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Abstract
In the present work, we studied the performance of different new binders based on poly[ionic liquids] (POILs) using a well-
known negative electrode material such as Li4Ti5O12 (LTO) compound and ionic liquids (ILs) as solvents. We used an IL
formed by Pip1,4Tf2N with N-butyl-N-methyl piperidinium (Pip1,4) as the cation and bis(trifluoromethanesulfonyl)imide
(Tf2N

−) as the anion. We tested two POILs as binders, composed of either LiTf2N, Pip1,4Tf2N, and PVDF or
poly[diallyldimethylammonium]Tf2N (PDDA) as the polymer precursors (PVDF-IL and PDDA-IL, respectively). The best
Li+ transport number as well as the smallest contact angle (electrolyte membrane) was obtained for the PDDA-IL polymer.
The swelling effect better facilitates impregnation than the other polymers. The LTO/PDDA-IL combination showed the best
specific capacity, 70 mAh g−1, and a stable prolonged cycling. We identified the TiIV/TiIII redox reversible processes by
cyclic voltammetry experiments and the differential capacity profiles. Additionally, we measured the Li+ diffusion coeffi-
cient to be approximately 10−12 cm2 s−1. When different binders and IL-solvents are employed in a typical LTO cell, we
demonstrated that the factors that determine cell performance are the ionic conductivity and the swelling effect.

Introduction

The most important challenges nowadays regarding the use of
renewable energies consist of achieving proper storage sys-
tems, particularly those that can be applied in vehicle trans-
portation in order to replace the conventional use of fossil
fuels. These kinds of storage systems should have the highest
efficient rechargeable batteries with a safe handling system as
well as a long life span and high specific energy storage ca-
pacities (in terms of both mass and volume) [1, 2]. The most
promising storage technology is the rechargeable lithium ion
batteries (LIBs), which are currently used in small electronic
devices and can potentially be applied in hybrid and electric
vehicles (HVs and EVs, respectively) [3–5]. The main reason
is that these types of battery are considered as the most suit-
able energy storage technology that can be used as a power

source for passenger vehicles without adding excessive
weight, besides other purposes such as high-performance sta-
tionary and delocalized energy systems. Currently, commer-
cial LIBs employ organic liquids with high dielectric constant
as solvents (e.g., ethylene carbonate, dimethyl carbonate),
which are highly suitable for the dissolution of lithium salts
used as electrolyte. These solvents also show a large electro-
chemical window of stability of approximately 4.5 V, which
makes them adequate for high-voltage batteries [6].
Nevertheless, in general, LIBs are operated in voltage regions
exceeding the stability window of the organic solvents.
Therefore, they have a potential safety risk, especially under
overload conditions, which shortens the useful voltage range.
On the other hand, the electrolyte breakdown—which is the
main critical degradation mechanism in current commercial
LIBs—is prevented by the formation of a homogeneous and
stable electron-insulating solid electrolyte interphase (SEI) on
the particles of active material in the negative electrode during
the first charge-discharge cycle. Also, the SEI lets the conduc-
tion of lithium ions through its structure in such a way that the
overall current flow is enabled. However, there are serious
drawbacks of employing these high vapor pressure organic
solvents. Overpressures caused by battery short circuit or
overheating may result in explosions. These unfortunate acci-
dents have caused the gain of some negative notoriety
concerning the use of LIBs among consumers. Thus, the
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research focused on the replacement of organic solvents has
received attention due to its capability to increase safety and
stability of LIBs [4, 7]. Ionic liquids (ILs) as potential electro-
lytes have gained considerable interest due to their thermal
and electrochemical stabilities, flame retardant performance,
and negligible vapor pressure [8]. Among other typical cations
of ILs, N-butyl-N-methyl piperidinium (Pip1,4) is one of the
most common, and it is employed by many research groups in
different areas, especially in energy storage devices. On the
other hand, the anion bis(trifluoromethanesulfonyl)imide,
[(CF3SO2)2N

−] or (Tf2N
−), has been broadly investigated

too, since the ILs formed by this anion have low viscosity,
high ionic conductivity, and hydrophobic properties [9].

