospinning process [3], i.e., 1.81 times
higher for the es-PEO membrane and 1.44 times higher for the es-PEO-SiO2 membrane. Such an
estimate was not possible for silica-free gelled systems, as no melting was observed in the DSC traces.
Whereas, a very low crystalline degree was maintained in the silica-added gel polymer electrolytes,
with the crystallinity being 0.12 and 0.08 times that of PEO powder for es-PEO-SiO2/PS-free sol and
es-PEO-SiO2/PS-containing sol, respectively. Another thermal response was noticed around −80 ◦C
in the DSC traces of Figure 4 due to the glass transition of the ionic liquid component [22].

  
Figure 4. Heating scan of the DSC response of additive free PEO membrane (a) and of silica-added
PEO membrane (b) gelled using liquid electrolyte “PS-free sol” (black curves) or “PS-containing sol”
(red curves).

Functionality of the gelled membranes as electrolyte was tested using EIS measurements
performed at increasing temperature in the range −50 ◦C to 60 ◦C. For comparison purposes,
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impedance spectra were recorded for the liquid electrolyte solutions as well, in this case limiting
the temperature range between 20 ◦C and 70 ◦C. Conductivity values, obtained from the impedance
spectra in the investigated T-ranges, are reported in Figure 5a,b for the swelling solutions and for the
swollen membranes, respectively, in the form of Arrhenius plots. Conductivity values, extrapolated
from the plots in Figure 5b at two temperatures of interest (i.e., 25 ◦C and 50 ◦C, representing normal
operating conditions and melting region of the polymer, respectively) are reported in Table 2.

Figure 5. Arrhenius plots of conductivity of the swelling liquid solution (a) and of the gelled electrolyte
membranes (b).

Table 2. Conductivity values extrapolated at 25 ◦C and 50 ◦C for the gelled electrolyte membranes.

Sample σT = 25 ◦C (S/cm) σT = 50 ◦C (S/cm)

es-PEO/PS-free sol 3.3 × 10−3 7.2 × 10−3

es-PEO/PS-containing sol 2.5 × 10−3 6.1 × 10−3

es-PEO-SiO2/PS-free sol 4.0 × 10−4 8.8 × 10−4

es-PEO-SiO2/PS-containing sol 1.5 × 10−3 3.7 × 10−3

With the exception of the es-PEO-SiO2/PS-free sol sample, very high conductivities were
achieved for all the gelled systems at both investigated temperatures. It is worth noticing that
these room-temperature σ values are typical of viscous organic electrolytes used in lithium-batteries,
revealing that the polymer membranes here were very well plasticized. As shown below, a very
limited conductivity decrease was observed when moving from the liquid electrolytes, PS-free sol
and PS-containing sol, to the gelled polymer systems. As expected, a temperature-activated transport
mechanism was found, giving higher conductivity values at 50 ◦C with respect to 25 ◦C.

In Figure 5a, it is possible to observe both the liquid electrolytes showing interesting ionic
conductivity, and the presence of polysulfide ions (in PS-containing solution) seemed to affect the
conduction properties very little. Overall, the detected conductivity values appear suitable for battery
applications in a wide temperature range. The addition of polysulfide in solution has, in general,
two opposite effects on the overall ionic conductivity: on one hand, the number of charged species
increased due to the intake of anions in the solution; on the other hand, an increase in viscosity is
expected, which hindered the ion mobility. In our systems, the two solutions had very high, similar
conductivity values, indicating that these effects offset each other.

As shown in Figure 5b, conductivity was lower for the silica-added gel polymer electrolytes (black
and green plots) compared to the silica-free systems (blue and red plots). This can be explained by
considering a possible retention of the liquid electrolyte fraction on the silica particles, hindering the
polymer chain-assisted ion transport. In this respect, a certain role is played by the nature of the liquid
electrolyte. Indeed, big differences were observed among the two silica-added membranes according
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to the type of swelling liquid electrolyte, with the polysulfide-doped solution giving higher overall
conductivity with respect to the polysulfide-free system (compare es-PEO-SiO2/PS-containing sol with
es-PEO-SiO2/PS-free sol in Figure 5b).

Each curve of Figure 5b was fitted using the Vogel–Tamman–Fulcher (VTF) equation:

σ(T) = A · T− 1
2 · e

− EA
R(T−T0)

with A and EA parameters representing the charge carrier number and the activation energy,
respectively, whereas T0 is the ideal glass transition temperature. Very high correlation (higher
than 0.99) was found between the experimental and fitted curves, revealing that our systems followed
the typical behavior of ion-conducting amorphous matrices where the polymer component assisted
the ion transport. The extrapolated parameters were considered and reported in Table 3.

Table 3. Parameters of the VTF equation derived by fitting the curves in Figure 5b.

Sample EA (kJ/mol) T0 (K) A (S/cm)

es-PEO/PS-free sol 6.76 ± 0.4 164.3 ± 2.5 23.27 ± 5.67
es-PEO/PS-containing sol 5.92 ± 0.3 170.5 ± 2.3 11.84 ± 2.38
es-PEO-SiO2/PS-free sol 5.05 ± 0.2 170.7 ± 1.9 1.24 ± 0.18

es-PEO-SiO2/PS-containing sol 7.00 ± 0.1 163.6 ± 0.8 13.80 ± 1.06

EA values were low, compared to other IL-added PEO-based ion-conducting systems [23],
meaning that ion transport and conduction mechanism were very easily activated. Moreover, no
substantial differences were found among samples in terms of activation energy. Similarly, comparably
low values of T0 were obtained, proving that all the gelled electrolytes exhibited amorphous
behavior. Differences of relevance were found in terms of the A parameter. The smallest value
was obtained for es-PEO-SiO2/PS-free sol sample, revealing that its low conductivity (see black curve
in Figure 5b and values in Table 2) was actually due to a reduced number of total charge carriers.
This supports our hypothesis that silica particles absorbed the liquid electrolyte, thus limiting the
concentration of ions available for transport. Based on the higher conductivity and A values observed
in es-PEO-SiO2/PS-containing sol, we conclude that the polysulfide opposes this retention effect of
SiO2 additive to the advantage of the transport mechanism.

4. Conclusions

An easy way to obtain highly conductive gel polymer electrolytes was proposed in this paper.
The swelling ability of high surface area, electrospun PEO membranes was exploited for the absorption
of stable IL-based electrolytes. The gelling procedure, in terms of solid-to-liquid weight ratio (i.e., PEO
membrane: IL-based electrolyte), was optimized to obtain a reproducible and high swelling degree.
The absorption of the liquid component into the PEO membrane strongly reduced or even suppressed
the crystallinity of the polymer, giving rise to amorphous, well-plasticized electrolyte systems.
The effect of a silica particle additive, dispersed in the polymer matrices during the electrospinning
process, was also investigated. A certain degree of crystalline phase, even though very small, was
preserved in the membranes after gelling when silica was present, which was attributed to preferential
interactions between the inorganic filler and the liquid solution, leaving partially-coordinated PEO
chains free to crystallize. This was reflected in the conducting properties of the gel polymer electrolytes,
showing lower ion conductivity in the silica-added sample because of a reduced number of available
charge carriers.

In view of possible applications in lithium-sulfur batteries, the addition of a polysulfide
component (i.e., Li2S8) in the swelling solution was considered. Such a polysulfide affected the
ionic conductivity of the silica-free gel polymer electrolytes very little. On the contrary, it had a
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beneficial effect in the presence of silica. Apparently, the polysulfide opposed the liquid retention of
SiO2 particles to the advantage of the transport mechanism.

Overall, selected compositions proposed here showed conductivity values suitable for battery
applications in a wide range of temperatures. All these findings address the potentiality of such
gelled electrolytes.
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Abstract: Composite gel polymer electrolytes (GPEs) based on organo-modified montmorillonite
clays have been prepared and investigated. The organo-clay was prepared by intercalation of CTAB
molecules in the interlamellar space of sodium smectite clay (SWy) through a cation-exchange
reaction. This was used as nanoadditive in polyacrylonitrile/polyethylene-oxide blend polymer,
lithium trifluoromethanesulphonate (LiTr) as salt and a mixture of ethylene carbonate/propylene
carbonate as plasticizer. GPEs were widely characterized by DSC, SEM, and DMA, while the ion
transport properties were investigated by AC impedance spectroscopy and multinuclear NMR
spectroscopy. In particular, 7Li and 19F self-diffusion coefficients were measured by the pulse field
gradient (PFG) method, and the spin-lattice relaxation times (T1) by the inversion recovery sequence.
A complete description of the ions dynamics in so complex systems was achieved, as well as the ion
transport number and ionicity index were estimated, proving that the smectite clay surfaces are able
to “solvatate” both lithium and triflate ions and to create a preferential pathway for ion conduction.

Keywords: gel polymer electrolytes; composites; montmorillonite clays; lithium batteries; PFG-NMR;
self-diffusion coefficient; blend polymers

1. Introduction

Polymer electrolytes are regarded as one of the most promising candidates in advanced
electrochemical applications, such as “smart” windows, displays, sensors, and more importantly,
rechargeable lithium batteries [1–4]. For this last one, in particular, the research has focused for decades
on gel-type membrane [5], generally achieved by immobilizing a liquid solution (for instance, a polar
aprotic organic solvent or mixtures with a lithium salt) into a hosting polymeric matrix, such as
poly(ethylene oxide) (PEO) and its derivatives (e.g., polyacrylonitrile (PAN), poly(vinylidene fluoride)
(PVDF), poly(methyl methacrylate) (PMMA)) [6,7]. Respect to liquid electrolytes, in fact, gel polymer
electrolytes (GPEs) are able to conjugate high ion conductivities with good mechanical strength,
flexible geometry, reducing of liquid leaking and, thus, higher safety [8].

Owing to its ability to dissolve a large variety of salts, through interaction of its ether oxygen
with cations, PEO has been one of the most extensively studied polymer used to prepare solid-state
electrolytes, lighter, thinner, and safer for lithium-ion polymer batteries [9,10].

Thought, the low ionic conductivities at room temperature (10−6–10−8 S cm−1), the Li+

transference number lower than 0.5 and the poor mechanical strength, still hinder the large scale
diffusion of PEO-based device. Conversely, PAN ensures an ionic conductivity of circa 10−3 S cm−1,
satisfactory flame and mechanical resistances, but the dimensional stability of gels is poor [11,12].
After GPE preparation, in fact, a phase separation between the encapsulated electrolyte solution and
the PAN matrix typically occurs, leading to a leakage problem and, thus, the passivation phenomena

Membranes 2018, 8, 69; doi:10.3390/membranes8030069 www.mdpi.com/journal/membranes53



Membranes 2018, 8, 69

of the lithium electrode when in contact with the gel, as well as failure of the electrode/electrolyte
contact both resulting in a dramatic reduction of the ionic conductivity.

One of the strategy undertaken to bypass the drawbacks is the blending method, according to
which two or more polymers are mixed to obtain a blend electrolyte. As already probed [13–16] the
method allows to easily control a large number of factors, directly affecting the thermal, mechanical
and electrical properties of the final polymer electrolytes. By mixing PMMA and PVdF polymers,
Nicotera and coworkers obtained a blend with remarkable improvement of mechanical stability respect
to unblended polymers [17]. Helan et al. have been reported outstanding thermal stability up to 230 ◦C
for PAN/PMMA blends, but with quite low ionic conductivity, of the order of 2 × 10−7 S cm−1 [18].
Very interesting electrical behavior and dimensional stability have been obtained by Choi et al.
on PEO-PAN blend gel electrolytes, despite no evidence regarding mechanical resistance being
provided [19].

An alternative approach for creating gel electrolyte system with improved mechanical properties
and electrochemical performances foresees the incorporation of nanoscale organic/inorganic fillers
within the polymer matrix [20]. The addition of SiO2 [21], Al2O3 [22], TiO2 [23], and other metal
oxides [24,25] generally act as solid plasticizers, softening the polymer backbone and, thus, enhancing
the segmental motion of the hosting polymer which, in turn, results in improved ion conductivity.

Among inorganic fillers, layered nanoparticles based on clays have been actively investigated
lately since they offer a large number of interesting properties such as high cation exchange capacity,
large chemically active surface area, outstanding swelling ability, intercalation, catalytic activity,
and high chemical and thermal stability. Finally, the properties of the smectite nanoclays can be
tailored using simple chemical methods such as intercalation with organic or inorganic guest molecules.
From the above, the dispersion of proper clay minerals within the polymer matrix could enhance the
ionic conductivity improving at the same time the strength and heat resistance of the GPE.

Smectite clay with different particle sizes has been effectively tested as filler for the preparation
of PEO nanocomposite electrolytes, demonstrating a discrete improvement of ionic conduction [26].
Kurian et al. [27] have shown that the surface modification of clay by ion exchange reactions with
cationic organic surfactants such as alkyl amines, enhance the chemical affinity with the polymer matrix,
leading to exfoliation of the clay particles and improving the gel’s strength. Organic montmorillonite
(MMT) prepared by ion exchange with HTAB was dispersed in PAN polymer, obtaining a composite
GPEs with improved thermal stability and ionic conductivity [28].

Despite the efforts, however, there is still the need to design a gel electrolyte able to guarantee
adequate electrical performance without sacrificing mechanical strength and thermal resistance.
In the present study, PAN/PEO blend (80:20 weight ratio) polymers were used in order to prepare
nanocomposite GPEs with an organo-modified clay. Specifically, hydrated sodium calcium aluminum
magnesium silicate hydroxide (SWy-2, Nanocor) was the natural montmorillonite/smectite clay
selected since it is relatively inexpensive, widely available and has small particle size as well as it
shows good intercalation capability. The organo-modification of the SWy-2 (org-SWy) was achieved
by ion exchange reaction with hexadecyltrimethyl ammonium bromide (CTAB). The filler loading of
org-SWy in the GPE was 10 wt % with respect to the polymers PAN/PEO. For the gel preparation,
a mixture of ethylene carbonate (EC) and propylene carbonate (PC), with molar ratio EC:PC 1:0.4,
was used as plasticizer, while lithium trifluoromethanesulfonate (LiTr) was the salt chosen.

In order to compare the effect of the clay on the gel properties, also not blended and filler-free
GPE membranes were also prepared.

All the GPEs were investigated by thermal (DSC), morphological (scanning electronic
microscopy-SEM) and mechanical (DMA) analysis, while the ion transport studies were conducted by
electrochemical impedance spectroscopy (EIS) and by multinuclear NMR spectroscopy. In particular,
the 1H, 7Li, and 19F pulse-field-gradient (PFG) method was employed to obtain a direct measurement
of the self-diffusion coefficients both of ions and solvents plasticizers (EC/PC), while the spin-lattice
relaxation time (T1) was obtained by the inversion recovery sequence.
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The combination of the electrochemical and NMR data has provided a wide description of the ions
dynamics inside the so complex systems, as well as information on ion associations and interactions
between polymers, filler and ions.

2. Materials and Methods

2.1. Materials

Poly(ethylene oxide) (PEO, M.W. 5,000,000), polyacrylonitrile (PAN), lithium trifluoromethanesulfonate
(LiCF3SO3 or LiTr, 99.95%), ethylene carbonate (EC, 98%), propylene carbonate anhydrous (PC, 99.7%),
and hexadecyltrimethyl ammonium bromide (CTAB, 98%) were purchased from Sigma Aldrich, Milan,
Italy and used as received.

Natural smectite Wyoming montmorillonite (SWy-2) has obtained from the Source Clay Minerals
Repository, University of Missouri Columbia, MO, USA. The cation exchange capacity (CEC), measured
by the Co(II) procedure, is equal to 80 mequiv. per 100 g of clay, charge density 0.6 e−1/unit
cell (the unit cell is the Si8O20 unit) and particle size around 200 nm. The structural formula is
Na0.62[Al3.01Fe(III)0.41Mg0.54Mn0.01Ti0.02](Si7.98Al0.02) O20(OH)4.

2.2. Synthesys of Organo-Modified Clay (Org-Swy)

SWy-2 were first fractioned to <2 μm by gravity sedimentation and purified by well-established
procedures in clay science [29]. For the chemical modification, the cation exchange capacity of smectite
clay has been exploited. CTAB (0.4 g) was dissolved in boiling deionized water until complete
dissolution, then the resulting solution has been dropwise added, under vigorous stirring, to a
dispersion of SWy-2 (1.0 g) in deionized water at 60 ◦C and left for 6 h to achieve the total cationic
exchange. Finally, the mixture solution was separated by centrifugation, rinsed repeatedly with
deionized water until Br− was completely removed, and dried for 24 h at 90 ◦C.

2.3. GPE Membrane Preparation

The solvent casting technique has been used to prepare both blended and not blended membranes,
by immobilization of a lithium salt solution in a polymer matrix.

The required amounts of PAN and PAN-PEO (80/20 blend ratio) were dissolved in anhydrous
dimetylformammide (DMF). The solution was stirred for several hours at 60 ◦C, until a homogeneous
mixture was obtained and, after complete dissolution, the electrolyte solution was added. For the
electrolyte solution, LiCF3SO3 was dissolved in a mixture of EC and PC with a fixed molar ratio (1:0.4).
The lithium content, expressed as the ratio between the number of EC-PC moles and the LiTr moles
(also O/Li ratio), was 10/1. Finally, the polymers/plasticizers [PAN:(EC-PC) and (PAN-PEO)/(EC-PC)]
weight ratio was of 26:74.

For the nanocomposite GPEs, the appropriate amount of organo-modified clay has been added
to DMF, mechanically stirred for 16 h and sonicated for 8 h to obtain a homogeneous dispersion.
The dispersion was then added dropwise to the polymer solution, followed by further sonication
and stirring. Here composite membranes with 10% of filler loading with respect to the polymer were
prepared. The membranes were achieved by casting the solution on the aluminum plate at 50 ◦C
overnight to favor the evaporation of DMF.

2.4. Characterization Techniques

NMR measurements were performed with a BRUKER AVANCE 300 Wide Bore spectrometer
working at 116.6 MHz on 7Li, and 282.4 MHz on 19F, respectively. The employed probe was a
Diff30 Z-diffusion 30 G/cm/A multinuclear with substitutable RF inserts. Spectra were obtained by
transforming the resulting free-induction decay (FID) of single π/2 pulse sequences.

The pulsed field gradient stimulated-echo (PFG-STE) method [30] was used to measure the
self-diffusion coefficients of lithium and triflate ions. The sequence consists of three 90◦ RF pulses
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(π/2 − τ1 − π/2 − τm − π/2) and two gradient pulses that are applied after the first and the third RF
pulses, respectively. The echo is found at time τ = 2τ1 + τm. Following the usual notation, the magnetic
field pulses have magnitude g, duration δ, and time delay Δ. The FT echo decays were analyzed by
means of the relevant Stejskal–Tanner expression:

I = I0e−βD

Here I and I0 represent the intensity/area of a selected resonance peak in the presence and in
absence of gradients, respectively. β is the field gradient parameter, defined as β = [(γgδ)]2 (Δ − δ/3)];
D is the measured self-diffusion coefficient.

In these experiments, the used experimental parameters were: δ = 3 ms, time delay Δ = 30 ms,
and the gradient amplitude varied from 350 to 1000 G cm−1. Based on the very low standard deviation
of the fitting curve and repeatability of the measurements, the uncertainties in D values are estimated
to about 3%.

Finally, longitudinal relaxation times (T1) of 7Li and 19F were measured by the inversion-recovery
sequence (π – τ − π/2). All the NMR measurements were run by increasing temperature step by step
from 20 to 80 ◦C, with steps of 10 ◦C, and leaving the sample to equilibrate for about 20 min at each
temperature value.

From DLi and DF self-diffusion coefficients, σNMR values were calculated according with the
Nernst-Einstein equation:

σNMR =
F2cLiTr

RT
(DLi+ + DF+)

Here, F is the Faraday constant, R is the molar gas constant, T is the temperature to which D has
been measured and cLiTr is the salt concentration.

The ionic conductivity (σ, S cm−1) was measured by impedance spectroscopy recorded at OCV
with an oscillating potential of 10 mV in the frequency range 0.1–1 × 106 Hz using a PGSTAT 30
(MetrohmAutolab) potentiostat/galvanostat/FRA. GPEs were sandwiched between two disks of
conductive carbon cloth, placed between two stainless steel electrodes and assembled in a homemade
two-electrode cell. The impedance responses of the cell were analyzed using MetrohmAutolab NOVA
software and the bulk resistance (Rb) was extracted from the intercept of the low frequency signal in
the Nyquist plot. The equation for calculating the conductivity is:

σ =
l

Rb ∗ A

where l is the thickness of the membrane and A is the area of the carbon cloth electrode.
Dynamic mechanical analysis (DMA) measurements were carried out on a Metravib DMA/25

analyzer equipped with a shear jaw for film clamping. Frequency sweep experiments were collected
by subjecting a rectangular film to a dynamic strain of amplitude 10-4 in the range between 0.2 and
20 Hz. For temperature sweep (time cure) experiments a dynamic strain of amplitude 10−4 at 1 Hz
was applied from 25 to 160 ◦C with a heating rate of 2 ◦C/min. A periodic sinusoidal displacement
was applied to the sample, and the resultant force was measured. The damping factor, tan d, is defined
as the ratio of loss (E′ ′) to storage (E′) modulus.

The thermal behaviors were investigated by Setaram 131 DSC. Samples were hermetically sealed
and cooled from room temperature to −40 ◦C using liquid N2. Measurements were carried out from
−30 ◦C up to 120 ◦C at the scan rate of 10 ◦C/min and purging nitrogen gas.

Finally, the membrane’s morphology was investigated by scanning electron microscopy (SEM,
Cambridge Stereoscan 360, Santa Clara, CA, USA). To observe the membrane cross-sections,
the samples were first frozen and fractured in liquid nitrogen, to guarantee a sharp fracture without
modifications of the morphology, and then observed with SEM. The samples were sputter-coated with
a thin gold film prior to SEM observation.
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3. Results and Discussion

3.1. Morphological, Thermal, and Mechanical Characterizzation of the GPEs

The organo-modification of the clay’s layers has as the main objective of favoring a good
and homogeneous dispersion of the nanoparticles into the hosting matrix. For this purpose,
hexadecyltrimethyl ammonium bromide was used as organophilic reagents: the quaternary
ammonium group should allow an easy intercalation into the hydrophilic clay layers while the
long alkyl chain should enhance the affinity between particles and polymer chains [31]. The photos of
the four gel electrolytes prepared in this study are reported in Figure 1. They all appear opalescent,
while the introduction of the org-SWy causes a slight yellowing of the resulting GPEs (Figure 1b,d).
However, they are very dense and homogeneous, and there is no evidence of phase segregation
between PAN and PEO polymers into the blended gels, indicating that the proposed method allows
to obtain a homogenous and stable mixtures of polymers. Further, no clay particles crystals were
observed, confirming that the chemical modification of the layers’ surface improves the clay/polymer
interaction and, thus, highly homogeneous composite membranes, without formation of agglomerates
or clusters, can be prepared.

 

Figure 1. Photos of the prepared GPEs based on: (a) PAN, (b) PAN/org-SW, (c) PAN:PEO blend,
and (d) PAN:PEO/org-SWy.

Scanning electron microscopy (SEM) coupled with BSE (backscattered electrons) was used to
deeper investigate the morphology of the composite membranes. The BSE technique is generally used
to detect contrast between areas with different chemical compositions (elements with high atomic
number backscatter electrons more efficiently than light elements, appearing brighter in the image).
By comparing the SEM-BSE images obtained on pristine PAN and PAN/org-SWy electrolytes, shown in
Figure 2a,b, respectively, it clearly emerges that the presence of the filler particles severely affect the film
morphology. The porous structure of the PAN based gel disappear in the composite gel, becoming a
very dense membrane. Sporadic particle aggregations are also detectable, as expected if we take into
account the large percentage of filler added into the polymer matrix (10 wt %). However, the average
particles size of such aggregates is circa 500 nm, therefore, it can be stated that the nano-sized and
homogeneous dispersion of clay layers was achieved in these composite GPEs. Concerning the blends
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(Figure 2c,d), SEM + BSE images give clear evidence that no phase separation occurs between the two
polymers, as well as the presence of PEO allows the reduction of the number of nanosized aggregates
in the composite blend electrolyte by virtue of a greater affinity between poly(ethylene oxide) chains
and the org-SWy lamellae.

Figure 2. Cross-sectional SEM + BSE images of the GPEs based on: (a) PAN; (b) PAN/org-SWy;
(c) PAN:PEO; and (d) PAN:PEO/org-SWy.
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The analysis of the thermal properties of the prepared electrolytes has been carried out by DSC,
and the thermograms collected in the temperature range between −30 and 120 ◦C are showed in
Figure 3. For clarity it must be noticed that, in order to highlight the peaks, an enlarged scale was used.

The PAN-based gel shows two endothermic peak, the first one narrow, at about 71 ◦C (TgI), and the
second broad peak at circa 100 ◦C (TgII). It was already demonstrated [32] that unoriented PAN has a
“two-phase” morphology consisting of laterally-ordered and amorphous domains, both in a glassy state
at room temperature, thus leading to two glass transition at 100 and 150 ◦C, respectively. In our films,
the inclusion of EC/PC plasticizer lowers both Tg respect to pristine PAN, as a consequence of the
reduction of the crystallites size [33]. The dispersion of org-SWy platelets leads to a large shift of the
transitions of both laterally-ordered and amorphous domains (red line in the Figure 3), and also to a
reduction of the peaks intensities, suggesting interactions between the organo-modified silicate layers
and the polymer chains. It can be hypothesized that org-SWy particles increase the distance between
polymer chains and, hence, diminish their capability to re-aggregate in glassy domains.

Figure 3. DCS thermograms of the GPEs membranes in the temperature range −30 ◦C up to 120 ◦C,
with a scan rate of 10 ◦C min−1.

Focusing on blended electrolytes, in PAN:PEO films a small peak at 44 ◦C appears, corresponding
to the typical temperature at which PEO crystalline domains becomes rubbery amorphous phase
(Tm PEO). Finally, the nanocomposite blend electrolyte shows a single broad peak at 45 ◦C ascribed
to the TgI of PAN while disappear the Tm of PEO. The result can be explained in terms of larger
chemical affinity between clay platelets and PEO chains, which reduces PEO re-crystallization and,
at the same time, favors the dispersion of filler’s particles within the polymer matrix.

Concerning the mechanical properties of the GPEs systems, the measurements were performed
by dynamic mechanical analysis, by using a shear jaw for films sample holder. It is worth pointing
out that, generally, oscillatory rheological tests on typical GPEs are carried out by using a plate-plate
geometry, while, in this case, due to the solid-like nature of our gels, a typical DMA configuration for
thin films was used.

