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Abstract: Li-ion battery (LIB) full cells comprised of TiO,-nanotube (TiO,-nt) and LiFePO, (LFP)
electrodes and either a conventional organic solvent based liquid electrolyte or an ionic liquid based
electrolyte have been cycled at 80 °C. While the cell containing the ionic liquid based electrolyte
exhibited good capacity retention and rate capability during 100 cycles, rapid capacity fading was
found for the corresponding cell with the organic electrolyte. Results obtained for TiO,-nt and LFP
half-cells indicate an oxidative degradation of the organic electrolyte at 80 °C. In all, ionic liquid
based electrolytes can be used to significantly improve the performance of LIBs operating at 80 °C.
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1. Introduction

Due to their high energy and power densities, state-of-the-art Li-ion batteries (LIBs) are widely
used for portable electronics, as well as for electric and hybrid electric vehicles. The key issues to
address to ensure a continuous increase in the use of LIBs for large scale electrical energy storage are
safety [1] and sustainability [2]. Since high operating or storage temperatures (i.e., above 50 °C) can
give rise to significant fading for most commercial LIBs [3,4], cooling systems are generally required.
With LIBs working at elevated temperatures—e.g., between 80 and 100 °C—the thermal management
in a hybrid electric vehicle could be significantly simplified by allowing the cooling system for the
power electronics to also take care of the cooling of the battery pack, resulting in a significant reduction
in the complexity and price [5].

The Li polymer battery employed by Bolloré in Autolib” vehicles represents an example of
a successful battery operating at about 80 °C [6]. However, in the scientific literature the term
“high temperature cycling” mainly refers to cycling at temperatures at 60 or 70 °C, with only a few
reports of battery cycling at 80 °C or higher [7-20]. The majority of these studies have been carried
out with organic carbonate based electrolytes [7-15], but ionic liquid (IL) based electrolytes [16-18],
solid polymer electrolytes [19], and ternary electrolytes (IL + polymer + Li-salt) [20] have also been
explored. The extensive work with traditional carbonate electrolytes has aimed at finding suitable
electrolyte additives [7], alternative binders [8], and the failure mechanisms for both the negative [9,10]
and positive electrodes [11-13] as well as full cells [14,15]. Unfortunately, so far there are no promising
results for these electrolytes when cycling at temperatures of 80 °C or above.

Work with IL-based electrolytes has, on the other hand, demonstrated promising cycling stabilities
for titanium dioxide, TiOy(B), and LiFePO, (LFP) half-cells at temperatures as high as 120 °C [16-18].
The cycling of LIBs at elevated temperatures such as 80 °C is associated with increased risks as
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the kinetics of any side reaction are enhanced, which could lead to the initiation of heat-generating
exothermic reactions and eventually thermal runaway [21]. The safety of LIBs operating at these
temperatures can therefore be significantly improved if more stable IL electrolytes were used.
Pyrrolidinium (Pyr) based ILs have been shown to have wide electrochemical stability windows [16,22].
Moreover, TiO; electrodes can be cycled at temperatures as high as 120 °C with an electrolyte composed
of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in N-methyl-N-propylpyrrolidinium TFSI
(Pyr13TESI) [16]. It should be mentioned that the previous studies [16-18] were carried out in half-cell
configurations with Li metal as the anode material. The electrochemical performance of ionic liquid
electrolytes at elevated temperature should therefore also be investigated in full cell Li-ion batteries.

In the present work, LIB cells containing TiO, nanotube (TiO;-nt) negative electrodes and LFP
positive electrodes are cycled at 80 °C using two different electrolytes: 1 M LiTFSI in propylene
carbonate (PC), as an example of a conventional organic solvent based electrolyte, and an IL based
electrolyte composed of LiTFSI in Pyr13TFSI (i.e., Lip ,Pyr13y s TFSI). TiO, was chosen as the negative
electrode material due to its high redox potential (ca. 1.78 V vs. Li*/Li [23]), which should result
in insignificant formation of any solid electrolyte interphase (SEI) layer. In addition, LFP is known
to be a safe material with a high thermal stability [24]. The electrochemical behavior of the cells
during 100 cycles is investigated and discussed with special focus on the failing mechanism of the cells
containing the conventional organic electrolyte.

2. Results and Discussion

The electrochemical performance of the TiO,-nt half-cell containing the organic electrolyte
indicated a 10% irreversible capacity loss on the first discharge, and a capacity of about 148 mAh/g after
100 cycles (Figure 1a,b). As the capacity decrease was only 5% between the 2nd and the 100th cycle, it is
clear that the main decrease took place between the 1st and the 2nd cycles. The coulombic efficiency for
the TiO,-nt half-cell was 88.5% on the first cycle, indicating that not all lithium could be extracted from
the TiO,-nt electrode upon charge. As the electrode already contained some lithium prior to the second
cycle lithiation, the discharge plateau was situated at a slightly higher potential, i.e., the lithiation
overpotential was lower. Nevertheless, the coulombic efficiency increased to 98.7% on the second cycle
and subsequently stabilized at 99.7% (Figure 1b). These results indicate that the TiO,-nt electrodes
readily can be used at 80 °C.

