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A gel polymer electrolyte based on the ionic liquid {N-butyl-N-
methyl-pyrrolidiniumbis(trifluoromethanesulfonyl)imide (Py,,TFSI)
and lithium bis(trifluoromethanesulfony)imide (LiTFSI)} is
shown to prevent the dissolution from an organic electrode.
The composite cell shows high energy efficiency although poor
cycle stability is exhibited at very high current density (10 C-rate).

The market for rechargeable batteries has grown rapidly with the
development of mobile electronic devices and more lately the
development of hybrid and electric vehicles.! In the near future the
market for large scale energy storage system is also expected. In
parallel with the main stream development of cheaper and more
efficient batteries several niche markets develop; for example flexible
batteries for bendable devices and flexible display equipment.”
Several research groups have tried to improve the flexibility of
inorganic electrode materials by the addition of carbon and polymer
substrates, however, with limited success.’ Organic materials have
also been used for flexible batteries such as the 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) based materials. TEMPO is a well-known,
stable organic radical with reversible oxidation and reduction
behavior in aprotic solvents. The nitroxide radical moiety of
TEMPO is oxidized to an oxoammonium cation during charging.*
The reversible electrochemical reaction occurred rapidly with the
anion of the electrolyte. This rather remarkable property of the
TEMPO radical and its polymer has attracted the attention of
research groups developing flexible batteries and the most studied
TEMPO-based electrode material is poly (2,2,6,6-tetramethylpiper-
idinyloxy-4-vinylmethacrylate) (PTMA) (Fig. S17).

In a working battery TEMPO-based organic electrodes suffer
from dissolution into the organic solvent based electrolytes. The
dissolution induces self-discharge and eventually a short circuit of the
battery.” Different strategies have been launched in order to make
more stable electrodes using crosslinking, brush and mesocellular
carbon etc.® So far the progress is small and the procedure often
introduces other problems; e.g. low mechanical strength, and low
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energy density. In addition, liquid based gel polymer electrolytes
have been applied to improve the flexibility; however they do not
prevent the electrode dissolution problem.’

In this study, we propose a new strategy to prevent dissolution of
organic active materials in flexible batteries; an ionic liquid based
electrolyte immobilized in an electrospun polymer matrix, forming
an ion conducting gel. lonic liquid electrolytes (hereafter, ILE) have a
high intrinsic ionic conductivity at room temperature, high thermal
stability and exhibit a good electrochemical stability in the range up
to 4.0-5.2 V.® However, it has to be noted that at least at room
temperature a high viscosity limits ionic mobility and therefore also
jonic conductivity.® The ILE selected for the flexible organic battery
in this work is; N-butyl-N-methyl-pyrrolidiniumbis(trifluorometha-
nesulfonyl)imide (Py4TFSI) complexed with lithium bis(trifluoro-
methanesulfony)imide (LiTFSI). Py 4 TFSI has attracted interest for
applications in lithium batteries as it shows a high cathodic
decomposition potential (compared to non-cyclic and unsaturated
cyclic quaternary ammonium ILs), a high ionic conductivity, and an
ability to form a solid electrolyte interface (SEI) thus preventing
undesired reactions with the electrodes.”!°

Two electrolytes, a conventional liquid electrolyte of 1 M LiPF¢ in
EC/DMC (1:1,v/v) and an ionic liquid electrolyte of 1 M LiTFSI in
Py 4TFSI, were prepared and PTMA was added under argon
atmosphere. Fig. 1 shows the time evolution of the blends. PTMA is
fully dissolved in the conventional liquid electrolyte (hereafter LE)
after only 1 hour, however, does not dissolve in the ionic liquid

After 1 h

Primary state

Fig. 1 Photographs of the conventional electrolyte with PTMA (a) and the
ionic liquid electrolyte with PTMA (b) directly after mixing and after 1 hour.
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Fig. 2 lonic conductivity of the liquid electrolyte (LE) and the ionic liquid
electrolyte (ILE) before and after one month storage over PTMA.

electrolyte during observation. Moreover, after one year of storage in
the ionic liquid, the PTMA electrode material was still stable. Thus,
the ionic liquid electrolyte seems to overcome the dissolution
problems of PTMA - at least during passive storage.

