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Abstract: Li-ion batteries (LIBs) represent the most sophisticated electrochemical energy storage
technology. Nevertheless, they still suffer from safety issues and practical drawbacks related to
the use of toxic and flammable liquid electrolytes. Thus, polymer-based solid electrolytes may
be a suitable option to fulfill the safety and energy density requirements, even though the lack
of high ionic conductivity at 25 ◦C (10−8–10−7 S cm−1) hinders their performance. To overcome
these drawbacks, herein, we present an all-solid-state Li-metal full cell based on a three-component
solid poly(ethylene oxide)/lithium bis(trifluoromethanesulfonyl) imide/titanium dioxide composite
electrolyte that outclasses the conventional poly(ethylene oxide)-based solid electrolytes. Moreover,
the cell features are enhanced by the combination of the solid electrolyte with a self-standing LiFePO4

catholyte fabricated through an innovative, simple and easily scalable approach. The structural,
morphological and compositional properties of this system are characterized, and the results show
that the electrochemical performance of the solid composite electrolyte can be considerably improved
by tuning the concentration and morphology of TiO2. Additionally, tests performed with the self-
standing LiFePO4 catholyte underline a good cyclability of the system, thus confirming the beneficial
effects provided by the novel manufacturing path used for the preparation of self-standing electrodes.

Keywords: all-solid-state cell; Li-metal cell; polymer electrolyte; self-standing electrodes

1. Introduction

One of the most important challenges worldwide has been identified as the develop-
ment of a new green technology to replace non-renewable energy sources and drastically
reduce the consumption of finite fossil fuels [1]. For this purpose, Li-ion batteries (LIBs)
are a key player in the integration of renewable energy sources and the decarbonization
process. The importance of LIBs relies on their outstanding features such as high energy
density, good cycling stability, long cycle life and low self-discharge [2–4].

However, one of the main drawbacks affecting Li-ion batteries concerns the use of
liquid electrolytes based on highly flammable organic solvents that has raised serious safety
concerns. Moreover, liquid electrolytes represent a limit for this type of technology due
to their poor thermal stability, low electrochemical voltage window, tendency toward Li
dendrite growth, insufficient structural strength and electrolyte leakage risk [5–7].

Thus, to meet the requirements of a safe and energy-dense device, solid polymer
electrolytes (SPEs) have been demonstrated to be a cheap, easily scalable and safe alterna-
tive [8–13]; in particular, poly(ethylene oxide) (PEO) has attracted considerable attention
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thanks to its low cost, high safety, thermal stability, high flexibility and good mechanical
properties [5,14]. Nevertheless, SPEs present some crucial issues mainly associated with
their poor ionic conductivity at 25 ◦C which is currently limiting their practical applica-
tions [15–19].

Up to date, some promising approaches that address the insufficient ionic conductivity
have already been reported, but they often hinder other properties of the membrane [18].
For example, the introduction of small molecules or low amounts of organic solvent
as plasticizers could increase the ionic conductivity but it could also compromise the
robustness of the membrane [20,21].

Among all, the addition of nanosized inorganic fillers or salts has proven to be an
encouraging solution, especially because they can improve the ionic conductivity of the
electrolyte and, at the same time, enhance the mechanical properties of the membrane
bringing several beneficial effects [22,23]. In particular, metal oxides such as SiO2 [24–27],
Al2O3 [26–29], MgO2 [30,31] and others have been reported in the literature as efficient
passive fillers; among all, TiO2-based fillers have been rather successful owing to their
non-toxicity, low cost and excellent mechanic and thermal properties. Herein, the role of
the shape, which is related to the surface area, and the role of the filler’s concentration on
the electrochemical properties of the membranes were investigated. The membrane was
fully characterized by means of scanning electron microscopy, X-ray diffraction, Fourier-
transform infrared spectroscopy, Raman spectroscopy, differential scanning calorimetry,
thermogravimetric analysis, electrochemical impedance spectroscopy, linear sweep and
cyclic voltammetry, galvanostatic cycling with potential limitation and chronoamperometry.
Moreover, the most promising electrolyte, among those here obtained, was selected for
testing with an energy-dense self-standing LiFePO4 catholyte prepared using an innovative
solvent casting technique.

2. Materials and Methods
2.1. Reagents

Lithium bis(trifluoromethansulfonyl) imide (LiTFSI), acetonitrile, conductive carbon
(Super P45), hydrochloric acid (37% volume), sodium hydroxide, Poly(ethylene oxide) (PEO,
average Mv ∼ 4,000,000 nominal) and lithium iron phosphate (LiFePO4) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Titanium dioxide nanoparticles (Titandioxid
P25) were supplied by Degussa-Huls AG (Frankfurt, Germany). All these compounds were
used without being further purified.

2.2. Synthesis of Titanium Dioxide Nanotubes

TiO2 nanotubes were synthesized using a hydrothermal procedure as previously
reported in the literature [32,33]. In a polytetrafluoroethylene vessel, 70 mL of a 10 M
NaOH solution was combined with 1.4 g of P25 nanoparticle powder, and the suspension
was kept under vigorous stirring for one hour. Then, the vessel was closed and heated at
120 ◦C for 36 h. The so-obtained white solution was removed from the vessel with the help
of distilled water, and it was filtered and washed with HCl 0.1 M until the washing water
reached neutral pH in order to slowly neutralize and ion-exchange the material. When
pH 7 was reached, the nanotubes were washed again 3 times with ethanol and then dried
overnight under vacuum at 70 ◦C. In the end, anatase phase nanotubes were obtained
through thermal treatment in a furnace at 500 ◦C for 30 min.

