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Mechanistic Insight into the Self-healing=
Capability of Solid-State Lithium Batteries:
Role of the PEO-Ti0O, Interface

Federico Piciacchia!, Sergio Tosoni'", Livia Giordano!
' Department of Materials Science, University of Milano-Bicocca, via Roberto Cozzi 55, Milan, Italy

Lithium dendrite formation during cycling of solid-state lithium batteries (SSLB) is known for critically
affecting the duration of these devices, which limits their application, despite their promising overall
performances. In this study, we performed a first-principles computational analysis of lithium interaction with
anatase TiO, surfaces grafted with polyethylendioxide (PEO) — aiming at understanding the mechanism behind
the self-healing behavior observed in batteries with composite electrolytes comprising nanoparticles of
functionalized titania. We report a strong stabilization of Li species at the PEO/TiO, interface, which exposes
several oxygen sites with good coordinative capability toward Li* cations, whose formation is enabled by the
reducible nature of TiO,, prone to host extra electrons in the empty Ti(3d) states. The role of PEO/TiO,
nanostructures in dissolving dendrites, thus, may not be limited to a bare mechanical effect, as previously
proposed, and also involve a chemical process of Li coordination and oxidation at the polymer/oxide interface.

1.

Introduction

The future of energy storage lays in the
battery’s ~ composition and  most
importantly in their energy storing
efficiency. Nowadays, the main problem is
to decouple the production of batteries
from critical materials and to find more
efficient, safe and sustainable materials.
One of most promising formulations that is
dominating the scenario is solid state
battery. Solid State lithium batteries
(SSLBs) are a promising alternative to the
liquid phase electrolytes batteries, which
are known to suffer from safety issues and
insufficient lifetime'-2. SSLBs are a macro-
class of devices that can be divided into
three sub-groups: polymer based, ceramic
based and hybrid, thus composed by a
mixture of the aforementioned materials.
On one hand, ceramic materials have good
mechanical and thermal resilience due to
the covalent/ionic bonding nature, whereas
polymers display plasticity and dynamic
nature due to the weak interchain
interactions. In the landscape of materials
for Dbatteries, polymers are lately
considered promising materials to improve

* sergio.tosoni@unimib.it

batteries and move to new solution for
SSLBs. In particular, among many classes
of polymers, polyethylenglicole (PEO) is
one of the best candidates due to its
flexibility, relative solubility and capacity
to bind ions.

PEO-based SSLBs present outstanding
qualities over other polymers due to their
good affinity for Li salts, high flexibility,
and favorable ionic  conductivity.?
Furthermore, in general, the formation of
amorphous phases, where ions can easily
diffuse, is easy in polymeric matrices,
while it may be more complicated for other
non-polymeric materials. Despite the
promise of SSLBs in allowing the use of
lithium metal anodes®, a severe issue
affects their durability and cyclability: the
formation of dendrites.’ Indeed, while the
battery is cycling, aggregations of lithium
atoms of nanometric size can form at the
surface of the Li electrode, eventually
damaging the membrane and causing
shortcuts and deactivation of the battery.
At the base of dendrite formation stands a
mechanism of lithium uneven deposition at
the electrode/electrolyte interface, which
triggers the growth of tree-like metallic
protrusions.® These can form at the tip of
the electrode, and then penetrate into the
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develop laterally at the electrode surface®.
The surface morphology of the electrode,'®
the adhesion strength of the solid-state
electrolyte at the electrode surface,!' as
well as  phenomena of  charge
accumulation/depletion at the
electrode/electrolyte interface may play an
important role.'>!3  Although the many
attempts to mitigate this problem, mostly
by optimizing the physiochemical
properties of the electrode/electrolyte
interface, the formation of dendrites
remain an open issue.’’ In addition,
dendrite formation occurs for both ceramic
and polymeric materials, because they
propagate through the amorphous matrix
in the polymer-based SSE, and through
grain borders in inorganic ceramic
electrolytes.!413

