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For many years, composite electrolytes (CEs) consisting of a mixture of inorganic solid electrolytes (ISEs) and polymer
electrolytes (PEs) have been investigated as promising materials for the scalable production of solid-state batteries (SSBs). It is
believed that CEs can overcome limitations of the single components, namely the low room-temperature conductivity and lithium
ion transference number of PEs and the poor mechanical properties and high temperature processing necessary for ISE ceramics.
To facilitate ion transport in the CE between the electrodes a low and stable charge transfer resistance between PEs and ISEs is
required. In this study, we investigate by means of electrochemical impedance spectroscopy (EIS) how polymer crystallinity
influences the charge-transfer resistance of hetero-ionic interfaces between polyethylene oxide (PEO)-based electrolytes and
Li; 5AlpsTi; s(PO4); (LATP) as well as Lig25Alp2sLazZr,0;, (LLZO) as ISEs. Crystallization of PEO based electrolytes below
their melting temperature leads to an increased charge-transfer resistance. On the other hand, electrolytes based on the amorphous
poly[2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (PTG) do not show an increased charge transfer resistance. Finally, the
conductivity of ISE-rich CEs is measured as a function of their temperature and composition for elucidating how the interface
resistance influences charge transport in ISE-rich composite electrolytes.

© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/

1945-7111/acal25]

Manuscript received October 1, 2022. Published November 29, 2022.

Supplementary material for this article is available online

In recent years, lithium-ion batteries (LIBs) have become the
market choice for portable energy storage systems thanks to their
high power and energy density. Nevertheless, the demand for even
better performing batteries increases as the automotive industry
shifts from fossil fuels to electricity as main power source for
vehicles. In the last decade, however, the %)hysicochemical limit of
this technology has almost been achieved.” This, together with the
need for cheaper and more abundant raw materials, moves the focus
of research towards new chemistries and electrode designs that can
offer even higher performance. One of the most promising strategies
is substituting the liquid electrolyte (LE) with a solid electrolyte
(SE), giving rise to solid-state batteries (SSBs). These are quickly
gaining interest with their promise to overcome the energy limits of
LIBs by using high-capacity lithium metal anodes, while also
providing better safety thanks to the non-volatile components.

The broad spectrum of SEs can be divided into two main
categories: polymer electrolytes (PEs) and inorganic solid electro-
lytes (ISEs). Among other ISEs, the garnet Li;Las;Zr,0;, (LLZO)
exhibits conductivities up to 1 mS-cm™' and electrochemical
stability in contact with lithium metal, while the phosphate-based
ISE Li( 4 x)AlTi2—x)(POy4)s (LATP) has as high conductivity and is
stable up to 4.4V vs Li*/Li, which is sufficient for contact with
high-voltage cathode active materials.”™* However, both these ISEs
require high temperature sintering to reach the high density needed
for high Li* conductivities and low tortuosity effects. This not only
complicates cell manufacture but also limits the choice of cathode
active materials (CAMs), as the high temperature drives unwanted
reactions into more stable phases.” On the other hand, PEs offer
simple integration into batteries as they can be easily fabricated into
CAM-composites and casted as films. The main limitations of PEs are
their electrochemical properties: low conductivity (<0.1 mS-cm™")
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and Li™ transference number and electrochemical instability in contact
with lithium metal or above 4 V, practically hindering their imple-
mentation at room temperature.

The combination of PEs and ISEs has received interest from the
research community as layered cell design or composites might
overcome the respective individual limitations.® Several publications
report enhanced properties such as conductivity or redox stability of
the composites over the pristine PEs,’” but detailed studies and in-
depth explanations of the mechanisms leading to improved transport
or stability are yet relatively scarce.*™'' Furthermore, the influence
of polymer crystallinity on the charge-transfer resistance is rarely
explored, with comparisons available oanI between liquid electro-
lytes and solid polymer electrolytes.">* While Kalnaus et al.
showed that an amorphous, more conductive, PE layer at the
interface with the ISE could explain the improved performance,
comprehensive electrochemical modelling that accounts for better
understanding of ion movement across phase boundaries is
missing.'> As good contact between the two electrolytes and fast
Li* transfer across the interface is necessary for achieving satisfac-
tory performance, we consider this as serious gap of knowledge.®®

