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Abstract : In this study we have investigated the Li-ion coordination, thermal behavior and
electrochemical stability of N-butyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide
(Py14TFSI) with lithium bis(trifluoromethanesulfony)imide (LiTFSI) doping intended for use as
electrolytes for lithium batteries. The ionic conductivity is reduced and glass transition temperature
(T,) increases with LiTFSI doping concentration. Also, the electrochemical stability increases
with LiTFSI doping. A high LiTFSI doping could enhance the electrochemical stability of elec-
trolytes for lithium batteries, whereas the decrease in the ionic conductivity limits the capacity

of the battery.
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1. Introduction

Tonic liquids (ILs) offer a chance to enhance safety
and environmental friendliness of electrochemical power
sources such as solar cells, supercapacitors, fuel cells,
and lithium batteries. In addition, owning to a high
thermal stability they can be used in device operating
at high temperatures, not possible with current technology
based on commercial organic electrolytes of these electro-
chemical power sources. Other key advantages of ILs
are high energy density and applicability to high voltage
batteries for transportation applications, such as in electric
vehicles (EVs) and hybrid-electric vehicles (HEVs), since
they can provide a wide electrochemical window up
to 5V, and non flammability resulting in outstanding
safety advantages.'™

Typical ILs consist of organic cations with delocalized
charges, such as imidazolium, pyridinium, pyrrolidinium,
ammonium, sulfonium, or phosphonium derivatives, and
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fluoroanions, such as [BF,], [PF¢], [CF3SOs],
[(CF580,),N], and [(FSO,),N].*'¥ Since numerous
combinations of the cationic and anionic structures are
possible, physicochemical properties of ILs can be tuned
by changing the structure of the component ions. Thus
many studies have focused on the design of new ILs
by changing the cation- anion combinations.

To obtain an electrolyte the IL has to be doped with
a lithium salt, such as LiPFg, LiBF,, LiTFSI, or LiFSL
The doping level is limited to a domain where the
mixture remains liquid at room temperature. In addition, a
compromise between the increase in the lithium charge
carrier concentration and the concomitant increase in
the viscosity and resistivity with increasing lithium salt
concentration has to be found for practical applications.'”
To further develop these materials and optimize them
for battery applications it is important to understand the
influence of Li-salt doping since it is associated with
the conductivity and lithium transport number of the
electrolyte properties that are known to strongly affect
the capacity of lithium batteries.
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In this study, we investigate the influence of lithium
salt doping on properties of IL based electrolyte, such
as the Li-ion coordination, phase behavior, conductivity,
and electrochemical stability. Li-ions strongly coor-
dinated to anions will influence the transport number
and therefore the performance of the battery'®'%1? N-
butyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)
imide (Py;4,TFSI) and lithium bis(trifluoromethanesulfony)
imide (LiTFSI) have been selected for this study.
Py4TFSI has attracted interest for application in
lithium Dbatteries because it shows a much wider cathodic
decomposition potential compared to non-cyclic and
unsaturated cyclic quaternary ammonium ILs, a sub-
ambient melting temperature, high ionic conductivity,
and ability to form a solid electrolyte interface (SEI)
preventing undesired reactions between the carbon anode
and the electrolyte.'®' TLs with the TFSI anion usually
show relatively low viscosity and high conductivity, due
to the highly delocalized charge which reduces the
interactions with neighboring cations.?”)

2. Experimental

Py4TFSI and LiTFSI were obtained from Aldrich
(99% purity), stored under argon atmosphere and used
as received. Electrolytes were prepared for five different
concentrations, x LiTFSI/(1-x)Py,TFSI, x=0, 0.05, 0.1,
0.15, 0.2. Raman spectra were recorded on a Bruker
IFS 66 Fourier Transform spectrometer, equipped with
a FRA 106 Raman module using the 1064 nm line of a
Nd: YAG laser as excitation source. The laser power
was set to 250 mW and the resolution was 4 cm .
Differential scanning calorimetry (DSC) experiments
were performed to follow the phase behavior of the
electrolytes using a Q1000, TA Instruments at a heating
rate of 10°C min~'. The samples were hermetically
sealed in aluminum DSC pan inside a glove box (H,O<
10 ppm) under argon atmosphere. Typically the samples
were cooled at 20°C min™' from 40°C to —120°C and
then heated at 10°C min™' up to 120°C. The ionic
conductivities of the electrolytes were measured
from —20°C to 80°C in a gold-plated cell with a 1 mm
Teflon spacer, over the frequency range 107'-10°Hz
using a Novocontrol broadband dielectric spectrometer.
The electrochemical stability was determined by linear
sweep voltammetry (LSV) of Li/SS cells at a scan
rate of I mV s™! at 25°C.

3. Results and Discussion

Raman spectra of the Py,TFSI based electrolytes
containing LiTFSI salt were measured over the
frequency range 0-3500 cm™'. Raman spectroscopy is
suitable to probe the lithium ion coordination, especially
in the range 720-760 cm™', since the strong mode,
corresponding to the contraction-expansion of the whole

1, is sensitive to interactions.”” In

ion, at ~740 cm™
addition the mode is also sensitive to the conformational
state of the anion, where the two conformers C/ (cisoid)
and C2 (transoid) have spectral components at ~739 cm™
and ~741 cm™ respectively.'*!” With the addition of a
Li-salt an additional component is usually found at even
higher frequencies.?"” In Fig. 1 the spectral range
around 740 cm™' band is shown for the pure IL (a) and
the three electrolyte concentrations (b-d).