One of the most critical effects of lithium
dendrites propagation is the piercing of the
membrane, and consequently the loss of
performance. Conditions to recover the
operating conditions in SSLBs are the
disaggregation of the dendrite induced
mechanically by the polymer branches
(razor effect), on one hand, and the
recovery of the structural integrity in the
membrane, on the other. Due to the
dynamic nature of the polymer, its chains
can spontaneously reassemble, giving rise
to a phenomenon known as self-
healing'®!”. This property makes polymers
potential substitutes for all those electronic
components that undergo permanent
mechanical and structural stress.!®!3
However, the bare mechanical action of
the polymers on the dendrites may not be
the only factor behind self-healing in
SSLBs, and this is why interfacial
phenomena in ceramic fillers
functionalized with polymers are of high
interest. In fact, membranes integrating
ceramic and polymeric components show
improved mechanical properties, and
enhanced chemical stability, as well as the
aforementioned self-healing effect.!® As
discussed in a recent publication,
composite  polymer-inorganic solid
electrolytes, composed of  TiO,

interaction with lithium, capped with
PolyEthylene Oxide (PEO) chains can
outperform all polymer solid state
electrolytes (SSEs) in terms of durability
and self-healing capability.'® In particular,
a peculiar behavior was observed, where
the cells, after ceasing any operational
capability due to shortcuts caused by
dendrites, resumed their  previous
stripping-plating profiles, suggesting that
what caused the shortcut has been
dissolved.!® This behavior was not noticed
in pure PEO-derivate membranes, nor by
bare titania nanoparticles in PEO, free of
any surface functionalization and was
attributed to mechanically induced
breaking of Li dendrites, what is called
“razor effect”.! XPS and EPR spectra
suggest that TiO, has a role in the Li/Li*
oxidation.'” Thus, behind the self-healing
effect reported in L. Mezzomo et al, there
is also the intrinsic capability of a polymer
to get back to its integrity once the
dendrites have been mitigated. In this
specific case, two levels of self-healing can
therefore be identified: at the polymer
level, where the structure of membrane is
regenerated and at dendrite level, where
the TiO, filler disrupts the dendrite. In this
study we will focus only on the chemical
nature of the second mechanism. Since
many of the interactions with dendrites and
PEO/TiO, nanoparticles are not well
characterized, insights from atomistic
simulations on the interaction between
lithium and solid electrolytes can provide
useful information on the strategies to
improve the SSLBs performances. The aim
of this paper is to investigate the
interaction of lithium with TiO, grafted
with PEO, to infer whether the composite
PEO/TiO, SSE is barely a steric or
mechanical hindrance to the formation and
propagation of dendrites, or the chemical
stabilization of Li at the interface plays a
role in the self-healing mechanism by
providing a decomposition pathway for
dendrites. The work is divided into two
parts: the first one addresses what happens
in proximity of surface of grafted TiO,; the
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PEO and Li. Indeed, since dendrites pierce
and propagates through the membrane,
lithium will get in contact with both
polymer and oxidic surface. The surface of
the titania nanoparticles was modelled as
anatase (101). We chose anatase since this
is the most representative phase identified
in ref. ', and we then focused on its most
stable (101) facet. We thus recur to the
most stable plane exposed by anatase to
model the nanoparticles surface. As for the
polymer, the choice to truncate the chains
to its first few units enables us to focus on
the PEO/TiO, interfacial region. At the
experimental working temperature of ref.