A continuous capacity decrease was, however, observed during the cycling of the LFP based
half-cell (Figure 1c,d). The results also indicate the presence of an irreversible oxidation reaction
most likely involving the electrolyte, as the charge capacity always was larger than the discharge
capacity (Figure 1c). Since the coulombic efficiency decreased dramatically during the first five
cycles, only to slowly increase again upon further cycling, it is reasonable to assume that a layer of
electrolyte degradation products was formed on the electrode surface mainly during the first five
cycles. This behavior is in stark contrast to that seen for LFP electrodes cycled at room temperature,
in which case stable cycling and high coulombic efficiency are typically observed [25]. The continuous
capacity loss upon cycling, leading to a capacity loss of 25% after 100 cycles is clearly detrimental
to the performance of any full cell and thus conventional organic solvent based electrolytes are less
suitable for LIBs operated at 80 °C.

The TiO,-nt and LFP half-cells were also subject to rate capability tests (Figure 2). For the TiO,-nt
half-cell, the capacity was found to decrease with increasing rate but there was no significant permanent
loss of capacity during the cycling, i.e., the same capacity was obtained when the rate was decreased
to C/5 again. This behavior can therefore be explained by the increased iR drop at higher cycling rates.
The corresponding results for the LFP half-cell (Figure 2b), on the other hand, features a significant
capacity decrease upon cycling irrespective of the cycling rate employed which is in good agreement
with the poor cycling stability (Figure 1c,d).
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Figure 1. Charge and discharge curves (a,c), and the capacity and coulombic efficiency as a function of
the cycle number (b,d) for a TiO,-nt half-cell (a,b) and a LFP half-cell (c,d). The rate was C/5 at 80 °C
using a 1 M LiTFSI in PC electrolyte.
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Figure 2. Rate capabilities for the TiO,-nt (a) and LFP (b) based half-cells at 80 °C using a 1 M LiTFSI

in PC electrolyte.

Cycling of full cells containing a TiO,-nt negative electrode and a LFP positive electrode using
the two different electrolytes was also carried out (Figure 3). During 100 cycles, there was almost no
capacity fading for the cell containing the IL based electrolyte (Figure 3a), while a significant loss of
capacity was obtained for the cell containing the organic electrolyte (insert). This clearly shows that the
IL based electrolyte is more stable towards oxidation compared to the conventional organic electrolyte.
The capacity obtained at a rate of 2C was about 65% of that found at a rate of C/5 (~110 mAh/g)
(Figure 3b). In analogy with the results for the TiO,-nt half-cell this suggests a loss of capacity at the
higher rates mainly due to iR drop effects.
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Figure 3. The C/5 capacity as a function of the cycle number (a) and the rate capability (b) obtained
at 80 °C for a full cell containing a TiO,-nt negative electrode, a LFP positive electrode, and a
LigoPyr13¢ g TFSI electrolyte. The inset in (a) shows the corresponding full cell data obtained for
the 1 M LiTFSI in PC electrolyte.

3. Materials and Methods

The TiO,-nt electrodes were fabricated using a previously described two-step anodization
process [26]. The first anodization step was carried out by stepping the potential from 0 to 60 V
after which this potential was maintained for around four hours. The obtained nanotube layer was
then removed by strong sonication in deionized water (DI) for 20 min to expose the underlying
titanium substrate. The second anodization was then performed on this textured substrate for 90 min
using the same experimental conditions, after which the sample was rinsed in DI and dried in a flow of
nitrogen. The TiO,-nt electrodes were subsequently thermally annealed in air at 350 °C for five hours.
The LFP electrodes were obtained by casting a slurry containing 75 wt % LiFePOy (Phostech, P2),
15 wt % PVdF (Solvay, Solef 5130), and 10 wt % conductive carbon (Timcal, Super C 65) on aluminum
foil. All electrodes were dried in vacuum at 120 °C for 12 h prior to use in the LIB cells.

The organic carbonate based electrolyte was made by dissolving LiTFSI (99.95%) in PC (BASF,
>99.8%) to a concentration of 1 M. The IL electrolyte was prepared by mixing LiTFSI with Pyr13TFSI
(99%) to yield a mole fraction of 0.2 i.e., Lip ,Pyr13y g TFSL

The LIB full cells contained a TiO,-nt negative electrode separated from the LFP positive electrode
by a glass fiber separator impregnated with the selected electrolyte, all vacuum sealed in a polymer
coated aluminum pouch cell. The half-cells consisted of a TiO,-nt or LFP working electrode and a
lithium foil serving as a combined counter and reference electrode, separated by a glass fiber separator
impregnated with the organic electrolyte. All cells were galvanostatically tested at 80 °C using a
Digatron BTS600 galvanostat and the TiO,-nt half-cells were cycled between 1.5 and 2.1 V vs. Li* /Li°
whereas the LFP half-cells were cycled between 2.7 and 3.8 V vs. Li* /Li°. The TiO,-nt-LFP full-cells
were cycled between 1.4 and 2.1 V.

4. Conclusions

The electrochemical cycling performance of cells composed of TiO,-nt negative electrodes and
LFP positive electrodes at 80 °C critically depends on the choice of the electrolyte. While cells
containing a LipPyr13pgTFSI ionic liquid electrolyte could be cycled without significant loss of
capacity for 100 cycles at 80 °C, significant capacity decays were found with a conventional organic
liquid electrolyte. The latter was attributed to an oxidative degradation of the organic electrolyte,
yielding low coulombic efficiencies. The excellent performance of the ionic liquid based full cells seen
for rates up to 2C provide new possibilities for the development of safe, stable, and sustainable LIBs
for use at elevated temperatures in, e.g., hybrid electric heavy vehicles.
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