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The electronic structure of poly(ethyleneoxide) with and without a
common electrolyte lithium bis(trifluoromethane)sulfonimide salt
is calculated from first principles. Introducing the salt into the
polymer electrolyte significantly reduces the band gap, down to
0.6 eV. Thus, this will have a significant impact on the leakage
currents in polymer electrolytes used in all-solid-state batteries.

While recent years have seen a tremendous increase in the
interest for solid (solvent-free) polymer electrolytes (SPEs) due
to their potential ability to realize all-solid-state batteries, the
main challenge for this category of materials is still the com-
paratively low room temperature ionic conductivity."*> Despite
several different approaches® it has been shown to be difficult
to achieve ionic transport properties of the same order of
magnitude necessary for most battery applications. A common
argument in this context, however, is that the polymer electrolyte
can be fabricated extremely thin: which would limit the problems
associated with poor ionic conductivity,® and contribute to a
much higher energy density.”

It is in this context often neglected in literature that while a
very thin electrolytes will generate a low ionic resistance, it will
also generate a low electronic resistance — which likewise scales
linearly with thickness. High electronic resistivity of the electrolyte
system is vital in battery applications to avoid internal short-
circuits and self-discharge of the cells.*® Very few studies of
polymer electrolytes include any appropriate determination of
electronic conductive properties except that it is occasionally
measured chronoamperiometrically through Wagner’s polariza-
tion method as the electronic fraction of the total current.”’ In
such studies, the electronic contribution is often determined to
ca. 1%, which is then deemed satisfactorily."* 1% could, however,
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well correspond to conductivities in the order 1077-10"° S ecm ™.

This is not a negligible electronic leakage current if the electrolyte
is scaled down to the micrometer range. Studies of thin-film
batteries'> and 3D-microbatteries'® have sometimes addressed
this issue, where electronic conductivities around 10 ** S em™*
rather have been targeted.'* At the same time, it is well-known
from the field of electric insulators that polymeric materials very
rarely display resistivities higher than 10"” Q cm.">*®

Electronic conduction in polymeric systems normally occurs
through thermally activated processes both in conducting
polymers'” and non-conducting polymers.'® The charge trans-
fer process occurs via localized electronic states that could have
weak or strong coupling to phonons where the latter forms
polarons.'® In the context of amorphous polymers, the localiza-
tion of the electronic states is typically reduced to segments of
the polymer and small polarons formed,*® which is described
by reorganization energies in the Marcus theory of electron
transfer.>' However, even though the electronic states closest to
the band edges are localized, there exist delocalized states further
away from the band edges. This location is known as the mobility
edge for electron and holes. Thus, it is important to know where
in the band the mobility edge is in order to understand how
transport will occur. Band gap and density of states are additional
important properties for understanding the electronic charge
carrier transport properties. Moreover, it can be expected that
the relatively high concentration of salt has a significant impact
on percolation related properties such as electron/hole mobility
and mobility edge location. It is thus of high importance to get a
better fundamental understanding of the electronic properties of
SPEs, and not only the conventionally studied ionic conduction.

The above-mentioned properties are in principle accessible
computationally through ab initio or density functional theory
(DFT) methodologies. However, a hurdle for using conventional
DFT for amorphous polymers is the system size, due to the
cubic scaling with the number of electrons in the system. The
linear scaling DFT (LS-DFT) method as implemented in the
ONETEP code is therefore useful and has previously been
applied to polymer systems."®?*2°
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The electronic properties of SPEs have so far primarily been
addressed through estimations of the reactivity and chemical
stability in bulk or at surfaces of primarily molecular model
system.?®™® In this study, we focus on the electronic structure
properties that have a direct impact on the electronic conduc-
tion calculated of the full amorphous polymer electrolyte.
Through application of LS-DFT, we determined band gap,
density of states (DOS) and mobility edges which impact e.g.
charge injection barriers and transport mechanism. Moreover,
we explored the effects of temperature and salt concentration,
thereby rendering it possible to distinguish how the charge
transport properties are impacted by these ambient and system
dependent conditions.

Poly(ethyleneoxide) (PEO) is the most investigated polymer
host for SPE materials and therefore selected for the present
study. Several different structures are considered, crystal struc-
ture of PEO,>® and amorphous PEO at different temperatures
and doped with the lithium bis-(trifluoromethane)sulfonimide
(LiTFSI)* salt at different concentrations. Details on structure
preparation are included in the ESL

Calculation of the electronic structure of the crystalline PEO
was performed through standard dispersion corrected DFT, for
details see ESI.{ Investigation of the orbitals show that the
conduction states are interchain states. Using PBE-TS, the
obtained band gaps are 5.25 eV and 5.27 eV with standard
DFT and LS-DFT, respectively, which is in agreement with
recently published results.’® Instead, the hybrid functional
PBEO-TS gives a band gap of 7.67 eV. This discrepancy is not
surprising in the view of band gap calculation of other dielectric
polymers.'®?> However, experimental values of the PEO band
gap has been determined via optical absorption measurements
to 4.4-5.1 eV and 4.5-5.8 eV for indirect and direct band gaps,
respectively.>*® It is worth noting that the measurements
were done at room temperature, and the samples thus contain
both crystalline and amorphous phases of PEO.>® Hence, the
measured band gap may origin primarily from the amorphous
phase of PEO; this is investigated below.