Otherwise, the safety of the negative electrode materials is
an ongoing research subject since graphite has a fragile struc-
ture, decreasing the prolonged lifetime in charge/discharge
cycling. Therefore, the search of new materials to build better
and safer anodes is a technological requirement [10].
Additionally, the composition and structure of the SEIs
formed on graphite have already been studied extensively
[11, 12]. Lithium titanate (Li4Ti5O12 or LTO) can be poten-
tially one of the best candidates as an active material for the
negative electrode of safer LIBs, even better than graphite, due
to several reasons such as the following: the lithium insertion
process occurs at a higher potential than the lithium metal
deposition, and LTO is a Bzero-strain^ material with only a
slight change in unit cell volume when lithium ions are inter-
calated or deintercalated, resulting in a high lifetime for
charge/discharge cycling [2, 13–18]. However, LTO-
negative electrodes still show severe gas release processes
when they are put in contact with the conventionally used
organic electrolytes (alkyl carbonates). Thus, it results in bat-
tery swelling and drawbacks related to film formation on the
anode surface [19]. It was proposed that stable SEI layers are
effective, suppressing further electrolyte decomposition and
reducing the gassing effect of LTO-based batteries [19].

The main goal of this work is to employ a well-known
negative active material such as LTO in order to characterize
different binders using ionic liquids as solvent. Particularly,
we investigate the electrochemical behaviour of pristine LTO
as negative electrode with an electrolyte formed by Pip1,4 as
the cat ion, and Tf2N

− as the anion, and li thium
bis(trifluoromethanesulfonyl)imide (LiTf2N) as the lithium
salt. The LTO used was synthesized by the ceramic method
and without any subsequent post treatment. The electrochem-
ical response of LTO-specific charge capacity and the lithium
ion intercalation/de-intercalation behaviour in this kind of sys-
tem depend on the binder employed. Therefore, two different
poly[ionic liquid] (POIL) were synthesized to be used as a
binder with the following composition: a polymer precursor,
LiTf2N and Pip1,4Tf2N [20–22]. The precursors employed to
synthesize both POILs were polyvinylidene fluoride (PVDF)
and poly [diallyldimethylammonium]Tf2N (PDDA) [23].

Additionally, for comparison, commercial PVDF was
employed as a typical binder of negative electrodes. To char-
acterize the prepared polymers and to evaluate their properties
(to be used as binders in the negative electrodes of LIBs),
parameters such as ionic conductivity, Li+ ion transport num-
ber, and contact angle were measured on membranes prepared
with the different polymers that have been used. The LTO-
negative electrodes prepared using the characterized binders
were tested in Swagelok® T-cells (LTO-lithium metal cells).
Cyclic voltammetry and galvanostatic charge-discharge ex-
periments were performed to characterize the lithium ion
intercalation/de-intercalation response, to evaluate the specific
charge storage capacity and the cycling performance, and to
obtain the diffusion coefficient of the Li+ ion in the host matrix
of LTO in the IL electrolytes.

Materials and methods

Materials Polyvinylidene fluoride (PVDF), N-butyl-
N-methyl piperidinium bis(trifluoromethanesulfonyl)imide
(Pip1,4Tf2N), lithium bis(trifluoromethanesulfonyl) imide
(LiTf2N), and poly[diallyldimethylammonium]chloride
(PDDA: 20% w/w solution in water and MW = 100,000–
200,000).

LTO and IL preparation Li4Ti5O12 was prepared by a solid-
state method, as described in Chauque et al. [24]. The IL
employed was prepared as described by Bazito et al. [25].

Polymer membrane preparation Three different kinds of
membranes were prepared in order to study the physicochem-
ical properties of each polymer to be used as a binder in the
preparation of the LTO-negative electrodes of the LIBs. A
membrane of PVDF was prepared by dissolving 1 g of the
polymer in 10 mL of N-methyl-2-pyrrolidone (NMP) as the
solvent. In addition, as proposed by Benedetti and Torresi
[21], two types of POILs were prepared by adding IL and
LiTf2N as lithium salt, which in all cases had the following
composition: 50Polymer:50IL with the incorporation of 4.8% of
lithium salt to obtain 1 g of each POIL (using PVDF and
PDDA as the polymers) in 10 mL of an adequate solvent
(NMP for PVDF and acetone for the PDDA polymer). The
three prepared polymer solutions were placed over glass sub-
strates to form the polymer membranes. Then, the solvent was
left to evaporate at room temperature, avoiding the formation
of air vesicles in the resulting membrane, prior to a drying
process under vacuum at 60 °C for 12 h. The polymer mem-
branes obtained were named as follows: PVDF, PVDF-IL,
and PDDA-IL, according the polymeric precursor employed.
Prior to use, all the materials prepared (ILs and membranes)
were maintained under an argon atmosphere in a glovebox
(LabMaster 130) with H2O and O2 contents < 0.1 ppm.
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Table 1 shows a summary of all the prepared membranes and
corresponding employed solvents.