Figure 4a shows the storage modulus (E′) in the frequency range of 0.2–20 Hz measured at 25 ◦C:
Except for one sample which will be discussed later, E′ shows values above 107 Pa, significantly higher
than other gels reported in the literature [34–36], and it reaches 108 Pa upon inclusion of org-SWy
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lamellae in the PAN matrix, indicating an increase in the rigidity of the system. Blending PAN and
PEO polymers also results in an enhanced storage modulus as a consequence of the increased overall
crystallinity of the polymeric matrix. However, completely unexpected is the net reduction of the
storage modulus of the composite blend PAN:PEO/org-SWy electrolyte to 106 Pa. This evidence
can be explained by taking into account the DSC data seen above. The inclusion of the clay into
the polymer matrices prevents the reorganization of PAN and PEO chains into crystalline stacks,
affecting the mechanical strength of the film but, at the same time, improves the flexibility of polymer
chains, with important implications on the transport properties of this electrolyte gel. However,
the temperature-sweep test shown in Figure 4b demonstrates that this composite still maintains the
typical strong-gel behavior, likely due to the interactions between clay platelets and polymer chains.
In fact, at least up to 160 ◦C, the storage modulus E’ exceeds significantly the loss modulus E′ ′,
indicating that the gel responds elastically at small deformations and its microstructure is unchanged
over this temperature range. The slight slope of the moduli is indicative of an evolution towards a
“weak-gel” configuration, nonetheless, no crossover between the moduli occurs; therefore, the structure
of the gel is preserved.

  
(a) (b) 

Figure 4. Frequency sweep at 25 ◦C of the different GPEs (a); and the temperature sweep test, from 20 ◦C
to 160 ◦C for PAN:PEO/org-SWy electrolyte (b).

3.2. Transport Properties of Ions

The ionic conductivities of the prepared gel polymer electrolytes were investigated by EIS analysis.
The impedance Nyquist plots of two representative GPEs are reported in Figure 5. The insets in
each graph show an enlargement of the low resistance region, where the semicircle is achieved.
In fact, the spectra show two well-defined regions: a semicircular region at high frequency range
(attributed to ion conduction process in the bulk of the gel polymer electrolyte) followed by a
straight line inclined at constant angle of circa 40◦ to the real axis at low frequency range related
to the effect of blocking electrodes [37,38]. By comparing the spectra of PAN gels (Figure 5a) and of
PAN/org-SWy nanocomposite (Figure 5b), we can notice that the semicircle of the nanocomposite
appears as depressed, i.e., it is not completed in the frequency range used, although very high
(1 MHz). This indicates that multiple processes and/or mechanisms of conduction simultaneously
coexist [27]. A similar trend has been also observed in blended PAN:PEO/org-SWy electrolyte, even if
less pronounced.

From the fitting of the semicircle in the high-frequency region, the electrolyte resistance
was estimated and the ionic conductivity (σ) calculated according to the formula reported in the
experimental and displayed in Figure 6. It clearly emerges that PAN-SWy nanocomposite gel is the
less conductive electrolyte. Such an outcome can be explained by considering the changing of the gel
morphology upon addition of the clay to the polymer matrix, as discussed above, which becomes dense,
as well as more rigid (higher Young’s modulus). Therefore, the polymer chains experience lower
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flexibility, as well as a large reduction of liquid electrolyte mobility is expected by the decrease of the
membrane porosity, both contributing to the reduction of the ion conduction.
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(a) 

(b) 

Figure 5. Nyquist plots of the impedance measured for PAN gel (a) and PAN/org-SWy
nanocomposite gel (b).

Figure 6. Temperature dependence of ionic conductivity for the gel polymer electrolytes investigated.
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Similar discussion can be made on the PAN:PEO blend gel, where the enhanced membrane
rigidity caused by the increased number of crystalline domains of PEO significantly affects σ compared
to the unblended PAN.

The best result was achieved by the addition of 10 wt % of organo-modified SWy in the
PAN:PEO blend, which displays the highest ion conductivity over the whole temperature range, with a
σ of almost 2.8 mS/cm at r.t. Comparing to similar GPEs reported in the literature, these conductivities
are surely remarkable: e.g., they are two orders of magnitude higher than hybrid electrolytes composed
of PEO and glass-ceramic particles (2.81 × 10−2 mS/cm) [26] and three orders higher than PEO
containing conductive microsized particles (1 × 10−3 mS/cm) [39], while they are close to those
reported by He et al. [31] for a PAN/organic montmorillonite system (2.23 mS/cm), even if, here,
an electrolyte uptake of ca. 300% was needed, resulting in deterioration of the membrane stability.
Accordingly, it can be stated that the PAN:PEO composite gels are able to guarantee good polymer
chain flexibility together with outstanding mechanical and thermal resistance, making these systems
particularly attractive as solid electrolytes for lithium batteries.

It is well known that the ionic conductivity obtained by EIS only refers to the mobility of
charged species, with no possibility to distinguish between the cation and the anion. Conversely,
NMR methods allow to discriminate and selectively investigate the mobility of Li+ and the
corresponding counterion, confirming the effectiveness regarding the investigation of ions dynamics
inside the complex systems, as well as information on ion associations and interactions between
polymers, filler, and ions. Accordingly, NMR was used here to investigate the transport properties of
both lithium cations and triflate anions, by detecting the 7Li and 19F spin-nuclei, respectively.

Figure 7 displays the lithium self-diffusion coefficients (DLi) measured on the GPEs’ membranes,
both unblended (left) and blended (right), respectively. In agreement with the conductivity seen above,
the addition of org-SWy to PAN reduces the lithium mobility while it has beneficial impact in the
PAN:PEO blend. However, very interesting is the bi-exponential decay of the echo-signal obtained in
both composite systems, observed also for the DF (diffusion values for 19F, not reported in the graph).
This result indicates that two different mechanism for the diffusing species coexist as a consequence of
the presence of the clay lamellae. The aluminosilicate platelets possess a fixed negative charge and the
quaternary ammonium group of CTAB molecules was chosen as intercalating cation. Ions are solvated
both from the clay layers (“lamellae-solvation”) and from the EC/PC solvents (“bulk-solvation”) and,
of course, the polymers play their role in such coordination.

 
(a) (b) 

Figure 7. Arrhenius plots of 7Li self-diffusion coefficients from 20 to 80 ◦C measured on PAN-based
electrolytes (a) and blended systems (b).

Ions involved in the “bulk-solvation” show higher mobility (D1) respect to that one involved in
the “lamellae-solvation” (D2).
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Such a hypothesis was confirmed by the spin-lattice relaxation time (T1), which, compared to
diffusion, reflects more localized motions, including both translation and rotation on a time scale
comparable to the reciprocal of the NMR angular frequency (few nanoseconds). T1 quantifies the energy
transfer rate from the nuclear spin system to the neighboring molecules (the lattice). The stronger the
interaction, the quicker the relaxation (shorter T1). Figure 8 reports the Arrhenius plots of T1 measured
on the different GPEs for 7Li and 19F, respectively. It is clear that the introduction of org-SWy particles
produces a decrease of T1, both for 7Li and 19F. This outcome can be ascribed to the stronger overall
interactions of the ions with the lattice, i.e., lithium ions interact with negative charged surface of
the platelets, while counterions solvate the quaternary ammonium groups of the organo-surfactant.
In other words, ions experience a lower degree of freedom resulting in shorter T1 values.

 

 

Figure 8. Arrhenius plot of 7Li (a) and 19F (b) spin-lattice relaxation time from 20 ◦C up to 80 ◦C.

According to the Nernst-Einstein equation, conductivity values (σNMR) were calculated from
DLi and DF for the different GPEs and compared with the experimental ion conductivity (σEIS) in
Table 1 (for two representative gels). We need to consider that differently from σEIS, σNMR is affected
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not from the mobility of all species containing 7Li and 19F, including neutral ion pairs, and not only
from the charged species. Therefore, it is not unusual for the NMR conductivity to be greater than the
experimental σ, in particular when ion associations occurs. By considering the bi-exponentiality of
both Li+ and F− diffusion, and based on the hypothesis discussed above, we managed to calculate an
average of D1 and D2 weighed with respect to the amount of filler added, i.e., 10 wt %. It is evident
from the data reported that NMR conductivity values are always much higher than experimental ones
suggesting the presence of a large number of ion pairing. This is also confirmed by the ionicity indices
reported in Table 1 and computed as the ratio σEIS/σNMR.

Table 1. Comparison between σEIS and σNMR (in Ms cm−1), ionicity index and lithium transport
number for PAN and PAN:PEO/org-SWy electrolytes.

T (◦C)
PAN PAN-PEO + 10% SW

σEIS σNMR Ionicity tLi+ σEIS σNMR Ionicity tLi+

20 1.77 3.92 0.45 0.40 2.79 4.31 0.68 0.68
30 2.08 5.02 0.41 0.41 3.22 4.74 0.65 0.67
40 2.31 6.96 0.33 0.41 3.37 7.84 0.53 0.59
50 2.56 8.19 0.31 0.43 3.17 9.07 0.45 0.56
60 2.74 9.68 0.28 0.44 3.77 9.82 0.48 0.56
70 3.03 11.1 0.27 0.43 4.05 11.20 0.42 0.57
80 3.12 11.8 0.27 0.45 4.24 12.33 0.38 0.58

PAN gel, our reference’s system, shows an ionicity close to 0.45. This suggests that 55% of Li+

and Tr− exist as neutral ion pairs, which is typical for GPEs. The addition of filler particles into the
blend increases the level of salt dissociation, likely due to the high dielectric constants of the charged
organo-modified smectite clays that should also help to prevent the ionic association. Both phenomena
leads to an ionicity index of 0.68 at r.t., which is a particularly high value for a double-ion solid-state
electrolyte. Ionic association increases by increasing the temperature [11,39], therefore, the ionicity
index decreases.

Finally, an important parameter for allowing a proper operation of the polymer electrolyte in real
device is the lithium transport number (tLi+ ). It was calculated in this work according to the following
equation and reported in Table 1:

tLi+ =
DLi+

DLi+ + DF−

The PAN:PEO/org-SWy electrolyte shows a value of 0.68 at r.t., much higher than the PAN-gel and
also the typical GPEs, for which values lower than 0.30 are generally reported [26,40–43]. GPEs with
higher lithium transport number, i.e., ca. 0.55, has also been reported, but the ion conductivities are
quite low [44]. The reasons of the improved tLi+ in our blend composite membrane can be multiple and
synergistic: (i) the organo-clay particles have a plasticizing effect, lowering the cristallinity and, thus,
improving the flexibility of polymer chains, favoring the Li+ transport through polymer segmental
motions; and (ii) electrostatic interactions between the filler surface and lithium can create a preferential
pathways for lithium conduction.

4. Conclusions

Organo-modified smectite clay particles were prepared and dispersed into PAN and PAN:PEO
blend polymers in order to prepare hybrid gel polymer electrolytes. Morphological studies proved
that the procedure herein proposed allows to avoid phase separation between PAN and PEO as well
as guarantee high nano-dispersion of the clay particles in the polymer matrix. The presence of the
clay platelets strongly affected morphology, thermal and mechanical stability and electrochemical
properties of the GPEs. In particular, outstanding behavior was displayed by the PAN:PEO/org-SWy
membrane. 7Li and 19F NMR spectroscopy was successfully applied to get a complete description of
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the ions dynamics in so complex systems, probing as the smectite clay surfaces are able to “solvate”
both lithium and triflate ions, preventing the ion pairing (as also confirmed by the high ionicity index)
and creating preferential pathways for lithium conduction.
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Abstract: In the present work, the effect of temperature and additives on the ionic conductivity
of mixed organic/ionic liquid electrolytes (MOILEs) was investigated by conducting galvanostatic
charge/discharge and ionic conductivity experiments. The mixed electrolyte is based on the ionic
liquid (IL) (EMI/TFSI/LiTFSI) and organic solvents EC/DMC (1:1 v/v). The effect of electrolyte type on
the electrochemical performance of a LiCoO2 cathode and a SnO2/C composite anode in lithium anode
(or cathode) half-cells was also investigated. The results demonstrated that the addition of 5 wt.%
succinonitrile (SN) resulted in enhanced ionic conductivity of a 60% EMI-TFSI 40% EC/DMC MOILE
from ~14 mS·cm−1 to ~26 mS·cm−1 at room temperature. Additionally, at a temperature of 100 ◦C, an
increase in ionic conductivity from ~38 to ~69 mS·cm−1 was observed for the MOILE with 5 wt% SN.
The improvement in the ionic conductivity is attributed to the high polarity of SN and its ability to
dissolve various types of salts such as LiTFSI. The galvanostatic charge/discharge results showed that
the LiCoO2 cathode with the MOILE (without SN) exhibited a 39% specific capacity loss at the 50th
cycle while the LiCoO2 cathode in the MOILE with 5 wt.% SN showed a decrease in specific capacity
of only 14%. The addition of 5 wt.% SN to the MOILE with a SnO2/C composite-fiber anode resulted
in improved cycling performance and rate capability of the SnO2/C composite-membrane anode in
lithium anode half-cells. Based on the results reported in this work, a new avenue and promising
outcome for the future use of MOILEs with SN in lithium-ion batteries (LIBs) can be opened.

Keywords: ionic liquids; succinonitrile; electrolyte; lithium ion batteries; composite fibers; mixtures

1. Introduction

Lithium-ion batteries (LIBs) are widely used in electronic devices ever since their successful
commercialization by Sony in 1991 and Asahi Kasei and Toshiba in 1992 [1,2]. The conventional
electrolyte used in LIBs is based on lithium hexafluorophosphate (LiPF6) salt dissolved in volatile
organic solvents; typically, these are mixtures of carbonates such as ethylene carbonate (EC), ethyl
methyl carbonate (EMC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) [3,4]. These
combinations enhance desired properties in electrolytes. For example, EC has a high dielectric constant
that promotes salt dissolution, and the addition of DMC to these organic solvents can lower the melting
point and viscosity of the combined EC/DMC organic liquid electrolyte (OLE) [5]. Despite the high
ionic conductivity and Li-ion diffusivity of OLEs during the charge/discharge cycles in LIBs, they
face serious safety concerns due to their high flammability and volatility [6]. Such safety hazards can
lead to thermal runaway and serious consequences [7,8]. Recently, incidents involving violent battery
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ignitions have caught the general public’s attention, and this concern has increased even more with the
application of lithium-ion batteries in electric vehicles and power grid storage devices [9]. Because
ionic liquid electrolytes (ILEs) are non-flammable, non-volatile, and conductive, they possess safety
advantages over OLEs and have been studied as electrolytes in rechargeable LIBs [10,11]. ILEs tend to
be electrochemically and thermally stable, potentially allowing use of high voltage cathodes and safe
operation at high temperatures. Nonetheless, ILEs face many challenges including larger viscosity,
which increases significantly with decreasing temperature, crystallization at low temperatures, and
large, strongly temperature-dependent interfacial impedance at both the cathode and anode. All of
these issues are tied to the fact that the ILE-based Li-ion cells that have been developed to date operate
only at elevated temperatures and at relatively low charging/discharging rates [10]. The high viscosity
of ILEs typically results in a decreased total ionic conductivity at room temperature. Most important for
electrolyte performance is to maximize the conductivity carried by the Li+ (cation), i.e., the product of
total conductivity and transference number [12]. Additionally, it has been observed in both experiments
and simulations that Li+mobility increases more rapidly with dilution with an organic solvent than do
the mobilities of the RTIL anion and especially cation, resulting in a higher transference number [13,14].
We note the further complication that the ability of a low viscosity solvent to dissolve lithium salt and
transport Li+ does not necessarily imply improved electrolyte performance [15,16].

A novel approach based on mixing organic solvents with ILEs has been used to improve the
ionic conductivity of ILEs in Li-ion cells with the aim to offer combined advantages of OLs and ILEs
such as decreased viscosity, higher Li+ diffusion/mobility, (i.e., improved conductivity), and, under
appropriate volume ratios, better safety factors [6]. An increased tolerance to higher operational
temperatures is beneficial not only because batteries are less likely to experience thermal runaway, but
also because it enables specialty applications that require very low (−80 ◦C to −40 ◦C) or high (100 ◦C)
temperatures; electrolyte crystallization can be prevented at lower working temperature conditions by
modifying the IL solvent, while battery performance at higher temperature can be achieved by adding
different lithium salts to ILs [17]. Several IL/Li salt systems have been employed as electrolytes in
Li-ion batteries, but the number of ILEs that have been demonstrated as effective in operating cells
is limited. Since demonstrating reasonable conductivity of an ILE (commonly done) and reasonable
electrochemical stability (less commonly undertaken) are not sufficient to ensure reliable operation
of a battery, a number of other issues such as interfacial defects must be considered. As a result, the
number of operating batteries based on ILEs is less extensive than might be expected, given the huge
number of anode/cathode and electrolyte combinations possible [11,18–20].

The most common anion investigated for ILEs is bis(trifluoromethanesulfonyl)-imide (TFSI), while
the most common cations are alkylimidazoliums, tetraalkylammoniums, and alkylpryrrolidiniums (e.g.,
pyr13 and pyr14) [11]. 1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-imide (EMI-TFSI)
has been used with Li salt as an electrolyte for LIBs due to its low viscosity compared to other ILEs [21].
For example, a LiCoO2 cathode in a (EMI/TFSI + LiTFSI) electrolyte delivered higher discharge capacity
at room temperature than in the EMIBF4 + LiBF4 system [21]. EMI-TSFI is employed here as an IL
due to its good conductivity (8.7–9.1 mS·cm−1 at 25 ◦C), low viscosity (33–34 cP), and low melting
point (−15 ◦C) [17]. Additionally, it has been found that EMI-TSFI with LiTSFI can increase the
ionic conductivity and decrease the viscosity of the electrolyte, while no flammability was observed
for compositions with IL (EMI-TSFI) wt% of 40% or more in EC–DEC–VC–1M LiPF6 electrolytes at
increased temperatures [21,22].

Reversible capacities of up to 155 mAh g−1 and 128 mAh g−1 have been reported for Li-ion full
cells with EMI-TSFI and EC/DMC MOILEs using LiFePO4 as the cathode with a graphite anode, and a
LiFePO4 cathode with a Li4Ti5O12 anode, respectively [22]. Nonetheless, the addition of non-ionic
organic additives such as succinonitrile (SN) to the electrolyte can improve the ionic conductivity of
ILEs and the overall electrochemical performance of the Li-ion cell [1,23]. SN can dissolve different
types of salts such as LiTFSI, LiBF4, LiPF6, LiN(CN)2, Ba(TFSI)2, Pb(TSFI)2, La(TSFI)2, Ag(CF3SO3),
and Cu(CF3SO3) [24]. SN has been frequently used as a solid electrolyte in LIBs [24–28] but limited
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results have been reported on the use of SN with OLEs and ILEs in LIBs [29]. For example, the addition
of SN to a polymer electrolyte (PEO-LiTFSI, P(VDFHFP)– LiTFSI, and P(VDF-HFP)–LiBETI) resulted
in improved ionic conductivity of the polymer electrolyte and favorable mechanical properties [30].
SN has been recently used as a functional additive to improve the thermal stability and broaden
the oxidation electrochemical window of an OLE in lithium cathode half-cells containing a LNMO
cathode. The results showed that the addition of SN to the electrolyte solution lead to a remarkably
improved cycling stability, which was due to the formation of an electronically conductive film on the
cathode [29,30]. SN was also used as an additive to improve the thermal stability of ethylene carbonate
(EC)-based electrolytes in LIBs. This work showed that SN can suppress parasitic reactions between
the positive electrode (LiCoO2) and the organic liquid electrolyte, because the nitrogen ion in the nitrile
functional group (–CN) in SN has a lone pair of electrons leading to a strong bond with the transition
metal ions on the cathode. It was also reported that the addition of SN resulted in a suppression of
electrolyte decomposition in commercial cells [30]. The authors also suggested that SN can react with
transition metal ions in the electrolyte to form metal ion compounds preventing their reduction on
the negative electrode surface, which would compromise the SEI surface. This work focuses on the
investigation of the electrochemical properties of EMI-TFSI-LiTFSI electrolytes in lithium anode (or
cathode) half-cells using either a cathode or an anode [31]. OLE (EC/DMC 1:1 v/v), ILE (EMI-TFSI),
and MOILE were used with a commercial cathode, LiCoO2, and a SnO2/C composite-fiber anode in
lithium anode half-cells to investigate the effect of electrolyte type on the electrochemical performance.
The effects of temperature and SN additive on the ionic conductivity and electrochemical performance
of MOILEs were investigated by conducting charge/discharge and impedance measurements on the
lithium anode (or cathode) half-cells with commercial cathode materials.

2. Experimental

2.1. Materials

Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) (99%) and 1-ethyl-3-methylimidazolium
bromide (EMI-Br) (99.98%) were purchased from Io-li-tech, Tuscaloosa, AL, USA. Ethylene carbonate
(EC) (99%) and dimethyl carbonate (DMC) were purchased from Alpha Aesar (Tewksbury,
MA, USA) and Fisher Scientific (Lenexa, KS, USA), respectively. LiTFSI (98%), HPLC water,
silicon oxide, dichloromethane (DCM) (99%), and succinonitrile (SN, 99%) were obtained from
Sigma-Aldrich (St. Louis, MO, USA)). Polyacrylonitrile (PAN) with Mw ≈ 150,000 was purchased from
Sigma-Aldrich. Dimethylformamide (DMF) (>99.5%), and tin (II) 2-ethylhexaonate were purchased
from Fisher Scientific.

2.2. Electrolyte Preparation

1-Ethyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide (EMI-TFSI), was synthesized
by reacting HPLC water with a 1:1 LiTFSI:EMI-Br molar ratio mixture. This solution was stirred
for 24 h in an oil bath at 70 ◦C. After the reaction took place, an aqueous layer and an ionic liquid
(EMI-TFSI) rich layer were formed, and the solution was extracted from the oil bath. Once the solution
was cooled to room temperature, the EMI-TFSI was separated from its aqueous counterpart and
decanted into a separator funnel. HPLC water was poured into the separator funnel and mixed with
the EMI-TFSI. The mixture was left to rest until the two layers were formed again. The EMI-TFSI
layer was once again removed. This process was repeated two more times. Then, the EMI-TFSI was
placed in a 500 mL round bottom flask to be dissolved with a sufficient amount of DCM. The dissolved
EMI-TSFI was decanted into a chromatography column in order to filter any remaining impurities.
The chromatography column contained one inch of sand, followed by silica oxide fully covering the
remaining of the column up to the beginning of reservoir. The collected solution was then placed in a
rotavap to remove the solvent (DCM) from the EMI-TSFI. Finally, the obtained EMI-TSFI was placed in
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a vacuum oven at 100 ◦C for 48 h to remove any water and excess DCM. The purity of the synthesized
IL electrolyte was confirmed by 1H NMR spectroscopy.

The organic liquid electrolyte was prepared in a glove box (MBRAUN, Garching, Germany) with
a controlled argon atmosphere. A 20 mL solution was prepared by combining a 1:1 v/v ratio of EC
and DMC followed by 2 h of magnetic stirring. This OLE solution was stored and used to make 5
mL batches of 1 M LiTFSI in 60% EMI-TFSI and 40% EC/DMC. First, 1.435 g of LiTFSI and 2.564 g
of EC/DMC solution were stirred until the LiTFSI was fully dissolved. Next, 4.590 g of EMI-TFSI
were added and stirred for 24 h. The final weight of the solution was 8.590 g. Using this weight,
an additional 0.429 g of SN was added to compare the ionic conductivity of the MOILE with one
containing 5 wt.% of SN.

The ionic conductivity of the MOILEs was measured by assembling coin-type cells (CR2032)
composed of two stainless-steel spacers as the positive and negative terminals, and a Teflon washer
filled with MOILE. The LiCoO2 cathode was assembled with a common half-cell configuration to
investigate the electrochemical performance of the cell. The as-prepared MOILE was used with the
commercial LiCoO2 cathode. The active material loading in the electrode was 6.2–8.0 mg/cm2. The coin
cells were assembled in a glove box using the cathode as the working electrode, with a Li counter
electrode and microfiber glass mat separator (Whatman).

2.3. Preparation of SnO2/C Composite Fiber Membranes

The SnO2/C composite fibers were prepared by forcespinning of PAN/SnO2 precursor fibers
followed by a thermal treatment. The PAN/SnO2 solution was prepared by dissolving 12 wt% PAN
in DMF. A tin (II) 2-ethylhexanoate solution to 2:1 weight ratio of PAN solution was added and
stirred for 24 h. The forcespinning process relies on applying centrifugal forces at high rotational
speeds to a polymer solution or melt to produce microfibers with different structure and morphology.
A description of the forcespinning process was given previously [19,32,33]. The PAN/SnO2 precursor
solution was spun using the FiberRio L-1000 cyclone at a rotational speed of 8000 rpm for 1 min. The
PAN/SnO2 fibrous mat was collected, stabilized in air at 280 ◦C for 5 h, and subsequently carbonized
under argon atmosphere at 700 ◦C for 3 h (heating rate: 3 ◦C/min). The SnO2/C composite fibers were
removed from the tube furnace, punched into 0.5 in (0.0127 m) diameter anodes, then weighed and
used directly as working electrodes in lithium anode half-cells.

2.4. Fiber Membrane Characterization

The morphology and structure of composite fiber membranes were investigated using a scanning
electron microscope (SEM) from Sigma VP Carl Zeiss, Oberkochen, Germany while energy-dispersive
X-ray spectroscopy (EDS) from EDAX Inc., Mahwah, NJ, USA was used to confirm the elemental
composition of the fibers. The crystal structure of the composite fiber membranes was evaluated by
X-ray diffraction (XRD) using a Bruker D8 Advanced X-ray Diffractometer at a scan rate of 1 ◦C/min
over a range of 2θ angle from 10◦ to 70◦.

2.5. Electrochemical Measurements

Lithium anode (or cathode) half-cells were assembled in an argon-filled glove box with SnO2/C
composite fibers as a binder-free anode and Li-metal as the counter electrode, using the MOILE.
The electrothermal performance of the SnO2/C composite-fiber anode was evaluated by conducting
galvanostatic charge/discharge experiments on CR2032 coin cells at 100 mA g−1. The active material
loading in the anode was 2.4–4.5 mg/cm2. The ionic conductivity experiments on half cells with MOILEs
were performed at different temperatures using a home-built heating block chamber. The design was
based on a home-built sealed conducting cell in use at the University of Minnesota [23]. The impedance
of the MOILEs at different temperatures was measured using a Metrohm Autolab (PGSTAT128N)
connected to the heating chamber, over a frequency range from 0.1 Hz to 1 kHz. The ionic conductivity
of the electrolyte was determined using coin cells with two stainless steel blocking electrodes filled
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with the electrolyte. For accurate measurements of the ionic conductivity, a Teflon spacer was placed
between the stainless-steel electrodes to hold the electrolyte inside the cell. The sample (electrolyte)
preparation was conducted in an argon-filled glove box. The cell was then taken outside the glove box
and inserted in the heating chamber. The ionic conductivity, σ, was calculated as L/(RA), where L and
A are the sample thickness and superficial area of the sample and R is the bulk resistance [23]. The bulk
resistance was determined from the frequency-independent plateau of the real part of the impedance
(Z′). The temperature was controlled and monitored using thermocouples and heating cartridges
connected to a temperature process control CN 7500 purchased from Omega. The experimental
setup was connected to a personnel computer using a RS485 USB converter to monitor the time and
temperature during the impedance measurements.