2.3. Preparation of Self-Standing LFP Catholyte

In order to obtain a fairly conductive self-standing cathode, 100 mg of conductive
carbon was added to 335 mg of LFP, the two powders were finely homogenized for several
minutes through the use of a mortar and then placed in a ball mill for 30 min together with
2 mL of ethanol (using a 50 mL steel jar and 10 steel balls of 10 mm diameter each, with a
ball/powder ratio of 30:1). The powder was then collected and dried. A viscous solution
made of high-molecular-weight PEO and LiTFSI (weight ratio 21:1) in 15 mL of acetonitrile
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was stirred for 3 h. It should be noted that the molecular weight of the polymer generally
does play a role in the electrolyte properties; for this reason, the molecular weight was
deliberately chosen to provide enhanced mechanical strength and ionic conductivity to the
whole system. After that, the LFP/C mixture was slowly added to the polymer slurry, and
the solution was further stirred for 5 more hours before being cast onto a Teflon disk. The
resulting slurry composition was calculated as 56:22:17:5 (active material:PEO:conductive
carbon:LiTFSI).

The cast slurry was dried overnight. Finally, a black thick film was carefully dethatched
from the Teflon. The so-obtained self-standing catholyte (SS-LFP) was hot-pressed, cut
into 9 mm disk electrodes (0.636 cm2 electrode surface) and dried in a Buchi oven at 50 ◦C
overnight before being transferred into an argon-filled glovebox in order to evaporate all
the residual solvent. All the tested electrodes have an active material mass loading of
approximately 9 mg cm−2.

2.4. Preparation of PEO/LiTFSI/TiO2 Electrolytes

TiO2 solid polymer electrolytes were obtained using a conventional solution casting
technique. Dry lithium bis(trifluoromethansulfonyl)imide salt (0.379 mmol) was first
dissolved in acetonitrile, and a chosen amount of filler (3%, 10% or 15%) was added. The
mixture was stirred for 30 min in order to ensure a homogeneous dispersion of titanium
dioxide, then 350 mg of PEO was dissolved in acetonitrile, and the first solution was slowly
poured into the second one. The mixture was kept under magnetic stirring for 24 h at room
temperature until a viscous white slurry was obtained. The slurry was cast onto a Teflon
disk, and, in order to remove all of the solvent, it was left overnight at 60 ◦C in the oven.
The resulting self-standing membrane was peeled off, cut and transferred into a Buchi oven
at 50 ◦C for 15 h before being transferred into an argon-filled glovebox.

Six membranes were synthesized, three using different concentrations of nanoparticles
(3%, 10% and 15%) and three with different concentrations of nanotubes (3%, 10% and
15%), and they were called, respectively, NP3, NP10, NP15, NT3, NT10 and NT15.

2.5. Characterization and Measurements

In order to confirm the morphology of the fillers and to ensure the purity of LFP,
the X-ray diffraction (XRD) technique was used in a Philips diffractometer, with Bragg–
Brentano geometry with a Cu-Kα X-ray source (λ = 1.54059 Å).

The morphology of the fillers and the electrolytes was investigated by means of
scanning electron microscopy (Zeiss Sigma 300 FM-SEM, Munich, Germany). In addition,
to prove the uniform distribution of LiTFSI salt and TiO2 into the membrane, a mapping
measurement was performed. The same procedure was applied for SS-LFP.

Fourier-transform infrared spectroscopy (PerkinElmer Frontier-FTIR, Waltham, MA,
USA) was employed to examine the functional groups present in the electrolytes and their
interactions within the chemical environment. Complementary, further investigations by
means of Raman spectroscopy (Horiba HR 320, Kyoto, Kyoto) were carried out in order to
detect the stretching of titanium dioxide which is FTIR-inactive.

Thermal gravimetric analysis (TGA) was performed in the 30–500 ◦C temperature
range under nitrogen flow and with a heating rate of 10 ◦C/min (PerkinElmer STA6000
TGA-DTA).

Differential scanning calorimetry (TA 250-DSC, New Castle, DE, USA) was used in
order to better understand the effect that different amounts of filler could cause on the glass
transition temperature of the electrolyte.

All the electrochemical tests were carried out using 9 mm electrodes in CR2032 coin-
type cells assembled in an Ar-filled glovebox (Jacomex (Dagneux, France) GP Campus with
O2 and H2O level < 0.8 ppm). Potentio electrochemical impedance spectroscopy (PEIS)
and galvanostatic cycling with potential limitation (GCPL) at 65 ◦C were used in order to
determine which membrane could be the most promising.
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The ionic conductivity was determined by impedance spectroscopy in potentiostatic
mode within the 101 kHz–5 mHz frequency range, using a custom Teflon o-ring (16 mm
external diameter, 4 mm internal diameter) and stainless steel (SS) blocking electrode.
The impendence spectra were recorded every 5 ◦C between 25 and 75 ◦C in coin cells
assembled in an SS/electrolyte/SS configuration. The conductivity (σ) was obtained from
the following expression: σ = L

RA where L is the thickness of the membrane, R is the bulk
resistance obtained from the impedance measurements, and A is contact surface area.

Symmetrical Li/electrolyte/Li cells were assembled and tested at 45 ◦C, 55 ◦C and
65 ◦C in order to calculate the Li+ transference number (τ+) at different temperatures, so
the Bruce–Vincent–Evans method could be applied: [34]

τ+ =
iss

i0
× (∆V − R0i0)

(∆V − Rssiss)

where i0 and iss are the initial and steady-state currents, R0 and Rss are the initial and
steady-state resistances of the passivating layer, and ∆V is the potential applied across
the cell. Chronoamperometric measurements were performed by applying a voltage of
30 mV for 90 min, while potentiostatic impedance spectra at the initial and steady-state cell
polarization were recorded.

The electrochemical stability window of the best electrolyte was assessed through
cyclic voltammetry (CV) at low potential and linear sweep voltammetry (LSV) at high
potential. All the experiments were performed at 65 ◦C in a Li/membrane/WE configura-
tion, where the working electrode (WE) was made by conductive carbon cast on copper or
aluminum foil.

Eventually, the best electrolyte was tested in a full Li-metal cell with a novel self-
standing lithium iron phosphate catholyte in an all-solid-state configuration made by
LFP/NT10/Li. Rate capability was evaluated in the 2.5–4.3 voltage range applying different
currents, then, in order to enlarge the working stability window, a cyclovoltammetry from
2.5 V to 4.5 V was performed, and, since no degradation peaks of the membrane were
detected, the galvanostatic cycling was carried out in the 2.5–4.5 voltage range at C/5 and
65 ◦C in order to optimize the capacity.