Several methods can be used to determine the charge transfer
(CT) resistance between PEs and ISEs. The most straightforward
one consists in the assembly of dense layers of the two electrolytes
stacked together in 2D geometry, allowing for precise control over
the geometrical contact area. Electrochemical impedance spectro-
scopy (EIS) then allows the assignment of different characteristic
features in the acquired spectra to specific electrochemical processes
taking place in the device. However, the choice of the electrode
plays a big role on which lithium transport processes can be
observed by EIS. With blocking electrodes, the low frequency
polarization at the metal surface often superimposes with the
interfacial process, as both share similar capacitances in the
pF/em? range. This issue is mostly avoided by employing reversible
electrodes, but the charge transfer at the electrodes might overlap
with the charge transfer between the two electrolytes even in this
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case. Therefore, reference electrodes (RE) need to be added to
separate the electrode contribution from the PE|ISE interfacial
contribution by effectively probing the electrochemical potential
away from the polarization source.

In the literature, the interface resistance between the extensively
studied polymer electrolyte based on polyethylene oxide (PEO) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and several
ISEs has been reported. For the oxide-type ISE, LLZO, the
normalized values range from 180 Q-cm? (EO:LiTFSI = 15) to
900 kQ-cm? (EO:LiClO, = 20) at 30 °C, depending on the salt
concentration or treatment of the ISE surface.'®™'® All of these
measurements were carried out with blocking electrodes. In the case
of the phosphate-type ISE, LATP, data are available for the lithium-
ion conducting glass-ceramic produced by Ohara Corporation. The
interface resistance determined by Chen et al. is R, = 42 Q- -cm?
(EO: L1CF3SO3 = 16) at 70 °C;'* Zhang et al. found a Value of R, =
200 Q-cm? (EO: LiTFSI = 18) at 60 °C while recently James Alfred
et al. determined the charge transfer resistance to be R, = 38 (- -cm?
(EO: LiTESI = 12) at 70 °C."”** The significant scatter of the
reported values demonstrates the experimental difficulties encoun-
tered while determining the PE|ISE interface resistance, with the
discrepancies not only attributable to the different conducting salts
employed. Interestingly, similar issues were encountered while
investigating the interface between liquid electrolyte (LE) and ISE,
and were only overcome by the development of four-electrode
setups.'>?!*> Recently, Simon et al. developed a four-electrode
setup that could successfully separate the PE|Li electrode contribu-
tiongfzr?m the PEO|LigPSsCl interface contribution in a polymer
cell.”

In this work, we investigate the electrochemical properties of the
interface between polyether-based PEs and the inorganic solid
electrolytes LLZO and LATP. The separation of different PE|ISE
processes is possible through the combination of EIS and a four-
electrode setup.’ The influence of polymer crystallization on the ion
dynamics at the interface is explored by comparing electrolytes based
on PEO and amorphous poly[2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether] (PTG). Contrary to the linear PEO, the four ethylene
oxide units in PTG side chains prevent its crystallization.”** Finally,
the conductivity of ISE-rich CEs is measured as a function of
temperature and composition, elucidating how the interface resistance
between polymer and ISE influences charge transport in composite
electrolytes.

Experimental

Materials.—Nitric Acid (65%, Merck), titanium (IV) isoprop-
oxide (97%, Sigma-Aldrich), citric acid monohydrate (>99.0%,
Sigma-Aldrich), LiNO;3 (99.99% Sigma-Aldrich), aluminium nitrate
nonahydrate (99.997%, Sigma-Aldrich), ammonium dihydrogen
phosphate (299.99%, Sigma-Aldrich), Li,CO; (>99.0%, Sigma-
Aldrich), ZrO, nanopowder (<100 nm, Sigma-Aldrich), La(OH);
(99.9%, Sigma-Aldrich), Al,O5 (99.8%, abcr), (+)-epichlorohydrin
(99%, Sigma-Aldrich), tetrabutylammonium hydrogen sulphate
(97%, Alfa Aesar), triethylene glycol monomethyl ether (>97%,
Sigma-Aldrich), 2-methyl-2-butanol (>99% anhydrous, Sigma-
Aldrich), P4-#-Bu (~0.8 M in hexane, Sigma-Aldrich), polyethylene
oxide (M, = 4 x 10°g-mol™', Dow Chemical), LiTFSI (>99%
battery grade, 3 M), lithium foil (60 m, Honjo Japan).