Amorphous PEO structures were generated and relaxed
using MD simulations as described in the ESIt for different
temperatures to cover both room temperature conditions and above
and below the glass transition temperature (T, ~ 210 K*"*%);
i.e. 200 K, 300 K and 400 K. Three structures per temperature
are used to get initial statistical variance of the properties. In
the inset of Fig. 1, the mass density of the amorphous PEO
structures is shown as function of temperature. The mass
density is about the same at 200 K and 300 K, but at 400 K
the mass density is much lower since this is clearly above the
glass transition temperature; see ESL.¥ Due to that the conduc-
tion band states are interchain states, the mass density change
above T, is expected to impact the density of states (DOS). In
Fig. 1, the DOS of PEO from LS-DFT calculations for the
amorphous structures at different temperatures are shown.
The results have been aligned around the core state peak at
—9 eV and then averaged from three different structures. The
band gap, determined from the individual band edge states, is
about 4.2 eV at 200 K and 300 K, while at 400 K the band gap is
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Fig. 1 Density of states of amorphous PEO at different temperature. Left
inset: Average density of the amorphous PEO structures used in the LS-
DFT calculations. The solid line is a guide for the eye. Right inset: The shift
of the conduction band at 400 K.

3.9 eV. This can be understood from the interchain nature of
the conduction states; at lower density the conduction states
relax in the larger free volume pockets compared to the free
volume pockets in the structures below T,. Both above and
below T, the band gap is significantly smaller compared to the
crystalline structure, while the comparison with experimentally
predicted band gap is rather good, displaying only 0.2-0.3 eV
difference between 200-300 K values and direct band gaps.
Hence, it is likely that the experimental band gap values of PEO
is determined by the amorphous phase of PEO.

As mentioned before, the localization behaviour of the
orbitals is important for the charge transport mechanism. In
extreme cases, the states are fully delocalized and the band
transport model is the most appropriate for describing the
charge transport. In contrast, if these states are localized,
different hopping models should be used instead. First, we
visually investigated the band edge states; in Fig. 2 four
different orbitals are shown in an amorphous PEO structure.
It is clear that the HOMO is localized along the polymer
backbone of PEO and that the conduction states are localized
in free volume pockets in the structure. Hence, as for the
crystalline phase, the LUMO+n are interchain states.

It is also important to know the location of the mobility
edge, which is the energy position for the transition from
localized to delocalized orbitals. If the difference between the
band edge and the mobility edge, considered as activation
energy, is significantly larger than the thermal energy, the
hopping conduction will dominate since thermal energy then
cannot excite electrons/holes to the delocalized states. If the
activation energy on the other hand is small, band transport,
likely trap limited, will be the dominating electronic charge
transport mechanism.

In order to determine the location of the mobility edge, the
volume that the orbital occupy needs to be calculated, which
can be done by following the Grid Occupation ratio method
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Fig. 2 Amorphous PEO at 300 K including four orbitals. HOMO (black-
red) is localized along the highlighted PEO chain while LUMO, LUMO+1,
LUMO+2 are localized in free volume pockets.

(see ESIf for a short review).>>>” In this method, a percolation

threshold of the orbitals needs to be determined based on their
geometrical shapes. Since percolation is highly dependent on
the geometrical shape in particular aspect ratios, these can be
used to estimate the mobility edge of the matrix. The localiza-
tion of the HOMO and the states closest to band edge in
polymers can be correlated to the Kuhn length of the
polymer,***® which in PEO is 8 A.** Thus, if 8 A is used as
the average length of the orbitals and a width of ~2-3 A
(equivalent to the hydrogen distance between two adjacent
CH, groups) is used, a percolation threshold of 0.2 can be
estimated from the percolation threshold of prolate ellipsoids
with aspect ratio 4:1.*> The same threshold is used for the
conduction states, motivated by that the orbitals tend to occupy
several free volume pockets, see Fig. 2.