The electrochemical performance of the LiCoO2 half-cells was evaluated at 60 ◦C. The LiCoO2

half cells were placed in a controlled temperature oven (ESPEC BTZ – 133). LiCoO2 cathode with
electrolytes 1 M LiTFSI in 60% EMI-TFSI and 40% EC/DMC with and without SN were tested at a current
density of 100 mAh g−1 for 50 cycles. Arbin’s MTIS Pro was employed to conduct the galvanostatic
charge/discharge experiments over a voltage range of 2.5–4.2 V. A port extension was connected
between the Arbin instrument and the ESPEC oven to conduct the electrochemical experiments at
different temperatures.

3. Results and Discussion

3.1. Materials Characterization

Figure 1 shows SEM images of SnO2/C composite fibers. It can be seen in Figure 1 that the SnO2

nanoparticles tend to aggregate, forming large clusters on the fibers. Some of these nanoparticles are
embedded in the fibers and some are deposited on the fiber strands [20]. The average fiber diameter of
the SnO2/C composite fibers was 1.86 m.

Figure 1. SEM images of a SnO2/C composite-fiber membrane [20], with copyright permission from
the IOP Publishing.

Figure 2 shows an SEM image of SnO2/C composite fibers and the corresponding EDS mapping.
Figure 2 shows that the composite fibers consist of C, O, and Sn that are distributed over the fibers.
The EDS results confirm that the aggregated nanoparticles on the fibers contain Sn and O (i.e., SnO2

nanoparticles), which are attached to the surface of the carbon-fiber matrix
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Figure 2. SEM image of SnO2/C composite fibers (left) and corresponding EDS mapping of the SnO2/C
composite fibers (right).

Figure 3 shows an XRD pattern for the carbon fibers, where a broad diffraction peak is observed
at 2θ = 27.8◦ corresponding to the (002) lattice plane of graphite [34–36]. It is observed in Figure 3
that this peak is weak and broad, which is the result of the formation of an amorphous carbon fiber
structure after carbonization of the precursor PAN fibrous membrane.

Figure 3. XRD pattern of the carbon-fiber membrane prepared after the carbonization of polyacrylonitrile
(PAN) fibers at 700 ◦C.

Figure 4 shows XRD analysis of the SnO2/C composite-fiber membrane. The observed pattern
has predominantly crystalline peaks corresponding to (110), (101), (200), (211), and (310) planes.
The observed peaks overlap with five of the seven peaks of the SnO2 crystal structure published by the
(JCPDS 41-1445), further confirming the formation of SnO2 nanoparticles in the carbon matrix.
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Figure 4. XRD pattern of the SnO2/C composite-fiber membrane prepared after calcination of PAN/SnO2

precursor fibers at 700 ◦C.

3.2. Ionic Conductivity Measurement of Electrolytes at Different Temperature

Figure 5 shows the ionic conductivity of the ILE and MOILEs as a function of temperature.
The ILE was prepared from LiTFSI salt dissolved in 100% EMI-TFSI while the MOILE was prepared
by dissolving LiTFSI salt in 60% EMI-TFSI and 40% EC/DMC, with and without the addition of
5% SN. The results show that the ILE (100% EMI-TFSI) delivered an ionic conductivity ~5 mS·cm−1

at room temperature, which is lower than that for the MOILE (60% EMI-TFSI and 40% EC/DMC)
(~14 mS·cm−1). It is also clear in Figure 5 that the ionic conductivity of the three electrolytes increases
with increasing temperature. The MOILE with 5% SN shows the highest ionic conductivity at 100
◦C (70 mS·cm−1) among these three electrolytes. Despite its lower conductivity at room temperature,
the ILE ionic conductivity increased significantly as the temperature was increased. At 150 ◦C, the ILE
conductivity was ~30 mS·cm−1. This behavior is expected since the viscosity of ILEs tends to decrease
with increasing temperature. The addition of 40% organic liquid, EC/DMC (1:1 v/v ratio), to 1 M LiTFSI
in 60% EMI-TFSI resulted in an increased ionic conductivity of ~14 mS·cm−1 at room temperature while
the MOILE with the addition of 5 wt% SN exhibited the highest room temperature ionic conductivity
of ~26 mS·cm−1. Note here that the ionic conductivity of the OLE (EC/DMC/LiTFSI) is not shown in
Figure 5 since there are data available in the literature on LiTFSI in binary EC/DMC mixtures. In fact,
LiTFSI salt in EC/DMC binary system shows a higher ionic conductivity than that for ILE and MOILE.
For example, results reported by Dahbi et al. showed that the LiTFSI in EC/DMC (1:1 v/v ratio), which
is the same OLE used in the present work, exhibited an ionic conductivity of 8.6 mS·cm−1 at 25 ◦C.
This value was increased to 11.5 and 14.9 mS·cm−1 when the temperature was increased to 40 and
60 ◦C, respectively [37]. The results also showed the ionic conductivity of LiPF6 in EC/DMC mixture
was higher than that with EC/DMC/LiTFSI electrolyte over the entire temperature range [37].
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Figure 5. Ionic conductivity vs temperature for the ionic liquid electrolyte (ILE), mixed organic/ionic
liquid electrolyte (MOILE), and MOILE with 5 wt.% SN.

3.3. Electrochemical Performance of A LiCoO2 Electrode in Lithium Cathode Half-Cells

The commercial LiCoO2 electrode was employed in lithium cathode half-cells with a single-coated
lithium foil to investigate its electrochemical performance. The MOILE with and without 5 wt% SN was
used with the commercial LiCoO2. The purpose was to evaluate the behavior of the MOILEs in high
voltage cathode materials such as LiCoO2, which has a larger voltage range than LiFePO4. LiCoO2 still
dominates the portable electronics market due to its high voltage plateau and easy synthesis compared
to LiFePO4 [38]. Galvanostatic charge/discharge experiments were performed for 50 cycles at different
temperatures and at a current density of 100 mA g−1.

Figure 6a,b shows the charge/discharge profiles at 60 ◦C and at 100 mA g−1 of the commercial
LiCoO2 cathode in MOILEs without SN and with 5 wt% SN, respectively. As can be observed in
Figure 6a, the LiCoO2 cathode in the MOILE without SN maintained a consistent specific capacity of
148 mAh g−1 up to the 10th cycle. However, significant irreversibilities were observed at the 25th and
50th cycles. After 50 cycles, the cathode delivered a discharge capacity of 91 mAh g−1, indicating a
capacity retention of 61.5% at a current density of 100 mA g−1. The discharge capacity retention is equal
to the capacity after the 50th cycle divided by the capacity at the 1st cycle (i.e., 61.5% = (100–38.5)%).
On the other hand, the LiCoO2 cathode in the MOILE with SN (Figure 6b) exhibited an initial discharge
capacity of 150 mAh g−1 at 100 mA g−1, and after the 50th cycle, the discharge capacity reached a
value of 129 mA g−1 indicative of acceptable capacity retention of 86%. The improvement in the
electrochemical performance of the LiCoO2 cathode is attributed to the effect of the SN additive on
the ILE, and to the high conductivity of MOILEs at high temperature (60 ◦C). The high volatility and
evaporation (high vapor pressure) of DMC at high temperature might influence the ionic conductivity
of electrolytes containing a high percentage of DMC, thus affecting the electrochemical performance of
the electrode. The effect of DMC on the ionic conductivity of MOILEs was not investigated since the
amount of DMC in MOILEs is only 20% (1 M LITFSI in 1:1 v/v EC/DMC) and this should affect the
performance of the electrode only slightly. However, results reported in the literature show that the
ionic conductivity of 1 M LiPF6 in DMC remains significant (i.e., 9 mS·cm−1) at 55 ◦C [39]. Results
reported by Aurbach et al. on a LNMO cathode at 60 ◦C in a liquid electrolyte (DMC–EC (2:1)/LiPF6

1.5 M), over a 3.5–4.9 V potential range showed that the cycling behavior of the cathode was explored
without any observed degradation of the electrolyte solution [40].
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Figure 6. Charge/discharge profiles of a commercial LiCoO2 cathode at 60 ◦C with MOILEs (a) 1 M
LiTFSI 60% EMI-TFSI 40% EC/DMC EC/DMC (1:1 v/v), and (b) 1 M LiTFSI 60% EMI-TFSI 40% EC/DMC
EC/DMC (1:1 v/v) containing 5 wt% SN. Current density = 100 mA g−1.

It is worth noting here that the LiCoO2 cathode in the MOILEs shows moderate capacity fading
and voltage change in the plateau of Figure 6a,b. This might be caused by a decrease in active material
(lithium) on the current collector after the 25th cycle. Another important factor that could affect this loss
in capacity of the LiCoO2 cathode is that the corrosion of the Al current collector on the cathode side
by the TFSI, thereby contributing to the loss of active material from the Al current collector [41]. More
work will be conducted to investigate these effects on the LiCoO2 cathode in LiTFSi/MOILEs systems.

Figure 7a,b shows the cycling performance corresponding to the charge/discharge curves shown
in Figure 6a,b. Although the capacity is stable within the first twenty cycles, the LiCoO2 cathode in the
MOILE without SN suffered from a steady loss in specific capacity after 20 cycles. In contrast, the same
cathode in the MOILE with 5 wt% SN maintained a stable specific capacity for the first 20 cycles; there
was a slight decrease in capacity between 20th and 30th cycles, while thereafter the cathode maintained
a constant capacity of ~129 mAh g–1. The LiCoO2 cathode in both electrolytes maintained a similar
high coulombic efficiency of 98% for 50 cycles.

Figure 7. Cycling performance and coulombic efficiency of LiCoO2 commercial cathode at 60 ◦C in (a)
1 M LiTFSI in 60% EMI-TFSI 40% EC/DMC (1:1 v/v) electrolyte, and (b) 1 M LiTFSI in 60% EMI-TFSI
40% EC/DMC (1:1 v/v) with 5 wt% SN. Current density = 100 mA g−1.

Figure 8a,b shows the charge/discharge curves at 100 mA g−1 for the SnO2/C composite-fiber
anode in two different electrolytes, OLE and MOILE with SN. The cycle performance of the SnO2/C
composite electrode was evaluated by conducing galvanostatic charge/discharge experiments at room
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temperature and at a current density of 100 mA g−1. The voltage range for lithium anode half-cells
tested with the SnO2/C composite-fiber anode was 0.05–3 V (versus Li+/Li). The SnO2/C composite-fiber
anode with the 1 M LiPF6 in EC/DMC (1:1 v/v) electrolyte showed an initial discharge capacity of 785
mAh g−1. The reversible specific capacity after 100 cycles was 319 mAh g–1. Nevertheless, the SnO2/C
composite anode showed a stable specific capacity after the 25th cycle, with a capacity retention of 98%
after the 2nd cycle. Improved cycling stability of the SnO2/C composite fibers in 1 M LiTFSI in 60%
EMI-TFSI 40% EC/DMC with 5% SN electrolyte (Figure 8b) was observed after the 2nd cycle, with a
specific capacity of 382 mAh g−1

, having a ~20% increase compared to the SnO2/C composite-fiber
anode cycled with the OLE.

Figure 8. Charge/discharge profiles for a SnO2/C composite-fiber anode at 25 ◦C in two different
electrolytes: (a) 1M LiPF6 in EC/DMC (1:1 v/v) electrolyte, and (b) 1 M LiTFSI in 60% EMI-TFSI/ 40%
EC/DMC (1:1 v/v) with 5 wt% SN.

Figure 9 shows the cycling performance (charge/discharge capacity vs. cycle number) of the
SnO2/C composite-membrane anode in the OLE and the MOILE with 5 wt% SN at a current density
of 100 mA g−1. It is observed in Figure 9a,b that the discharge and charge capacities of the SnO2/C
composite-fiber anode in the MOILE with 5 wt% SN are higher than in the OLE. The improvement in the
specific capacity of the composite-membrane anode was attributed to the addition of the high polarity
SN to the MOILE and its ability to dissolve the LiTFSI salt, which resulted in enhanced ionic conductivity
and improved cycling stability of the electrode in the MOILE. The SnO2/C composite-membrane anode
in MOILE with 5 wt.% SN shows (Figure 9b) improved cycling stability and capacity retention after
the 2nd cycle.

Figure 9. Cycling performance of a SnO2/C composite-fiber anode at 25 ◦C in two different electrolytes:
(a) 1M LiPF6 in EC/DMC (1:1 v/v) electrolyte, and (b) 1 M LiTFSI in 60% EMI-TFSI/ 40% EC/DMC
(1:1 v/v) with 5 wt% SN.
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The rate performance of the SnO2/C composite fibers was further evaluated by conducting current
rate (or rate capability) experiments on the lithium anode half-cells at different current densities
between 50 and 500 mA g−1. The SnO2/C composite fibers were cycled ten times at current densities
of 50, 100, 200, 400, 500, and then again at the initial value of 50 mA g−1 (Figure 10). The results
exemplify the SnO2/C composite anode’s ability to perform at higher current densities, as well as
demonstrating the capacity recovery after being cycled from high to low current density. Figure 10
shows the rate performance (charge capacity vs cycle number at different current densities) of the
SnO2/C composite-fiber anode in the OLE and in the MOILE with 5 wt.% SN. As expected, the
composite-fiber anode delivered a higher specific charge capacity at lower current density, and vice
versa. At 50 mAh g–1

, the specific capacity decreased after 10 cycles to 418 mAh g–1 for the Li-ion
cell cycled with the 1 M LiPF6 in EC/DMC (1:1 v/v) electrolyte, but only to 579 mAh g–1 for the 1 M
LiTFSI in 60% EMI-TFSI 40% EC/DMC (1:1 v/v) with 5 wt% SN electrolytes. This can be attributed
to the stresses and strains caused by the high-volume change of the SnO2/C composite fibers after
repeated charge/discharge cycles. At a current density of 100 mA g−1, the charge capacity was stable at
~315 mAh g−1 for 1 M LiPF6 in EC/DMC (1:1 v/v) and at ~441 mAh g−1 for 1 M LiTFSI in 60% EMI-TFSI
40% EC/DMC (1:1 v/v) 5 wt% SN. The SnO2/C composite anode in the MOILE with 5 wt% SN had a
higher percentage increase in specific capacity with 25% at 100 mAh g−1, 23% at 200 mAh g−1, 30% at
400 mAh g−1, and 1% at 500 mAh g−1, compared to 1 M LiPF6 in EC/DMC (1:1 v/v). However, after
cycling back to 50 mA g−1, the SnO2/C composite fibers with 1 M LiPF6 in EC/DMC (1:1 v/v) had less
specific charge capacity than with the MOILE with 5 wt% SN. However, the SnO2 electrode in both
electrolytes (OLE and MOILE with SN) shows relatively low capacity at higher current density. Thus,
the improvement in the charge capacity of the SnO2/C composite anode with MOILE and SN can
be attributed to the high Li-ion conductivity and diffusion caused by the addition of SN to the ionic
liquid electrolyte.

Figure 10. Rate performance (charge capacity vs cycle number at different current densities) of SnO2/C
composite fibers at 25 ◦C with two different electrolytes: OLE (1M LiPF6 in EC/DMC (1:1 v/v)), and
MOILE (1 M LiTFSI in 60% EMI-TFSI/ 40% EC/DMC (1:1 v/v) with 5 wt% SN).

4. Conclusions

Two different electrolytes, (1 M LiPF6 in EC/DMC (1:1 v/v) and 1 M LiTFSI in 60% EMI-TFSI
40% EC/DMC (1:1 v/v) with 5 wt% SN), were synthesized, characterized electrochemically, and
compared using lithium anode (or cathode) half-cells with either a SnO2/C anode or a LiCoO2 cathode.
The SnO2/C composite-fiber electrode was prepared by forcespinning of a PAN/SnO2 precursor solution
and subsequent thermal treatment. The electrochemical performance results showed that lithium
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anode half-cells with a SnO2/C composite-fiber electrode in 1 M LiTFSI in 60% EMI-TFSI 40% EC/DMC
(1:1 v/v) and 5 wt% SN perform better than that with commercial organic liquid electrolyte. The use of
ionic liquid electrolyte with 5 wt% SN in lithium anode half-cells with a SnO2/C electrode demonstrated
good cycling stability and capacity retention after 100 charge/discharge cycles. The results showed that
1 M LiTFSI in 60% EMI-TFSI 40% EC/DMC (1:1 v/v) with 5 wt% SN had a higher ionic conductivity
than 1 M LiPF6 in EC/DMC (1:1 v/v) electrolyte. The electrochemical performance of a commercial
LiCoO2 cathode was evaluated at 60 ◦C using lithium cathode half-cells with MOILEs, both without
and with SN electrolytes. The commercial LiCoO2 cathode was evaluated electrochemically at 60 ◦C,
cycled with 1 M LiTFSI in 60% EMI-TFSI 40% EC/DMC (1:1 v/v) and 5 wt% SN and had an excellent
performance. The LiCoO2 cathode in 60% EMI-TFSI 40% EC/DMC (1:1 v/v) and 5 wt% SN showed
good electrochemical performance at 60 ◦C, which was attributed to the high ionic conductivity of the
MOILE/SN at elevated temperature.
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Abstract: Current and future demands for increasing the energy density of batteries without
sacrificing safety has led to intensive worldwide research on all solid state Li-based batteries.
Given the physical limitations on inorganic ceramic or glassy solid electrolytes, development of
polymer electrolytes continues to be a high priority. This brief review covers several recent alternative
approaches to polymer electrolytes based solely on poly(ethylene oxide) (PEO) and the use of nuclear
magnetic resonance (NMR) to elucidate structure and ion transport properties in these materials.

Keywords: polymer electrolytes; ion transport; nuclear magnetic resonance (NMR)

1. Introduction

There is an ongoing quest to exploit the full potential energy embodied in the metallic Li+/Li
electrochemical couple in practical and safe battery systems. Using a pure lithium anode material
will increase volumetric and mass specific energy density by up to a factor of two while reducing
battery cell manufacturing complexity—both key next steps for electrified transportation and consumer
electronics [1]. To this end, solid state electrolyte materials have been under investigation for many
decades, and the history of polymer-based systems has been with us since the 1970’s when polyethylene
oxide (PEO) containing alkali metal salts was discovered to be an ionic conductor [2]. Though used
for niche applications in thin-film all-solid-state configurations, ceramic or glassy solid electrolytes
have recently experienced a strong resurgence in activity, due in part to the discovery of LGPS
(Li10GeP2S12) [3] and its Si analogue [4]. Recently, a novel class of glassy electrolytes and electrode
reactions has been proposed that work with both lithium and sodium ions [5], though these have been
demonstrated in cells with operational potentials under 3 V. The reactive RF (Radio Frequency) sputter
deposited LiPON (Lithium Phosphorous OxyNitride) system was demonstrated 20 years ago [6],
and has proven to be difficult and costly to scale commercially, even when the useable cell area is
on the order of square centimeters or smaller; large area cells are extremely problematic due to the
formation pinholes and defects during deposition. Other variations of inorganic electrolyte systems
have either been unable to suppress Li dendrites due to Li growth around ceramic grain boundaries
have had very low room temperature conductivities, or have been unstable/not demonstrated with
high potential cathode systems [7]. For large format applications where uniform thickness and
composition over a wide geometric area are of paramount importance, ceramics and glasses electrolyte
layers will pose substantial challenge as they suffer from structural rigidity resulting in loss of contact
upon repeated cycling.

Although polymers can circumvent some of these issues, there are multiple critical performance
parameters that dictate how a solid polymer will function in a battery environment, including ionic
transport, mechanical stability, electrochemical stability (at high and low voltage) interfacial integrity,
and ability to function at high rate and aerial capacity. Variants of the polyethylene oxide (PEO)-based

Membranes 2018, 8, 120; doi:10.3390/membranes8040120 www.mdpi.com/journal/membranes83



Membranes 2018, 8, 120

polymer electrolytes have dominated the academic literature in this field. Approximately 40 years of
research on PEO-based polymer electrolytes [8–18] has shown that achieving sufficiently high cationic
conductivity (~10−4 S·cm−2 or better) at room temperature with high voltage cathode materials
remains elusive. In the PEO system, the primary conduction mechanism involves the cooperative
motion of cations and their coordinating polyether segments, which occurs in the amorphous phase
of these often heterogeneous polymer-salt complexes above their glass transition temperature [10].
This has led to decades of effort on suppressing the crystalline phase and lowering the amorphous
phase Tg for ambient temperature operation, with only incremental improvement in performance.
Angell [19] defined a useful concept, the so-called decoupling index, which parameterizes the degree to
which ionic and host structural relaxations are decoupled, and more recently Sokolov [20] recognized
that solvent-free polymer electrolytes will probably never achieve a high enough level of conductivity
unless the need for this coupling mechanism is eliminated or severely limited. Another consequence of
the reliance on polymer segmental motion for ionic conductivity is that the Li+ transference numbers
in PEO-based materials tend to be rather low, typically 0.25 or less [13].

Other necessary properties include: stability against lithium metal, ability to fill the material with
a high volume percentage of active inorganic materials, swelling and solvent resistance, low electronic
conductivity, and ease of processing.

To date, there have been few demonstrated practical device-level results showing the performance
and stability of dry polymer electrolytes in functional energy storage devices using a lithium metal
anode layer. Many published results elucidate conductivity as a function of temperature, and some
assess the chemical stability of the material under anodic and cathodic potentials, though do not
include data from full electrochemical cells including rate capability and cycle life studies. There are
examples that show the cycling behavior of full cells, though these all have similar characteristics,
including at least several of the following: cathode active material areal loading values are significantly
lower than those used in practical lithium based batteries, cathode materials having a redox potential
below 3.5 V, elevated temperature testing, and very small coin cell or swagelock test format, and all
have current densities at 125 mA/cm2 and below). Table 1 is an accounting some of these results,
many of which were recently published in premiere journals.
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In reviewing the table, several things become apparent: none of these show performance at
current densities (>0.5 mA/cm2) which are needed for practical devices, most are at high temperatures,
and none stably incorporate cathode materials of practical importance with technologically
relevant loading levels. Nonetheless, the current status of the inorganic sulfide solid electrolytes
and the daunting scale-up problems they face, continues to motivate worldwide research into
polymer electrolytes.

Ion transport characteristics remain a limiting factor on the practical applicability of many
next-generation candidate battery electrolytes. NMR is especially well-suited to studying these
properties, as it can easily probe much of the relevant time and length scales, while individually
measuring the movement of the various constituents.

The net magnetization of the particles excited in the course of NMR experiments returns to
equilibrium according to two relaxation profiles (longitudinal, or T1, and in-plane, or T2). Both the
value of the relaxation rates and their characters (one- or multi-component) can be determined for
those electrolyte components which can be tracked with an NMR-active nucleus. These relaxation
rates are determined by intra- and inter-molecular spin interactions, and thus provide insight on the
short-range dynamics of the system [33]. In fact, relaxation measurements have been used to probe
dynamics since nearly the advent of NMR itself [34].

Long-range dynamics are also suitable for study by using pulsed field gradient NMR methods,
which have been in use for the past five decades [35]. As the Larmor frequency of precession is
determined by the local magnetic field strength, a magnetic field gradient encodes the position of
particles in their phase. Pulsed magnetic field gradients make it possible to encode and decode
positions while retaining high signal resolution. The resulting signal intensities can be compared to
measure the self-diffusion coefficients, which can be used to calculate several properties germane to
battery application.

This is all in addition to the structural characterizations which NMR is well-known for. The ability
of NMR to investigate the coordination and solvation of particles in not only liquids, but also solids
through the use of magic angle spinning, cross-polarization, and decoupling techniques has been
leveraged for many years. More detailed explanations of their application can be found in the
literature [36].

The purpose of this review is to examine several recent developments in the literature related to
NMR-based investigations of ion transport in selected families of polymer electrolytes, most involving
some modification of PEO. Though not exhaustive, we believe that the examples we have chosen to
highlight are representative of the majority of current approaches to viable polymer electrolytes, with
NMR as a primary analytical tool.

2. PEO and Ceramic Composite Electrolytes

Poly(ethylene oxide) was among the first polymers to be discovered to be an ionic conductor,
and the decades since this discovery has seen much time and energy put into reaching its potential
as a solid polymer electrolyte. It forms the basis of many more complex polymer systems, including
many composites and copolymers [12,37], thanks to the wealth of information on its mechanical and
electrochemical properties. Although PEO tends to suffer from low room-temperature conductivity
values, the significant advantages it brings in terms of promoting Li salt dissolution, as well as
its mechanical properties as a solid polymer, justifies the continued interest in its refinement as
an electrolyte.

Polymer/ceramic composite electrolytes are an attractive option for customized mechanical and
electrochemical properties. For decades, it has been known that incorporating certain ceramic materials
into the polymer matrix can improve the ionic conductivity of the material, mitigating one of the
key weaknesses of solid polymer electrolytes [38,39]. This effect is achieved via surface groups of the
ceramic particles modifying local structure, as suggested by studies investigating particles of reduced
size [40,41]. The particles are believed to affect the recrystallization of the polymer chains, resulting in
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amorphous regions conducive to fast Li+ ion transport [42]. Inclusion of nanowires in lieu of particles
can provide a long-range network for improved lithium mobility [43,44]. Ceramic additives enhance
the ability of the electrolyte to form a stable interface with electrodes [39,45]. Certain combinations
of polymer and ceramic can even result in a greatly increased Li+ ion transference number due
to cross-linking of the polymer chain promoted by the presence of the ceramic filler, resulting in
Li+-preferred transport channels near the particles [21].

More recently, “polymer-in-ceramic” electrolytes composites have demonstrated good mechanical
properties, high discharge capacities, and good capacity retention in solid state lithium-metal
batteries [46]. Incorporation of Li-ion conductive ceramics with a high shear modulus can have
the effect of increasing the mechanical resistance to lithium dendrite formation. This, paired with the
somewhat Li-insulating nature of the polymer matrix, results in the suppression of dendritic growth
while still allowing proper conduction of lithium ions [47]. Thanks to this improved interfacial stability,
lithium-metal compatible ceramic composite electrolytes have shown promising behavior [48,49].

A recent study by Zheng et al. [50] focused on elucidating the somewhat complicated nature
of Li-ion transport through composite materials, where the ions might transport through the
polymer matrix, through the ceramic fillers, and/or through their interfaces. Cubic-Li7La3Zr2O12

(LLZO) dry powder was added to a polymer matrix consisting of poly(ethylene oxide) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), then ball milled. The resulting slurry was solution cast
and dried into a composite film. Several films were cast with different wt. % fractions of LLZO, from
5 wt. % to 50 wt. %. Finally, a separate sample was cast with tetraethylene glycol dimethyl ether
(TEGDME) included, at 20 wt. % TEGDME and 50 wt. % LLZO.