Synthesis of LijsAlgsTiy s(PO4)3—Li; sAlysTi; 5(PO4); was
synthetized with a sol-gel procedure similar to the one Ma et al.
reported previously.?® Initially, 17 g of titanium (IV) isopropoxide
were added under stirring to 100 ml of deionized water. The white
TiO,/Ti(OH), precipitate was filtered, washed with deionized water
and dissolved in 150ml of 2M freshly prepared nitric acid.
Successively, 25 g of citric acid monohydrate, 4.137 g of LiNOs,
7.506 g of AI(NO3)3- 9 H,O were added to the solution. Gelation
occurred after the final addition of 13.804 g of NH4H,PO,. The gel

was dried for 48 h at 90 °C, crushed and calcined in air heating at
2 °C-min~" to 650 °C for 3 h to give white powders.

To reduce particle agglomeration, the calcined powder was ball-
milled using 3 mm ZrO, milling media at 120 rpm for 6 h with mass
ratios of LATP:EtOH:ZrO, equal to 1:1.5:20. After ethanol evapora-
tion, 250 mg of powders in a 13mm cylindrical mold were
uniaxially shaped at 150 MPa and then isostatically pressed at
500 MPa for 30 min The obtained pellets were sintered by heating
at 2 °C-min~" to 950 °C for 5 h in air, achieving samples with >97%
of the (geometrical) theoretical density (@ =~ 11 mm, thickness
~ 1 mm). Each surface of the pellets was polished with SiC paper up
to P4000, ultrasonicated for 10 min in acetone and recrystallized by
heating at 2 °C min~"' to 900 °C without holding the temperature.
SEM images of the surface of polished and annealed pellets are
shown in Fig. S1.

The LATP powders used in the composite ware prepared by
heating the milled powders in an alumina crucible to 900 °C with a
heating ramp of 2 °C min~' in air. To again reduce particle
agglomeration, the obtained powders where hand ground for
15 min in an agate mortar before being vacuum dried overnight
(120 °C) and transferred inside an Ar filled glovebox.

Synthesis Of Li6_25A10_25La3Zr2012.—Li6_25A10_25La3Zr2012 pow-
ders were prepared through a solid-state reaction. Stoichiometric
amounts of Li,CO3, La(OH)3, Al,O3 and ZrO, were hand mixed in
a mortar and then ball-milled at 350 rpm, with 3 mm ZrO, and a
LLZO:ZrO, ratio of 1:10, for 24 cycles with intermediate cooling
times (every 10 min for 20 min). The homogenized powder was then
pressed into pellets and calcined inside a tube furnace at 1000 °C for
4h under a 150 sccm flow of dry oxygen. Calcined pellets were
ground to powder and ball-milled with the previous parameters, but
for a total of 40 cycles. Then, 600 mg of the obtained powder was
isostatically pressed into 10 mm pellets at 400 MPa for 1h. The
resulting pellets were placed inside a MgO crucible, covered with
excess powder and sintered (5 h at 900 °C, 5h at 1100 °C and 15 h at
1230 °C, with rates of 100 °C-h™!) in a tube furnace under 150 sccm
of dry oxygen. The resulting pellets had a diameter of approximately
8 mm, with 95 + 1% relative density (@ ~ 9 mm, thickness ~ 3 mm).

Synthesis of 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether
(triethylene glycol glycidyl ether, TG).—The monomer TG was
synthesized as described by Kim et al. through a Williamson
reaction.”’ Briefly, 74 g of epichlorohydrin, 5.0 g of [CH5(CH,)s]4
NHSO, tetrabutylammonium hydrogen sulphate and a 50 wt%
sodium hydroxides water solution were mixed and cooled with an
ice bath. Afterwards, 36 g of CH3;(OCH,CH,);OH was added over
the course of 1h and the emulsion was allowed to reach room
temperature and stirred for 16 h. The products were extracted with ethyl
acetate, dried with sodium sulphate, filtered and then solvents were
removed under vacuum. The crude TG was distilled twice (b.p. 120 °C,
~0.1 mbar) under CaH, and stored under argon with 3 A molecular
sieves. TG: '"H-NMR (400 MHz, CDCl3): § (ppm) 2.58 (m, 1H), 2.77
(t, IH, J = 9.2), 3.1-3.18 (m, 1H), 3.35 (s, 3H), 3.37—3.79 (m, 14H).