Computational details

Spin-polarized Density Functional Theory
(DFT) calculations were performed using
the code VASP 6.0 (Vienna Ab initio
Simulation Package).?>** The interaction
between cores and valence electrons was
treated with the Projector Augmented
Wave (PAW) method 232, H(1s), Li(2s),
C(2s,2p), 0O(2s,2p), P(3s,3p), and
Ti(4s,3d,4p) electrons were treated
explicitly. The Perdew, Burke, and
Ernzerhof (PBE) formulation of the
exchange-correlation  functional — was
adopted.”’” To account for the highly-
correlated nature of Ti(3d) states, an
effective (U-J) Hubbard parameter of 3 eV
was added to penalize fractional
occupation on cationic sites, as originally
proposed by Dudarev et al. (PBE+U).2
Long-range dispersion was accounted for
semi-empirically by using the damped D3
correction.??3? The reciprocal space was
sampled in the I point only, as justified by
the large dimension of the supercell (vide
infra).3! A kinetic energy cutoff of 600 eV
was used to truncate the expansion of the
plane-wave basis set. Stopping criteria of
1x10¢ eV (electronic loop) and 1x107?
eV/A (electronic loop) were adopted.
Starting from the relaxed anatase TiO,
bulk, a (101) slab model was obtained
using the SLABCUT routine in the
CRYSTAL code*? . 3x3 and 3x6 surface

amorphous. '°?2 One can thus exclude that
long-range ordering effects will play a
major role in stabilizing lithium ions
between the polymer chains.

The grafting of PEO on the anatase surface
was modeled by adsorbing a -PO;*
terminated diglyme on an O-vacant
anatase surface!?, thus ensuring an overall
neutral system, without needing to apply
any charge correction. The
phosphate/titania bonding region offers an
oxygen-rich environment where Li can
bind, with several non-equivalent sites.

supercells were used, to screen both single
and double chain interaction. To graft the
polymer in our model, we considered a
phosphoester of diglyme adsorbing on a O-
vacancy of TiO,. The most favorable
configuration of PEO on the TiO, surface
was determined by means of static
relaxations, starting from various possible
covalent, and non-covalent binding modes.
The density of polymer per cell is 0.83
chain/nm?, while chain-chain distance can
vary from 1.04 nm to 1.18 nm single and
double model respectively. The slab
thickness was limited to two layers to
ensure reasonably fast calculations also for
large supercells, one of which has been
frozen to avoid computational burdens. In
order to test the robustness of the model
considering two layers, to lighten the
computational cost, inspection on the
thickness has been done. A benchmark
calculation regarding the thickness of TiO,
slab was performed with Hubbard
correction (U=3 eV), using the formation
energy of an oxygen vacancy and the Li
adsorption energy as test cases. For 2
layers, we obtained 4.62 eV and -1.65 for
E... and E 4 respectively; analogously, for
3 layers we have 4.57 ¢V and -1.77 eV for
E... and E,4 respectively (see ESI, Tables
S1 and S2, Fig. S1). Thus, since both
processes of vacancy and lithium
adsorption remain reasonably with the
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same values, these benchmarks allowed us
to use the two-layer thick model for the rest
of the study, according also to the literature
for the vacancy formation energy3334. A
vacuum layer as thick as 17 A, at least, is

Thermodynamic references for Li dendrites

The hypothetic stabilizing role of PEO/TiO,
must be evaluated by considering the relative
stability of Li atoms bound to PEO/TiO, with
respect to thermodynamic reference states,
mimicking the stability of the separated
components. While for the membrane
components, the choice of the reference states
is trivial (either clean titania, PEO grafted on
TiO,, or free-standing PEO), for lithium the
choice of the reference state is more complex.
In fact, the self-healing process in the battery
implies the Li takeover by PEO/TiO, to
dissolve the dendrites. These, however, display
a highly non-trivial morphology related to the
growth and ambient conditions (lithium
concentration, electrochemical potential, steric
factors, mechanical strain).3¢37 Given that it is
not viable to include these factors in first-
principle simulations, we here compare three
ideal model structures as thermodynamic
references for Li, in a process where a Li atom
is ideally extracted from a dendrite to be bound
at the Ti0, surface, PEO/Ti0; interface or PEO
chains. In the first model, the thermodynamic
reference is a Li atom in a surface lattice site of
Li(100), the most stable surface of lithium; in
this way, the lithium atom originates from the
surface of a dendrite. Alternatively, one could
consider the cost of creating a vacancy in
lithium bulk as the energy price to pay for the
dendrite dissolution. Finally, one may consider
as a reference the cohesive energy per Li atom
in Li bulk, thus envisaging the energy of Li in
its thermodynamic most stable state as the
reference, as wusually done in ab initio
thermodynamics.?’