6Li solid-state magic-angle spinning NMR was performed to characterize the local structure and
dynamics of the lithium ions. The results contain a peak representative of LLZO decomposed through
the ball-milling process at 1.3 ppm (relative to LiCl). The results also show a new peak at 1.8 ppm
relative to LiCl, indicative of the LLZO–PEO interface [51]. In the sample containing TEGDME, this
peak was observed to slightly shift and its area integral to increase. This, along with the increased
intensity of the decomposed LLZO peak, confirmed that the TEGDME assists in the breakdown of
LLZO, and may play a role in converting more of it to an interfacial complex.

Broadening suggestive of disorder of the local environments for lithium ions is observed in
the LiTFSI peak at higher concentrations of LLZO, characteristic of reduced polymer crystallization.
A slight reduction in the FWHM in the sample containing TEGDME can be attributed to a partial
averaging of the anisotropic interactions due to the increased mobility of the lithium ions. Evidence
of this increased mobility was also present in a reduced T1 of the decomposed LLZO signal for the
sample containing TEGDME.

Li-ion transport was further investigated by using 6Li metal electrodes in symmetric cells, and then
cycling them to enrich the 6Li in the polymer electrolyte via isotopic exchange. The low natural
abundance of the 6Li isotope (7.6%) means that the pathways preferred by Li-ion transport should
experience a noticeable enrichment of 6Li (Figure 1).

The results reveal that for the 5 wt. % LLZO sample, an enrichment in the LiTFSI signal is
observed, along with a shift in the peak resonance. This change in the ions’ electronic environment
is consistent with reduced PEO-Li interaction in amorphous phase PEO, leading to faster Li-ion
conduction (Figure 1a).

Combined with the T1 data and CPMAS (1H–6Li) showing very little interaction between LLZO
and the PEO matrix, the authors were abler to conclude that the 20% LLZO composite still mainly
conducts lithium via the polymer matrix, with the decomposed LLZO assisting the ionic conduction.

The LLZO 50 wt. % sample produced spectra suggesting that the main conduction pathway
had changed, with the bulk of enrichment occurring in the LLZO peak, with some in the LiTFSI and
interface peaks (Figure 1c). No enrichment was observed to occur in the decomposed LLZO peak.
There was now enough LLZO to form a coherent network for the ions to travel through.
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Finally, the LLZO 50 wt. % + TEGDME sample spectra revealed that the Li-ion conduction
pathway changed again, back to the decomposed LLZO and LiTFSI. This is consistent with TEGDME’s
high natural ionic conductivity, as well as its ability to reduce PEO crystallization, resulting in preferred
movement for lithium through the polymer/TEGDME matrix.

 
Figure 1. 6Li NMR comparison of pristine and cycled LLZO (5 wt. %)-PEO (LiTFSI), LLZO (20 wt. %)-
PEO (LiTFSI), LLZO (50 wt. %)-PEO (LiTFSI), and LLZO (50 wt. %)-PEO (LiTFSI) (50 wt. %)-TEGDME [50].
Reprinted with permission from [50]. Copyright 2018 American Chemical Society.

Further electrochemical measurements via Electrochemical Impedance Spectroscopy (EIS) would
reveal that the 50 wt. % LLZO sample demonstrates the lowest conductivity of the samples
(<1 × 10−5 S/cm), due to the PEO pathways being blocked and the LLZO network providing poor
conductivity on its own. In contrast, the sample containing TEGDME demonstrated a much higher
conductivity (>5 × 10−5 S/cm) due to the TEGDME’s ability to facilitate ion conduction channels
through the PEO. In fact it can be argued that due to these interfacial issues, there is limited advantage to
incorporating a highly conducting ceramic over a non-conducting (in the bulk phase) one [7,12,14,21].

Another study by Lago et al. [23] leveraged solid-state NMR to study a plasticized PEO-based
Solid Polymer Electrolytes (SPE) containing anions grafted onto ceramic nanoparticles. The idea was
to combine the improved conductivity and electrochemical stability of a lithium-only conduction
polymer with the increased ionic dissociation, inhibited crystallization, and improved mechanical
properties associated with incorporated ceramic nanofillers [45].

Variable-temperature 19F solid-state NMR was performed on two samples: one, the classic
PEO(LiTFSI) [EO:Li 20:1], and one composite sample comprised of 5 nm Al2O3 ceramic nanoparticles
functionalized simultaneously with lithium 4-[2-(trimethoxysilyl)ethyl]benzene-1-sulfonyl
[(trifluoromethyl)-sulfonyl]amide and PEG9 trimethoxysilane [EO:Li 50:1] in PEO:PEGDME
1:1 (the choice of nanoparticles was based on a previous work) [52].
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Figure 2 shows the comparison of the resultant linewidths of the anion signals in the two
samples as a function of inverse temperature. A clear difference in the linewidth response is evident.
The linewidth in the LiTFSI−PEO system is heavily dependent on temperature, a consequence of the
fact that the mobility of the fluorine in the LiTFSI molecules is coupled to the mobility of the PEO
matrix. As the temperature increases, the PEO segments become much less rigid, allowing greatly
increased freedom of movement to the LiTFSI molecules, whose molecular tumbling averages out the
local anisotropic interactions and results in a much-narrowed NMR peak. To the contrary, the relative
temperature-independence of the sample containing functionalized Al2O3 nanoparticles indicates that
the local mobility of the anions is decoupled from that of the polymer matrix. Furthermore, the larger
linewidths in the sample containing nanoparticles at higher temperatures confirms that, although their
movement is decoupled from that of the polymer, it does experience restriction due to its association
with the Al2O3 nanoparticles.

Figure 2. Comparison of 19F NMR linewidths for (triangle) Al2O3-PEG9-anion (5 nm). [EO]/[Li]~50 in
PEO/PEGDME~1, and (square) LiTFSI in PEO [EO]/[Li]~20 as a function of temperature [23] © 2015
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

EIS measurements would reveal that this composite material shows conductivity approaching
10−4 S/cm at 70 ◦C. This electrolyte was then used to create an Li-metal/LiFePO4 cell which
demonstrated better cycling performance than previous Li-metal batteries with composite polymer
electrolytes [53]. This, combined with the respectable conductivity and high cation transference
resulting from the immobilization of anions, means that this approach could represent a viable path
forward on the development of a practical solid-state battery.

These results demonstrate the ability of solid-state NMR to discern the different contributors to
ion transport in these complex materials. Polymer/ceramic composites represent a polymer electrolyte
family with excellent potential, thanks to its mechanical and electrochemical customizability and
compatibility. NMR can be instrumental in developing models to guide future design of these
promising electrolyte candidates, or in verifying critical aspects of their performance.

3. Copolymers, Block Copolymers, and Polymer Blends

There is significant interest in the use of copolymers as battery electrolytes, due to the fact that
different components can be used to selectively engineer the nanostructure, theoretically leading to
advantageous macroscale properties [54,55]. Crystallization of polymer-based electrolytes has been
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shown to limit the conductivity below practical application levels [56], but incorporating copolymers
has been shown to be a viable way to mitigate this crystallinity [57–59]. Phase separation can assist in
both improving conductivity and in inhibiting lithium dendrite growth through mechanical rigidity.

A recent study by Daigle et al. investigated the Li+ ion mobility in comb-like copolymers
via solid-state NMR [60]. These comb-like polymers were based on poly(styrene) (PS) backbone
fashioned through anionic polymerization. The purpose of this backbone was to provide mechanical
reinforcement to inhibit lithium dendrite growth via the phenyl groups. Poly(ethylene glycol)
methyl ether methacrylate (PEGMA, shown in Figure 3) was grafted to assist in Li+ conductivity
by suppressing crystallinity. LiTFSI salt was incorporated to provide charge carriers. Several samples
were created with differing ratios of PEGMA to PS (2.6:1, 3.9:1, and 30:1). Solid-state cross-polarization
(CP) and direct acquisition 13C NMR measurements were performed to characterize the structure of
the polymers, while 7Li NMR measurements were performed to track the li-ion transport mechanics.

Figure 3. Poly(ethylene glycol) methyl ether methacrylate (PEGMA) chemical structure.

The structural analysis revealed that, as expected, the PEGMA backbones were more rigid than
the pendant groups. However, a signal attributed to the pendant groups was acquired in the CP
measurements; due to the fact that some rigidity is necessary to facilitate the magnetization transfer
necessary for a CP measurement, the authors concluded that the coordination between the pendant
groups and lithium salts resulted in this rigidity.

7Li NMR was then used to elucidate the Li-ion transport mechanisms. The samples with the lower
ratios of PEGMA to PS displayed conductivities above 10−4 S/cm at 60 ◦C. This approaches what
could be considered high enough conductivity for practical application. This suggests the potential
for these materials for use in energy storage, and the importance of understanding the mechanisms
underlying their operation.

Lithium ion diffusion was deduced by examining the linewidths of the peaks produced in the
spectra (it is possible to relate these linewidths to transverse relaxation of the signal, mediated by
short-range interactions). Similarly, short-range motion can be correlated with longitudinal relaxation
times, also measurable via NMR.

The linewidths, measured across the three samples as a function of temperature, reveal
that the lithium signals produce very sharp peaks when compared to copolymers based on
polyurethane-poly(dimethylsiloxane) [61]. This is correlated with more mobility of the ions, which is
corroborated by the fact that conductivity (measured here by AC impedance spectroscopy) is several
times higher than in that previous material, in the case of the samples with lower PEGMA/PS ratio.
In addition, when 1H decoupling was applied, no change was observed in the signal, leading the
authors to conclude that the lithium-ion mobility was high enough to motionally average out 1H–7Li
dipolar interactions.

T1 as a function of temperature, shown in Figure 4, would reveal that sample 2 (PEGMA:PS 3.9:1)
demonstrates the highest lithium mobility, while at the same time showing a weaker temperature
dependence than the other two samples. However, all three samples demonstrate a sharp drop in
mobility around 263 K.
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Figure 4. Evolution of 7Li linewidth as a function of inverse temperature for sample 1 (black triangles),
sample 2 (open circles) and sample 3 (black circles) [60] (OPEN ACCESS).

The similarity between the lithium ion mobility and PEGMA chain mobility allowed the authors
to conclude that their movement is correlated.

Another recent study reported on eight PEO-polycarbonates [62]. This study was motivated
by research showing that aliphatic polycarbonates could enable room-temperature cycling [63,64].
The authors prepared several different samples of PEO-PC polymer, varying both the ratio of PEO
to PC and the LiTFSI salt concentration. 1H, 13C, 19F, and 7Li NMR experiments were performed to
characterize the structure and local dynamics of the system.

The authors elected to investigate the effect of varying salt concentration on the PEO-PC (34:1)
sample, owing to it displaying the highest room temperature conductivity as measured by AC
impedance spectroscopy across the entire temperature range measured. 7Li relaxation experiments
would reveal that a new signal appears for both the 7Li and 19F spectra at the highest concentration of
salt, 80 wt. % LiTFSI (despite significant shimming issues affecting the lineshapes, the authors note
a discernable difference between the attenuation of the two peaks, concluding that the secondary peak
is not an artifact of shimming. However, it should be noted that the very broad lineshapes of the
secondary peaks can affect the accuracy of any relaxation times derived thereof.) The authors ascribe
this secondary peak to the formation of LiTFSI aggregates. The spectra are displayed in Figure 5.

Figure 5. (left) 7Li NMR spectrum of PEO34-PC at 343.15 K of different wt. % LiTFSI samples.
(right) 19F NMR spectrum of PEO34-PC at 343.15 K of different wt. % LiTFSI samples [62] Reprinted
from [62]. Copyright 2018, with permission from Elsevier.
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The BPP (Bloembergen, Purcell, and Pound) model [34] was fitted with the resulting T1

measurements to calculate the correlation time, activation energy, and quadrupolar coupling constant
for the samples of varying salt concentration. The activation energy was found to drop dramatically
with higher salt concentrations, consistent with faster reorientational dynamics. Higher correlation
times were calculated for the ion aggregates, consistent with slower dynamics and less mobility.

7Li and 19F pulsed field gradient NMR was also performed on the PEO-PC (34:1) samples with
differing salt concentration. Of note is a sharp uptick in the diffusion coefficients of both 7Li and 19F
at 80% wt. LiTFSI, which the authors note contradicts the AC impedance spectroscopy-measured
conductivity values which follow a consistent downward trend with higher salt concentration. This is
explained through the fact that in many systems, the diffusion can be so slow, or the relaxation so
fast, that certain species may go undetected in the course of the experiment. It is very likely that
the Li ion’s share of the lithium signal is dying out before ever being acquired by the spectrometer,
resulting in diffusion coefficients being calculated from the attenuation of just a tiny fraction of the
“true” signal. This is an illustration of the importance of tempering conclusions made from solely NMR
by comparing against other methods of measurement.

Another recent study, carried out by Timachova et al. [65], focused on a nanostructured block
copolymer electrolyte. These electrolytes are of interest because they can form nanoscaled ordered
regions of alternating phase, which enables the kind of combinations of rigidity and conductivity
necessary in a practical battery electrolyte. Much work has focused on the characterization of these
materials due to their attractiveness as electrolytes [66,67]. In 2016, Chintapalli et al. [68] reported
a study of polystyrene block poly(ethylene oxide) (SEO) mixed with LiTFSI. Through a combination
of differential scanning calorimetry (DSC) and AC impedance spectroscopy, they determined that
the maximum conductivity of the SEO occurred at very different salt concentrations than in the PEO
(r = 0.21 as opposed to r = 0.11). This is due to inhibited grain growth, which increases the ionic
conductivity of the block copolymer.

Timachova et al. applied PFG-NMR to study a polystyrene-b-poly (ethylene oxide) copolymer/
lithium bis(trifluoromethanesulfonyl)imide solid electrolyte as a function of salt concentration.
Their goal was to characterize the local anisotropic nature of Li-ion diffusion due to the lamellar layers,
and to obtain the isotropic continuum transport properties (a first for block copolymer electrolytes).

The SEO in the samples was synthesized via sequential anionic polymerization of styrene followed
by ethylene oxide [69]. Electrolytes of several different LiTFSI concentrations were then prepared
(r = [Li]/[EO] = 0.03, 0.06, 0.12, 0.18, 0.24, and 0.3).

Pulsed-field gradient NMR was performed on the electrolyte samples, targeting both 7Li and 19F
nuclei to track the movement of cations and anions. Initial comparison of the attenuation curves of
a traditional PEO electrolyte with that of the SEO block copolymer reveals a clear difference, as seen
in Figure 6.

A linear relationship between the normalized signal intensity and the square of the gradient
strength is indicative of isotropic diffusion in this case, as illustrated by the PEO result. In contrast,
the SEO electrolyte produced a nonlinear relationship, indicating anisotropic diffusion. The curve
through Figure 6b represents the best fit of the anisotropic diffusion coefficient with D‖ (diffusion
along the lamellae) and D⊥ (diffusion perpendicular to the lamellae).
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Figure 6. PFG-NMR signal attenuation of 19F seen in (a) PEO(5)/LiTFSI at r = 0.06 and
(b) SEO(16−16)/LiTFSI at r = 0.18 [65]. Reprinted with permission from [65]. Copyright 2018 American
Chemical Society.

Figure 7 shows the resulting values through the PEO-rich lamellae (associated with D‖) and
across the PEO/poly(styrene) boundaries (associated with D⊥). AC impedance spectroscopy was
performed to measure the conductivity, and steady-state current and restricted diffusion measurements
were performed to help calculate the steady-state transference number. These values were then used
to calculate the Stefan-Maxwell diffusion coefficients, represented by the light squares in the plots.
The calculated diffusion coefficients representing the Li-PEO and TFSI−PEO interactions are consistent
with the D⊥ values measured by PFG-NMR. This strong agreement from two different measurements
allowed the authors to conclude that the electrochemical performance is strongly coupled with ion
transport through defects in this system.

 
Figure 7. Parallel, D‖, and perpendicular, D⊥, diffusion coefficients and the Stefan−Maxwell
diffusivities of (a) Li and (b) TFSI in SEO(16−16) as a function of salt concentration, r, at 90 ◦C [65].
Reprinted with permission from [65]. Copyright 2018 American Chemical Society.

This result is significant because it represents the first time that the local anisotropic nature of
diffusion has been characterized in a block copolymer electrolyte. The authors would leverage this
new information to establish an NMR-based “morphology factor” representing the degree of isotropy
of diffusion. They would find that this factor indicates low isotropy at low concentrations of salt
(close to that expected for an ideal lamellar system with D⊥ = 0), and high isotropy with higher
concentrations of salt. Transmission electron microscopy (Figure 8) would confirm that the lamellar
structure contains significantly more defects with higher salt concentration. This provides further
evidence that the NMR measurements were able to accurately decouple the in-plane and through-plane
diffusion values. The results indicate that transport in the bulk is strongly influenced by defects in the
structure, providing guidance for further optimization of these materials.
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Figure 8. Dark-field transmission electron microscopy images of SEO(16−16) at (a) r = 0 and
(c) r = 0.18, reproduced from [68] and at (b) r = 0.06 and (d) r = 0.3 measured in this work. The bright
phase is poly(ethylene oxide) [65]. Reprinted with permission from [65]. Copyright 2018 American
Chemical Society.

Another study by Liu et al., in 2017 [70], would focus on a blended hybrid solid
polymer electrolyte. Blended polymers are attractive due to the ease of synthesis while still
providing a high degree of control over the mechanical properties of the end product [71–73].
This particular material studied was created by blending two organic-inorganic hybrids. One hybrid
consisted of (3-glycidyloxypropyl)trimethoxysilane (GLYMO), an organosilane, cross-linked with
a monoamine-based polyether (Jeffamine M-2070); the second consisted of GLYMO and poly(ethylene
glycol) diglycidyl ether (PEGDGE) reacted with a diamine-based polyether (Jeffamine ED2003).
These structures are illustrated in Figure 9. These hybrids would be combined in different ratios
and LiClO4 salt added to create several electrolyte samples for examination. Solid-state NMR was
performed on 13C, 29Si, and 7Li nuclei to characterize the lithium-ion mobility and confirm the structure
of the material.

Figure 9. Structures of (a) (3-glycidyloxypropyl)trimethoxysilane (GLYMO), (b) Jeffamine M-2070,
and (c) Jeffamine ED2003.
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AC impedance measurements would suggest that the ion transport was linked to the segmental
motion of the polymer matrix, as is common in many solid polymer electrolytes. The authors
determined that a peak ionic conductivity should occur at a salt concentration of [O]/[Li] = 16.
This was based on the fact that increasing the salt concentration can have competing effects
on conductivity—higher concentration increases the amount of charge carriers, but too high of
a concentration can lead to ion aggregation and impede mobility. It should be noted here that some
recent studies have shown that certain salt concentrations outside the assumed window of interest can
yield competitive performance via interionic interactions [74].

7Li static linewidths were measured across a range of temperatures from −90 ◦C to 90 ◦C.
Measurements carried out without proton decoupling would be characterized by a plateau of broad
linewidths ~5 kHz at temperatures below −60 ◦C, and another flat region of narrow linewidths above
60 ◦C. Activation energies were calculated from these results to be 0.15 eV for the sample synthesized
from hybrid 1:hybrid 2 (70:30) with [O]/[Li] = 32 (denoted in the article as MP(70:30)-32 and 0.14 eV
for MP(70:30)-16, which is comparable to that of similar systems in the literature [75]. With proton
decoupling applied, a sharp decrease in the linewidth at lower temperatures was observed, leading the
authors to conclude that about 80% of the interaction causing broadening was due to 7Li–1H dipolar
interactions. VTF fitting of conductivity measured by AC impedance spectroscopy would confirm that
the ionic conductivity is strongly coupled to the polymer segmental chain motion.

Following up on this, 1H-decoupled 7Li MAS measurements were performed in the same
temperature range. These measurements revealed that the coordination between Li-ions and the
ether oxygens in the polyethers in M-2070, ED2003, and PEGDGE produced the strongest signal, while
that of the 7Li coordinated with GLYMO oxygen was extremely difficult to detect. The authors ascribe
this lack of signal to low GLYMO concentration in the sample.

Although the MP(70:30)-16 sample showed the highest room temperature conductivity value at
over 1x10-4 S/cm and an electrochemical stability window approaching 5 V, test cells incorporating
it showed significant irreversible capacity loss upon cycling due to the suspected formation of
a passivation layer. However, examination after cycling would show that the membrane showed no
signs of mechanical decomposition or particle aggregation.

4. Crystalline Polymer Electrolytes

Acceptable conductivity cannot occur in crystalline polymer electrolytes unless the ionic motion
can be effectively decoupled from the polymer matrix [76]. In fact, this decoupling is believed to
be an important step toward developing polymer electrolytes of any type that can provide the ionic
conductivities necessary for practical application [20]. In 2001, Gadjournova et al. showed how
crystallinity can be a boon for cation transport, due to the regularity of ordered diffusion pathways [76].
A number of approaches have been suggested in recent years for enhancing the conductivity, including
anionic doping, replacement of the ends of the polymer chains with glymes to enhance disorder [77–79],
and stretching of the polymer to align the chains and enhance transport along the longitudinal
axis [80,81].

Recently, Yan et al. reported a new crystalline solid polymer electrolyte consisting of
a PEO-urea-LiTFSI complex [82]. Their investigation was motivated by a previous study on a similar
ternary structure involving α-cyclodextrin, which demonstrated fast Li-ion movement through the
resultant structure. Urea was chosen as the next candidate, thanks to the formation of a crystalline
inclusion compound in PEO-urea binaries [83–85].

The ternary complex was prepared by dissolution of PEO, urea, and LiTFSI in acetonitrile
(with varying concentrations of the LiTFSI salt), followed by stirring, casting at 40 ◦C, and drying.
Wide angle x-ray spectroscopy was used to verify the crystalline nature of the resulting compounds.
The α-PEO-urea-LiTFSI complex forms the same crystalline structure as α-PEO-urea, only slightly
more compact. A high level of crystallinity is maintained. The highest-conductivity samples were
investigated via solid-state 1H–7Li and 1H–19F cross-polarization MAS NMR to determine Li+ and
TFSI− ion coordination.
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These tests would show evidence of correlation between Li+ ions and both NH2 (at ~6 ppm)
in urea and CH2 (at ~4 ppm) in PEO. This suggests that Li+ is present in the crystalline inclusion
structure, where both the urea and PEO are known to be present. The same trend is noted for the
1H–19F tests; TFSI− anions are correlated with both the urea and PEO, suggesting their presence in the
hexagonal urea channel as well. Of note here is the presence of two peaks in the 19F spectrum, which
the authors ascribe to differing environments. From an NMR perspective, relaxometry studies, as
well as diffusometry, could be of use here in further elucidating differences between the environments
(however, specialized systems would be required given the relatively slow diffusion expected from
their reported conductivities).

The authors describe the resultant system as consisting of the aforementioned inclusion structure
consisting of urea channels containing PEO chains and Li+ and TFSI− ions. There is evidence that urea
promotes ionic dissociation between Li+ and TFSI− [86]. In addition, the authors hypothesize that the
channels may trap the larger TFSI− anions, allowing the Li+ ions to travel freely. This would produce
conductivity and transference numbers more favorable for battery operation.

Impedance spectroscopy was also used to determine the conductivities of the sample. The highest
conductivity material demonstrates a conductivity of ~6 × 10−5 S/cm at 30 ◦C. This value compares
favorably to previous highly crystalline polymer electrolytes, and even to some amorphous species,
but it is still orders of magnitude below what would be required for a commercially viable battery.
However, this study demonstrates that exploitation of inclusion complexes similar to these could
facilitate competitive conductivities and transference numbers.

In another study, Fu et al. [87] reported a crystalline polymer electrolyte based on self-assembled
α-cyclodextrin (CD), polyethylene oxide (PEO), and Li+ salts. Through the literature, they identified
two key goals to increasing the ionic conductivity: to decouple the Li+ ions from the polymer chain
segments [24,88–96] and to generate long-range pathways for bulk ionic transport [97]. Along these
lines, they combined their self-assembly approach to creating ordered nano-tunnels with alteration of
the conformational sequence of PEO to inhibit interaction between Li+ ions and the polymer segments.
Samples of differing α-cyclodextrin to PEO ratios were synthesized following previous works [98,99].
1H–13C CP MAS NMR and wide angle X-ray diffraction measurements were performed to verify the
tunnel structure of the PEO chains. The 13C NMR spectra are displayed in Figure 10.

 
Figure 10. The disappearance of the signal splitting indicates the formation of α-CD-PEO inclusion
complex [87] © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The NMR results verify that the splitting is no longer resolved in the complex samples compared
to the neat α-CD, which has been associated in the literature with the formation of inclusion
complexes [100–102].
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Static 19F NMR measurements would reveal that the lineshape of the signal changes very little over
the temperature range 0–40 ◦C, with a broadness indicative of low mobility. In contrast, the 7Li static
NMR measurement (spectra shown in left of Figure 11) would manifest a narrow signal associated with
high mobility. This narrow signal at −1.15 ppm would be designated Li-2 by the authors, associated
with Li+ ions between polymer chains and CDs. Broader signals at −1.31 ppm and −0.64 ppm
would be assigned to Li+ ions strongly associated with the polymer chains and with the assembled
CDs, respectively.

In addition, the narrow Li-2 signal broadened significantly with lower temperature. This indicates
that the motion of the Li cations is decoupled from that of the anions, at least in the higher temperature
regime. This has important implications for the applicability of this material, as ion pairing can
significantly attenuate the practical conductivity of an electrolyte.

 
Figure 11. (Left) Temperature-dependent 7Li NMR spectra of α-CD-PEO40/Li+ from 273 K to 313 K.
(right) Top: The Arrhenius plot of the line widths of Li-2 from the temperature-dependent 7Li NMR;
Bottom: The Arrhenius plot of the conductivities of α-CD-PEO40/Li+ [87] © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Based on the linewidth of Li-2 observed in the NMR measurements, plotted in right of Figure 11,
the activation energy was calculated to be about 21.6 kJ/mol, which agrees, within error, with the
activation energy calculated from the temperature dependence of the conductivity (also shown in
right of Figure 11) measured by EIS (although the authors are careful to mention that this could be
coincidental). This low value indicates that the motion of the Li+ ions is coupled much less strongly
than in systems such as oxygen-based superionic conductors or EO/Li+ complex crystals [103,104].
This decoupling, in tandem with tunnel structure providing long-range Li+ transport pathways,
produces a high EIS-measured conductivity on the order of 1 × 10−3 S/cm at room temperature in the
sample with the lowest lithium concentration.

Further 2H solid state NMR measurements would provide evidence that the PEO chains were
forming all-trans conformation sequences. Simulations show that no stable structure exists for Li+ ions
to coordinate with the PEO chains in such a conformation sequence, further reinforcing the idea that
the Li+ ions are very weakly coupled to the PEO chains in this system. In the PEO4 sample, the PEO
chains are more likely to conform in the trans-trans-gauche sequence, resulting in stronger coupling
between ions and the polymer matrix, with resultant lower ion mobility and conductivity. These results
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have important implications for the refinement of solid polymer electrolytes which facilitate fast Li+

ion transport, both through the engineering of nanostructure and through attenuation of the interaction
between ions and the polymer.