Synthesis of poly[2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl
ether] (PTG).—Polymerization of TG was carried out under argon,
all reagents were pre-dried with 3 A molecular sieves in an argon
filled glovebox. Firstly, 20 ml of toluene, 100 ul of 2-methyl-2-
butanol and 1.2 ml of P4-#-Bu solution were consecutively added to a
Schlenk round-bottom flask. Afterwards, 25 g of TG was added and
the solution was stirred in a water bath at 20 °C for 16 h. The
polymerization was stopped by addition of 1 ml of benzoic acid in
toluene, diluted in dichloromethane and passed through basic
alumina to separate benzoic acid and leftovers of P4-7-Bu.
Solvents were removed with a rotary evaporator and the residue
was vacuum dried in a Buchi oven at 120 °C overnight. The obtained
PTG was stored with 3 A molecular sieves in argon. PTG: 'H-NMR
(400 MHz, CDCl3): 3.35 (s, 3H), 3.37—3.79 (m, 16H).
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Polymer electrolytes preparation.—PEO was vacuum dried for
48 h at 50 °C in a vacuum oven (Biichi mod. B-585 Drying). LiTFSI
was dried for 24 h at 120 °C under high vacuum (107 bar). All
materials were handled in a dry room (dewpoint < —70 °C) and
stored under vacuum atmosphere to prevent aging effects. The
polymer electrolyte was prepared in 2.000 g batches containing
1.394 g PEO and 0.606 g LiTFSI, corresponding to a 1:15 ratio of
Li:EO. The powders were mixed giving a paste-like material which
was then annealed at 100 °C (overnight) and, successively, hot-
pressed (Servitec Polystat 200 T press) at 100 °C and 50 kN
(50-750 kg~cm72) to obtain PE films with a thickness of around
100 pm.

In the preparation of the electrolytes based on PTG, five ethylene
oxide (EO) units per monomer were accounted for, equal to the
number of oxygen atoms in each monomer. In an argon filled
glovebox, calculated quantities of PTG and LiTFSI were mixed
according to the predefined EO:Li ratio in a vial. The solution was
stirred overnight until complete dissolution of the salt.

PTG-LATP composite electrolytes preparation.—Inside and Ar
filed glovebox, small amounts of PTG-based electrolyte (20 mg—
100 mg) where directly added to an agate mortar on a weighting
scale. Afterwards, LATP powders were added to bring the total
weight to 1g and the mixture was gently ground for 10 min,
resulting in a dense paste.

Characterization methods.— Scanning electron microscopy
(SEM).—Images were recorded with a ZEISS Merlin field-emission
SEM. The samples were prepared in an argon-filled glovebox by
fixing the powders or pellets on adhesive carbon tape. A secondary
electron detector was used for imaging, at an extraction current and
voltage of 5kV and 1 nA.

X-ray powder diffraction (XRD).—A Panalytical Empyrean
diffractometer equipped with a Cu K, X-ray tube was used to
confirm the crystal structure and phase purity of the synthesized
materials. In Bragg-Brentano geometry, the diffractograms were
collected in the 20 range between 10° and 90°, with a resolution of
0.026° and an integration time of 300 s/point. Soller slits and
divergence slits of 0.02 rad and 1°, respectively, were employed.

ATR-FTIR.—The data ware measured on a Thermo Scientific
Nicolet iS5, equipped with the iD5 diamond crystal attachment in
attenuated total reflectance (ATR) geometry. The spectra were
recorded at resolution of 4 cm™' in the wavenumber range between
400 cm™" to 4000 cm ™.

Cell assembly and EIS characterization.—The ionic conductiv-
ities of the single electrolytes were determined by EIS with
symmetrical blocking electrodes for the solid electrolytes, whereas
a closed-cup cell with calibrated cell-constant (TSC 1600, rhd
instruments) was used for the PTG electrolytes. Gold was evapo-
rated on both surfaces of the CEs, while for the SPEs nickel disks
(@ = 9mm) were used as electrodes. To investigate a single
interface, symmetrical cells Li|PE|CE|PE|Li with reference elec-
trodes (RE) between the PE layers were prepared. The same
configuration was used for PTG electrolytes, where 20 ul of solution
was infiltrated on a glass fiber separator.

The conductivity of the composite electrolyte was measured by
EIS in a previously described in-house designed cell.”® For each
measurement, 100 mg of composite was sealed in the cell between
polished stainless steel electrodes and densified for 1 min at 30 kN
(380 MPa).