3. Results and discussion
3.1 Interaction of Li with TiO, surface

We first discuss the interaction of lithium with
the surface of TiO,. The Li adsorption energy
is described by the following equations, by

interactions with the rephca of the slab.
The starting structures for anatase TiO,
and Li bulk were downloaded from the
AMCSD crystallographic database.®

considering a Li vacancy on the (100) surface
(Eq. 1), in the bulk (Eq. 2) or bulk Li (Eq. 3) as
thermodynamic reference:

]:‘jalds:]:‘j(’-ri O2surface+Li )+E(L1 surface_vacancy)'E(TiOZ
surface)'E(Lisurfac) ( 1)

Eads:E(Tio2surface+Li)+E(Libulkivacancy)'E(TiOZ
surface)_E(Libulk) (2)

Eads=E(TiO2surface+Li)'E(TiOZsurface)'E(Libulk/n)(3)

The adsorption energy of a lithium atom,
calculated with respect to the three
thermodynamic references, on the
stoichiometric and oxygen-vacant anatase
(101) surfaces is reported in Fig. 1. Negative
values of E, are obtained on both
stoichiometric and oxygen-defective TiO,,
regardless of the chosen thermodynamic
reference for Li. This implies that the
stabilization of lithium species at the anatase
surface is strong enough to compensate for the
energy cost of extracting a Li atom from a
perfect (100) surface, or from the bulk. This is
relevant, since one can assume that complex
dendritic ~ structures will display many
undercoordinated Li species, which should
undergo an even more drastic stabilization
when coordinated to TiO,. Interestingly, E.4 is
larger on stoichiometric anatase compared to a
defective TiO,, model, in contrast to the
commonly observed more reactive character of
defective surfaces. This can be explained by
the fact that Li, upon coordination on TiO,,
transfers one electron to the empty Ti(3d)
orbitals, as proven by the spin density maps in
Fig. 1. In this respect, the presence of oxygen
vacancies, which also contribute in populating
Ti(3d) states, is detrimental. Moreover, a
common trend is observed, where the
adsorption energy calculated with respect to
the formation of a surface vacancy in Li (Eq.
(1), grey column in Fig. 1) is more negative
than that calculated with respect to the bulk
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cohesive energy (Eq. (3), blue column in Fig. coherence of the results permiggpfotlc()) %&}gpgg&gz‘m
1), which is in turn more negative than the one cohesive energy of Li in bulk, as in Eq. (3), as
calculated with respect to a bulk Li vacancy a common reference in all calculations
(Eq. (2), tangerine column in Fig. 1). The reported in the next Sections.

TiO, TiO,.

# bulk/n bulk vacancy = surface vacancy

o

Eads(ev)

Fig.1. Adsorption energy of Li on anatase-TiO, (101) surface, stoichiometric a), and O-vacant b); Ti:
cyan, O: red, Li: green. The spin density (isolevel of 5 x 10~ |e| A-3) is displayed in yellow (up) and cyan
(down) clouds.

3.2 Interaction of Li at PEO/TiO, interface three different sites, mimicking a bridging
of the Li* species between an oxygen ion
from the phosphate binding group and a
lattice oxygen ion from anatase (101).