5. Sodium-Conducting Electrolytes

Sodium chemistries represent an attractive alternative to the established lithium-based technology,
due to similar properties and much higher abundance. They are limited by a lack of compatible
electrodes, which are in turn limited by the need for a suitable electrolyte. A recent study by Pope et al.
reports an investigation of a single-ion conducting Na electrolyte [105]. Single-ion conductors promote
facile transport of one ion while trapping the counter ion. With proper engineering this can lead to
extremely high transference numbers and result in optimized battery performance.

This particular study is motivated by previous works identifying poly(2-acrylamido-2-methyl-
1-propane-sulfonate (PAMPS) as a suitable base for such an electrolyte, thanks to reduced cation
tethering to the immobilized anions [106–108].

Further studies have shown that incorporation of a bulky IL quaternary ammonium cations
can reduce the Tg by inhibiting crosslinking, leading to increased conductivity [109,110] and have
indicated that ether group-containing additives can partially solvate Na+ ions, further assisting in
their transport [111]. Putting these ideas together, the authors created an electrolyte by combining
a PAMPS homopolymer with an ether group-functionalized quaternary ammonium ion as illustrated
in Figure 12. They performed solid-state 23Na NMR experiments to further investigate the Na+

transport mechanism.

Figure 12. Structure of the ionomer. (a) The poly(2-acrylamido-2-methyl-1-propane-sulfonic acid)
(PAMPS) monomer and (b) the dimethylbutylmethoxyethyl ammonium cation (N114(201)).

Two-component T1 relaxation results would show strong evidence of at least two different
Na populations. The larger-linewidth component was assigned to a less-mobile population,
and corresponded to a larger T1. The difference in linewidths implies an expected difference in
T2 as well, making an exact population split calculation unfeasible due to the differing attenuation
effects. Variable-temperature linewidth measurements would reveal that the relaxation times of
the different populations become more and more similar above the glass-transition temperature.
The authors concluded that the less mobile Na signal can be attributed to ions bound to anionic sulfate
groups, with the more mobile signal attributed to unbound Na+ ions.

Despite the Tg-lowering effect of the ammonium cations, the glass-transition temperature
remains too high in this system for practical room-temperature application. Regardless, this study
demonstrates the selective ability of NMR to decouple the mobilities of different species, even in
multi-cationic systems.
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Another recent study focuses on the use of electrospinning to fabricate a sodium-ion conducting
PEO-based membrane [112]. Sodium is an attractive alternative to lithium-based chemistries, thanks
to its abundance and cost advantages. Recent research has shown that electrospinning can produce
membranes with enhanced performance when compared to traditional solution-cast membranes [113].
Samples were created by combining PEO with NaBF4 and succinonitrile (SN) in different ratios.

AC impedance spectroscopy would reveal that, near room temperature, the best conductivity was
observed in the sample containing (PEO:SN:NaBF4) in the ratio (18:0:1)—indicating that the inclusion
of the succinonitrile plasticizer did not provide an improvement in conductivity.

19F and 23Na solid-state NMR was then performed at ~265 K to investigate the local environments.
The results would indicate significant mobility differences between the samples of different
concentrations. In the case of the 19F spectra, a very broad linewidth is present in the (18:0:1)
sample, indicating relative immobility of the BF4 anions. In contrast, the (18:3:1) sample produces
significantly sharper linewidths, consistent with a much higher percentage of mobile anions. 23Na
NMR spectra would show the same trends across the different sample concentrations, with the (18:0:1)
sample having the lowest cation mobility. Variable temperature investigations of the linewidth of
the narrow component of the signals enabled the authors to estimate activation energies of about
42 kJ/mol for Na+ and BF4

− ions in the (18:0:1) sample, compared to 39 kJ/mol and 38 kJ/mol for
Na+ and BF4

−, respectively, in the 18:3:1 membrane. Despite the lack of measurable improvement in
conductivity, the authors conclude that the succinonitrile has a significant effect on the ionic mobility
in the membranes. In fact, the NMR lineshapes indicated multiple phases in the 18:3:1 sample—one
immobile PEO:NaBF4 phase, and one more mobile PEO:SN:NaBF4 phase.

The system was further elucidated by 13C MAS NMR on the 18:3:1 system, which allowed
the authors to estimate that about 1/3 of the PEO was in the mobile “SN-activated phase” after
deconvolution of the broad and narrow PEO signal components. CPMAS measurements and J-coupling
observed with the 1H decoupling deactivated would provide further evidence of this biphasic behavior.
This is also not observed in similar Li-based membranes studied previously [113]. The presence of the
immobile phase is thought to be the reason that the observed conductivity in the 18:3:1 membrane is
less than that of the 18:0:1 sample, despite the significantly higher local ionic mobility. Pulsed-field
gradient NMR may be useful in this case to establish a measurement to combine with the measured
conductivity and reveal more information about the long-range dynamics of the system. However, due
to the substantial nuclear quadrupole interactions resulting in rapid transverse relaxation associated
with 23Na, PFG NMR would be a very challenging undertaking.

6. Conclusions

Nuclear magnetic resonance has proven to be an invaluable tool in the characterization of both
structure and dynamics of a wide variety of materials. Its suitability for examining those properties
associated with battery performance justifies its continued use in optimizing the electrolytes of the
future; advances in both its technology and methodology allow it to remain relevant in the study of the
ever-more complex electrolyte systems being developed. The quest for a practical room-temperature
solid electrolyte continues, and the polymer electrolyte families described herein are but a small sample
of the research towards viability.
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Abstract: A polymer/ionic liquid thermoplastic solid electrolyte based on poly(ethylene
oxide) (PEO), modified sepiolite (TPGS-S), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
and 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid is
prepared using solvent free extrusion method. Its physical-chemical, electrical, and electrochemical
properties are comprehensively studied. The investigated solid electrolyte demonstrates high
ionic conductivity together with excellent compatibility with lithium metal electrode. Finally,
truly Li-LiFePO4 solid state coin cell with the developed thermoplastic solid electrolyte demonstrates
promising electrochemical performance during cycling under 0.2 C/0.5 C protocol at 60 ◦C.

Keywords: solid state battery; thermoplastic polymer electrolyte; ionic liquid; sepiolite; inorganic
filler

1. Introduction

Highly efficient, light, safe, and long-lasting rechargeable batteries are the goal of all the
researchers and producers involved in the energy storage business. So far, lithium ion batteries
(LIBs) represent the most promising answer; however, the booming growth of demand spotlighted
the drawbacks of such technology. The major intrinsic limitation of LIBs is the low theoretical
specific capacity (372 mAh·g−1) of the traditional graphite anode, which does not allow the increase
of practical LIB energy density to more than 300 Wh·kg−1. Lithium metal represents the best alternative
anode material to produce high energy density batteries because it possesses the lowest standard
potential (Eo = −3.04 V versus standard hydrogen electrode) and the highest theoretical capacity
(3.860 mAh−1) [1]. Unfortunately, this technology is not ideal and presents several issues such as
dendrite growth, instability of lithium metal with the most part of classical organic liquid electrolytes,
low coulombic efficiency, poor cyclability, and poor safety due to leakage and high flammability of the
liquid electrolyte based on a mixture of carbonate solvents [2–4].

Solid polymer electrolytes (SPEs) are without a doubt among the key solutions to overcome
such limitations toward high energy density, efficient, and safe solid state batteries (SSB) [4–7].
Indeed, these solid ion conductive membranes can replace microporous separators impregnated
by volatile flammable organic electrolytes [5,6], acting as physical barrier against dendrite growth
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reducing the possibility of short-circuit, thermal runaway, and explosion, significantly improving
the safety of the battery [8–10]. However, poor ionic conductivity at room temperature due
to low mobility of the lithium cations in the solid polymer matrix, and the loss of mechanical
properties in the conductive molten state at higher temperature, limit their spread in the battery
market [11]. Several solutions have been proposed to increase ionic conductivity while maintaining
good mechanical properties [12,13]. Many of them are based on the addition of low molecular
weight compounds with adequate electrochemical properties coupled to the creation of physical
or chemical crosslinking sites at the polymer [14]. The employment of inorganic fillers and the
introduction of sufficient amount of low molecular weight compounds are listed among the most
relevant examples. Adding inorganic fillers proved to favor the performance of the battery by
(i) preventing crystallization by hindering the supramolecular arrangement of the polymer chains;
(ii) favoring ionic dissociation, improving the matrix/solid electrolyte interface (SEI) interaction thanks
to the contribution of different possible surface groups; and (iii) increasing mechanical resistance
and stability [15–17]. The employment of low molecular weight compounds also proved to be an
effective measure to enhance the electrochemical performance of a solid state battery [18]. Among them,
and despite some drawbacks (high cost and some instability at lithium deposition potential [19]),
room temperature ionic liquids (RTILs) are, probably, the most promising materials thanks to their
negligible vapor pressure, low flammability, high ionic conductivity in comparison with solid polymer
electrolytes, and their ability to form an effective solid electrolyte interphase onto the lithium metal
electrode surface [20–22]. Several recent studies demonstrated that the presence of RTILs can enhance
significantly the electrochemical properties of the solid state battery, such as, for instance, improving the
long-time stability in the stripping/plating from lithium metal electrodes [23,24]. Furthermore, it has
recently been demonstrated that free RTILs in a polymeric solid matrix can undergo percolation,
creating a highly conductive pathway across the electrolyte and a wet interfacial layer that greatly
improves the interfacial compatibility with the electrodes [25].

On the other hand, the always increasing demand of electronic devices goes together with
a growing concern about a sustainable future and cost considerations. The combination of these two
factors bursts the research toward the development of green processes to obtain high performance
materials. In this optic, fast production methods that employ recyclable materials and reduce
or eliminate completely the use of harmful organic solvents are the main goal of all the efforts.
Thermoplastic polymers represent a valid option to develop solid electrolytes because they can be
processed easily by extrusion and shaped by hot-pressing or lamination, none of which require solvent,
and can be theoretically recycled and reprocessed, in this way reducing the final cost of solid state
batteries, which is crucial for their implementation in the market [26–28].

In this context, this work presents the solvent-free preparation of a thermoplastic polymer
electrolyte (TPE) consisting on a polymeric matrix, ad hoc modified inorganic fillers, an ionic
liquid, and a lithium salt. More precisely, the TPE is composed by poly(ethylene oxide)
(PEO), surface modified sepiolite (TPGS-S), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
and 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI), prepared by
solvent-free extrusion method. This TPE is compared with a well-studied reference electrolyte
consisting of PEO and LiTFSI [29]. The extensive physical and electrochemical characterization
of the new TPE is presented in this article. The developed solid electrolyte demonstrated high ionic
conductivity, good electrochemical stability, excellent compatibility with lithium metal, and promising
cycling performance in truly solid state Li-LiFePO4 coin cell prototype.

2. Materials and Methods

2.1. Reagents

For the preparation of the solid electrolytes, the following materials were used: PEO: Mn
5 × 106 g·mol−1 for the TPE, Mn 6 × 105 g·mol−1 for the reference electrolyte, and Mn 4 × 105 g·mol−1
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for the positive electrode preparation, all purchased from Sigma-Aldrich (St. Louis, MO, USA).
D-α-tocopherol polyethylene glycol 1000 succinate (TPGS), used to prepare the modified sepiolite
(TPGS-S), was purchased from Sigma-Aldrich and used as received. Details on the preparation of the
TPGS-S have appeared elsewhere [30]. Battery grade LiTFSI and PYR14TFSI with 99.9% of purity were
purchased from Solvionic (Toulouse, France). Dry acetonitrile with 99.8% of purity was purchased
from Scharlab (Barcelona, Spain). All the reagents were stored in dry room with dew point below
−50 ◦C; they were used without further purification.

2.2. Synthesis and Preparation of Materials

Reference solid polymer electrolyte (PEO-LiTFSI) was prepared as follows: LiTFSI was dissolved
in acetonitrile and stirred with a mechanical stirrer for 30 min. PEO, Mn 6 × 105 g·mol−1, was slowly
added and the mixture was stirred for 5 h to guarantee the complete solubilization of all reagents.
The molar ratio of EO/Li was chosen to be 20. The amount of solid in the acetonitrile solution was set
to 12 wt %. Self-standing membranes of reference PEO-LiTFSI electrolyte were obtained by solvent
casting over Teflon sheets. The casted solution was dried for 2 h at 35 ◦C and then for 17 h at 60 ◦C
under reduced pressure. PEO-LiTFSI electrolyte formulation is given in Table 1.

TPE was prepared in accordance with method reported earlier [26]. Briefly, all components
were physically premixed and then melt compounded in a Haake MiniLab extruder (Haake Minilab,
Thermo Fisher Scientific, Waltham, MA, USA). Processing was carried out at a shear rate of 80 rpm
during 20 min and at 160 ◦C. Afterwards, TPE extrudate was processed by hot pressing at 75 ◦C.
TPE electrolyte formulation is given in Table 1.

Table 1. Main features of the investigated solid electrolytes. PYR14TFSI—1-Butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide; LiTFSI—lithium bis(trifluoromethanesulfonyl) imide; PEO—poly
(ethylene oxide); TPGS-S—surface modified sepiolite; DSC—differential scanning calorimetry;
TPE—thermoplastic polymer electrolyte.

Solid
Electrolyte

PYR14TFSI
mol m−3

LiTFSI
mol m−3

PEO
mol m−3

TPGS-S
wt %

DSC
Xc/Tm
(%/◦C)

σ (25 ◦C)
mS cm−1

σ (60 ◦C)
mS cm−1

PEO-LiTFSI 0 892 20670 0 32/53 0.01 0.5
TPE 1577 790 9826 2.5 5/38 0.50 3.0

2.3. Physicochemical Characterization

Characterization of electrolytes was done on films of controlled thickness processed by
compression molding at 75 ◦C during 3 min.

Scanning electron microscopy (SEM) was performed with a Hitachi SU-8000 (Hitachi Ltd.,
Tokyo, Japan). Samples were fractured after immersion in liquid nitrogen and the sections were
observed unmetalized.

Differential scanning calorimetry (DSC) studies were performed in a TA Instruments Q100
(TA Instruments, New Castle, DE, USA). The heat flow was recorded as follows: two cooling-heating
cycles at 10 ◦C·min−1 from 120 ◦C to −80 ◦C, followed by a second cooling-heating cycle from 120 ◦C
to −80 ◦C at 20 ◦C·min−1. DSC data included in Table 1 were obtained from the second DSC heating
trace at 10 ◦C·min−1. The crystallinity percentage (χc) was determined considering 100% crystalline
PEO heat of melting as ΔHm = 197 J·g−1 [31]. The % χc in Table 1 is referred to the weight of the
electrolyte and not to the weight fraction of PEO.

Thermogravimetric analysis (TGA) was performed in a TA Q-500 in nitrogen atmosphere at
10 ◦C·min−1 up to 800 ◦C.

Determination of diffusion coefficients (D) was done by 7Li and 19F pulsed field gradient-NMR
(PFG-NMR) in a Bruker AvanceTM 400 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany)
as reported before [26]. The lithium transference number measured by NMR (tNMR

Li+
) was calculated
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using Equation (1). It was not possible to measure D of the cation (DPyr), because of the overlapping
with PEO protons, so it was estimated to be about 10% lower than TFSI, according to bibliographic
data [32].

tNMR
Li+ =

DLicLi

DLicLi + DTFSIcTFSI + DPyrcPyr
(1)

Creep experiments were done as follows: electrolyte films of about 500 μm were sandwiched
between two gold electrodes of 20 mm of diameter, and placed on a heating plate with a 0.5 kg load on
top and kept 20 min at 70 ◦C, followed by 20 min at 90 ◦C.

2.4. Electrochemical Characterization

The ionic conductivity of the TPE and PEO-LiTFSI electrolytes was determined by electrochemical
impedance in a NOVOCONTROL GmbH Concept 40 broadband dielectric spectrometer (Novocontrol
Technologies GmbH, Montabaur, Germany) in the temperature range of 50 ◦C to 90 ◦C and in the
frequency range between 0.1 Hz and 107 Hz. Disk films of dimensions of 2 cm diameter and ~500 μm
thickness were inserted between two gold-plated flat electrodes, then a frequency sweep was done
every 10 ◦C, cooling to −50 ◦C and then heating to 90 ◦C; thereafter, the same measurements were done
but cooling from 85 ◦C to 25 ◦C. Ionic conductivity was calculated by using conventional methods
based on the Nyquist diagram and the phase angle as a function of the frequency plot. The values that
appear in Table 1 correspond to the second heating measurement.

Lithium transference number (tLi+ ) of the TPE was obtained at 60 ◦C by combined alternating
current (AC) impedance and direct current (DC) polarization measurements using a Solartron
Analytical 1400 CellTest System (cell test, City, UK) coupled with frequency response analyzer 1455
(Ametek) of a symmetrical solid state Li/TPE/Li coin cell (2025, Hohsen, City, Japan). Coin cells
were prepared using high-purity lithium metal foil (Albermale, Charlotte, NC, USA) with thickness
of 50 μm. Before the measurement, the assembled coin cells were kept at 60 ◦C overnight to
achieve a good contact and stable interface between the solid electrolyte and lithium metal electrodes.
Successively, a DC potential (ΔV = 5 mV) was applied until a steady current was obtained; then,
initial (Io, after 5 milliseconds) and steady state (Iss) currents that flow through the cell were measured.
Impedance spectra were recorded (from 1 MHz to 1 Hz) with 10 mV sinusoidal amplitude before
and after DC polarization. Subsequently, initial (Ro) and final (Rss) bulk resistances of the electrolyte,
and initial (RCo) and final (RCss) charge transfer resistances (Ω) of the interfacial layers Li metal
electrode/electrolyte were derived from electrochemical impedance spectra using ZView software 3.5
(Scribner, Southern Pines, NC, USA) Using these measured values, tLi+ was calculated by the following
Equation (2) [33,34].

tLi+ =
Iss·Rss·(ΔV − Io·RCo)

Io·Ro·(ΔV − Iss·RCss)
(2)

The electrochemical stability window of the TPE was evaluated in three-electrode cells using a
Solartron Analytical 1400 CellTest System (Ametek) coupled with a frequency response analyzer 1455
(Ametek). To do so, a solid-state three electrode cell (HS-3E, Hohsen), using stainless steel as a working
electrode, a lithium metal (50 μm) disc as a counter electrode, a lithium metal ring as a reference
electrode, and a solid electrolyte membrane (80–100 μm) placed between electrodes was fabricated.
The cyclic voltammetry (CV) test was carried out at a linear scan rate of 1 mV·s−1 to determine the
electrochemical performance in cathodic (from OCV to −0.5 V) range. The oxidation stability of the
investigated solid electrolyte was determined by linear sweep voltammetry (LSV) from OCV to 6 V
at a scan rate of 1 mV·s−1. Both CV and LSV experiments were performed at 60 ◦C using different
TPE samples.

Galvanostatic stripping-plating studies were carried out at 60 ◦C in a symmetrical Li/TPE/Li
coin cell (2025, Hohsen), using two lithium metal discs (Albermale, high-purity foil, 50 μm) and TPE
films (80–100 μm) placed in between. The measurements were performed with the help of BaSyTec
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cell test system (BaSyTec, Asselfingen, Germany) at 60 ◦C. Galvanostatic cycles were run by applying
symmetrical 1 mA·cm−2 current for 2 h with depth of cycling of 2 mAh·cm−2.

Galvanostatic charge-discharge test in solid-state coin cells with lithium metal anode (Albermale,
high-purity foil, 50 μm) and composite LiFePO4 (LFP) cathode was performed at 60 ◦C using the
BaSyTec cell test system. The cathode consisted of micro-scale carbon coated LFP material (D50:
2–4 μm), PEO-LiTFSI solid electrolyte (EO/Li~20) as ionic conductive binder, and carbon black as
a conductive additive. Superficial capacity of the prepared positive electrode was 0.5 mAh·cm−2.
A carbon coated aluminum current collector was used to enhance interfacial resistance and avoid
aluminum corrosion in the presence of TFSI anions. Solid-state coin cells were assembled in a dry room
with dew point below −50 ◦C. Once assembled, the cells were kept for 3 h at 60 ◦C and then cycled
within the 2.5–3.8 V range at the same temperature using BaSyTec cell test system. It is important to
note that cell design, assembly, and formation procedures were not optimized in this study.

3. Results

3.1. Physicochemical Investigation

Similar TPE reported before [23,25] have shown two properties that make them interesting
candidates as electrolytes, their liquid nature at the microscopic scale and their ability to remain
as solids at the macroscale up to 90 ◦C for long periods of time [23]. Figure 1 summarizes the
physicochemical characterization performed with both the TPE under study and the reference
PEO-LiTFSI, which includes a SEM micrograph of the TPE, and the TGA, DSC, and creep experiments
of both electrolytes.

Figure 1. (a) Scanning electron microscopy (SEM) image of the thermoplastic polymer electrolyte
(TPE) (cross-section); (b) thermogravimetric analysis (TGA) of the poly(ethylene oxide) (PEO)-lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and TPE; (c) differential scanning calorimetry (DSC) traces
of the PEO-LiTFSI and TPE; and (d) pictures showing the electrolyte appearance after the creep test
(see text for details).

First of all, Figure 1a shows the excellent dispersion of the sepiolite nanofibers in the electrolyte.
Figure 1b shows that the thermal stabilities of the TPE and PEO-LiTFSI in nitrogen are very similar
and will favor the overall solid-state battery safety. Figure 1c shows how the TPE has two well defined
transitions, the PEO glass transition close to −60 ◦C and a melting endotherm slightly under 40 ◦C
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caused by the scarce crystalline phase in the TPE. On its turn, PEO-LiTFSI has a Tg at about −38 ◦C
and a melting endotherm at 50 ◦C, the latter caused by the crystalline PEO phase, which amounts to
31%. Both the higher Tg and the higher crystalline fraction of PEO-LiTFSI make this electrolyte more
rigid than TPE. Figure 1d and 1e show the appearance of the sandwiches (electrode-electrolyte) of
PEO-LiTFSI and TPE, respectively, after the creep tests. No creep is seen in either sample after being
subjected to the temperature cycles under pressure.

The ionic diffusivity in the TPE has been obtained by PFG-NMR experiments at 25 ◦C,
and values are in the range of those obtained for similar TPE [23]: DLi = 0.6 × 10−12 m2·s−1 and
DTFSI = 3.9 × 10−12 m2·s−1. A transport number tLi+ = 0.03 at 25 ◦C can be estimated from these
diffusion coefficients using Equation (1).

3.2. Electrochemical Investigation

Figure 2 shows ionic conductivity (σ) values of the TPE and PEO-LiTFSI on heating from −50 ◦C to
90 ◦C. Ionic conductivity data of PYR14TFSI [35] shown in Figure 2 demonstrates its higher conductivity
comparison with both solid electrolytes. The σ of TPE increases up to values close to 10−2 S·cm−1,
and likewise decreases on going from 90 ◦C to 25 ◦C, where it attains a value of 5 × 10−4 S·cm−1.
As a consequence of the very low fraction of TPE suffering phase transitions in the temperature
range studied, the heating and the cooling cycle measurements produce the same σ values, and so
also with regards to σ variation with temperature, the TPE can be considered as a liquid. On the
contrary, PEO-LiTFSI suffers the melting of the crystalline phase at about 50 ◦C on heating, and on
cooling, an abrupt decrease of σ is seen below 50 ◦C, caused by the crystallization of PEO. Hence,
the cooling and heating scans do not coincide in the vicinity of the phase transition. As a consequence,
under 50 ◦C, the difference in σ between the TPE and PEO-LiTFSI becomes progressively higher.

Figure 2. Ionic conductivity of the TPE and PEO-LiTFSI on heating and cooling scans. Ionic conductivity
of 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) data reported by
Martinelli et al [35] is given for comparison.

The tLi+ is a very important characteristic of an electrolyte. A higher tLi+ can reduce concentration
polarization during charge/discharge steps and, consequently, can increase power density. Moreover,
it can hinder Li metal dendrite growth and avoid decomposition and precipitation of the lithium salt.
Figure 3a depicts the chronoamperometry of the symmetrical Li-Li coin cell with the investigated
TPE. The AC impedance spectra before and after polarization of the cell are exhibited in Figure 3b.
The equivalent circuit used for the determination of Ro, Rss, RCo and RCss values is shown as an inset
in Figure 3b.
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Figure 3. (a) Chronoamperometry of the Li/TPE/Li cell; (b) the alternative current (AC) impedance
spectra before and after polarization. Inset (b): the equivalent circuit used for the fitting of the spectra,
R1 corresponds to Ro, Rss is the sum of R2 and R3 to RCo and RCss. Test was performed at 60 ◦C.

Lithium ion transference number of the investigated TPE with EO/Li ratio 12, as obtained from
Equation (2), is 0.08 ± 0.01 at 60 ◦C, which is lower than the value obtained for PEO-LiTFSI (EO/Li
~20), which is 0.25 ± 0.01. Such a difference is the direct consequence of the lower molar fraction of Li
cations in the TPE (χLi+ = 0.17) than in PEO-LiTFSI (χLi+ = 0.5) or, in other words, while in the reference
electrolyte, 50% of the ionic species are Li cations, the amount of Li cations in the TPE is only the 17%
of the ionic species. A relatively low transport number (tLi+ ) of TPE does not mean lower lithium ion
conductivity (σLi+ ) in comparison with PEO-LiTFSI. In particular, as can be seen in Table 2, TPE has
1.9 times higher Li-ion conductivity compared with the reference at 60 ◦C. Moreover, we anticipate
that the difference will increase over an order of magnitude at temperature below 60 ◦C, when the
reference electrolyte will be partly crystalline because of PEO, while the TPE will remain amorphous.

Table 2. Ionic conductivity values of the investigated solid electrolytes.

Solid Electrolyte
σ (60 ◦C)
mS cm−1

σLi+ (60 ◦C) a

mS cm−1

PEO-LiTFSI 0.5 0.125
TPE 3.0 0.240

Note: a t+ calculated by combined alternative current (AC) impedance and direct current (DC) polarization
measurements reported above.

The electrochemical stability of the electrolyte is a fundamental property that determines the
electrochemical behavior of the whole solid state battery. Figure 4 shows the electrochemical stability
of the TPE under study towards anodic oxidation and cathodic reduction reactions. From the cathodic
profile, reversible lithium plating and stripping processes are well evidenced. On the other hand,
anodic LSV scab showed that the investigated electrolyte is anodically stable up to 4.2 V, which is a
typical value for PEO based solid electrolytes.

Lithium metal electrode at contact with unappropriated solid electrolyte may show quite
poor electrochemical behaviour (low coulombic efficiency, poor reversibility, and even lithium
dendrite growth) due to cycling conditions (temperature, current density, depth of cycling) and
properties of solid electrolyte layer (SEI) formed at lithium/solid electrolyte interface (nature, thickness,
resistance etc.). Therefore, in this work, the compatibility of the TPE with the Li metal anode was
evaluated by a galvanostatic stripping-plating test performed in Li-Li symmetrical coin cell with
cycling conditions (temperature, current density, and depth of cycling) similar with full solid state
cell application. Striping-plating curves for several separated cycles shown in Figure 5 with the aim
of highlighting their evolution during the test. The TPE demonstrated quite low polarization and
long term cyclability during more than 400 cycles (>1600 h) under relatively harsh cycling conditions.
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This result demonstrates that this solid electrolyte is well compatible with lithium metal anode that is
necessary requirement for its further application in lithium metal solid state batteries.