3. Results and Discussion
3.1. Polymer Electrolytes with LiTFSI

In terms of morphology, the membranes, synthesized as reported in the experimental
section, displayed a macroscopically homogeneous texture after hot pressing, indicating a
good dispersion of the salt within the polymer matrix (Figure 1a). In order to unravel the
influence of different LiTFSI salt concentrations on the electrochemical performance of the
polymer electrolyte and on the eventual lithium dendrite growth, impedance measurements
for cells with EO/Li ratios of 18:1, 21:1 and 25:1 were collected before and after galvanostatic
Li plating/stripping cycles at 65 ◦C in a Li/PEO-LiTFSI/Li configuration. The obtained
Nyquist plots (Figure 1b,d) were modeled using the equivalent circuit method [35] through
a non-linear least squares (NLLS) fitting protocol by using the RelaxIS 3 software (rhd
instruments, Darmstadt, Germany). The equivalent circuit Re(RiCi)Qw, written according
to Boukamp’s notation [36,37], was used to take into account the different features of the
spectra: Li+ ion migration through the solid electrolyte (high-frequency intercept with real
axis, Re); contact resistance and Li metal interface resistance, coupled to the related double-
layer capacitances (two medium-low frequency semicircles, RiCi = R1C1 + R2C2, with
the latter being the dominant contribution); and Warburg-type bulk solid-state diffusion
(low-frequency line, Qw). For the fitting procedures, the pure capacitive elements (C1 and
C2) were substituted by constant phase elements (Q1 and Q2) to account for the non-ideal
behavior given by surface roughness and inhomogeneities [35]. The calculated parameters
of the NLLS analysis are listed in Table S1.
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Figure 1. (a) As-synthesized solid membrane after hot pressing; (b) EIS measurements for PEO
membranes with different polymer-to-salt (EO/Li) ratios at OCV; (c) galvanostatic plating/stripping
test of symmetrical Li/membrane/Li cells at T = 65 ◦C with a current of 0.05 mA cm−2; (d) EIS
measurements for PEO membranes with different polymer-to-salt (EO/Li) ratios after 25 h.

From the Nyquist plots obtained in Figure 1b, all the symmetrical cells display com-
parable Re values at OCV; however, significant differences can be observed from the Ri
contribution, with values of 190 Ω, 125 Ω and 776 Ω obtained from 18:1, 21:1 and 25:1
(EO/Li) ratios, respectively. The much higher Ri value for the 25:1 polymer-to-salt ratio in-
dicates higher Li interface resistance as compared to the other tested membranes, leading to
four- and six-fold higher overall resistance as compared to those displayed by the 18:1 and
21:1 ratios, respectively. The negative effect of the higher polarization is indeed confirmed
by the plating/stripping test conducted at 0.05 mA cm−2 (Figure 1c), where an overpoten-
tial of 0.04 V is reached. This value is much higher than those obtained for the 21:1 and 18:1
ratios, which in turn display an overpotential of about 0.010 V and 0.013 V, respectively,
when cycled in the same conditions. Finally, EIS measurements were performed to check
variations in the polarizations after 25 h plating/stripping cycles; the related Nyquist plots
are reported in Figure 1d. The Re value decreases for the membrane with the 18:1 ratio
(from 18.7 Ω to 3.6 Ω), while it remains almost constant for the 21:10 ratio (from 11.0 Ω to
13.3 Ω) and increases for the 25:1 ratio (from 10.0 Ω to 24.3 Ω). In contrast, all the Ri values
increase due to the SEI evolution at the Li–electrolyte interface upon cycling, with that of
the 21:1 membrane being less affected (from 125 Ω to 178 Ω) as compared to those of the
18:1 (from 190 Ω to 448 Ω) and 25:1 (from 776 Ω to 929 Ω) membranes.

The trends of Re and Ri can be rationalized by considering the effect of the salt
concentration within the polymer matrix. When a high salt concentration is employed (i.e.,
EO/Li 18:1), the Li+ ion migration through the electrolyte is favored, thus resulting in a
decrease in the Re value upon cycling; however, a higher decomposition of the electrolyte
to form the SEI layer also seems to be promoted, leading to a high increase in the Ri value,
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which may be assigned due to the formation of a thicker Li–electrolyte interphase, causing
a more sluggish charge transfer. By contrast, when a low concentration is employed (i.e.,
EO/Li 25:1), the Li+ ion migration through the electrolyte is more hindered, thus resulting
in a decrease in the Re value upon cycling; due to the lack of sufficient Li+ ions from the
electrolyte in the formation of the SEI layer, the Li–electrolyte interphase is poorly ionically
conductive, also leading to a great increase in the Ri value. When using an intermediate
salt concentration (i.e., EO/Li 21:1), the Re value remains essentially constant upon cycling,
while the Ri value only slightly increases; this indicates a good ionic transport within the
electrolyte and an optimal Li–electrolyte interphase formation, which positively affect the
cycling performance and charge transfer kinetics by yielding the lowest and most stable
overpotential among the tested membranes. A schematic illustration of the equivalent
circuit used to fit the impedance spectra of Figure 1b,d is shown in Figure S1.

3.2. Polymer Electrolytes with Optimized LiTFSI Concentration and Fillers

Given the better performance and the more stable polarizations displayed upon
cycling, the membrane with a 21:1 polymer-to-salt ratio was chosen to study the effect of
synthesized TiO2 nanotubes (NT) as the inorganic filler in the polymer matrix. Different
filler concentrations were introduced within the membrane (i.e., 15%, 10% and 3%) and
compared to membranes loaded with commercial TiO2 nanoparticles (NP) at the same
concentrations used as a reference filler. For the sake of clarity, the membranes were hereby
labeled as “NPX” or “NTX”, where X indicates the filler percentage within the electrolyte,
and NP or NT indicates the TiO2 morphology (nanoparticles or nanotubes, respectively).