Polymer membrane characterization The experiments mea-
suring ionic conductivity and the Li+ transport number were
performed on disks of each type of membrane using a
Swagelok® cell, assembled in a glovebox with an argon
atmosphere. The ionic conductivity of each membrane
was determined by electrochemical impedance spectrosco-
py (EIS), placing the membrane disk between two parallel
stainless-steel electrodes in the frequency range of 10 Hz to
100 kHz. The Li+ transport number tLiþ through each mem-
brane was determined from EIS and chronopotentiometry
measurements using a membrane thickness of 150 μm
placed between two thin disks of metallic lithium. Contact
angle experiments on each membrane were performed un-
der an air atmosphere using a Digidrop MCAT-GBX
Instrumentation Scientifique instrument coupled to a
Nikon Pixelink camera. The measurements were performed
by slowly placing a drop of 2.0 μL of the electrolyte used on
the electrochemical measurement (1.0 mol L−1 of the lithi-
um salt LiTf2N in the ionic liquid Pip1,4Tf2N as the solvent)
on the prepared membrane and then measuring the angle
formed between the electrolyte-membrane contact and the
air-electrolyte tangent line at the insertion point.

Electrochemical characterization of each LTO/binder combi-
nation To characterize the lithium ion charge/discharge re-
sponse, cyclic voltammetry and galvanostatic charge/
discharge experiments were performed using the three-
electrode Swagelok®-type cell (T cell) assembled in a
glovebox chamber. The working electrode was prepared using
a mixture of synthesized active material (LTO) and carbon
black (Timcal Super P, added to increase the electrical con-
ductivity), and each polymer described before (PVDF and the
two POILs, PVDF-IL and PDDA-IL) was employed as a
binder at a weight ratio of 80:10:10, respectively. The mixture
was dispersed in NMP (with PVDF and PVDF-IL binders) or
acetone (with a PDDA-IL binder) as solvent and agitated for
12 h to ensure homogeneous dispersion. The slurry obtained
was coated onto copper foils (15 μm in thickness), dried in an
oven at 80 °C for 12 h, and pressed by applying 10 t cm−2. The

coated foils were punched into 8-mm-diameter disks to obtain
the working electrode and were maintained in a glovebox
before cell assembly. The obtained electrodes were named as
follows: LTO/PVDF, LTO/PVDF-IL, and LTO/PDDA-IL ac-
cording the binder employed (PVDF, PVDF-IL, and PDDA-
IL, respectively). The total mass deposited on each electrode
was approximately 1 mg cm−2. Two lithium metallic disks
(10 mm in diameter) were used as the reference and counter
electrodes with Celgard®membrane disks as spacers between
the three electrodes. All the potential values reported hereafter
are referred to as the Li+/Li0 couple standard potential. Finally,
the electrolyte employed was a solution prepared by dissolv-
ing 1.0 mol L−1 of the lithium salt LiTf2N in the ionic liquid
Pip1,4Tf2N as the solvent. After the cell assembly, it was
allowed to reach equilibrium following open circuit potential
(OCP)-time to be sure that the electrolyte fully fills the elec-
trode pores avoiding viscosity issues. Cyclic voltammograms
(CVs) were performed at a 1.0 mV s−1 scan rate in the poten-
tial range from 3.0 to 0.6 V in order to determine the Ti(IV)/
Ti(III) redox couple peak potentials and the electrochemical
stability. For each LTO-lithium cell, ten galvanostatic charge/
discharge (GCD) cycles were performed within the interval
from 3.0 to 0.6 V at a current value of 0.5 C to analyse the
specific capacity of the different cells using each binder syn-
thesized and expressed as mAhg−1 (in terms of the mass of the
active material, LTO). To obtain the diffusion coefficient from
the Sand equation, additional GCD cycles were performed at
successively higher applied current values of charge and dis-
charge (0.5, 1, 2, 3, 4, 5, and 10 C) in the same voltage range.
All the electrochemical experiments were performed with an
Autolab PGSTAT30 (Metrohm) potentiostat/galvanostat con-
trolled by the software NOVA1.10.