The stability of PTMA towards the ionic liquid is further
underlined by looking at the conductivities of the electrolytes before
and after contact with the electrode material, see Fig. 2. The ionic
conductivity of the LE has decreased significantly from the starting
value whereas the conductivity of the ILE is virtually unchanged. We
note before passing that the ILE shows a reasonable ion conductivity
for high power battery applications (>10™* S cm ™! was achieved at
10 °C).

When preparing the gel membrane a nano-fibrous poly(vinylidene
fluoride-co-hexafluoropropylene) (PVdF-HFP) matrix, prepared by
electrospinning (see Fig. S2) was soaked with the ILE (ILPE). The
matrix is made up of a network of interlaid fibers with a diameter of
<800 nm. The interlaying of the fibers provides mechanical strength
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Fig. 3 Open circuit voltage (OCV) of the liquid and ionic liquid polymer
electrolyte based battery over fifteen days.
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Fig. 4 Electrochemical mechanism of PTMA with 1 M LiTFSI in
Py 4TFSI.

to the membrane. The presence of interconnected micron-sized pores
in the structure is arguably also an asset for a host matrix for the
preparation of gel polymer electrolytes.'!

Open-circuit-voltage (OCV) was investigated over 15 days for a
self-discharge test (see Fig. 3) and both electrodes were charged to
90% SOC and a potential of ca 3.6 V. The OCV of PTMA in LE
decreased in a continuous way from the initial value to 2.5 V. In
contrast the OCV of PTMA in ILPE stabilized at 3.5 V after 5 days.
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Fig. 5 Electrochemical properties of the Py ;4TFSI based polymer electro-
lyte cell at 1 and 10 C-rate.
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Fig. 4 shows the electrochemical mechanism of PTMA with 1 M
LiTFSI in Pyl4TFSI. The nitroxyl radical of TEMPO is oxidized to
form a cation and joins an electrolyte anion (TFSI™) to form
oxoammonium salt during the anodic stage and its reverse reaction
occurs during the cathodic stage. PTMA has a theoretical cathode
capacity of 111 mAh g~

Galvanostatic charge-discharge curves for cells composed of
PTMA/ILPE/Li in the voltage window 3.0-4.0 V are shown in
Fig. 5a. At 1 C (0.12 mA cm ™ “)rate the cell demonstrated a single
charge-discharge plateau around 3.5 V reflecting a low and stable cell
resistance with a slight increase of the discharge capacity over the
first few cycles. For the 10 C-rate (1.2 mA cm 2) the voltage
separation between the charge and discharge increased to ~0.1 V as
a result of increased cell resistance and the first discharge capacity
has decreased to 33 mAh g~'. However, over the following cycles the
discharge capacity increased. The irreversible capacity loss between
the charge and discharge reaction is less than 3 mAh g~ ! at both 1
and 10 C, and the columbic efficiency is almost 99% for the PTMA
cell with ILPE.

The cycling performance of the PTMA cell with 1 M LiTFSI in
the Py, TFSI-based polymer electrolyte at room temperature under
1 and 10 C-rates is presented in Fig. 5b. At 1 C-rate the cell shows a
very stable cycling performance. From the 15 cycle and onward the
cell cycles at a stable capacity of 110 mAh g~ ' (99% is retained at the
50™ cycle). However, according to reported values in the literature,
the conventional liquid electrolytes exhibits a >0.13% capacity fade
per cycle.”> For the 10 C-rate the initial discharge capacity of
33 mAh g~ ! increased to 80 mAh g~ ! over 100 cycles. Thus, after
100 cycles at 10 C-rate the energy efficiency is above 72% as
compared to cycling at the 1 C-rate. The good electrochemical
performance of the Py, TFSI-based polymer cell is promising and
reflects a combination of thermal stability and electrochemical
stability of the ionic liquid electrolyte together with excellent
conduction properties.

In summary, we propose an ionic liquid based polymer electrolyte
in order to prevent the instability of an organic radical polymer
electrode based on PTMA without any additional process for
electrode design. The ILPE also improves the flexibility of the
battery. The Py 4TFSI-based polymer electrolyte cell shows very
good electrochemical properties at moderate C-rates. However, due

to an intrinsic high viscosity of the ionic liquid the performance
decreases at higher C-rate.

The present work was supported by STINT and NRF in a joint
Korea-Sweden program, FORMAS, and the Chalmers Area of
Advance — Energy.
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