The reference electrodes consisted of a gold-plated tungsten wire
(@ = 25 pm), as after applying a cathodic current (lithium reduction)
either the Li-Au alloys or plated lithium metal offer a stable
potential.>* The polymer layers embedding the REs (@ = 10 mm)
were attached on both sides of the CE pellet (3 = 11 mm approx.),
followed by lithium foil (@ = 8 mm) and nickel current collectors.

The assembled cells were placed and sealed in an aluminum-
laminated pouch bag. In order to have a reference electrode with a
stable potential, lithium was alloyed and then plated on the gold-
coated wires by applying a negative current (~1 mA cm ™ 2) between
wire and lithium metal electrodes. For PEO-based electrolytes, RE
preparation and cell validation were performed at 60 °C in a
temperature-controlled climate chamber. A typical potential contour
is shown in Fig. S2.

The high room temperature conductivity of PTG based electro-
lytes allowed pre-lithiation of the RE: the wire was placed between
two PTG-filled glass fiber separators and the lithium metal anode
and pre-lithiated in the glovebox. Afterwards, two Li|PTGJref.|PTG
units were stacked on both sides of the CE to obtain the
Li|PE|CE|PE|Li cell configuration. Cells containing PTG were
then quickly sealed, moved out of the argon-filled glovebox and
placed in a controlled environment climate chamber at 0 °C for
further measurements. Temperature-dependent impedance spectra
were recorded to determine activation energies by increasing the
temperature by 5 K with each step and 1 hour of equilibration time.
The impedance data were fitted with the software RelaxIS
(rhd instruments, Germany). Potentiostatic spectra were measured
between 100kHz and 0.1 Hz, with a perturbation potential of
10 mV recording 10 points per decade using a VMP3 or VMP300
(BioLogic, France).

Results

Characterization of the electrolytes.—To investigate the influ-
ence of the chemical structure and morphology of the polymer
electrolyte on the interface resistance with ISEs, two different
polymers were employed. As counterpart to the typical PEO, the
synthetized PTG is characterized by side chains with four ethylene
oxide units, preventing its crystallization (Figs. la—1b).>” The
structures and purity of the monomer TG and polymer PTG were
verified by NMR (Fig. S3). To prevent inconsistencies in the
normalized values of interface resistance due to polymer electrolyte
infiltration, dense pellets of LATP and LLZO were used with
geometrical densities determined to be 97% and 95%, respectively.
These pellets were employed as model system to investigate lithium
transport across the ISE|PE interface. The phase purity of LATP and
LLZO was confirmed by XRD data, as well as the crystallinity of a
PEO based electrolyte and amorphous nature of the PTG based one
(Fig. S4).

The conductivity data of the individual electrolytes at different
temperatures are presented in Fig. 1. The PEO-based electrolyte
shows a strong reduction in conductivity below its melting point,
while the PTG-based electrolyte is characterized by a much
smoother decrease. The total ionic conductivities of the ISEs, the
sum of the bulk and grain boundary contributions, are at least one
order of magnitude higher than those of the polymers. The
conductivity of the PEO-based polymer electrolyte also agrees
with previous reports, showing a steep decrease in the electrical
properties below its melting temperature of about 45 °C. This was
associated with the crystallization of PEO or EOg:Li; units.”® The
measured activation barriers for LATP, LLZO and PEO (above
45 °C) based on the total conductivity are E, = 0.33 eV, 0.34 eV and
0.42 eV, respectively. To the best of our knowledge, the conductivity
of linear PTG was not yet studied as a function of both the
concentration of LiTFSI and temperature. The data in Fig. S5
show the known trend for glass-forming electrolytes, where the
increased viscosity and T, at high concentration of salt leads to a
decrease of the total conductivity.*® All of these values are in good
agreement with those previously reported, with LATP and LLZO
having total conductivities one order of magnitude higher than the
PEs over the whole range of temperatures investigated.