In the inset of Fig. 3, the Grid Occupation ratio for 115
electronic states per band in amorphous PEO at different
temperatures are shown. All valence states are clearly far from
percolating the system, but in the conduction band the states
percolate ~1 eV from the band edge. In other words, electronic
band conduction through amorphous PEO is not likely. How-
ever, many of the states are almost degenerate, and in the event
of charge transport these would all be accessible within a
normal thermal energy window. When calculating the effective
grid occupation ration, which includes all states within an
energy window corresponding to the thermal energy, percolation
is seen both for states in the valence and conduction bands,
respectively, see Fig. 3. The activation energies are 0.4-0.5 eV for
holes and 0.2-0.3 eV for electrons if the 0.2 percolation criterion
is used. Thus, the activation energies are significantly larger than
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Fig. 3 Effective Grid occupation ratio for amorphous PEO for different
temperatures. Inset: Grid occupation ratio for amorphous PEO for differ-
ent temperatures. The dashed lines indicate the estimated percolation
ratio. Solid vertical lines indicate position of the valence band edge and
hole mobility edge.

the thermal energy, which means that both hole and electron
mobility will be based on a hopping process.

We continue by adding the LiTFSI salt to the structures in
different concentrations in the 400 K structures; one structure per
concentration level. Since new chemical species are included in
the system, new states may appear in the PEO-based SPE band
gap. In Fig. 4, the DOS of PEO with 0 wt%, 12 wt%, 25 wt% and
50 wt% LiTFSI are shown. Typical salt concentrations in SPE are
10-40 wt%.*> With increasing LiTFSI concentration the band gap
is significantly reduced; down to 0.6 €V at the highest investigated
concentration. The reduction of the band gap is in agreement
with experimental studies of other PEO salt composites,*> but
for the other salts the reduction of the band gap are not as large as

800

— O W% LITFSI | 0 —
s 12 W% LiTFSI
25 wt% LiTFSI

|| =50 wt% LiTFSI
----- 12 wt% LiTFSI
ewes 25Wt% LITFSI| 10
vwneni50 W% LiTFSI

700 i

600

500

400

300

200

Density of states [states / eV and atoms]

100 ..

EfeV]

Fig. 4 Density of states of PEO with different concentration of LiTFSI.
Solid lines show the total DOS and dotted lines the Local-DOS of only the
TFSI anions. Inset: Zoom in of the band gap.
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Fig. 5 Effective Grid occupation ratio for amorphous PEO at different
LiTFSI concentration at 400 K. The dashed line indicates the estimated
percolation ratio.

for the LiTFSI-doped system. This large reduction will have a
significant impact on charge injection into the electrolyte, in
particular for electrons rather than holes since the band gap
reduction is primarily originating from a lowering of the conduc-
tion band edge. We also calculate the Local-DOS where the
systems are divided in three categories: PEO atoms, TFSI atoms
and Li atoms, with DOS calculated for each category.”® The Local-
DOS is displayed in Fig. 4, which show that the reduction of the
band gap can be fully attributed to the TFSI molecular anions, in
particular the unoccupied states that appear in the PEO-band gap.
A “HOMO-LUMO?” gap of the TFSI orbitals from these calcula-
tions is about 2 eV at the lowest concentration, this is significantly
lower compared to TFSI band gap from ionic liquids results.**
However, visually categories the TFSI valence states in the SPE
show that none of the states are fully associated to the TFSI
molecular anion. This indicate potential interaction between the
TFSI and PEO or limitation of the method to separate the results
in Local-DOS, which both explain uncertainty of the TFSI
“HOMO-LUMO” gap. Additional investigations are needed to
fully understand this.

In Fig. 5, the effective grid occupation ratio of the PEO-
LiTFSI systems are compared with the pristine PEO systems at
400 K. There is no significant difference, compared to pristine
PEO, on where in energy the percolation occurs (estimated
from the 0.2 effective grid occupation ratio). However, the
activation energy for electrons to reach the delocalized states
above the mobility edge become very large (~3 eV) since the
excess electrons would be in the TFSI states. The hole activation
energy is similar to that of pristine PEO, ~0.5 eV. Hence,
hopping conduction will be the dominating charge transfer
mechanism for both holes and electrons. For the electrons, the
mobility will be highly dependent on the TFSI anions and how
they distribute in the electrolyte, due to that all the new states
in the band gap origin from them.
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Conclusions

We have calculated the electronic structure of crystalline
PEO and amorphous PEO at different temperatures and with
different concentrations of LiTFSI. It is seen that the conduc-
tion states are interchain states, in agreement with other
electrically insulating polymers. Below T, the band gap is
4.2 eV and 3.9 eV above. This is explained by the reduced
density above T, and the interchain nature of the conduction
states in PEO. Significant reduction of the band gap is seen
when LiTFSI is introduced, down to 0.6 eV at 50 wt% LiTFSI.
The band gap reduction is fully related to states of the TFSI
molecules. Mobility edges for both holes and electrons are far
from the band edges leading to activation energies significantly
larger compared to thermal energy, so hopping conduction
is expected to be the dominant charge transport mechanism
in these systems. Thereby, the selection of salt seems to be
of significant importance to limit leakage currents in SPE
batteries. A wise selection of salt can minimize the band gap
reduction and moreover significantly decrease the electron
charge injection.
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