Figure 4. Cyclic voltammetry (CV) (blue) and linear sweep voltammetry (LSV) (red) curves of the TPE
measured at 60 ◦C.

Figure 5. Cell voltage versus test time of lithium striping-plating in a symmetrical coin cell Li/TPE/Li
measured on 1st, 50th, 100th, and 400th cycles. Cycling conditions: 60 ◦C, current density: 1 mA·cm−2,
duration of each step 2 h.

Finally, the TPE was tested at 60 ◦C in all-solid-state coin cell with lithium metal anode and
composite LiFePO4 cathode. Figure 6a presents charge-discharge curves of solid state coin cells
with PEO-LiTFSI and TPE solid electrolytes. On the first cycle, polarization of the cell based on
TPE is slightly higher in comparison with reference PEO-LiTFSI. However, during following cycles,
charge-discharge profiles of both cells became quite similar.

The cycling performance of the solid state cell with TPE and PEO-LiTFSI is shown in Figure 6b.
As it can be observed, upon cycling, solid state coin cell with TPE demonstrated more stable and
higher coulombic efficiency (Figure 6a,c) and, as a result, much better electrochemical performance
compared with the cell based on the reference PEO-LiTFSI compound.
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Figure 6. Electrochemical performance of solid-state coin cells Li-LiFePO4: (a) charge-discharge curves;
(b) specific discharge capacity; and (c) coulombic efficiency versus cycle number. Cycling conditions:
60 ◦C, Constant Current-Constant Voltage (CCCV) charge at 0.2 C (charge current cut off 0.1 C),
discharge at 0.5 C, cycling interval 2.5–3.8 V, positive electrode loading 0.5 mAh·cm−2.

It should be noted that relatively fast capacity decay of the nonoptimized solid-state coin cell
prototype with TPE electrolyte could be related to several reasons, such as solid electrolyte impurities;
traces of water in the electrolyte and cathode; and possible restructurization of TPE, which cointans
noticeable amount of PYR14TFSI ionic liquid [23]. We believe that further optimization of solid state
cell prototype and assembly-formation procedures may significantly improve its electrochemical
performance and durability.

Thus, our investigation demonstrated that the developed polymer/ionic liquid thermoplastic
solid electrolyte is a promising candidate for further development of all-solid-state batteries with
relatively lower environmental impact.

4. Conclusions

The polymer/ionic liquid thermoplastic solid electrolyte based on PEO, modified sepiolite
(TPGS-S), LiTFSI, and PYR14TFSI ionic liquid was successfully prepared using a solvent-free extrusion
method beneficial for low cost and environment-friendly solid-state battery mass production.
The physical-chemical, electrical, and electrochemical properties of the developed solid electrolyte
were comprehensively characterized.

The TPE presented a maximum conductivity 0.5 S·cm−1 at 60 ◦C. The LSV curve showed that the
electrolyte is stable up to 4.2 V versus Li/Li+ and possesses an excellent compatibility with lithium
metal electrode during more than 1600 hours cycling under comparatively harsh cycling conditions
(1 mA·cm−2, 2 mAh·cm−2).

Finally, the developed solid electrolyte demonstrated a promising cycling performance in
nonoptimized prototype of truly Li-LiFePO4 solid-state coin cell working under relatively higher
charge/discharge C-rates (0.2 C/0.5 C).
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Thus, the reported solid electrolyte can be considered as a promising candidate for further
development of solid-state batteries with charge cut-off voltage about 4.0 V.
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Abstract: Li+-conducting polyethylene oxide-based membranes incorporating N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide are used as electrolyte separators for
all-solid-state lithium polymer batteries operating at medium-high temperatures. The incorporation
of the ionic liquid remarkably improves the thermal, ion-transport and interfacial properties of
the polymer electrolyte, which, in combination with the wide electrochemical stability even at
medium-high temperatures, allows high current rates without any appreciable lithium anode
degradation. Battery tests carried out at 80 ◦C have shown excellent cycling performance and
capacity retention, even at high rates, which are never tackled by ionic liquid-free polymer electrolytes.
No dendrite growth onto the lithium metal anode was observed.

Keywords: ionic liquids; N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide;
poly(ethyleneoxide); polymer electrolytes; lithium polymer batteries

1. Introduction

Large-scale applications such as automotive, stationary, deep-sea drilling devices need batteries
to be capable of operating safely at medium-high temperatures with very good performance and cycle
life; i.e., without appreciable degradation phenomena. In addition, even devices generally operating
around room temperature could be accidentally subjected to prolonged overheating, thus requiring
high thermal stability. In this scenario, electrolytes play a key role.

Rechargeable lithium batteries are an excellent choice as advanced electrochemical energy storage
systems due to their high energy density and cycle life [1,2]. Recently published manuscripts report that
ion conducting polymer membranes, realized through common materials and up-scalable processes,
can act as electrolyte separators for rechargeable lithium battery systems. J.R. Nair et al. [3] have
prepared methacrylic-based PEs, reinforced with both cellulose hand-sheets and nanosize cellulose
fibers, by UV-induced free radical photo-polymerization. Similarly, rigid–flexible composite electrolyte
membranes, based on poly(ethyl α-cyanoacrylate) and cellulose backbone, have been prepared through
an in-situ polymerization process by P. Hu et al. [4]. These cross-linking techniques, also successfully
proposed for Na+ conducting PEs [5], have shown short processing times, easy up-scalability and
eco-compatibility, and have enabled gel polymer electrolytes (GPEs) with wide electrochemical
stability windows and high room temperature ionic conductivity in combination with good mechanical
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properties to be obtained. Poly(vinylidene difluoride)-based GPEs were obtained via the phase-inversion
method [6]. The use of nano-clay filler and pore-forming agent, i.e., poly(vinylpyrrolidone), was seen
to significantly improve the electrolyte uptake and the ion transport properties. H. Li et al. [7]
have combined the advantages of GPEs with those of ceramic conductors to prepare sandwiched
structure composite electrolytes with enhanced electrochemical performance. Reviews of GPE systems,
addressed to Li/S [8] and Li-ion [9] battery systems, were recently published.

However, commercial lithium-ion batteries, even employing GPEs, do not behave well at
medium-high temperatures as the organic electrolyte quickly degrades above 50 ◦C, thus irreversibly
ageing the electrochemical device [10–12]. In this scenario, the development of solvent-free polymer
electrolytes is undoubtedly appealing from safety and engineering points of view and opens new
perspectives to applications in electrochemical devices [8,9,13–17]. In addition, polymer electrolytes
(PEs) can be easily and cheaply manufactured into low thicknesses (<100 μm) and shapes not allowed
for supported liquid electrolytes, offering a new concept of solvent-free, all-solid-state, thin-layer,
flexible (both mechanically and in design), robust, lithium polymer batteries (LPBs). Finally, PEs play
a second role in composite electrodes as binders and ionic conductors [18].

Nevertheless, the realization of all-solid-state lithium battery systems has been prevented so far by
the low ionic conductivity of PEs, especially at ambient temperature. For instance, poly(ethyleneoxide)-
lithium salt (PEO-LiX) complexes, considered to be very good candidates as electrolyte separators
for LPBs [13–23], approach conduction values of interest for practical applications (>10−4 S·cm−1)
only above 70 ◦C, i.e., when the polymer is in the amorphous state [13,14,17,20–22]. However, even
at medium-high temperatures (≥90 ◦C) LPBs exhibit high performance only at low current rates
(≤0.1C) [18,22,23], thus preventing applications requiring high power density.

An appealing way to overcome the conductivity drawback is represented by the incorporation of
ionic liquids (ILs) into the polymer electrolytes [24]. ILs, i.e., salts which are molten at room temperature
consisting of organic cations and inorganic/organic anions [25–27], display several peculiarities such
as their extremely low flammability, negligible vapor pressure, high chemical–electrochemical–thermal
stability, fast ion transport properties, good power solvency and high specific heat. In the last years,
it was successfully demonstrated [24,28–34] how the addition of ILs to PEO-based electrolytes enhances
the ionic conductivity above 10−4 S·cm−1 at 20 ◦C—i.e., more than two orders of magnitude higher
than that of ionic liquid-free PEs—allowing LPBs to obtain a significant cycling performance at near
room temperature (30–40 ◦C) [24,29–34].

In the present work, we show how the incorporation of ionic liquids improves the performance of
PEO-based electrolytes even at medium-high temperatures, especially at high current rates, without
any evident material degradation and battery cycle life depletion, making the IL-containing PEO
membrane an appealing electrolyte separator for LIBs operating at medium-high temperatures.
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) was selected as
the ionic liquid [24].

2. Materials and Methods

2.1. Synthesis of the Ionic Liquid

The PYR14TFSI ionic liquid was synthesized through an eco-friend route, reported in detail
elsewhere [35,36].

2.2. Preparation of the Polymer Electrolyte and the Composite Cathode

The ionic liquid-based polymer electrolyte and composite cathode were prepared through
a solvent-free process [33] carried out in a very low relative humidity dry-room (R.H. < 0.1% at 20 ◦C).
The material components, i.e., PEO (Dow Chemical, Midland, MI, USA, WSR 301, MW = 4,000,000 a.u.),
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 3M, battery grade) and PYR14TFSI, were vacuum
dried at 50 ◦C for 48 h (PEO) and at 120 ◦C for 24 h (lithium salt and ionic liquid). PEO and LiTFSI
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(EO:Li mole ratio = 1:0.1) were intimately mixed in a mortar, and then PYR14TFSI was added to
achieve a (PYR14)+/Li+ mole ratio equal to 1:1. In previous papers [24,33], we have shown that
this ratio represents a good compromise between ion transport properties and interfacial stability.
The P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 past-like electrolyte blend was annealed under vacuum at 100 ◦C
overnight in order to allow the full diffusion of the lithium salt and ionic liquid through the PEO
host, therefore obtaining a homogeneous mixture. Finally, the so-obtained rubber-like material was
hot-pressed at 100 ◦C for 2 min to form 70–80 μm thick films. Ionic liquid-free, P(EO)1(LiTFSI)0.1 binary
polymer electrolytes were prepared for comparison purposes.

The cathode tape was prepared by intimately blending LiFePO4 active material (Sud Chemie,
Munich, Germany) and KJB carbon (electronic conductor, Akzo Nobel, Amsterdam, The Netherlands).
LiFePO4 and KJB were previously vacuum dried at 120 ◦C for at least 24 h. Separately, PEO, LiTFSI and
PYR14TFSI were roughly mixed (to obtain a paste-like mixture) and then added to the LiFePO4-KJB
blend. The resulting cathodic mixture was firstly annealed at 100 ◦C overnight and then hot-pressed
to form preliminary films (200–300 μm thick) which were cold-rolled to obtain the final cathode tape
(<50 μm) and to remove any porosity within the composite cathode [37]. Finally, 12 mm diameter
cathode discs (active area equal to 1.13 cm2) were punched for the battery tests. The active material
mass loading ranged from 4 to 5 mg·cm−2, corresponding (accounting for a theoretical capacity of
LiFePO4 equal to 170 mA·h·g−1) to a capacity from 0.7 to 0.8 mA·h·cm−2.

2.3. Thermal Analysis

DSC measurements were run using a differential scanning calorimeter (TA Instruments, model
Q100, New Castle, DE, USA). The samples, upon housing (within the dry room) in sealed Al pans,
were cooled (10 ◦C·min−1) from room temperature down to −140 ◦C and then heated (10 ◦C·min−1)
up to 150 ◦C.

The thermal stability was verified in a nitrogen atmosphere through TG analysis carried out by
a SDT 2960 equipment, simultaneous TG-DTA (TA Instruments, New Castle, DE, USA) with Thermal
Solution Software (version 1.4, Thermal Solutions Inc, Ann Arbor, MI, USA). During the experiments,
the atmosphere above the samples was fixed by flowing high purity nitrogen atmosphere at a flow rate
of 100 mL·min−1. The experiments were performed on 5–10 mg samples (handled in the dry room),
which were housed in platinum crucibles. The thermal stability was initially investigated by running
a heating scan from room temperature up to 500 ◦C at a scan rate of 10 ◦C·min−1.

2.4. Cell Assembly

The electrochemical measurements on the polymer electrolyte samples were carried out on
two-electrode cells fabricated in the dry room. Two different cell types (active area equal from 2 to 3 cm2)
were assembled by sandwiching a polymer electrolyte separator between (i) two Li foil electrodes (50 μm
thick, supported onto Cu grids as the current collectors) for determining, respectively, the resistance at
the interface with the lithium anode and the limiting diffusion current density; (ii) a nickel foil (working
electrode, 100 μm thick, used also as the current collector) and a lithium foil (counter electrode, 50 μm
thick, supported onto a Cu grid as the current collector) for the linear sweep voltammetry tests. In the
latter kind of cell, a tiny lithium strip (50 μm thick, supported onto a Ni grid as the current collector)
was used as the reference electrode.

The electronic conductivity of the ionic liquid-containing LiFePO4 composite cathode was
investigated as a function of the carbon content by carrying out impedance measurements on
symmetrical Al/cathode/Al cells. The composite cathode tape was interlayered between two Al
foils (20 μm thick), which were also used as the current collectors.

The solid-state Li/LiFePO4 batteries (cathode limited) were fabricated (inside the dry room) by
laminating a lithium foil (50 μm thick), a P(EO)10(LiTFSI)0.1(PYR14TFSI)0.1 polymer electrolyte separator
and a LiFePO4-based composite cathode tape (plated onto a 20 μm thick Al foil). Aluminum and copper
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grids were used as the cathodic and anodic current collector, respectively. The electrochemically active
area of the Li/LiFePO4 cells was 1.13 cm2.

All assembled cells were housed in soft envelopes, evacuated for at least 1 h (10−2 mbar) and
then vacuum-sealed. Finally, the cells were laminated twice by hot-rolling at 100 ◦C to improve the
electrolyte/electrode interfacial contact.

2.5. Electrochemical Tests

Impedance measurements were performed on symmetrical Li/polymer electrolyte/Li (frequency
range: 65 kHz–10 mHz; temperature range: 20–80 ◦C) and Al/composite cathode/Al (10 kHz–1 Hz,
20 ◦C) cells by a Frequency Response Analyzer, F.R.A. (Schlumberger Solartron, mod. 1260, Leicester, UK).
The analysis of the AC responses was carried out by an equivalent circuit model taking into account
all possible contributes to the impedance of the cell under test [38]. The validity of the selected
circuit was confirmed by fitting the AC responses using a non-linear least-square (NLLSQ) software
developed by Boukamp [39,40] (only fits characterized by a χ2 factor lower than 10−4 were considerable
acceptable [39,40]).

The electrochemical stability window (ESW) of the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 polymer
electrolyte was evaluated by linear sweep voltammetries (LSVs) run at 0.5 mV·s−1 in the 20–80 ◦C
temperature range. The measurements were performed by scanning the cell potential from the open
circuit value (OCV) towards more negative or positive potentials to determine the cathodic and
anodic electrochemical stability limits, respectively. The LSVs were performed at least twice on
each electrolyte to confirm the results obtained, using fresh samples and clean electrodes for each
test. The measurements were performed at 20 ◦C using an Electrochemical Interface (Schlumberger
Solartron, mod. 1287, Leicester, UK).

The limiting diffusion current density of the P(EO)1(LiTFSI)0.1 and P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1

polymer electrolytes was determined by potentiodynamic measurements on symmetrical Li/electrolyte/Li
cells, i.e., the cell voltage was linearly increased from the OCV value (a few mV) at a scan rate of
0.01 mV·s−1 until the current response achieves a steady state. The measurements were performed
at temperatures ranging from 40 to 80 ◦C by a potentiostat/galvanostat (MACCOR, mod. 4000,
Tulsa, OK, USA).

The cycling performance of the Li/LiFePO4 polymer cells was evaluated under charge/discharge
rates ranging from 0.1C (j = 0.07–0.08 mA·cm−2) to 1C (j = 0.7–0.8 mA·cm−2) at 80 ◦C. The battery
tests were performed using a multiple battery tester (MACCOR, mod. S4000, Tulsa, OK, USA).
The voltage cut-offs were fixed at 4.0 V (charge step) and 2.0 V (discharge step), respectively. During the
experiments, the cells were held in a climatic chamber (Binder GmbH, mod. MK53, Tuttlingen,
Germany) with a temperature control of ±0.1 ◦C.

3. Results and Discussion

3.1. Ionic Liquid-Based Polymer Electrolytes

The solvent-free procedure allowed homogeneous, freestanding, polymer electrolyte membranes
with good mechanical properties to be obtained. In addition, the ionic liquid-containing
P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 sample looks rather sticky, thus resulting (even if not easily handled)
in improved contact at the interface with electrodes.

The results of the DSC investigation are illustrated in Figure 1a. The P(EO)1(LiTFSI)0.1 electrolyte
shows a broad endothermic melting peak centered around 60 ◦C [21,41] and a weak glass transition
(Tg) feature located at −39 ◦C. The pure PYR14TFSI ionic liquid, reported for comparison purposes,
exhibits only a melting peak around −7 ◦C [42]; i.e., the absence of glass transition and exothermal
“cold crystallization” features suggest that the IL sample was fully crystallized prior to running the
DSC measurements [43]. The incorporation of PYR14TFSI into the P(EO)1(LiTFSI)0.1 electrolyte results
in almost complete disappearance of the melting peak in the DSC trace, which displays only the
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Tg feature around −55 ◦C, clearly indicating that the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte is
amorphous even at room temperature.

The thermal stability is a mandatory requirement for electrolytes to be addressed to battery
systems for medium-high temperature applications. Figure 1b compares the TGA trace (in nitrogen
atmosphere) of the P(EO)1(LiTFSI)0.1 and P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte membranes.
The IL-free sample exhibits a weight loss above 180 ◦C, whereas the addition of the ionic liquid
component results in thermal stability increase up to 220 ◦C. It should be noted that PYR14TFSI
is seen to be thermally stable up 290 ◦C. Therefore, we can reasonably hypothesize that the ionic
liquid, properly incorporated within the polymer host, is able to protect the PEO chains by thermal
degradation. Something similar was previously observed in other PEO electrolytes [41], in which the
IL agent, suitably dispersed through the polymeric matrix, was seen to prevent the oxidation of the
polymer host above 4 V (vs. Li+/Li◦).

  
(a) (b) 

Figure 1. DSC (panel a) and TGA (panel b) traces of P(EO)10(LiTFSI)1 and P(EO)10(LiTFSI)1(PYR14TFSI)1

polymer electrolyte samples. Scan rate: 10 ◦C·min−1. The PYR14TFSI ionic liquid is reported for
comparison purposes.

The effect of the incorporation of the PYR14TFSI ionic liquid on the ion transport properties of
the polymer electrolyte is summarized in Table 1. A remarkable conductivity increase is observed,
especially at ambient temperature and below. For instance, the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 sample
shows ion conduction values three and two orders of magnitude higher than that of the IL-free sample
at −20 ◦C and 20 ◦C [31,33], respectively. More than 10−4 S·cm−1 are exhibited at 20 ◦C, this is of
interest for applications in practical devices and commonly not approached in polymer electrolyte
membranes. These results support faster ion conduction through the PEO electrolyte due both to
a much larger content of the amorphous phase, in agreement with the DSC data of Figure 1a, and to
the enhanced mobility of the Li+ cations resulting from the presence of PYR14TFSI; i.e., the addition of
ionic liquid results in large anion excess with respect to the lithium cations. Therefore, the strength
of the Li+· · ·Anion− interaction reduces the role of the PEO chains in the coordination of the lithium
cations, e.g., as a result from the competition with the PEO· · ·Li+ interactions [24]. At medium-high
temperatures, the conductivity of the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte is seen to approach
or exceed 10−3 S·cm−1, still displaying a substantial rise with respect to that of the binary IL-free
P(EO)1(LiTFSI)0.1 [31,33].
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Table 1. Ionic conductivity and Li anode/polymer electrolyte interface resistance of the poly(ethyleneoxide)
(P(EO))1(LiTFSI)0.1 and P(EO)1(LiTFSI)0.1(PYR14TFSI)1 polymer electrolytes at different temperatures.
(*) from ref. [31].

Polymer Electrolyte Sample
Ionic Conductivity/S·cm−1

−20 ◦C 20 ◦C 50 ◦C 80 ◦C

P(EO)1(LiTFSI)0.1 (*) 1.1 × 10−9 1.3 × 10−6 2.2 × 10−4 8.4 × 10−4

P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 (*) 9.7 × 10−7 1.1 × 10−4 7.9 × 10−4 1.9 × 10−3

Li/PE Interfacial Resistance/cm2

P(EO)1(LiTFSI)0.1 n.a. 830 ± 80 82 ± 8 7.0 ± 0.7
P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 n.a. 750 ± 70 65 ± 6 6.3 ± 0.6

An important requirement for any electrolyte is its capacity to successfully and efficiently allow
electrode reactions, at the operating temperature of the device, without appreciable electrochemical
degradation (oxidation/reduction) phenomena. Therefore, the electrochemical stability window
(ESW) of the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte system was investigated as a function of
the temperature. The results, reported in Figure 2 as linear sweep voltammetry curves, evince only
a moderate, even if progressive, reduction of the ESW on passing from 20 to 80 ◦C. In particular,
the anodic stability (related to oxidation processes of the electrolyte) detected at 80 ◦C differs by
just 200 mV with respect to that recorded at 20 ◦C. Conversely, no practical variation is observed
on the cathodic side with the temperature increase, displaying massive electrolyte reduction well
below 0 V vs. Li+/Li◦, which allows lithium plating also at 80 ◦C. A very low current flow
(<25 μA·cm−2) is observed up to the anodic breakdown voltage, thus supporting the high purity of the
P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 sample. On the cathodic verse, three weak (≤20 μA·cm−2) features,
progressively evinced with the temperature increase, are observed around 1.5 V, 0.9 V and 0.5 V vs.
Li+/Li◦, respectively. Results previously reported in the literature [44] suggest that the peaks located
at 1.5 V and 0.5 V vs. Li+/Li◦ are ascribable to the Li+ cation intercalation process into the native NixO
film onto the nickel working electrode surface, whereas the feature at 0.9 V is likely due to impurities,
i.e., probably water [45]. To summarize, the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte is allowed to
successfully operate at medium-high temperatures.

Figure 2. Electrochemical stability window of the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 polymer electrolyte
sample at different operating temperatures. Nickel is used as the working electrode, lithium as counter
and reference electrodes. Scan rate: 0.5 mV·s−1.

The compatibility with the lithium anode is a key parameter for applications as electrolyte
separators in Li metal polymer batteries. Figure 3 compares the impedance plots of Li/P(EO)1(LiTFSI)0.1/Li
and Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/Li cells obtained at different temperatures. The AC responses
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are constituted by a semicircle, taking into account the overall Li/polymer electrolyte interfacial
resistance (i.e., charge transfer + passive layer) [38], whereas the high frequency intercept with the
real axis is associated with that of the electrolyte bulk [38]. It should be noted that, at 20 ◦C (panel a),
the IL-free electrolyte shows a partial semicircle at high-medium frequencies, due to the relatively low
conductivity of the sample P(EO)1(LiTFSI)0.1 [31]. Finally, the inclined straight-line, observed at low
frequencies, is attributed to diffusive phenomena through the electrolyte (Warburg contribution) [38].
The impedance plots of Figure 3 clearly confirm how the incorporation of ionic liquid results in
a significant decrease of the electrolyte resistance, especially from room to medium temperature,
in agreement with the conductivity data reported in Table 1. However, a gain, even if moderate,
in interface resistance is also detected. For instance, the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 sample shows,
at the interface with Li metal, a resistance of 10–11% lower (i.e., from 830 to 750 cm2 at 20 ◦C and
from 7.0 to 6.3 cm2 at 80 ◦C) than that of the IL-free electrolyte (Table 1), in the whole investigated
temperature range (20–80 ◦C). We can hypothesize that the ionic liquid improves the Li+ cation mobility
at the electrolyte/lithium interface.

 
(a) (b) (c) 

Figure 3. AC response of Li/P(EO)1(LiTFSI)0.1/Li and Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/Li symmetrical
cells at 20 ◦C (panel a), 50 ◦C (panel b) and 80 ◦C (panel c).

Applications such as in automotives, smart grids, etc. require high power and for energy
to be readily available; this means that this requires the battery system to be feasibly discharged
and charged at high current rates without significantly depleting its performance. For instance,
the increase of the current rate promotes the diffusive phenomena within the battery, thus lowering
the content of the stored/delivered energy. In electrochemical cells, the redox process kinetics are
generally much faster than the active species diffusion through the electrolyte separator. By increasing
the current value, the matter transferring process becomes more and more predominant with
respect to those at the interfaces with the electrodes. When the current flow through the cell
achieves a limiting value, JL (diffusion limiting current), the electrochemical processes are fully
governed by the ion diffusion from the electrolyte bulk to the electrode surface and vice versa.
Therefore, JL is a key parameter for evaluating the feasibility of an electrolyte at high current rates.
The limiting current value was determined as reported in Materials and Methods. For instance,
linear sweep voltammetry tests were run (at 0.01 mV·s−1) on symmetrical Li/P(EO)1(LiTFSI)0.1/Li
and Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/Li cells at temperatures ranging from 40 to 80 ◦C. Figure 4
plots the current density values, recorded during the potentiodynamic measurements, as a function
of the cell overvoltage. After an initial step increase, in which the electrolyte membrane shows
a quasi-ohmic behavior, the current density is seen to progressively level off, likely associated with the
establishment of a concentration gradient within the electrolyte membrane [46], around a time-stable
value. Such a behavior indicates that the current density through the cell has reached the limiting
value (JL), e.g., the ion conduction processes inside the electrolyte membrane are governed by diffusion
phenomena (the concentration gradient extends through the overall electrolyte thickness). In Figure 4,
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it is shown how the JL value remarkably increases with the operating cell temperature but is not affected
by the presence of PYR14TFSI, i.e., from 0.13–017 to 1.2–2.0 mA·cm−2 (about one order of magnitude)
in passing from 40 to 80 ◦C for both the IL-free (panel a) and the IL-containing (panel b) electrolyte.
Therefore, the ionic liquid does not seem to reduce the diffusive phenomena through the PEO
electrolyte. However, the current density of the P(EO)1(LiTFSI)0.1 sample, upon achieving the limiting
value, quickly shows an abrupt feature during the potentiodynamic measurements at 60 ◦C and 80 ◦C
(Figure 4a). This behavior, repeatedly confirmed by several (potentiodynamic) tests carried out on
different Li/P(EO)1(LiTFSI)0.1/Li cells and never observed in the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1

sample, is ascribable to dendrite growth onto the Li electrode at current rates above 1 mA·cm−2.
The results reported in Figure 4a suggest that the IL-free electrolyte is not able to sustain high current
rates. Conversely, the ionic liquid plays a key role in improving the compatibility at the interface
with the lithium anode, in particular when the cell is subjected to high current rates instead of in
an open circuit condition as plotted in Figure 3. It is a plausible hypothesis that PYR14TFSI behaves
as a protective agent towards the Li metal electrode, allowing the running of charge/discharge
cycling tests at a high current density without appreciable degradation phenomena of the lithium
anode. Once more, this confirms the beneficial effect resulting from ionic liquid incorporation on
battery performance.