The solid lines of Fig. 1 are results of a bandfit of
the experimental spectra (circles), using Lorentzian
profiles. Three components are used to describe the band,
the two components related to free C/ and C2 con-
formers and a third component (~748 cm™) corresponding
to Li-ions coordinated TFSI to ions.!”* With increasing
LiTFSI concentration the relative intensity of the third
component increases. This means that the number of
TFSI™ interacting with Li* is increasing with lithium
doping. From the relative areas of the different
components, the average coordination number of Li with
respect to TFSI can be determined through the relation

Ceoord

e M
where Cgoq iS the relative area of the third component
in the spectrum and x is the salt concentration.

In the concentration range between x =0.1 and
x =0.2 the coordination number (N) is found to be
around 2, in agreement with previous studies on LiTFSI
doped imidazolium based ionic liquids.?" Furthermore,
the concentration of C/ conformers decreases while
the concentration of C2 conformer increases slightly.
A coordination number of 2 could point to the existence
of [Li(TFSI),] triplets, as suggested previously.'® Such
coordination should be very stable and can be related to
the very low Li' transference number observed at these
LiTFSI concentration.””

The ionic conductivity of an electrolyte depends on
the number, charge, and mobility of the carrier ions.
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Fig. 1. Raman spectra of the 740 cm™" mode at 25°C for different LiTFSI concentrations. The contributions of the two
conformers (C1, C2) and Li" coordinated TFSI (C3) are indicated.

Fig. 2 shows the temperature dependence of the
ionic conductivity of the Py;4TFSI based electrolytes
with different doping concentration of LiTFSI. It can
be seen that the conductivity gradually decreases with
increasing concentration of LiTFSI. This decrease can
mainly be attributed to the increase in viscosity reducing
the mobility of the ions.?2% In addition the interaction
between Li" and TFSI™ in stable [Li(TFSI),] triplets
can also reduce the number of charge carriers leading

to a further decrease in the conductivity. The conductivity
values at 30°C are presented in Table 1. In addition, the
temperature dependence of the conductivity of the electro-
lytes follows the Vogel-Tamman-Fulcher (VTF) behavior.

o= coexp[ﬁ} @)

In the VTF equation, G, is the pre-exponential
factor, T is related to the glass transition temperature,
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Fig. 2. lonic conductivity as a function of temperature for
Py TFSI based electrolytes with different LiTFSI doping.

Table 1. Ionic conductivity at 30°C, glass transition tem-
perature (T,), and VFT parameters of ionic conductivity

x LiTFSI/  Conductivity T, B O To
(1-x)Py 4 TFSI (S/em) at 30°C (K) (x 10°K) (x 107 S/em) (K)
X=0 3.8x107° 186 5.9 6.12 186
X=0.05 32x107 189 58 5.4 189
X=0.1 23x107° 193 6.0 5.6 193
X=0.15 20x107 197 59 5.7 196
X=0.2 14x107 201 5.8 4.3 201

and T is the absolute temperature. The VFT parameters
determined form fit to the conductivity data are reported
in Table 1.

Fig. 3 shows the phase behavior of Py;,TFSI as a
function of LiTFSI doping concentration. Pure Py, TFSI
has a glass transition temperature (T,) at —87°C and a
sharp crystallization peak before two endothermic peaks.
This result is in agreement with previous studies on
Li-TFST doped Py, TFSI.**?% However, one should note
that the exact phase behavior is dependent on the thermal
history of the material due to the existence of several
different crystalline forms. The first endothermic peak
corresponds to the transition from a metastable phase,
at —18°C, and the second endothermic peak to the
final melting of the material at sub-ambient temper-
ature, —8°C. The glass transition can be observed to shift
to higher temperatures with increasing LiTFSI doping,
see Table 1.2 Moreover, multiple endothermic peaks are
observed at the highest concentration (x=0.2), pointing
towards the existence of more than one crystalline phase
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Fig. 3. DSC thermograms of Py, TFSI based electrolytes
with different LiTFSI doping. Magnification of the T,
region.

also in the LiTFSI doped ionic liquid.

Fig. 4 shows the electrochemical stability limits of
the Py4TFSI based electrolytes from linear sweep
voltammogram (LSV) measurements. The values are
obtained from a half-cell of Li/Li+, as usual for lithium
batteries. The pure Py;,TFSI displays a value of 3.5V
with a small peak at 4.0 V. The addition of the LiTFSI
causes a significant increase of the electrochemical
stability to 535V for x=0.2. Moreover, the small peak
at 40V decreases with increasing LiTFSI concentration
and disappears at x =0.1. The Py4TFSI based
electrolyte with a 5.2 V window is thought to be
acceptable for high voltage cathode materials, such as
LiCoO,, LiCoPOy, and LiMn,Oy4. According to the LSV
result, LiTFSI doping enhances the electrochemical
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Fig. 4. Electrochemical stability limits of Py, TFSI based
electrolytes with different LiTFSI doping on oxidation
process.

stability. One can speculate that the increased stability
is due to that Li* coordination TFSI is more stable than
free TFSI. However, to firmly explain this finding further
systematic investigations are needed.

4. Conclusions

We find that the ionic conductivity decreases with
increased LiTFSI doping accompanied by an increase
glass transition temperature (T,). We also find that the
electrochemical stability increases, from 3.5V to 535V
with increasing the doping from x=0 to x=0.2. From
Raman spectroscopy we find that the number of TFSI
anions coordinated to Li* increases with LiTFSL In the
concentration range x=0.1-0.2 the average coordination
number of TFSI™ around each Li" is 2, pointing towards
the existence of very stable [Li(TFSI),]™ triplets.
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