In order to confirm the actual formation of titanium dioxide nanotubes, diffractograms
of the starting material (i.e., commercial P25 nanoparticles) and the synthesized one, ac-
quired in the 15◦ to 65◦ 2θ range, are shown in Figure 2a, as well as their related peak
indexing. In particular, the diffraction pattern of NP is characterized by the presence of both
the anatase and rutile phases of tTiO2, in agreement with the literature data. Instead, after
the basic treatment and the annealing at 500 ◦C, only the anatase phase was detected [38].
In particular, the absence of the rutile phase in nanotubes is attributable to the temperature
at which the heat treatment was performed, since the rutile phase is formed above 600 ◦C.
The sole presence of the anatase phase would be beneficial for the filler’s morphology, as it
was previously reported that reaching the higher temperature necessary for the thermal
transition to the rutile phase could cause the deformation of the nanotube’s shape [39].
Hence, the comparison between the pristine and the post-synthetic diffraction patterns
reveals substantial differences between the two materials, suggesting the success of the
synthetic strategy [40]. Indeed, no additional peaks related to possible impurities were
detected, confirming the purity of the phases.

The morphology of the as-prepared filler was verified by means of SEM analysis
displayed in Figure 2b, and a comparison between NTs and NPs is displayed in Figure S2a,b.
This result confirms that, after the synthetic procedure, the pristine spherical nanoparticles
(about 20–30 nm diameter) achieved an elongated morphology of which the average
calculated width turned out to be 31 nm, as shown by particle size distribution, calculated
from the SEM image through the ImageJ software (ImageJ 1.53 e, USA), in Figure 2c.

To understand the influence of different filler concentrations on the electrochemical
performance of the polymer electrolyte, impedance measurements for cells with 15%, 10%
and 3% TiO2 NT in the membrane were collected before and after 25 h of galvanostatic Li
plating/stripping cycles at 65 ◦C in symmetric cell configuration. The results were then
compared to the cells where commercial TiO2 NP at the same concentrations of NTs were
added. The obtained Nyquist plots (Figure 3a,b) were modeled following the procedure
previously described for Figure 1b,d, and the calculated parameters of the NLLS analysis
are listed in Table S2.
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to phases reported in literature. (b) SEM image of the synthetized nanotubes. (c) Particle size
distribution (PSD) in terms of width obtained from the analysis of the SEM images through the
ImageJ software.
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Figure 3. Nyquist plots of PEO membranes loaded with 3%, 10% and 15% of (a) TiO2 NP and (b) TiO2

NT at OCV and after 25 h of galvanostatic plating/stripping test (insets) performed on symmetrical
Li/membrane/Li cells at T = 65 ◦C.

From the Nyquist plots obtained in Figure 3a, all the cells with NP fillers show
comparable Re values at OCV, with NP15 possessing the lowest electrolyte resistance;
as for the Ri contribution, significant differences can be observed as a function of filler
concentration, with values of 193 Ω, 78 Ω and 380 Ω for NP15, NP10 and NP3, respectively.
This is reflected in the plating/stripping test at 0.05 mA cm−2 displayed in the figure inset,
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where the highest overpotential (0.02 V) is observed for NP3 as a result of the more resistive
Li interface resistance as compared to NP15 and NP10, the latter being less polarized
(about 0.01 V, slightly increasing upon cycling). EIS measurements after 25 h cycling reveal
a decrease in the Re value for all membranes, indicating a positive effect of the filler in
promoting higher Li+ ion migration through the electrolyte. All the Ri values increase
due to the evolution of the SEI at the Li–electrolyte interface upon cycling, with that of
NP10 being less affected (from 78 Ω to 209 Ω) as compared to those of NP15 (from 193 Ω
to 445 Ω) and NP3 (from 380 Ω to 437 Ω). When the commercial NP is substituted by
the synthesized NT (Figure 3b), only NT10 displays Re values at OCV comparable with
those from Figure 3a (i.e., 21.1 Ω), while greater values are observed in the case of NT15
(41.8 Ω) and NT3 (34.5 Ω); when considering the Ri contribution, all the values for the
NT-containing membranes are lower than those for the NP-containing ones, with NT10
displaying the lowest interface resistance (i.e., 73 Ω). Indeed, from the plating/stripping
tests, the latter cell displays a stable overpotential lower than 0.01 V when cycled at
0.05 mA cm−2 for 25 h, as a result of the less resistive electrolyte and interphase resistances.
Notably, the overpotential polarization of NT15 and NT10 is about equal and lower than
NP15 and NP10, respectively, and only NT3 shows higher polarization as compared to
NP3. This aspect points out that, at lower filler concentrations, the simple NP morphology
provides better conduction paths as compared to the NT one; however, upon increasing
filler concentrations, the NT morphology has a more pronounced effect as compared to
simple NP, with NT10 displaying the lowest and most stable overpotential upon cycling.
Moreover, to further confirm the superior stability of NT10, a prolonged stripping/plating
was provided in Figure S3.

After cycling, a decrease in the Re is observed for all membranes, with NT10 still
possessing the lowest value (16.4 Ω), as a result of the promoted ion migration. The Ri
increases after the formation of the Li–electrolyte interphase but reveals overall lower
values for the NT morphology as compared to the commercial NP (i.e., 91 Ω for NT10,
155 Ω for NT15 and 400 Ω for NT3). In general, it is possible to observe that the membranes
loaded with 10% TiO2 NTs have similar Re values as compared to those loaded with
commercial NPs, both before and after cycling. In addition, when considering the Ri values,
NT10 exhibits the lowest increase in the Li–electrolyte interphase polarization among all
the membranes tested, with the lowest value after cycling. When it comes to performance,
all the overpotential polarizations are fairly low as compared to other studies reported
in the literature [41,42] (i.e., the maximum overpotential here observed is about 0.03 V at
0.05 mA cm−2), with NT10, NP10 and NP15 displaying similar initial values; nevertheless,
only NT10 is able to maintain a constant value of about 0.01 V during the entire test. Overall,
NT10 seems to promote more suitable ion diffusion pathways, favoring the ion migration
within the polymer membrane, also positively affecting the stability of the Li–electrolyte
interphase and promoting more stable and lower polarization over time upon cycling.

As NT10 outperforms all the other tested membranes, a more extensive thermal and
morphological characterization was performed on this system. In addition, all the different
NT filler concentrations were evaluated.