 
(a) (b) 

Figure 4. Current density vs. overvoltage curves obtained from potentiodynamic measurements
carried out on Li/P(EO)1(LiTFSI)0.1/Li (panel a) and Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/Li (panel b)
cells at different temperatures.

3.2. Composite Electrodes

The LiFePO4 electrode formulation was optimized in terms of carbon content in order to reach
a good compromise between electronic conductor content and cathode performance. Therefore,
electrode samples containing different carbon contents were prepared and investigated in terms of their
electronic conductivity by impedance spectroscopy. The results are reported in Figure 5 as AC responses
(panel a) and electronic conductivity vs. carbon content dependence (panel b). The impedance plot
of the carbon-free sample (Figure 5a) is constituted by a semicircle (not starting from the axis origin)
which does not display any capacitive contribution, indicating charge transfer at the interfaces with
the Al◦ collectors [38]. This behavior—i.e., supporting electron conduction through the composite
electrode—suggests the establishment of a three-dimensional network (percolation) formed by LiFePO4

particles and, therefore, electronic continuous pathways through the composite cathode [37]. It should
be noted that the as-received active material is provided as superficially carbon-coated; this supports
the not-very-low electronic resistance (given by the AC plot intercept with the real axis at low
frequencies [38]) of the composite cathode (i.e., pure LiFePO4 material exhibits very low electronic
conductivity [47]). The addition of KJB carbon around 3–4 wt. % results in a remarkable reduction of
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the semicircle diameter and a shifting of the low frequency intercept with the real axis towards smaller
impedance values, highlighting a decrease of the electronic resistance of the cathode. At a KJB content
equal to 6 wt. %, the semicircle practically reduces to a quasi-single point on the real axis, indicating
that the electronic conductivity is largely overcome with respect to the ionic one (the electron and ion
conductions through the polymer electrolyte are in parallel) of the polymer electrolyte incorporated
within the electrode. In such a condition, the electronic resistance of the composite cathode is given by
the distance of the “spot” response intercept with the real axis from the origin of the axes [38].

Figure 5b illustrates the electronic conductivity of the composite LiFePO4 cathode as a function
of the carbon content. As evinced in Figure 5a, the electron conduction raises up to 7 wt. % of KJB
with a gain of about 1.5 orders of magnitude. The further addition of carbon does not lead to any
improvement of the electron transport properties, whereas it depletes the active material content and,
therefore, the energy density of the composite cathode. Therefore, the KJB content in the LiFePO4

electrode was fixed to 7 wt. %.

  
(a) (b) 

Figure 5. Panel (a): impedance plots of Al/LiFePO4 composite cathode/Al symmetrical cells at
different carbon contents. Frequency range: 10 kHz–1 Hz. Temperature: 20 ◦C. Panel (b): electronic
conductivity of LiFePO4 composite cathode as a function of the carbon content. Temperature: 20 ◦C.

3.3. Battery Tests at 80 ◦C

Upon investigation of the electrochemical performance, the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1

ionic liquid-based, polymer electrolyte was subjected to tests in Li/LiFePO4 cells at 80 ◦C. Figure 6a
compares the voltage vs. capacity profile referring to the 1st charge–discharge cycle run at different
current rates. A flat plateau, typical of the Li+ insertion/de-insertion process into the LiFePO4 active
material [24,33,34], is observed (in the 3.3–3.6 V range) even at higher rates, with a coulombic efficiency
close to 99%. This highlights that IL-incorporating Li/LiFePO4 cells are capable of maintaining the
same voltage during almost the entire charge/discharge step. Only a 100 mV increase in ohmic drop
is observed on passing from 0.1C through 1C. An initial capacity corresponding to the theoretical
value (170 mA·h·g−1) is delivered up to the medium rate (0.33C) with just a moderate decrease at
high current rates, i.e., more than 160 mA·h·g−1 (>94.1% of the theoretical capacity) are discharged
at 1C. Figure 6b,c compares the voltage profiles of the selected charge/discharge cycles at 0.1C and
1C, respectively. It is worth noting that the excellent reproducibility of the battery performance, i.e.,
the profile feature and the delivered capacity, are practically unchanged after 100 consecutive cycles
run (at 100% of deep of discharge, DOD) even at high current rates, which is not often reported for
lab-scale, lithium metal polymer cells [24]. These results clearly show the very good reversibility of
the Li+ intercalation process even under hard operating conditions in combination with an excellent
compatibility at the electrolyte/electrode interface and negligible degradation phenomena occurring
within the cell components. Such a performance score, however, can be achieved only through good
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manufacturing of the electrolyte/electrode components, i.e., high purity levels and careful optimization
of the formulation, and of the full cells.

 
(a) (b) (c) 

Figure 6. Panel (a): voltage vs. charge/discharge capacity profile of the 1st cycle
of Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/LiFePO4 polymeric cells at 80 ◦C and different
current rates. Selected voltage vs. charge/discharge capacity profiles, obtained at 80 ◦C,
of Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/LiFePO4 cells at 0.1C (panel b) and 1C (panel c), respectively.

The cycling performance of the Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/LiFePO4 solid-state cells,
tested at 80 ◦C and different current rates, is depicted in Figure 7a. An excellent capacity retention
(as also evinced in Figure 6b,c) with a coulombic efficiency quickly leveling above 99.5% (100% at
0.1C) is recorded even at higher rates, i.e., more than 99.5% and 94% of theoretical capacity are initially
delivered at 0.33C and 1C, respectively, with a very modest decay (>98% and 93.6%, respectively)
after 100 consecutive cycles. This corresponds to a capacity fading around 0.005% per cycle and,
in conjunction with the very good charge/discharge efficiency, once more highlights a highly
reversible lithiation process in combination with the high purity level and high compatibility of
the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 polymer electrolyte towards electrodes, in particular with the
lithium metal anode, even at high current rates. Also, it should be noted that very clean lithium metal
tapes were used for the cell manufacturing in order to obtain an optimal Li/electrolyte interface.
Especially, we would like to point out the absence of dendrite growth on the Li electrode during
prolonged cycling tests run also at 1C, i.e., very rarely encountered in lithium metal polymer batteries
operating at medium-high temperatures under high rates [24]. These experimental data, in rather
good agreement with the results derived from potentiodynamic measurements depicted in Figure 4,
once more demonstrate that the incorporation of ionic liquids such as PYR14TFSI significantly improves
the PEO electrolyte interface with the lithium anode, allowing high current rates to be sustained for
prolonged cycling tests without appreciably depleting the cell performance.

  
(a) (b) 

Figure 7. Capacity and coulombic efficiency vs. cycle number evolution at different current rates (panel a);
and theoretical capacity vs. current density dependence (panel b) of Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/
LiFePO4 polymeric cells at 80 ◦C. The corresponding current rates are also reported.

128



Membranes 2018, 8, 41

The capacity vs. current density dependence (80 ◦C) is plotted in Figure 7b, which evinces a very
good rate capability. Above 94% of the theoretical value is still obtained at 1C, supporting an excellent
rate capability up to 1C, i.e., corresponding to about 0.7 mA·cm−2, which represents a very interesting
current value for an all-solid-state polymer electrolyte. A further increase of the current rate up
to 2C, i.e., around 1.4 mA·cm−2, leads to a reduction of the delivered capacity which levels off at
57% of the theoretical value. This behavior, ascribable to diffusive phenomena within the electrolyte
separator, is in good agreement with the results obtained by the potentiodynamic measurements
(Figure 3b), which indicates that above a current density of about 1.2 mA·cm−2 (determined as JL

value), the electrochemical processes through the cell are controlled by the diffusive phenomena
occurring within the polymer electrolyte. However, despite the capacity decay due to the operating
current density exceeding the limiting value, the Li/P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1/LiFePO4 cells are
still able to deliver about 100 mA·h·g−1 at a rate as high as 2C (about 1.4 mA·cm−2), i.e., representing
a remarkable capacity value for an all-solid-state polymer electrolyte.

The battery performance of the P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 electrolyte, detected at 80 ◦C in
Li/LiFePO4 cells, is compared with that of other lithium-conducting, ionic liquid-free, PEO membranes,
recorded in Li/LiFePO4 and Li/V2O5 systems at temperatures from 90 ◦C to 100 ◦C [18,22,23]. The data,
reported in Table 2, show how appreciable capacities, i.e., from 70 to 96% of the cell theoretical value,
are delivered only at low-medium rates (0.2C–0.33C). However, a capacity decay down to 45–60%
of the theoretical value is observed after 100 consecutive charge/discharge cycles, with a fading
corresponding to 0.26–0.36% per cycle. Conversely, very modest capacities, i.e., from 8 to 14%
of the theoretical value, are obtained when the current rate is increased up to 0.8C–1C. From the
data illustrated in Figures 6 and 7 and Table 2, it is evident how, at medium-high temperatures,
the PYR14TFSI-incorporating lithium polymer batteries behave much better in terms of their delivered
capacity and cycling performance than the IL-free ones. For instance, the addition of suitable ionic
liquid is able to largely improve the performance of the LPBs not only at ambient or near ambient
conditions, as previously reported in the literature [18,20,22,23], but even at medium-high temperatures.
Therefore, the PEO-LiTFSI-PYR14TFSI Li+-conducting membranes are very promising candidates as
electrolyte separator systems for all-solid-state lithium polymer batteries operating around 100 ◦C.

Table 2. Summary of the battery performance of the P(EO)1(LiTFSI)0.1(PYR14TFSI)1 polymer electrolyte
at 80 ◦C compared with that of lithium-conducting, ionic liquid-free, PEO membranes at medium-high
temperatures. (a) From reference [22]; (b) from reference [23]; (c) from reference [18]; (d) this work.

Polymer Electrolyte Sample Battery System T/◦C
Current

Density/mA·cm−2
Percent of Theoretical

Capacity/%

P(EO)1(LiCF3SO3)0.05 (a) Li/Cu0.1V2O5 90 0.1 (0.2C) 96 (1st) → 60 (100th)
P(EO)1(LiBETI)0.05 (b) Li/V2O5 90 0.24 (0.33C) 70 (1st) → 45 (100th)
P(EO)1(LiBETI)0.05 (b) Li/V2O5 90 0.72 (1C) 14 (1st)

P(EO)1(LiCF3SO3)0.03 + 5 wt. % SiO2 (c) Li/LiFePO4 100 0.2 (0.2C) 82 (1st) → 47 (100th)
P(EO)1(LiCF3SO3)0.03 + 5 wt. % SiO2 (c) Li/LiFePO4 100 0.8 (0.8C) 8 (1st)

P(EO)1(LiTFSI)0.1(PYR14TFSI)0.1 (d) Li/LiFePO4 80 0.7 (1C) 94.1 (1st) → 93.6 (100th)

4. Conclusions

PEO-LiTFSI Li+-conducting membranes, containing the PYR14TFSI ionic liquid, were prepared
and studied to be addressed as electrolyte separators for all-solid-state lithium polymer batteries
operating at medium-high temperatures. A solvent-free procedure was designed to prepare the
PEO-LiTFSI-PYR14TFSI electrolytes. These ternary systems have shown remarkably improved
thermal, ion transport and interfacial properties with respect to the ionic liquid-free electrolytes.
Wide electrochemical stability was observed even at medium-high operating temperatures. In particular,
the ionic liquid-based PEO electrolytes are able to sustain high current rates without any appreciable
lithium anode degradation, which is not allowed in binary ionic liquid-free, PEO-LiTFSI systems,
thus enabling their use in battery systems operating at 80 ◦C or above and high current rates. Battery
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tests carried out at 80 ◦C in Li/LiFePO4 polymeric systems have shown excellent cycling behavior and
capability retention at high current rates, e.g., more than 93.6% of the theoretical capacity (i.e., 99.5% of
the initial value) is still delivered after 100 cycles run at 1C with a coulombic efficiency close 100%.
This performance largely exceeds that of analogous, ionic liquid-free, polymer lithium batteries at the
same operating conditions, nominating the PEO-LiTFSI-PYR14TFSI ternary system as an electrolyte
separator for medium-high temperature lithium polymer batteries. It is worth highlighting the absence
of dendrite growth on the Li anode during prolonged cycling tests even at high current rates, which is
very often not observed in lithium metal polymer batteries.
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Abstract: A composite membrane based on a Nafion polymer matrix incorporating a
non-stoichiometric calcium titanium oxide (CaTiO3−δ) additive was synthesized and characterized
by means of thermal analysis, dynamic mechanical analysis, and broadband dielectric spectroscopy
at different filler contents; namely two concentrations of 5 and 10 wt.% of the CaTiO3−δ additive,
with respect to the dry Nafion content, were considered. The membrane with the lower amount of
additive displayed the highest water affinity and the highest conductivity, indicating that a too-high
dose of additive can be detrimental for these particular properties. The mechanical properties of
the composite membranes are similar to those of the plain Nafion membrane and are even slightly
improved by the filler addition. These findings indicate that perovskite oxides can be useful as a
water-retention and reinforcing additive in low-humidity proton-exchange membranes.

Keywords: Nafion; CaTiO3-δ; inorganic filler; composite electrolyte

1. Introduction

Nafion is the archetypical membrane for use in the proton exchange membrane fuel cell (PEMFC),
a clean technology suitable for both transport and stationary applications [1,2]. However, to be more
efficient electrical power generators, fuel cells should operate at low relative humidity (RH) conditions
and at temperatures higher than 80 ◦C. Indeed, at these conditions, the kinetics of the electrode reactions,
the tolerance to fuel contaminants, such as carbon monoxide, and the ions’ transport properties are all
improved. Furthermore, an increased operating temperature would mitigate the problems related to
thermal and water management [3].

Unfortunately, in PEMFCs operating at temperatures above 80 ◦C, Nafion experiences a severe
decrease in proton conductivity due to water evaporation, which is also reflected in an increase of the
electrolyte’s ohmic resistance [4].

One strategy to develop PMFC electrolytes suitable for high-temperature operation is to modify
the polymer matrix with inorganic additives that are able to improve the water retention capacity of
Nafion membranes. These additives, which can be metal oxide nanoparticles, such as SiO2, TiO2, and
ZrO2, or functionalized inorganic materials, such as sulfated metal oxide, reinforce the hydration and
proton conductivity of the membranes, thanks to their acidic and hygroscopic properties, allowing
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them to work at the desired conditions described above [5–8]. In particular, the incorporation of
hygroscopic particles in the host polymer can increase the accessible surface in Nafion membranes,
facilitating water trapping and creating an additional way for the transfer of protons through the
membrane, hence improving the overall fuel cell performance at high temperatures.

Titanium-based oxides are very attractive materials, thanks to their good features in terms of
cost, stability, and high natural abundance, triggering the R&D toward the improvement of their
chemical–physical properties by the study of their chemistry and surface geometry, making them
useful to several research fields [9]. In particular, oxides with a perovskite structure are materials
that have found the potential for a wide range of applications, such as sensors, optical devices, and
solid-oxide-fuel-cells electrodes and electrolytes [10]. This could be explained by the flexibility of the
perovskite design (ABO3), which allows for the accommodation of several doping agents, such as
metal transition elements at both A- and/or B-sites in the lattice. This leads to changes of the electrical
and optical properties of the oxide, introducing new electronic levels in the energy gap and providing
oxygen vacancies in the lattice of the perovskite [11].

It is expected that the main features of perovskites are controlled by the size and nature of both
A and B cations in the ABO3 structure and that the occupation of the B-site by several ions with
different acid/base properties affects the stability of the perovskite. Furthermore, the presence of the
oxygen vacancies in the structure can play a key role as active sites for the oxygen adsorption and
the dissociative absorption of water, for which the protons conductivity is favored. The last aspect
could be used to improve the hydrophilicity of the oxide by the protonation of the lattice oxygen
ions. This phenomenon seems to be predominant in perovskite-type oxides due to the low formation
enthalpies of oxygen ions as a consequence of low bond strengths and strong relaxation effects [12–14].

Consequently, with the aim to combine all the features of the abovementioned materials, a
non-stoichiometric perovskite titanium oxide, calcium titanate (CaTiO3−δ), is here proposed as a
water-retention and reinforcing additive in low-humidity proton-exchange membranes. The scope of the
present study is to investigate the impact of the additive on thermomechanical and proton-conduction
properties of membranes by differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), and broadband dielectric spectroscopy (BDS) studies, in order to evaluate the interplay
of the transition/relaxation phenomena in Nafion membranes at high temperatures and under
humidified conditions.

2. Materials and Methods

The CaTiO3−δ additive was prepared by a template-driven procedure recently proposed by our
group [14], using Pluronic F127 to control the structure of the particles and to promote the formation of
oxygen vacancies. More specifically, titanium isopropoxide and calcium dichloride dehydrated were
used as precursors. Pluronic F127 was dissolved in ethanol (molar ratio1:4), under vigorous stirring, for
20 min, at 60 ◦C. Subsequently, titanium isopropoxide was added into the above solution, to obtain a
titanium-oxide-based sol. At the same time, calcium dichloride was dissolved in deionized water, and,
after 15 min, it was added into the mixture. A 3M NaOH solution was dripped to facilitate the complete
dissolution of TiO2 and its conversion to CaTiO3. The solution was transferred in an autoclave and
treated at 180 ◦C, for 24 h, followed by natural cooling to room temperature. After that, the solid
product was centrifuged and washed several times with bi-distilled water. Finally, the perovskite was
calcinated for 3 h, at 550 ◦C (heating rate 3 ◦C/min), to remove the occluded template. During this step,
the polymer was oxidized, creating a reductive environmental near the oxide surface and facilitating
the formation of oxygen defects. All the reagents for this synthesis were Sigma-Aldrich products
(Sigma-Aldrich, St. Louis, MO, USA).

The sample particles obtained have well-defined prismatic, quasi-cubic morphology, as well
as the presence of holes/imperfections on the perovskite surface, which can be observed. Based on
Brunauer–Emmett–Teller (BET) analysis, the specific surface area was found to be 6.6 ± 0.5 m2·g−1.
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A solvent-casting procedure was used to prepare both doped and undoped Nafion membranes,
according to an established procedure [15–17]. Solvents of a commercial Nafion 5 wt.% dispersion
(E.W. 1100, Ion Power Inc., München, Germany) were gradually replaced with N,N-dimethylacetamide
(>99.5%, Sigma-Aldrich, St. Louis, MO, USA), at 80 ◦C. For the composite membranes, two filler
concentrations of 5 and 10 wt.% of the CaTiO3−δ additive, with respect to the dry Nafion content,
were chosen and added to the final Nafion solution. The mixture obtained was casted on a Petri
dish and dried at 80 ◦C. In order to improve the thermal stability and robustness of the membranes,
dry membranes were extracted and hot-pressed at 50 atm, 175 ◦C, for 15 min. The membranes
were activated and purified in boiling 3 wt.% hydrogen peroxide (H2O2, 34.5–36.5%, Sigma-Aldrich,
St. Louis, MO, USA), H2SO4 (0.5 M) and distilled water. Composite membranes were compared to
plain Nafion systems prepared with the same procedure. All samples were stored in bi-distilled water.
Membranes containing 5 and 10 wt.% of the inorganic filler are labeled in the text as M5 and M10,
respectively, while the undoped membrane is referred to as N.

The mechanical properties of the membranes were measured by means of a DMA 8000 (Perkin
Elmer Waltham, MA, USA) in the so-called “tension configuration”, on small membrane pieces that
were 4–6 mm wide, 10–12mm long, and 0.10–0.15mm thick [18–21]. The samples were cut from the
various membranes dried in an oven, at 80 ◦C (dry samples), or immersed in bi-distilled water, at room
temperature (wet samples). In this latter case, to prevent the release of water, the samples were very
quickly mounted into the DMA apparatus and measured. The storage modulus, M, and the elastic
energy dissipation, tanδ, were measured at 1 and 10 Hz, as a function of temperature between 20 and
190 ◦C, with a scan rate of 4 ◦C/min.

DSC experiments were carried out using a DSC821 instrument (Mettler-Toledo, Zaventem,
Belgium), under nitrogen (N2) flux (60 mL/min), in a temperature range between 30 and 150 ◦C, at
a scan rate of 20 ◦C/min. Before DSC measurements, membrane samples were equilibrated at 100%
relative humidity (RH) for two weeks. By using the STARe software, the determination of both the
Tonset and the enthalpy values associated with the thermal transition were evaluated. In particular,
the Tonset was defined as the intersection of the tangent of the peak with the extrapolated baseline,
whereas the peak area was proportional to the enthalpy of the thermal event.

Thermal gravimetric (TG) analysis was performed on dry samples, with a TGA/SDTA851
(Mettler-Toledo, Zaventem, Belgium), under air (80 mL/min), in a temperature range between 25 and
550 ◦C. Prior to measurements, the samples were dried at 80 ◦C, under vacuum, overnight.

Dielectric measurements were performed using a NovocontrolGmBH broadband dielectric
spectrometer (Montabaur, Germany), equipped with a QuatroCryosystem temperature-control unit.
The membranes were placed between two carbon electrodes and then between two gold-plated
electrodes (diameter of 10 mm), under humidity condition (i.e., we kept a water reservoir under the
bottom electrode. The spectra were measured in the frequency range from 10−1 to 107Hzand at different
temperatures, with the following temperature sequence: 20 ◦C→ 80 ◦C→ 110 ◦C→ 80 ◦C→ 20 ◦C.

3. Results and Discussion

3.1. Differential Scanning Calorimetry and Thermal Gravimetric Analysis

The DSC curves of all membranes are displayed in Figure 1. In the investigated temperature range,
a main peak is observed around 100 ◦C, assigned to an order–disorder transition of the ionic clusters in
Nafion [22]. The enthalpy value, calculated by integrating the DSC peak, associated to this endothermic
phenomenon, was evaluated and is reported in Table 1. In accordance to the literature [22], only
water associated with Nafion hydrophilic groups contributed to this thermal transition. In particular,
the enthalpy value increased with an increasing degree of hydration of the polymer, leading to a
major organization of ionic clusters and more cohesive interactions. At the same time, the change in
temperature of the transition peak is attributed to a plasticizing effect of water, for which a shift toward
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lower temperatures may correspond to higher hydration levels. However, in our case, the change in
the enthalpy values is much more significant than that in Tonset.

Figure 1. DSC response of the hydrated membrane samples.

Table 1. ΔH and Tonset associated to the thermal transition observed by DSC.

Samples Tonset (◦C) ΔH (J·g−1)

N 82 738
M5 81 747
M10 55 380

Among all samples, the composite membrane M5 (containing 5 wt.% of the CaTiO3−δ additive)
shows a higher ΔH value than both M10 (10 wt.% of CaTiO3−δ) and, to a lower extent, N (plain Nafion)
samples. The addition of CaTiO3−δ particles caused an increase in the water content, even though the
M10 sample, having the highest concentration of additive, displayed the lowest water affinity, possibly
due to phase segregation and a non-optimized distribution of the inorganic additive [23,24], which can
prevent the motions of the segments among the fluorocarbon backbone to restrict the water release.

The TGA curves obtained for the three membranes are shown in Figure 2 (panel a). The thermal
decomposition of the Nafion membrane occurs in three main steps. The first decomposition is associated
with desulfonation of the side-chain of the polymer; the second and the third transitions, occurring in
the range 350–450 ◦C, are related to side-chains and perfluorinated backbone decompositions [25].

 
(a) (b) 

Figure 2. (a) TG and DTG curves (b) recorded for the dry membranes.
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The TGA profiles show that all the membranes are thermally stable up to 300 ◦C, even
though, compared to plain Nafion, the two composite samples exhibit slightly higher decomposition
temperatures, as better shown by the derivative curves (see DTG curves in Figure 2b). In particular, the
last thermal process looks broader and shifted to higher temperatures for the M5 sample, suggesting a
stabilizing interaction between the filler and the Nafion matrix. Moreover, as shown in the inset of TGA
profiles (see Figure 2a), the composite membranes exhibit a smooth mass loss in a lower temperature
range (below 300 ◦C), most likely due to traces of surface water still present in the membrane after
the drying treatment carried out at 80 ◦C prior to the measurement. This can be explained in terms
of extra hygroscopicity induced by the inorganic fillers. The presence of surface water looks to be
more evident in M5.This could be explained by considering an optimal concentration/dispersion of the
perovskite additive, able to hold water during the drying step and to release it gradually at higher
temperature. The greater slope observed in M5, as compared to M10 (see inset of Figure 2a), suggests
a higher content of surface water. Considering the final weights after TGA analysis, it is clear that
the M10 membrane leaves a higher amount of residual weight, in respect to the other samples. This
evidence could be interpreted by assuming a strong interaction between the Nafion polymer and the
perovskite particles, for which the removal of the decomposed Nafion products at a high temperature
is more difficult.

3.2. Dynamical Mechanical Analysis

Figure 3 reports the storage modulus and the elastic energy dissipation of the dry membranes
measured at two fixed frequencies (1 and 10 Hz), during heating between room temperature and
180 ◦C, with arate of 4 ◦C/min. In agreement with DSC measurements, the Nafion membrane shows
a relaxation around 110 ◦C, indicated by the occurrence of an intense peak in tanδ and a two-order
magnitude drop in the modulus. This relaxation, usually indicated as α-relaxation, was already largely
reported [18,19] and corresponds to the glass transition of the hydrophilic domains (polar regions) of
Nafion [26].

In the composite membraneM5, the α-relaxation is slightly shifted to higher temperatures
compared to the pure Nafion sample, and this shift is even more clear when increasing the amount of
filler, since, for the M10 samples, the relaxation is observed at around 130 ◦C. At room temperature, the
modulus values of the three samples are close, while at higher temperature, the composite membranes
present slightly higher modulus values, thus confirming the reinforcing action of the filler. In particular,
above 90 ◦C the modulus of the M10 membrane is the highest. Indeed, at room temperature, the
modulus values could be affected by some undesired water contamination occurring during sample
loading, while on heating above 100 ◦C, these effects should be suppressed. An increase of the modulus
in a Nafion membrane, with an addition of a filler like SnO2 nanoparticles [27] and sulphated SnO2

ceramic nano-powders [19], was already observed.
The modulus and the elastic-energy dissipation of the wet membranes measured at a fixed

frequency of 1 Hz during heating between room temperature and180 ◦C, with a rate of 4 ◦C/min,
are reported in Figure 4. The α-relaxation is shifted to slightly higher temperatures compared to the
dry membranes, and the highest temperature for the maximum of the energy dissipation is observed
for the wet M10 membranes, confirming that the faded filler increases the relaxation temperature.
On cooling (Figure 4), the peak associated to the α-relaxation presents its maximum at about 90 ◦C for
the pure Nafion and the M5 membranes. In both membranes the α-relaxation displays a clear thermal
hysteresis between heating and subsequent cooling, as already reported for similar systems [18,19].
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Figure 3. Modulus and elastic energy dissipation of pure and dry Nafion (black) and composite
membranes M5 (red) and M10 (blue), measured on heating, at two frequencies, i.e., f = 1 Hz (full dots)
and f = 10 Hz (open dots).