The adsorption of a single-Li atom was
simulated at the PEO/TiO, interface on

site1l site2 site3 sited TiO, TiO,,
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Fig.2 Left: Adsorption energies of Li at different sites of PEO/TIO, interfaces, in comparison with bare T1 . ?ﬁ‘ s 42;:'
and side views of the structures with spin density (yellow clouds; isodensity= 5 x104 || A-3). Ti: cyan 2) i
green, P: grey, C: brown, H: white.

chain-surface interaction. A new site originate
from this model, the site 4, as shown in Fig.3 in
which the coordination geometry of Li changes: in

Fig. 2 displays the relaxed structures along with the
spin density. In Site 1, Li is di-coordinated,
bridging one O atom from the TiO, surface and one
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O atom from the phosphate terminating group. In
Site 2, a three-fold coordination of Li is envisaged
(two O atom from the phosphate group and one
from TiO,). Site 3 also displays a three-fold
coordination, but Li is bound to two O from titania
and only one from the polymer chain. In Site 4,
finally, Li is stabilized by the combined action of
the titania surface and two PEO chains. The oxygen
atoms from the phosphate group binding the PEO
to the surface contribute remarkably to stabilizing
the Li* species, with an increase in E,4 (-2.32 eV
onsite 1, -1.82 eV on site 2 and -2.47 eV on site 3)
with respect to bare TiO, (-1.66 eV). In all cases,
the appearance of spin density on lattice Ti sites is
clear evidence of the charge transfer from Li to
TiO,., in analogy with the case of bare titania (Fig

1.

One may wonder, then, if a cooperative effect
between several PEO chains in binding Li species

is relevant. To conclude, we created a (3x4)
supercell to accommodate two PEO chains,
considering cross chain interaction and chain-

2
E-E¢ (eV)

E-E; (eV)
Site4, Li is chelated between the oxygen atoms of
the ether groups in the diglyme units and the
surface, with E,4 (-2.51eV) slightly more stable
than the one obtained for the phosphate group
binding to Li (site 2). Also, for this configuration,
the spin density on surface Ti atoms indicates a
charge transfer from Li to the oxide. The
cooperative effect between PEO chains, thus, has
little influence on the binding energy of a single Li
ion. However, we cannot exclude that the chain-
chain interaction will play a relevant role at a larger
scale, where a dendrite approaches a functionalized
nanoparticle.

It is worth noting that this larger model displays a
density of grafting phosphates and reciprocal
distances between the polymer chains comparable
with the experimental results from ref. '° According
to the data reported in Fig. 3, the coordination of a
Li atom between two PEO chains yields (in the
most favorable case, site 4) a further slight
stabilization (0.04 eV) compared to the best single-
chain configuration (site 3, Fig. 2).

Fig.3 Spin densities (yellow clouds; isodensity= 5 x10 |¢| A-*) and PDOS of: a)TiO, and Li@TiO,; b) PEO@TiO,and
Li/PEO@TIO,. Ti: cyan, O: red, Li: green, P: grey, C: brown, H: white.
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reported in Fig. 3a, b further confirms the electron
donation from the Li(2s) orbital to Ti(3d) states,
generating a shallow gap state centered on the
metal 3d orbitals, upon binding of a Li atom to the
anatase surface for both models. We compare now
the adsorption properties of Li at the PEO@TiO,
interface with the ones on pure PEO. It is worth
mentioning that the grafting with the polymer
generates surface states that can further accept

Fermi’s level corresponding to 3d orbitals of Ti.
However, with a semi-core alignment (SI) we
could state that the nature of the process is mostly
due to the coordination of polymer respect to the
Li"; in fact the electron, for TiO, and PEO@ TiO,
is localized in the same energy level, confirming
that the nature is due to the presence of more basic
oxygens belonging to the polymer, resulting in a
less strained structure.