Since reaching adequate thermal stability is a fundamental goal for solid polymer
electrolytes, TGA measurements were carried out in order to further determine the effect
of increasing quantities of titanium oxide fillers on the decomposition temperature of the
membranes. The analyses were performed under an inert nitrogen atmosphere in the
temperature range between 30 ◦C and 500 ◦C, and the comparison between the TGA curves
of the composite membranes containing different percentages of nanotubes is reported in
Figure 4. For all the samples, an initial weight loss from 3 to 10% is detected, which could be
attributed to the loss of water that has been absorbed during the process of sample loading
due to the highly hygroscopic nature of LiTFSI and PEO. Notably, all the membranes
demonstrated a high thermal stability up to 400 ◦C. Nevertheless, slight differences in the
thermal behavior of the samples can be evidenced: when approaching the decomposition
temperature (see inset of Figure 4), the thermal stability of the samples decreases upon
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increasing filler concentration, indicating that a lower crystallinity of the PEO framework
is favored by the presence of TiO2 NT. At 500 ◦C, all samples are fully decomposed, with
the weight % reaching a plateau as only TiO2 and carbon remain in the sample holder.
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Figure 4. TGA curves of NT3 (red), NT10 (green) and NT15 (blue) recorded under nitrogen flow in
the 30–500 ◦C temperature range (magnification of the 360–460 ◦C region in the inset) at a heating
rate of 10 ◦C min−1.

Further studies on thermal properties were carried out by means of differential scan-
ning calorimetry (DSC). Figure S4 shows the DSC thermograms of PEO polymer, pristine
membrane and the electrolytes containing 3, 10 and 15% of TiO2 nanotubes. Moreover, the
so-obtained glass transition temperatures (Tg) are reported in Table 1.

Table 1. Glass transition temperature (Tg) of the pristine membrane, the various NTX membranes
and PEO obtained by DSC analysis. See Figure S3 Supporting Information for related DSC curves.

Sample Tg (◦C)

Pristine membrane:PEO/LiTFSI 21:1 −44.7
NT3 −41.8

NT10 −45.2
NT15 −46.8
PEO −54.3

As previously reported, the presence of lithium salt plays an important role in the
crystallinity of the pure polymer; indeed, the addition of LiTFSI (EO/Li 21:1) causes a rise
in the glass transition temperature, which is probably due to an eventual coordination
between salt and polymer’s chains that are less able to move [43]. Thus, comparing the
values obtained for the composite electrolytes with the pristine membrane (EO/Li 21:1),
we can notice how the addition of only 3% of TiO2 negatively affected the Tg. This could
be related to the fact that the filler concentration is not high enough to bring a beneficial
effect; instead, it could interact with the polymer anchoring the chains and hindering
the passage of lithium ions. Thus, this interaction could lead to local crystallization and
stiffness that preclude the free motion of the polymeric matrix. Furthermore, by increasing
the percentage of the filler, a trend could be underlined: the increasing additions of titanium
oxide cause a decrease in the glass transition temperature, which could be explained by a
decrease in the crystallinity of the polymeric matrix promoted by the well-known plasticizer
effect characteristic of TiO2 [44,45].
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The morphological features of the as-obtained composite electrolytes were also an-
alyzed, and, in particular, SEM micrographs of both the pristine (Figure S5) and NT10
membrane (Figure 5) are reported. The images from Figures 5a and S5a reveal a general
uniformity of the surface, without evident cracking or discontinuity, indicating that the
addition of the filler does not affect the homogeneity of the membrane surface. Then, the
distribution of the lithium salt and the fillers within the membrane is verified by EDS
mapping analysis which did not identify a significant agglomeration. It is worth noticing
how titanium, oxygen, fluorine and sulfur are well dispersed across the surface either for
the pristine membrane (Figure S5b–g) or the NT10 membrane (Figure 5b–e). Furthermore,
Figure S6 shows how the distribution of titanium within the membrane is affected by the in-
creasing percentage of fillers from 3% (Figure S6a) to 10% (Figure S6b) and 15% (Figure S6c).
Notably, an increase in the concentration of purple spots related to titanium is detected
which, however, remain fairly evenly distributed without the formation of agglomerates.
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To further investigate the proprieties of NT10, a flammability test was performed, and
the results are reported in Figure 6. Nowadays, safety is one of the most critical aspects
related to the use of lithium-ion batteries, and thus, the use of liquid electrolytes that
contain highly flammable solvents has caused several concerns, and it is now limiting their
practical applications. Instead, one of the major features of solid electrolytes is their safety,
non-toxicity and low flammability which makes them suitable for electric transport and
much more. For these reasons, a comparison between the liquid electrolyte (Figure 6a,b)
and NT10 membrane (Figure 6c,d) is reported, confirming the superior safety characteristics
of the composite solid electrolyte. In the first case, we can see how, when a flame is brought
close to a Whatman GF/D separator soaked in LP30, it releases an intense and persistent
flame, and instead, the membrane begins to fold in on itself and melts without propagating
the flame.

The NT10 membrane is studied, as shown in Figure 7, in terms of ionic conductivity,
the Li+ transference number, the anodic electrochemical stability window and chemical
stability in lithium cells. Figure 7a shows the Arrhenius plot obtained for the NT10 and
the pristine membrane, where the ionic conductivity was obtained by the NLLS fit of the
Nyquist plots (reported in Figure S7) recorded in the 25 to 75 ◦C temperature range. The
data reveal that the addition of the nanotubes significantly enhances the ionic conductivity
of the electrolyte with values of log σ that are about −5.5, −3.4 and −3.2 with respect to
−6, −3.6 and −3.4 at 25, 65 and 75 ◦C for the NT10 and pristine membranes, respectively.
This result could be due to the combination of several aspects; first of all, it is important
to consider the high Lewis acid character of the titanium oxide that allows an acid–base
reaction between the polar filler surface and the ionic group of the salt and the polymer,
thereby lowering the crystallinity of PEO [46]. The formation of these bonds weakens the
attraction between Li+ and the oxygen atoms of the polymeric matrix, thus facilitating
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lithium ion motion and, eventually, enhancing the ionic conductivity. Another relevant
aspect is related to the higher dielectric constant of TiO2 (435) with respect to PEO (≈3)
that actively assists lithium ion dissociation within the polymeric matrix, increasing the
mobile carrier concentration and hence the conductivity [43,47]. It is worth mentioning that
the Nyquist plots of Figure S7 are characterized by a low-frequency solid-state diffusion
element assigned to the Li+ ions and a middle-frequency semicircle (only at temperatures
below 55 ◦C) ascribed to the interphase. For higher temperatures, the Nyquists showed
a blocking-type shape due to the melting of the polymer which resembles a liquid-like
behavior [48]. Furthermore, also at lower temperatures, the Nyquist plots did not feature
the high-frequency element most likely ascribed to the grain boundary or irregularities
in the electrolyte. This absence may be associated with the amorphous phases of PEO, as
well as the homogeneous distribution of the filler into the polymer matrix, without the
formation of agglomerates [23,48].
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liquid electrolyte and (c,d) NT10 membrane. In particular, photographic images taken (a,c) before
and (b,d) after direct exposure to a butane flame.