Contrarily, the peak displayed by the M10 membrane does not present a significant temperature
shift when measured on cooling. For comparison, the curves (both storage modulus and tanδ) measured
on cooling for the dry samples are also reported in Figure 4. The curves measured in the cooling run
for the Nafion and the M5 membranes, starting from their wet state, are close to the curves measured
on cooling for the corresponding dry samples. Conversely, the tanδ measured on cooling for the M10
membranes, starting from the wet state, displays the α-relaxation at the same temperature at which it
is detected in the heating run, and well above the temperature at which it appears in the spectrum
measured on cooling, starting from the dry state. Indeed, it seems that, for this latter sample, the
α-relaxation shows a very small thermal hysteresis between heating and cooling, regardless of the
water content, maybe due to some interactions between the higher amount of filler and the Nafion
matrix. Moreover, with a higher amount of filler, the presence of water (i.e., at wet conditions) seems
to increase, more remarkably, the temperature at which this relaxation occurs.

The modulus values of the wet Nafion and M5 samples measured at room temperature before
heating are close to that displayed by the corresponding membranes in the dry state, while the
modulus displayed by the wet M10 membrane is slightly lower than the one measured on the dry
M10 membrane, suggesting that, in this latter case, water acts more remarkably as a plasticizer that
decreases the stiffness of the membranes. However, when comparing the modulus value in the cooling
run, where most of the water may have evaporated, the curves are close for the same kind of samples,
independent of the initial state (wet or dry). This confirms that the thermal treatment completely
eliminates the hydration history of the samples. A small difference can be noticed only for the M5
membranes, where the modulus measured in the cooling run, starting from the wet state, is slightly
higher than those obtained when cooling the dry sample.
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Figure 4. Modulus and elastic energy dissipation of pure Nafion (black) and composite membranes M5
(red) and M10 (blue) in the wet state, measured at f = 1 Hz, on heating (full dots) and subsequent cooling
(open dots). Dry membranes measured at f = 1 Hz, on cooling (lines), are also reported for comparison.

3.3. Dielectric Spectroscopy Studies

Figure 5 shows the frequency dependence of the imaginary part of the permittivity (ε′′) as a
function of frequency for plain Nafion, M5, and M10, at a given temperature of 20 ◦C, during cooling.

Figure 5. Frequency dependence of the imaginary part of the permittivity for Nafion, M5, and M10, at
a given temperature of 20 ◦C, during cooling.
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For samplesM5 and M10, two clear dielectric relaxation processes are observed at high and low
frequencies. These relaxation processes, called β-relaxations (i.e.,β1, β2) and generally observed at a
low temperature (i.e., lower than Tg), were attributed to conformational changes of the ether group
bound to the backbone end of the side-chain or the ether group bound to the sulfonate end of the
side-chain [28]. These β-relaxations are completely different from the main structural α-relaxation,
which occurs at higher temperatures, around 110 ◦C, as revealed by DMA measurements, and is
associated to the long-range movement of the fluorocarbon domains (i.e., to Tg). In the case of Nafion,
one major β-relaxation process is observed at high frequencies, while, at the limit of the lowest
frequency investigated, the shape of the curve is reminiscent of the tail of a β-relaxation (peaked at
low frequencies outside the frequency window investigated).A similar behavior was found in Nafion
membranes investigated by Di Noto et al. [28,29]. Both β-relaxations (i.e.,β1, β2) become faster with
increasing temperature and move to higher frequencies, which implies that, at 80 ◦C, both are outside
the experimental frequency window investigated (see Figure 6). This figure shows that the main
structural α-relaxation is not observed within the studied frequency window, but two conductivities
are detected instead. These are recognized by the typical slope of −1.

Figure 6. Frequency dependence of the imaginary part of the permittivity for Nafion, M5, and M10, at
a given temperature of 80 ◦C, during heating.

We propose to assign the conductivity observed at low frequencies (i.e., in the range 10−1–101 Hz)
to localized and slow phenomena, whereas the conductivity at higher frequencies (i.e., in the range
104–106 Hz) is attributed to long-range bulk or dc conductivity. Both these two conductivities are
associated to ε”, with a slope of −1, and become faster with an increasing concentration of CaTiO3 (see
arrow in Figure 6).

The conductivity curves recorded for all three membranes (Nafion, M5, and M10) and over the
whole frequency window, as well as for all temperatures (i.e., 20, 80, and 110 ◦C) are shown in Figure 7,
both for the heating and cooling scans.

Two characteristic ranges can be observed, at low (10−1–10 Hz) and high (104–106 Hz) frequencies,
a behavior similar to that described by Di Noto et al., in the investigation of dry and wet Nafion [28].

The conductivity at low frequencies (10−1–101 Hz) shows a similar general trend for the three
samples, increasing with increasing temperatures during heating and decreasing, with decreasing
temperature during cooling. However, the conductivity at high frequencies (104–106 Hz) shows
different behaviors in the three samples. For Nafion, the conductivity values are lowered by one order
of magnitude after heating to 110 ◦C, which most likely reflects the dehydration of the membrane.
For M5, the conductivity values during heating and cooling show a small but detectable change, with
the conductivity increasing upon increased temperature. M5 also shows the highest conductivity,
reaching a value at 110 ◦C of 3.1 × 10−3 S·cm−1 at 110 ◦C. For M10, there is no significant change in
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conductivity during heating and cooling, and a value about 1.2 × 10−3 S·cm−1 is measured. These
trends are better visualized in Figure 8.

 
(a) 

 
(b) (c) 

Figure 7. Conductivity (σ’) spectra as a function of frequency for Nafion (a), M5 (b), and M10 (c),
during heating and cooling.

Figure 8. The dc conductivity as a function of temperature for Nafion, M5, and M10, during heating
and cooling.

Table 2 shows the dependence of the dc conductivity on composition, for the representative
temperature of 110 ◦C. The three samples all exhibit a reasonably high conductivity (~10−3 S·cm−1),
although M5 displays the highest value, indicating that a too-high concentration of CaTiO3 can be
detrimental for the conducting property. The conductivity displayed by M5 at 110 ◦C is higher than
that of dry Nafion at the same temperature [28] and slightly lower than, but comparable to, that of
Nafion containing sulfated zirconia as the filler (also added at 5 wt.%) [29].

Table 2. Conductivity values (σ) measured for different membranes at 110 ◦C.

Sample wt.% CaTiO3 σ (mS·cm−1)

N 0 2.1
M5 5 3.1
M10 10 1.3

Nafion (wet) [28] - 10–100
Nafion (dry) [28] - 0.0001–0.001

S-ZrO2/Nafion (dry) [29] - 1–10
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The reported results indicate that composite membranes obtained by adding calcium titanate as
filler in a Nafion matrix display interesting properties that ought to be considered for electrochemical
applications, such as in PEMFCs. An improved water affinity and enhanced proton conductivity is
observed for a low concentration of the filler (around 5 wt.%), whereas higher filler contents (about
10 wt.%) are not beneficial for the thermal and conducting performance of the membrane. This behavior
was already reported for other types of filler in composite membranes [24]. In particular, previous
results published by Chen et al. [30] show that Nafion membranes containing 5 wt.% of sulphated
tin oxide had higher proton conductivity than both the undoped membrane and the membrane with
10 wt.% of filler. Moreover, filler loading around 4–5 wt.% was the most effective, also for Nafion-based
composite membranes containing different metal oxide fillers, likely due to the more homogeneous
dispersion of the additive within the polymer matrix [8,27]. The issues of inhomogeneous dispersion
and non-optimized filler-to-polymer interactions appear to be particularly critical in this work due to
the micrometric size of the calcium titanate particles [14], exceeding the dimension of the hydrophilic
domains and, possibly, occluding them to some extent. Moreover, a too-high filler concentration
could block the ionic channels and impede ionic motion, as also suggested for proton-conducting
hybrid membranes containing protic ionic liquids and silica nanoparticles or mesoporous silica
nanospheres [31].

4. Conclusions

In the present paper, a composite membrane based on a Nafion polymer matrix incorporating a
CaTiO3−δ additive is proposed and investigated. Different filler contents, namely two concentrations
of 5 and 10 wt.% of the CaTiO3−δ additive, with respect to the dry Nafion content, were considered.
The membrane with the lower amount of additive displayed better properties in terms of both water
affinity and conductivity. Indeed, our results suggest that a too-high content of additive can be
detrimental for these particular properties. However, our results indicate that perovskite oxides can be
useful as a water-retention and reinforcing additive in low-humidity proton-exchange membranes.
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Abstract: Printed batteries have undergone increased investigation in recent years because of the
growing daily use of small electronic devices. With this in mind, industrial gravure printing has
emerged as a suitable production technology due to its high speed and quality, and its capability
to produce any shape of image. The technique is one of the most appealing for the production of
functional layers for many different purposes, but it has not been highly investigated. In this study,
we propose a LiFePO4 (LFP)-based gravure printed cathode for lithium-ion rechargeable printed
batteries and investigate the possibility of employing this printing technique in battery manufacture.

Keywords: gravure printing; printed batteries; printed cathode; lithium batteries; multilayer

1. Introduction

The use of printing techniques as a low cost production method for creating layers of different
functional materials has recently undergone increased investigation in many fields. Compared with
coating techniques, printing allows greater control of the characteristics of the layer, the possibility to
realize any desired shape and pattern, and it also delivers a higher production speed. Among these
printing techniques, the gravure technique is the most commonly used for the production of magazines
and flexible packaging because of its ability to couple high throughput (speed up to 400 m/min−1)
and high quality (resolution 0.1 μm). Gravure is considered to be the most promising technique for
producing thin layers (0.05–10 μm) of different functional materials [1]. The use of such conventional
roll-to-roll industrial printing techniques allows the manufacture of low cost flexible structures and
devices at high volume [2,3] in a one-step direct deposition process, which is suitable for patterning
realization and large area production under ambient conditions, coupled with a minimal waste of
energy, time, and materials [4–6]. With this aim, in the last few years organic materials, such as
polymers and conductive polymers, have been successfully gravure printed in our laboratories to be
employed in the field of optoelectronic [7–10]. More recently, this technique has also been demonstrated
to be suitable for inorganic materials such as ceramics, offering the possibility to tailor the layer’s
characteristics through the modulation of the printing parameters [11]. The level of control of particle
deposition is high enough to allow an innovative method of oxide sintering at low temperatures under
pressure-less conditions [12].

In this paper, we demonstrate that it is possible to employ the gravure printing technique in
the field of printed batteries. Printed batteries are thin batteries used in portable electronic devices,
and their use is becoming more and more widespread in our daily lives [13]. All such devices (e.g.,
wearable, beauty, and biomedical) need only a small specific capacity (5–10 mAh·cm−2), which has
to be provided by a thin and customizable battery with a volume below 10 mm3 in order for it to be

Membranes 2019, 9, 71; doi:10.3390/membranes9060071 www.mdpi.com/journal/membranes145



Membranes 2019, 9, 71

perfectly integrated into the device. To date, industrially produced printed batteries are mostly not
rechargeable [13].

Despite its possible advantages, the use of gravure printing for the production of printed batteries
has not been well reported in scientific literature [14]. This is mainly due to the requirement of having
to use low viscosity inks in order to achieve adequate thickness, particularly in electrodes, for achieving
adequate capacities [15]. In addition, the possible contamination of materials from the printing cylinder
(steel, copper, or chromium) limits the ink formulation. Finally, while the possibility to print polymers
and inorganic materials separately has been demonstrated, the possibility to print such materials
together in a homogenous composite structure remains a challenge.

In this study, gravure printing is used to produce LiFePO4 (LFP)-based cathodes for rechargeable
lithium-ion batteries using a multilayer approach. The well-known LFP was chosen as a reference.
Moreover, in accordance with the most recent research regarding green aspects of component
preparation, the cathodes were prepared using a water soluble sodium carboxy methyl cellulose (CMC)
binder, which was deposited by water based ink solution.

2. Materials and Methods

Suitable inks were prepared for the gravure printing of the cathodes, with a fixed percentage of
the solid component and a variable solvent content. The materials involved and their proportions
were as follows: LiFePO4 (LFP) (Sigma–Aldrich, Milan, Italy) as the active material (84%), super P
(Thermofisher, Karlsruhe, Germany) as the conductive carbon (10%), and sodium carboxy methyl
cellulose (CMC) (Panreac Quimica sa., Barcelona, Spain) as the binder (6%). The solvent used was a
mixture of water and 2-propanol (80–20 wt%). The cathodes were constructed through a multilayer
deposition of 3 layers (3L) or 5 layers (5L). The first layer was deposited by ink containing 23% by
weight of dry content. The second layer was deposited by adding 10% of the mixed solvent to the ink
used for the first layer. The successive layers were printed, adding a further 5% of the mixed solvent in
each step. The solid content of each layer is reported in Table 1. The cathodic layers were deposited on
aluminum foils (Sigma–Aldrich) using a commercial lab-scale IGT G1-5 gravure printer (IGT, Alemere,
Netherlands) equipped with a cylinder with a line density of 40 lines/cm, stylus angle of 120◦, cell
depth of 72 μm, and screen angle of 53◦. Each layer, and the finished cathodes, were dried at 130 ◦C.
No final calendering was performed on the printed cathodes. After preliminary tests, the best printing
conditions were found to be a printing force of 500 N at a speed of 36 m/min. The printing conditions
were kept constant for all the printed layers. The electrical conductivity of the printed layers was
verified by sheet resistance measurements performed by a four points probe instrument (Resistest RT
8A coupled with Resistage RG 8 supplied by Napson, Korea). The thickness and surface roughness
of the printed samples were investigated by interferometry-based optical profilometer (Talysurf CCI
HD, Taylor Hobson, Leicester, UK). The reported values represent the average obtained by several
measurements and have a standard deviation of about 10%. The root mean square surface roughness
was obtained according to the ISO 25178 standard. The morphology of the printed cathodes was
also investigated through scanning electron microscopy (1530, LEO Elektronenmikroskopie GmbH,
Oberkochen, Germany). The 3L and 5L cathodes were cut into discs of 14 mm diameter and tested
in cells against lithium metal foil discs of 12 mm diameter. The separator was a glass fiber disc
and the electrolyte used was an LP30 battery grade (Sigma–Aldrich) (1 M solution LiPF6 in a 1:1 by
volume mixture of ethylene carbonate and diethyl carbonate (EC:DEC, 1:1)). Galvanostatic cycling
measurements were performed on the cells by a Maccor 4000 at 20 ◦C, at a fixed 0.1 C, and then at
increasing C-rates.
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Table 1. Layer by layer characteristics of the gravure printed cathodes.

Layer n.
Ink dry Content

(%)
Overall Active

Material (g cm−2)

Overall Thickness
(μm)

Surface
Roughness (nm)

1 23 9 10−5 1.7 1
2 21 2 10−4 3.2 1.5
3 20 4 10−4 4.6 1.8
4 19 5 10−4 5.9 2.3
5 18 5 10−4 7.1 2.5

3. Results and Discussion

The gravure printing process consists of the fluid transfer of low-viscosity ink from the
micro-engraved cells of a printing cylinder directly onto a flexible substrate through the pressure of a
rubber cylinder as depicted in Figure 1. The desired geometry/patterning is obtained by engraving it
onto the printing cylinder.

 
Figure 1. Schematic of the gravure printing process.

Several physical parameters relating to the materials, such as the ink and the substrate, are
important in the gravure printing production quality; the ink viscosity, its rheological behavior,
the surface tension/surface energy, the solvent evaporation rate, and the substrate porosity and
smoothness. Moreover, process parameters such as cell geometry and density, printing pressure, and
speed also play an important role on the final results. Although it may appear to be a relatively simple
process, gravure printing has a complex multi-physical nature involving a series of sub-processes
(inking, doctoring, transfer, spreading, and drying), each with its ideal operating regime, and each one
determining the final quality of the printed product. In addition, an important issue is the formulation
of low viscosity inks (1–100 mPa·s) [16] suitable for gravure printing that are able to realize proper
functional layers. Thus, in order to prepare the inks, a large quantity of solvent is required. In this
work, in order to develop a sustainable process, a water soluble CMC was used as a binder, and for
this reason a mixture of water and 2-propanol was used in the ink formulation. The 2-propanol played
the role of improving the ink printability, decreasing the surface tension due to the use of water, and
improving the ink wettability of both the substrate and the printing cylinder. Taking into account
all such matters, several preliminary tests were carried out to identify the best ink composition and
process parameters, and the results are reported in the experimental section. Composite cathodic
materials were successfully gravure printed onto aluminum foils and demonstrated good printability.
To increase the mass loading, a multilayer approach was used. Up to five layers were overlapped
using inks at decreasing dry content levels, keeping all the other printing parameters (cylinder, speed,
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pressure, drying temperature) constant, which benefited the overall production process. The multilayer
was created by stacking at increasing solvent amounts in order to improve the distribution. This
approach has been proved as the best way to lay down the consecutive printed layers [8]. The layer by
layer characteristics of the printed cathodes are reported in Table 1. The mass loading of the active LFP
material increased until the third layer. When adding another two layers (up to five), the increase in
the mass loading and the thickness of the printed layers was poor due to the decreasing dry content of
the inks. It had been expected that the increase in the solvent content of the inks on each of the layers
would restrain the surface roughness increase, but this effect was not observed. This is likely due to the
starting size distribution of the active material, which was measured in microns. In addition, the SEM
images in Figure 2 show worse distribution and a slightly higher inhomogeneity in the 5L cathode
when compared with the 3L.

Figure 2. SEM images of the 3 layer (3L) (a3,b3,c3) and 5 layer (5L) (a5,b5,c5) gravure printed cathodes
at different magnifications.

When the magnification of the cathode images is increased, it can be seen that the lower
homogeneity of the 5L appears to be caused by polymer segregation occurring between the CMC
polymer and the LFP active material. This is probably due to the low affinity of the CMC versus
the increasing 2-propanol content in the ink generating the formation of polymer domains into the
printed layer, thus worsening the distribution of the components in the 5L cathode itself. Both the
cathodes were tested in batteries against lithium metal. In Figure 3, examples of charge-discharge
cycles obtained for the 3L and 5L cathodes are reported.

The galvanostatic profiles appear featureless and present a typical LFP plateau, which is flat
around 3.4 V in both charge and discharge, showing a stable cyclability and specific capacities close to
the theoretical one (170 mAh/g). This is especially true for the 3L cathode. These results demonstrate
that the structure of the printed layer is suitable to be used as a cathode. The discharge specific
capacities of the 3L and 5L cathodes are shown in Figure 4.
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Figure 3. The galvanostatic profiles for cycles 5–10 obtained for the 3L (A) and the 5L (B) gravure
printed cathode. The insets are photographs of the electrodes.

Figure 4. The discharge specific capacity vs. cycle number of the 3L and 5L gravure printed cathodes.

Sample 3L shows specific capacity values close to the theoretical ones, with a very high coulombic
efficiency (>98%) for almost 100 cycles. After a few initialization cycles (<5) there is no capacity fading
upon cycling at C/10. The same behavior can be observed in the 5L sample, but the values are 20 mAh
lower. This provides important feedback regarding the production process. The higher homogeneity
of the 3L cathode leads to higher efficiency in its behavior in batteries, thus demonstrating that the 3L
cathode is better than the 5L cathode, especially when considering the necessary production steps.
Since no calendering was performed on the printed cathodes, the positive battery tests suggest that
using gravure printing would allow such post-process steps to be skipped, which would simplify the
overall process. Cycling of the investigated cells was continued, and they showed good stability over
time. Therefore, long life cyclability can be expected.

The charge and discharge capacities compared to the cycle numbers at increasing specific currents
for the cells containing the 3L and 5L cathodes are reported in Figure 5. The Figure shows good
stability of the cells at different rates and similar values for the charge and discharge capacities
above 100 mAh·g−1, even at 2 C-rate. However, the obtained mass loadings (see Table 1) are too
low for practical applications, but they could be improved by increasing the thickness and density

149



Membranes 2019, 9, 71

of the layers by decreasing the size and narrowing the size distribution of the active material. This
would allow the printability of more concentrated inks, even when using different multilayer profiles.
Moreover, a substrate pre-treatment, such as a commonly used corona discharge, would also improve
the distribution of the solid on the substrate. Such changes would also improve the homogeneity of
the printed electrode, further improving its performances. Furthermore, the use of a better performing
active material than LFP would simplify the target achievement. Nevertheless, the good performance
results, in terms of efficiency and reproducibility, of the printed cathodes in this study prove the
feasibility of gravure printing in the field of printed batteries. This work may open the way for layer
by layer device manufacturing using only gravure printing, which would potentially bring large
advantages in terms of fast, easy, and low cost printed battery production.

Figure 5. The charge-discharge specific capacity vs. the cycle number of the 3L and 5L gravure printed
cathodes at increasing C-rates.

4. Conclusions

Thanks to a multilayer approach, the gravure printing technique led to the production of functional
composite layers. The feasibility to gravure print cathodes for batteries has been demonstrated and,
even with only a few overlapped layers, good performances was achieved. Keeping most of the
printing parameters constant during the production process and skipping the calendering step allowed
the manufacturing process to be simplified, which would make its industrial scaling easier. The
performances of the printed cathodes could be improved by increasing the layer homogeneity by
decreasing the size and the size distribution of the starting materials. These results open the way to
the possibility of utilizing such techniques in future industrial production, especially in the field of
printed batteries.

Author Contributions: Conceptualization, M.M. (Maria Montanino); Data curation, M.M. (Maria Montanino);
Investigation, M.M. (Maria Montanino), G.S., A.D.G.D.M. and M.M. (Margherita Moreno); Methodology, M.M.
(Maria Montanino) and G.S.; Writing—original draft, M.M. (Maria Montanino); Writing—review & editing, M.M.
(Maria Montanino) and G.S.

Funding: Please add: Part of this work was funded by the research program “Ricerca di Sistema Elettrico” inside
the “Accordo di Programma MiSE- ENEA”.

Conflicts of Interest: The authors declare no conflict of interest.

150



Membranes 2019, 9, 71

References

1. Søndergaard, R.R.; Hosel, M.; Krebs, F.C. Roll-to-Roll Fabrication of Large Area Functional Organic Materials.
J. Polym. Sci. Part B Polym. Phys. 2013, 51, 16–34. [CrossRef]

2. Tsay, C.-Y.; Wu, P.-W. Low temperature deposition of ZnO semiconductor thin films on a PEN substrate by a
solution process. Electron. Mater. Lett. 2013, 9, 385–388. [CrossRef]

3. Kim, S.J.; Yoon, S.; Kim, H.J. Review of solution-processed oxide thin-film transistors. Jpn. J. Appl. Phys.
2014, 53, 02BA02. [CrossRef]

4. Puetz, J.; Aegerter, M.A. Direct gravure printing of indium tin oxide nanoparticle patterns on polymer foils.
Thin Solid Films 2008, 516, 4495–4501. [CrossRef]

5. Alsaid, D.A.; Rebrosova, E.; Joyce, M.; Rebros, M.; Atashbar, M.; Bazuin, B. Gravure printing of ITO
transparent electrodes for applications in flexible electronics. J. Display Technol. 2012, 8, 391–396. [CrossRef]

6. Khan, S.; Lorenzelli, L.; Dahiya, R. Technologies for printing sensors and electronics over large flexible
substrates: A review. IEEE Sens. J. 2015, 15, 3164–3185. [CrossRef]

7. Montanino, M.; De Girolamo Del Mauro, A.; Tesoro, M.; Ricciardi, R.; Diana, R.; Morvillo, P.; Nobile, G.;
Imparato, A.; Sico, G.; Minarini, C. Gravure-printed PEDOT:PSS on flexible PEN substrate as ITO-free anode
for polymer solar cells. Polym. Compos. 2015, 36, 1104–1109. [CrossRef]

8. Sico, G.; Montanino, M.; De Girolamo Del Mauro, A.; Imparato, A.; Nobile, G.; Minarini, C. Effects of the ink
concentration on multi-layer gravure-printed PEDOT:PSS. Org. Electron. 2016, 28, 257–262. [CrossRef]

9. Montanino, M.; Sico, G.; Prontera, C.T.; De Girolamo Del Mauro, A.; Aprano, S.; Maglione, M.G.; Minarini, C.
Gravure printed PEDOT:PSS as anode for flexible ITO-free organic light emitting diodes. Express Polym. Lett.
2017, 11, 518–523. [CrossRef]

10. Sico, G.; Montanino, M.; De Girolamo Del Mauro, A.; Minarini, C. Improving the gravure printed PEDOT:PSS
electrode by gravure printing DMSO post-treatment. J. Mater. Sci. Mater. Electron. 2018, 29, 11730–11737.
[CrossRef]

11. Sico, G.; Montanino, M.; Prontera, C.T.; De Girolamo Del Mauro, A.; Minarini, C. Gravure printing for thin
film ceramics manufacturing from nanoparticles. Ceram. Int. 2018, 44, 19526–19534. [CrossRef]

12. Sico, G.; Montanino, M.; Ventre, M.; Mollo, V.; Prontera, C.T.; Minarini, C.; Magnani, G. Pressureless sintering
of ZnO thin film on plastic substrate via vapor annealing process at near-room temperature. Scr. Mater. 2019,
164, 48–51. [CrossRef]

13. Oliveira, J.; Costa, C.M.; Lanceros-Méndez, S. Printed Batteries: An Overview. In Printed Batteries Materials,
Technologies and Applications, 1st ed.; Lanceros-Méndez, S., Costa, C.M., Eds.; John Wiley & Sons Ltd.:
Chichester, UK, 2018; pp. 1–14.

14. Hwang, S.S.; Cho, C.G.; Park, K.-S. Stabilizing LiCoO2 electrode with an overlayer of LiNi0.5Mn1.5O4 by
using a Gravure printing method. Electrochem. Commun. 2011, 13, 279–283. [CrossRef]

15. Rassek, P.; Wendler, M.; Krebs, M. Industrial Perspective on Printed Batteries. In Printed Batteries Materials,
Technologies and Applications, 1st ed.; Lanceros-Méndez, S., Costa, C.M., Eds.; John Wiley & Sons Ltd.:
Chichester, UK, 2018; pp. 185–192.

16. Krebs, F.C. Fabrication and processing of polymer solar cells: A review of printing and coating techniques.
Sol. Energy Mater. Sol. Cells 2009, 93, 394–412. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

151





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Membranes Editorial Office
E-mail: membranes@mdpi.com

www.mdpi.com/journal/membranes





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-0739-2 


	Blank Page