Results and discussion

Characterization of the binder membranesAll the membranes
synthesized showed good compatibility between the compo-
nents since no phase separation or IL segregation was ob-
served. In addition, the membranes prepared with an IL in
their structure presented more flexibility and transparency.
To calculate the ionic conductivity of each membrane pre-
pared, classic AC impedance experiments were performed to
obtain the respective resistances. The ionic conductivity (σ)
was calculated by the following equation [26]:

σ ¼ l
A R

ð1Þ

where l is the membrane thickness (150 μm), A is the elec-
trode area (0.5 cm2), and R is the membrane resistance obtain-
ed from EIS experiments by an extrapolation of the real part of
the impedance at high frequencies. In the PVDF-based

Table 1 Compositions of the different prepared polymer membranes
and the corresponding employed solvents

Polymer membrane Solvent Mass/g

Polymer IL LiTf2N

PVDF NMP 1.0 0.0 0.0

PVDF-IL NMP 1.0 1.0 0.1

PDDA-IL Acetone 1.0 1.0 0.1
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membranes, it was observed that the addition of the IL and
lithium salt increases the ionic conductivity by one order of
magnitude. Of all the studied membranes, the PDDA-IL
showed the highest ionic conductivity, in agreement with the
results obtained by Benedetti and Torresi [21]. Due to the
feasibility of the application of the studied polymers as new
lithium ion binders, the Li+ transport through these binder
membranes is a relevant parameter to be analysed. The trans-
port number of Li+ tLiþ was obtained using a technique pro-
posed by Evans et al. [27] and is used by many authors for
polymeric electrolytes [28, 29]. This technique consists of the
following: an EIS determination at an open circuit potential
and a dc polarization followed by a second EIS measurement
at the polarization potential. All the experiments were per-
formed on a symmetrical cell with each membrane placed
between two thin disks of lithium metal as the electrodes.
tLiþ was calculated by Eq. 2:

tLiþ ¼ I s ΔV−I0R0ð Þ
I0 ΔV−I sRsð Þ ð2Þ

where tLiþ is the Li+ transport number; ΔV is the applied
polarization potential of 10 mV; I0 and Is are the initial and
steady state current values, respectively; and R0 and Rs are the
initial and steady state measured resistances, respectively.
Figure 1 shows EIS and chronoamperometry measurements
as an example to calculate tLiþ and then confirm the viability
of PVDF-IL and POIL to be used as the binders for negative
electrode preparation. Figure 1a shows a plot of the current as
a function of time atΔV = 10 mV, and in Fig. 1b, the Nyquist
diagrams at the OCP and appliedΔV = 10mVare represented.
From the Nyquist diagrams, R0 and Rs were obtained for each
membrane prepared. The results show that, at the same lithium
salt concentration in bothmembranes, tLiþ increases from 0.05
(with PVDF as the polymer precursor) to 0.20 (with PDDA as
the precursor). The value of 0.20 obtained for the PDDA-IL is
remarkable, considering that the lithium ion concentration is
in ionic media. In addition, similar values of tLiþ were reported
in other systems based on POILs [30].

To analyse the interaction and chemical affinity between
the binder membrane and the electrolyte, contact angle deter-
mination is an important macroscopic factor to consider. This
parameter is crucial since it is important to ensure the com-
plete penetration of the electrolyte into the pores of the active
material film, which allows the Li+ ions to have full access to
the surface of the LTO particles. The results obtained from the
contact angle measurements show that for all the binder mem-
branes, the angle formed between the air-electrolyte and
electrolyte-membrane lines were below 90°, i.e., 45° for
PVDF, 36° for PVDF-IL, and 32° for PDDA-IL. These results
indicate that all the prepared membranes have the ability to be
wetted by the electrolyte. The PDDA-IL membrane shows the
lowest electrolyte-surface contact angle, resulting in excellent

wetting properties. This property allows us to propose that the
PDDA-IL compound is most suitable as an appropriate binder
in the active material film preparation for the LTO-based neg-
ative electrode. The results in terms of the physicochemical
properties of ionic conductivity, Li+ transport number, and
contact angle are summarized in Table 2.