Moreover, in the Arrhenius plot of Figure 7a, a slope change is clearly visible at around
3 × 10−3 K−1, dividing two different slopes between 55 and 60 ◦C, which corresponds to
the temperature range where the melting of PEO takes place. This behavior was previously
reported in the literature, and it is due to a switch from Arrhenius behavior to a Vogel–
Tamman–Fulcher behavior after the melting point of the polymer electrolyte [49]. According
to this trend, two different activation energies could be calculated from the slope values,
one before 60 ◦C that turned out to be 43.3 KJ mol−1 for NT10 and 51.3 KJ mol−1 for the
pristine membrane and a lower value after the melting point of 22.3 KJ mol−1 for NT10
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and 23.2 KJ mol−1 for the pristine membrane. After the melting point of the polymer, the
slopes of the two electrolytes seem to be very similar resulting in almost equal activation
energy values, proving that at a high temperature, the presence of the filler has a minor
impact on the mobility of the lithium ion, and instead, titanium oxide is more important at
low temperatures.
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Figure 7. Electrochemical characterization of NT10. (a) Ionic conductivity plot of NT10 in comparison
with pristine membrane, with corresponding linear fits before and after melting that underline the
existence of two different slopes (see corresponding Nyquist plots in Figure S4). (b) Chronoamper-
ometry curves recorded on a Li/Li symmetrical cell used for determining Li+ transference number
at 45 ◦C (blue), 55 ◦C (red) and 65 ◦C (green). The inset displays the corresponding Nyquist plots
obtained by EIS at the initial and steady state for each temperature. (c) Linear sweep voltammetry in
anodic region performed at 65 ◦C in lithium cell using NT10 as electrolyte and Super P carbon coated
on aluminum as working electrode. (d) Nyquist plots of Li/Li symmetrical cell aged at 65 ◦C and
(e) trend of related interphase resistance values obtained by NLLS fit (see Table S3).

The ion transport features of the NT10 membrane at different temperatures are further
studied with the Li+ transference number according to the Bruce–Vincent–Evans equation
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at 45, 55 and 65 ◦C [34,50]. Figure 7b shows the chronoamperometric profiles for each
temperature, while the inset reports the Nyquist plots obtained through impedance mea-
surements before and after cell polarization. The τ+ numbers of NT10 (Table 2), obtained
from the Bruce–Vincent–Evans method and the data reported in Figure 7, range from 0.27
at 45 ◦C to 0.28 at 55 ◦C and 0.29 at 65 ◦C, with a marginal improvement, possibly due to
more efficient anion solvation by the polymer chains as the temperature rises, facilitating
the movement of the lithium ions [25,48,49]. Although the obtained values are lower than
the ones of liquid electrolytes due to the intrinsically lower ion mobility in a solid medium
(e.g., glyme-based solutions are generally equal to or higher than 0.5 [51,52]), the τ+ values
of NT10 are in line with those reported in the literature for other solid polymer electrolytes,
such as PEO-based or PEGDME-based systems tested at similar temperatures [13,53]. More-
over, when considering the pristine membrane without any filler (Figure S8), the calculated
τ+ value at 65 ◦C does not exceed 0.28, further confirming the effect of the NT filler on the
transport properties of the solid electrolyte.

Table 2. Parameters used to determine lithium transference number of NT10 at different temperatures
using the Bruce–Vincent–Evans method. Resistance values were obtained by NLLS analysis of the
Nyquist plots displayed in the inset of Figure 7b.

Temperature
(◦C)

Initial
Current
(i0) (A)

Steady-State
Current
(iSS) (A)

Initial
Resistance

(R0) (Ω)

Steady-State
Resistance

(RSS)
(Ω)

Li+

Transference
Number

(τ+)

45 3.25 × 10−5 1.23 × 10−5 322.61 321.19 0.27
55 9.94 × 10−5 3.86 × 10−5 134.16 148.12 0.28
65 1.57 × 10−4 8.60 × 10−5 129.81 134.39 0.29

The anodic electrochemical stability window of the NT10 membrane is determined by
LSV on Li/NT10/WE cell. The results are reported in Figure 7c, where a relevant increase
in the oxidation current due to the decomposition of the polymer membrane at about
4.6 V vs. Li+/Li is depicted. When considering the pristine membrane (Figure S9), the
LSV measurement essentially displays a similar behavior as NT10, with decomposition
starting after 4.6 V vs. Li+/Li. Notably, a quite extended anodic stability window of the
electrolyte was detected, and this suggests that the NT10 membrane could be suitable for
application with different cathode materials like lithium iron phosphate or mixed olivine
cathodes [54]. Although the main objective of this work is not to test the efficacy of the
polymer electrolyte with anode materials serving as the counter-electrode, the cathodic
stability of NT10 was also investigated by means of CV within the potential range of
0.01–2 V vs. Li+/Li, with Super P carbon serving as the working electrode. The obtained
results, shown in Figure S10, demonstrate excellent cathodic stability, evidencing the SEI
formation at the first cycle and the reversible Li+ intercalation in the carbon host as the
main processes occur, thus indicating the possible use of NT10 also with conventional
anode materials such as graphite.