%’ electrons. For both models, anyway, it figures out
= O
23
q E
B8
—
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8 o

3 —
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=]
c 2
§ 5 ~
I

@©

Ss Y
c £ o
s E g
oo
g 2
S B
S0

o)
g © 10 -8 6 -4 {eV)
= p E-E{e
22
g =}
= § b) ——PEO total DOS

5 ——Li total DOS
B S
7%
5 -
€3 3
g 5 =
S o 8 V
T c a
<
4
(8]
<
5

-10 8 -4

5 E-EdeV)

Fig.4: PDOS of a) Li@PEO diglyme with metallic Li near Fermi level, b) Li@(PEO diglyme),; the vertical
black line represents Fermi level. The corresponding structures are reported on the right: O: red, Li: green, C:
brown, H: white. The spin density is represented as yellow clouds (isodensity= 5 x10* |e| A-3)

By considering a single PEO chain, Li coordinates
with the oxygens of the polymer, as depicted in Fig.
4. The binding energy of Li to PEO is in this case
+0.71 eV with respect to Li bulk, indicating that
PEO diglyme alone cannot cause the detachment of
Li atomic species for dendrites, at variance from
what observed for TiO, (101) and PEO/TiO..
Moreover, the DOS plot for a Li atom is bound to
a free-standing PEO chain (Fig. 4, up) indicates
that the Li atom retains its neutral 2s' electron
configuration, and no electron transfer to PEO
takes place, as also shown by the spin density.

Considering that in the real system free-standing
PEO forms amorphous polymeric networks, Li
species could find a more favorable oxygen-rich
environment with respect to the model with a
limited number of Li-O interactions discussed
above. According to coordination of Li by PEO
found in literature8, a two-chain PEO model has
been considered (fig.4). The spin density and DOS
of a Li@(PEO), model are represented in Figure 4
(down), where two chains of polymer bind a Li
atom in a tetrahedral geometry between four
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equal to 3, like in the single-chain model.

The DOS plot reveals a neat peak in the valence of
the (PEO), complex, indicating that the charge
transfer partially occurred, even though a partial
charge transfer from Li on the LUMO acceptor
states (mostly centered on C atoms) of the polymer
is evident from the spin density in Fig.4. The
computed Bader charge®*#°, reveals a substantial
oxidation of Li (+0.87 e|).

The binding energy calculated for this model is
small and positive (+0.25 eV), which means that

Finally, all the energies reported here were

calculated at 0 K, but the inclusion of the thermal

contribution at 343.15 K (working temperature of

this type of battery) does not change the picture

substantially, since the correspondent value of

343.15 K in electronvolt is 0.03, and this is not
4. Conclusions

In conclusion, it is possible to claim that the
dendrites dissolution at the base of the
experimentally observed electrochemical cell self-
healing may be due to several factors, spanning
from a mechanical-grounded razor effect of the
polymeric chain on the dendrites (not discussed in
this paper), to a more chemically based
phenomenon which was here treated in depth by
means of DFT calculations: a redox process
favorably oxidizing Li species thanks to the
reducible nature of titania. In this respect, the
PEO/TiO, interface is expected to play a two-fold
role: on the one hand, it enhances the stabilization
of Li species at the polymer-oxide interface, thanks
to the coordinative capability of the grafted
phosphate groups towards Li* ions formed by the
electron transfer to Ti-3d states, while, on the other,
it could facilitate the transport of dispersed Li
species to their stable binding sites. The presence
of oxygen vacancies in TiO, is detrimental for the
stabilization of ionized lithium, due to the
competing reduction of the titania support, but
stable binding of Li* is possible also on defective
TiO,. Conversely, free-standing PEO is scarcely
able to bind and oxidize neutral lithium species.
Notably, the favorable thermodynamic profile of Li

Bibliography

chelating a Li species is stronger compared to
bonding to a single chain, but much less favorable
even than TiO, without any functionalization.
Slightly more favorable binding energies for Li in
amorphous PEO were previously reported in the
literature®® This can be explained considering the
difference between the two structural models, a
periodic model mimicking an amorphous polymer
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