Due to the increase in the affinity between the electrolyte and
membranes (in the following order: PVDF, PVDF-IL, and
PDDA-IL), it is possible to establish the existence of a tendency
in membrane swelling in the presence of the IL electrolytes.
From this trend, the behaviour of POILs when used as binders
on the negative electrodes for IL-based LIBs can be predicted.
The IL-swelling effect (or impregnation) is not as efficient as in
the case of organic solvents (and PVDF as a binder).

Fig. 1 Experiments for determination of the Li+ transport number in the
PDDA-IL membrane. a Current as a function of time at an applied po-
tential (ΔV) of 10 mV. b Nyquist diagrams from 100 kHz to 10 Hz at
OCP (black) and an applied potential of 10 mV (red)
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Electrochemical characterization of each LTO/binder combi-
nation Figure 2a shows the CV profiles performed at
1.0 mV s−1 in the potential range of 3.0 to 0.6 V for all the
LTO/binder combinations studied in this work employing
Pip1,4Tf2N as the solvent. Nevertheless, the CV profile for
LTO/PVDF was performed from 3.0 to 1.0 V in order to
maintain the same experimental conditions used in our previ-
ous work using a typical mixture of organic solvents (ethylene
carbonate (EC) and dimethyl carbonate (DMC) solvent mix-
ture, 1:1 by mass) containing 1.0 mol L−1 LiPF6 salt as the
electrolyte [24]. When PVDF is used as the binder, the peak
potential corresponding to the reduction of Ti(IV) to Ti(III),
which should appear at 1.55 V when organic solvents are
employed [24], is absent, showing that lithium ion insertion

into the host matrix of LTO (which requires the Ti(IV)/Ti(III)
reduction process) does not occur. When the binder employed
is changed to either kind of POIL, it can be observed that the
peak potential of the reduction process occurs at shifted po-
tentials, i.e., approximately 1.4 V for LTO/PVDF-IL and
1.3 V for LTO/PDDA-IL systems. The CV profile corre-
sponding to the LTO/PDDA-IL combination shows the
highest current density values; however, the more reversible
response is observed for the LTO/PVDF-IL combination with
a well-defined redox Ti(IV)/Ti(III) peak and a lower ΔEpeak.
In addition, the charge density involved in each CV curve
(Fig. 2b) increases in the following sequence: PVDF, PVDF-
IL, and PDDA-IL, which is in agreement with the increase in
the ionic conductivity of the binder employed, as shown in
Table 2. By comparing LTO/PVDF with LTO/PVDF-IL, it is
possible to observe that the addition of IL and lithium salt in
the binder composition improves the lithium-ion insertion
process, and this result can be related to the observed enhance-
ment in the ionic conductivity of the binder polymer.

To study the electrochemical performance in terms of the
storage capacity for the combinations of LTO/binder with the
ion insertion/de-insertion processes observed in the CVexper-
iments, GCD curves were obtained at constant current densi-
ties of 20 and 26 mA g−1 for LTO/PVDF-IL and LTO/PDDA,
respectively, in the voltage interval from 3.0 to 0.6 V. The
charge/discharge curves corresponding to the 10th cycle for
all electrodes studied are shown in Fig. 3a, where the reported
specific capacities refer to the LTO mass in the electrode coat-
ing. In both cases, an almost flat plateau can be observed at
approximately 1.55 V, which is characteristic of the two-phase
reaction based on the Ti(IV)/Ti(III) redox inner couple [24].
The cycling performance (specific capacity of charge and dis-
charge) and the Coulombic efficiency for both electrodes re-
vealed a great stability of the active materials during the first
10 cycles, as displayed in Fig. 3b. Note that the highest spe-
cific capacity and the most reversible charge/discharge perfor-
mance were obtained from the LTO/PDDA-IL combination
(70 mAh g−1) compared to the LTO/PVDF-IL electrode
(54 mAh g−1). Nevertheless, the electrochemical behaviour