Figure 7d shows the Nyquist plots collected on a symmetrical Li/NT10/Li cell in order
to determine the chemical stability of the Li/electrolyte interphase upon aging for about
20 days. The interphase resistances obtained by the fit of the impedance spectra (Table S3)
are plotted as a function of time to evidence their trend, as shown in Figure 7e. The graph
reports Ri values that increase from about 90 Ω to about 100 Ω during initial hours, slightly
decrease to initial values in the first 10 days and moderately increase to 120 Ω after 20 days.
This trend, coupled with the overall low resistance values, suggests the formation, partial
dissolution and subsequent consolidation of a suitable SEI and indicates a relevant chemical
stability of the NT10 and its potential application in Li-metal batteries [13,55].

Moreover, the IR and Raman spectra of the NT10 sample are reported in Figure S11,
showing the typical signal of the PEO polymer, LiTFSI salt and anatase TiO2, as reported in
the literature [56,57].



Batteries 2024, 10, 11 14 of 20

3.3. Full Li-Metal Cell with Self-Standing Catholyte

Nowadays, flexible lithium-ion batteries with high-energy density and capacity are
essential. In conventional LIB fabrication, copper or aluminum foils are employed as
current collectors, but they have a significant cost, particularly copper, and, more impor-
tantly, they add additional weight to the battery decreasing the power density [58]. On
the other hand, fabricating flexible self-standing electrodes could maximize the specific
capacity of the electrode by eliminating the dead weight of the collector, thus achieving
very high performance. A commercial LFP powder was characterized by XRD, as reported
in Figure S12. The results reveal the purity of the cathode crystalline phase compared with
a reference diffractogram [59].

Figure 8 reports the mechanical and morphological features of the self-standing lithium
iron phosphate obtained by SEM, TEM and STEM. SS-LFP is characterized by good flexibil-
ity and mechanical strength, as shown in Figure 8a. Then, it was further investigated by
SEM, STEM and TEM analysis, as reported in Figure 8b–d. The SEM image of the catholyte
reveals the existence of conglomerates with a dimension of about 20–30 µm, composed of
submicrometric LFP primary particles, with dimensions of about hundreds of nanometers,
as visible in STEM and TEM images. This composite morphology could ensure at the same
time a short diffusion path for Li+ ions and prevent the electrolyte decomposition [54].
Additionally, the EDS mapping performed on the STEM image (Figure 8e–j) reveals that
the LFP particles are homogeneously blended into the polymer matrix and eliminates the
possibility of contamination in accordance with the XRD pattern of Figure S12. Indeed, the
as-prepared LFP catholyte seems suitable for electrochemical application.

The electrochemical performances of SS-LFP in an all-solid-state lithium metal cell,
using the NT10 membrane as an electrolyte was evaluated. The galvanostatic cycling
tests at 65 ◦C are reported in Figure 9. The voltage profile (Figure 9a) and the trend
(Figure 9b) of the rate capability were examined by changing the current from C/20 to
C/2 (1C = 170 mA g−1) in the 2.5–4.3 V voltage range. The cell profile is characterized by
a plateau at 3.45 V attributable to the Fe3+/Fe2+ redox couple. Moreover, the profiles of
Figure 9a indicate a growth of the polarization by increasing the current which results in a
capacity decrease from 150 mAh g−1 (i.e., about 88% of the theoretical value) at C/20 to
about 120 mAh g−1 (70% of the theoretical value) at C/2, as predicted by the increase in
ohmic polarization; the results show a clear decrease in capacity. However, when examining
the cycling trend in Figure 9b, it is evident that the initial capacity remains intact up to
C/8 and is ultimately recovered by decreasing the current from C/2 to C/10 in the final
section of the experiment. This suggests that the SS-LFP catholyte displays good rate
capability and stability even under the stress of raised currents [54]. The encouraging
results obtained by the rate capability test, also considering the absence of the current
collector in the electrodes, suggest the possibility of enlarging the voltage window of the
cell in order to reach the maximum capacity and energy density of the cell [60]. To evaluate
the stability of the all-solid-state cell in the 2.5–4.5 V potential range, three voltammetric
cycles were carried out at a scan rate of 5 mV s−1, as shown in Figure S13. The high scan rate
is used to increase the current response in order to evidence the presence of further redox
peaks with respect to those ascribed to the Fe3+/Fe2+ redox couple. Overall, the absence of
additional voltammetric signals confirms the possibility of broadening the voltage range
of the cell up to 4.5 V. The electrochemical process of lithium (de)insertion in SS-LFP
within an all-solid-state cell is examined for stability through repeated cycles of charge and
discharge at a constant C-rate in the 2.5–4.5 V voltage range. The voltage profiles of the test
performed at C/5 show the well-defined plateau above described and a maximum capacity
of 145 mAh g−1, higher than the one obtained with the rate capability test, as expected by
enlarging the voltage window. The cell demonstrated a coulombic efficiency of about 70% in
the first cycle which increased to more than 99% during the subsequent ones; this phenomenon
can be explained by the necessity of a few cycles to activate the material, as both the catholyte
and the solid electrolyte need to reach optimum conditions. With the progression of cycles, the
cell’s performance improves as the contact between the electrode and the electrolyte increases.
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Moreover, also the capacity increased from the first cycle (130 mAh g−1) to the following ones
(145 mAh g−1), suggesting an activation of the catholyte material in the cell. More significantly,
the material exhibits high coulombic efficiency and outstanding retention, indicating high
stability during charge/discharge cycles.
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Given the obtained performances and the high electrode mass loadings, the energy
and power densities of the cell were calculated both at the active material level and at the
catholyte level, without considering the counter-electrode material to allow for a direct
comparison with data reported in the literature. As displayed in Figure 9e,f, the SS-LFP is
able to deliver an energy density as high as 292 Wh kg−1 at the catholyte level (520 Wh kg−1

at the active material level) when cycled at the C/20 current rate, only slightly decreasing
to 229 Wh kg−1 (408 Wh kg−1 at the active material level) when cycled at C/2. The power
density is quite low at the slowest current rate, with a value of 15 W kg−1 at the catholyte
level (26 W kg−1 at the active material level), but it rapidly increases up to 115 W kg−1