Fig. 2 a CV profiles at 1.0 mV s−1 for all combinations of LTO/binder in
1.0 mol L−1 LiTf2N using Pip1,4Tf2N as solvent. b Charge density of the
CVs shown in (a) versus potential

Table 2 Ionic conductivity, Li+ transport number, and contact angle measured for each polymer membrane

Polymer

membrane

Ionic 

conductivity/µS 

cm
-1

Contact angle

PVDF 0.25 --
45°

PVDF-IL 3.88 0.05
36°

PDDA-IL 47.8 0.20
32°
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obtained using organic solvents and PVDF as the binder was
different, in which the measured specific capacity of LTO was
approximately 110 mAh g−1 and the GCD profiles show a flat

plateau during the whole process [24]. On the other hand, we
find that when the organic solvents are replaced by ILs in the
LIB systems, the employed binder and its ionic conductivity
as well as the swelling effect become crucial factors to con-
sider in the negative electrode design.

Moreover, it is possible to obtain another information
from the derivative curves of the GCD cycles. An important
indicator of the degradation and occurrence of an electro-
chemical process in a cell is the differential capacity (Qdiff)
and is given by

Qdiff ¼
dq
dV

ð3Þ

where dq/dV is the derivative of the amount of charge added
in the charge cycle or removed during the discharge cycle
with respect to the cell voltage. When the differential capac-
ity is plotted as a function of the cell voltage, the peaks of the
resulting curves can be related to the redox process involved
and consequently its respective lithium insertion/de-
insertion in the host matrix of the negative electrode mate-
rial [31]. Figure 4a shows the Qdiff curves obtained from the
differential capacity of the GCD curves for each LTO/binder
combination (from the tenth cycle shown in Fig. 3a). These
curves are compared with the respective CV plots in Fig. 4b.
Good correlation was observed between both results, where
the potential peaks are in accordance with the redox Ti(IV)/
Ti(III) couple observed during the CV experiments.
Therefore, from these results, it can be confirmed that the

Fig. 3 a GCD profiles corresponding to the tenth cycle for LTO/PVDF-
IL (red) and LTO/PDDA-IL (blue) in 1.0 mol L−1 LiTf2N using
Pip1,4Tf2N as the solvent. b Charge/discharge performance and the
Coulombic efficiency calculated for each negative electrode

Fig. 4 a Differential capacity
(Qdiff) as a function of cell voltage
curves at the 1st cycle (continuous
line) and the 10th cycle (dash
line). b CV profiles at 1.0 mV s−1

for LTO/PVDF-IL (red) and LTO/
PDDA-IL (blue) in LiTf2N 1.0
mol L-1 using Pip1,4Tf2N as the
solvent
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redox processes occur reversibly, and consequently, the
insertion/de-insertion processes of lithium ions are carried
out. In Fig. 4a, the differential capacity curve corresponding
to the first (dashed line) charge-discharge cycle was also
included for both LTO/binder combinations in order to an-
alyse the behaviour through the cycling process. For the
LTO/PVDF-IL electrode, the peak positions are maintained
almost unvaried along the life cycles, which is the ideal
behaviour [32]. However, a decrease in the charge involved
is also observed by comparing the first and tenth cycles,
which is associated with a loss in the storage capacity. For
the LTO/PDDA-IL electrode, the results show an improve-
ment in the reversibility of the lithium ion insertion/de-
insertion processes with life cycle. Additionally, the charge
remains constant, which represents an important improve-
ment with respect to the other electrode.

Finally, to determine the diffusion coefficient of lithium
ions in the host matrix of LTO, GCD measurements were
performed at different current values. The diffusion coeffi-
cients were obtained from the Sand equation [26] (Eq. 4),
which relates the constant applied current (i) in a galvanostatic
pulse with the transition time τ (here considered the length of
time at the plateau potential).

iτ1=2

Co*
¼ n F A Do1=2π1=2

2
ð4Þ

Here, Co* is the concentration of lithium ions in moles
per cubic centimetre, n is the number of electrons trans-
ferred, F is the Faraday constant, A is the geometric elec-
trode area, and Do is the diffusion coefficient. From each
GCD curve, the durations of the charging and discharging
plateau (τ) were obtained, and the diffusion coefficient
values were calculated for the charge (cathodic diffusion
coefficient) and discharge (anodic diffusion coefficient)
processes. Figure 5 shows the linear dependence of τ1/2

versus i−1 for both LTO/binder combinations that showed
adequate lithium ion insertion/de-insertion behaviour.

The obtained diffusion coefficient values for the two
analysed LTO/binder combinations were almost identical,
resulting in an average value of (1.5 ± 0.5) 10−12 cm2 s−1. It is
interesting to highlight that these values are similar to the dif-
fusion coefficients of lithium ions obtained from CV experi-
ments at different scan rates using EC/DMC organic solvents
and LiPF6 as the electrolyte [24]. All these coefficient values
are characteristic of an ion diffusion process into a solid matrix.

The ionic conductivity, lithium ion transport number, and
IL swelling effect are different properties directly related to the
applicability of these polymers as binders in the preparation of
active material slurries for IL-based LIBs. In addition, it can
be ensured that the behaviour of LTO as the negative electrode
in IL systems depends strongly on the binder employed. In
general, when any type of POIL is employed during electrode
preparation, the lithium ion insertion/de-insertion processes in
an IL system occur more reversibly, and the charge involved is
greater than that for the PVDF binder tested under the same
experimental conditions. This behaviour can be explained by
the fact that the POIL has a higher ionic conductivity and is
also prepared with 5% lithium salt (LiTf2N), presenting the
ability to be swollen by the IL and allowing the entrance of
lithium ions into the solid LTO matrix. The best electrochem-
ical response was obtained when PDDA-IL was used as the
negative electrode binder. The PDDA-IL-based binder exhib-
ited a better interaction with the IL solvent; therefore, it
allowed favourable lithium ion conduction into the deposited
film containing the LTO active material.

Conclusions

In the present work, different electrochemical techniques were
applied to study two new binders based on poly[ionic liquids]
(POILs) and a well-known negative electrode as lithium tita-
nate (LTO) in LIBs using ionic liquids (ILs) as the electrolyte
solvent. The results demonstrated that the lithium ion
insertion/de-insertion processes in such non-conventional or-
ganic solvent media depend strongly on the nature of the
binder employed in the electrode design. When a typical
PVDF binder is used, lithium ion insertion does not occur;
therefore, the LTO material is not able to store electric charge.
Thus, two types of POILs were prepared using PVDF and
PDDA as polymer precursors. The addition of IL and lithium
salt to improve the chemical compatibility with the IL media
was evaluated as possible binders. To characterize some phys-
icochemical properties of these polymers, the materials were
prepared as membrane-type substrates, and the ionic conduc-
tivity, Li+ transport number, and electrolyte-IL contact angle
were obtained. If all the membranes are compared, then the
ionic conductivities increase in the sequence PVDF < PVDF-

Fig. 5 Dependence of the square root of transition time (τ1/2) for charge
and discharge potential plateaus as a function of the inverse of the applied
current (i−1)
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IL < PDDA-IL. The highest Li+ transport number as well as
the lowest contact angle value between the electrolyte and the
membrane was obtained for the PDDA-IL membrane. This
parameter is an important factor to consider since the impreg-
nation of the electrolyte (by the swelling effect) is better than
the impregnation of the other membranes. In addition, the
electrochemical response of LTO prepared with the PDDA-
IL binder (LTO/PDDA-IL negative electrode) was the best
observed due to the better charge/discharge-specific capacity
and cycling performance. The Ti(IV)/Ti(III) redox reversible
processes were identified from CVexperiments and were ob-
served from differential capacity (Qdiff) vs potential curves
obtained for each LTO/POIL tested. On the other hand, the
diffusion coefficients obtained for both LTO/POIL systems
(LTO/PVDF-IL and LTO/PDDA-IL) were of the same order
of magnitude (approximately 10−12 cm2 s−1), which is charac-
teristic of the diffusion process into an LTO solid matrix. To
summarize, when LTO is employed as the negative electrode
and ILs are used as the electrolyte solvents, the binder nature
is crucial. The best LTO electrochemical response, the highest
ionic conductivity and Li+ transport number, and the smallest
contact angle were obtained using PDDA-IL as a binder.
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