at C/2 (204 W kg−1 at the active material level). The obtained values are well in line
with recently reported data for thick electrodes, thus hinting at the possibility of using the
SS-LFP in solid-state configuration cells for high-energy/power-density applications [61].
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Figure 9. Galvanostatic cycling performances of the Li/NT10/SS-LFP cell. Rate capability in terms of
(a) voltage profiles and (b) corresponding cycling trend performed at C/20, C/10, C/8, C/5 and C/2
currents (1C = 170 mA g−1), within the voltage range 2.5–4.3 V; electrochemical performance of the
cell at constant current rate of C/5 in terms of (c) voltage profiles and (d) corresponding cycling trend
in terms of discharge capacity and related coulombic efficiency, within the voltage range 2.5–4.5 V;
calculated gravimetric energy density and gravimetric power density for the different current rates at
(e) cathode active material level and (f) catholyte level.

4. Conclusions

In conclusion, the best molar ratio between PEO and LiTFSI was determined by
evaluating the electrochemical performances of three membranes where the salt concen-
tration was modified until the optimized salt concentration was found on the grounds of
ionic conductivity and Li–electrolyte interphase formation. Titanium dioxide nanotubes
were successfully synthesized and compared to commercial TiO2 nanoparticles as passive
fillers of the polymeric membranes. Six non-flammable SPEs were prepared using the best
PEO-LiTFSI membrane and three different concentrations of each filler. The SPEs were
fully characterized by means of SEM, DSC, TGA, XRD, FTIR, Raman spectroscopy and
electrochemical measurements such as CA, LSV, PEIS, CV and GCPL. According to the
electrochemical tests, the best electrolyte was found to be the one with 10% TiO2 nanotubes,
which stabilizes the Li–electrolyte interphase and promotes more suitable ion diffusion
pathways in favor of better ion migration within the electrolyte. This electrolyte was tested
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in an all-solid-state configuration with a novel self-standing LFP catholyte that avoids the
use of conventional Cu and/or Al current collectors, thus increasing the gravimetric energy
density of the cell. The resulting Li-metal full cell with the composite polymer electrolyte
and the SS-catholyte demonstrated good cyclability, high coulombic efficiency, superior
safety and still high performances after 50 cycles at 65 ◦C, with the possibility to optimize
the system either toward high-energy-density or high-power-density applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/batteries10010011/s1, Figure S1: Representation of the equiva-
lent circuit used in Figure 1b,d; Figure S2: SEM images of (a) synthesized titanium dioxide nanotubes
and (b) commercial P25 nanoparticles; Figure S3: 50 h of galvanostatic plating/stripping test per-
formed on symmetrical Li/NT10/Li cells at T = 65 ◦C; Figure S4: Differential Scanning Calorimetry
curves of PEO polymer (red), pristine membrane (orange), NT15 (blue), NT10 (green), and NT3
(yellow) recorded under nitrogen flow in the −80–25 ◦C temperature range; Figure S5: (a) SEM
image of the pristine membrane, (b) EDS mapping of (c) sulfur (d) carbon (e) fluorine and (f) oxygen.
(g) Overlapping of all the elements detetected by EDS; Figure S6: EDS elemental maps of different
concentrations of TiO2 in (a) NT3, (b) NT10, and (c) NT15; Figure S7: Nyquist plots related to EIS
measurements performed at various temperatures on a stainless-steel/membrane/stainless-steel
symmetrical cell with (a) pristine membrane and (b) NT10 to evaluate the electrolyte ionic conductiv-
ity, with magnification of the high-frequency region in the insets; Figure S8: Chronoamperometry
curve recorded on a Li/Li symmetrical cell using pristine membrane as electrolyte for determination
of Li+ transference number at 65 ◦C. The inset displays the corresponding Nyquist plots obtained by
EIS at the initial and steady state; Figure S9: Linear sweep voltammetry in anodic region (OCV—5 V
vs. Li+/Li potential range) performed at 65 ◦C in lithium cell using the pristine membrane as the
electrolyte and Super P carbon coated on aluminium as the working electrode; Figure S10: CV curve
of the cathodic region (0.01–2 V vs. Li+/Li potential range) performed at 65 ◦ using the NT10 mem-
brane as the electrolyte and Super P carbon coated on copper as the working electrode; Figure S11: IR
spectrum (top panel), recorded in the 500–4000 cm−1 range, and Raman spectrum (bottom panel),
recorded in the 0–1750 cm−1 range, of the NT10; Figure S12: XRD pattern of commercial LFP powder
compared to corresponding reference diffractogram (ICSD #72545); Figure S13: CV measurement
performed on the Li/NT10/SS_LFP cell in the potential range 2.5–4.5 V vs. Li+/Li at the scan rate
of 5 mV s−1; Table S1: Electrolyte resistance (Re), interphase resistance (Ri), and chi-square value
indicating the accuracy (χ2) of the non-linear least squares (NLLS) analysis using the equivalent
circuit Re(R1C1)(R2C2)Qw on the EIS data of the symmetrical Li/membrane/Li cells with different
polymer-to-salt ratio (EO/Li), collected at OCV of the cells and after 25 h. See Figure 1b,d in the
manuscript for related Nyquist plots; Table S2: Electrolyte resistance (Re), interphase resistance (Ri),
and chi-square value indicating the accuracy (χ2) of the non-linear least squares (NLLS) analysis
using the equivalent circuit Re(R1C1)(R2C2)Qw on the EIS data of the symmetrical Li/membrane/Li
cells with TiO2 filler with different morphologies (nanotubes or nanoparticles) and concentration,
collected at OCV of the cells and after 25 h. See Figure 3 in the manuscript for related Nyquist plots;
Table S3: NLLS analysis on the Nyquist plots reported in Figure 7d in the manuscript collected by
EIS on a Li/NT10/Li symmetrical cell upon aging. The NLLS fitting was performed through the
RelaxIS3 software, and the corresponding resistance trend is shown in Figure 7e in the manuscript.
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