Electrochemical characterization of the PEO-ISE interfaces.—
To characterize the interfaces, we employed the same cell config-
uration used by Simon et al. for the investigation of the interface
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Figure 1. Chemical structure of the polymers used in this study: (a) poly
(ethylene oxide) (PEO) and (b) poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether), shortened to poly(tetraglyme) (PTG) for its close resem-
blance to the oligo-ether solvent. (c) Arrhenius plot for the electrolytes used
in this work: LATP, LLZO, PTG4,:LiTFSI, and PEO,s:LiTFSIL.

between a PEO based electrolyte and LigPSsCl solid electrolyte.” A
detailed description of the measurement setup and data recorded are
reported in Fig. S6. The properties of the electrochemical contact
between the ISEs and the PEO-based PEs were measured with the
four-electrode method. Nyquist plots of the EIS data recorded at
60 °C for the Li|PEO, PEO|LATP and PEO|LLZO interfaces are
shown in Figs 2a, 2c, 2e, respectively. The data were normalized to
the (geometric) contact area between ISE and PE, with both sides of
the pellet accounted for by dividing the obtained resistance value by
two (series connection). Equivalent circuit models of the electro-
chemical system are illustrated on the bottom right of each plot, with
the necessary introduction of constant phase elements to account for
geometric and chemical inhomogeneity on the surface.®'

The nature of the electrochemical process can be assigned by
combining information about the normalized capacitance and
relaxation time. The relatively fast bulk transport of ions is usually
observed at high frequencies of the spectrum where the “bulk”
resistances of the electrolytes are evaluated. This value in the
sandwiched setup corresponds well to the sum of the bulk resistances
of all electrolytes, measured separately beforehand. The mid-
frequency regions of the Nyquist plots each show one semicircle.
The capacitances and characteristic frequencies for the corre-
sponding processes are 2.7 pF-cm 2 and 1.1 kHz for the cell with
LATP, as well as 0.43 yF-cm™~2 and 0.8 kHz for the cell containing
LLZO. These values match with the results of Zhang et al. for
LATP, and Langer et al. for LLZO, and they were attributed to the

lithium ion transfer at the interface.!”'® Also the Li|PEO interface
shows similar values, with a specific capacitance and characteristic
frequency of 1.3 yF-cm™2 and 1.1 kHz. The characteristic frequen-
cies of these processes are all very similar and can be attributed to
the Li|PE and PE|ISE electrolyte interfaces. It has to be noted that on
the surface of Li metal decomposition products of the PE likely
formed a solid electrolyte interphase (SEI), explaining the similar
values of capacitance and characteristic frequencies observed
PEJISE contacts. Overall, the obtained values are in good agreement
with those reported previously.'>'®2! In the low frequency region, a
depressed semicircle was measured at the LLZO|PEO interface,
while a line close to 45° of inclination was observed for the
LATP|PEO interface. The difference of the two contacts is likely
due to the formation of an interphase between LLZO and the
polymer electrolyte as discussed later.

The charge transport across all interfaces studied here are
characterized by quite close activation energies: E, = 0.76¢eV,
0.72eV and 0.67eV for Li|[PEO, LLZO|PEO and LATP|PEO,
respectively (Fig. 3a). The quite similar values of activation energy
and normalized resistance for the Li|PEO interface compared to the
two other ISEs suggest similar lithium-ion dynamics at the SEI
formed on top of the lithium metal. Interestingly, a deviation from
linearity below 45 °C was observed for all samples. At this
temperature, the concurrent steep increase of the “bulk” resistance
(Fig. S7) suggests that crystallization of the polymer electrolyte
causes its deviation towards lower values. This is widely reported in
the literature and matches with the conductivity trends seen in the
previous section (Fig. 1).

However, the deviation from linearity of the interfacial region is
less pronounced compared to the bulk. At the PE|ISE interface, the
reorganization of polymer chains is likely hindered by reduced free
volume close to the surface of the ISE, leading to a slower
nucleation/growth of the crystalline phase.*> Another effect that
can lead to hindered crystallization is the higher concentration of
ions at the interface linked to the double layer present at the PE|ISE
interface. Both effects can hinder the crystallization process, keeping
a significant fraction of the polymer in an amorphous, more
conductive state. To exclude the influence of polymer crystallization
on the ion transport at the interface, the electrochemical properties of
the interface with a PTG-based electrolyte are investigated in the
next section.

Electrochemical characterization of the PTG-ISE interfaces.—
The interface resistance for the lithium-ion transfer between PTG
and the ISEs was studied with the same four-electrode setup (Fig.
S6). As previously described, the side chains in PTG prevent its
crystallization below 45 °C. Therefore, it is well suited to study the
interfacial dynamics of ether-based polymers. Furthermore, thanks
to the high room-temperature conductivity of the PTG electrolyte, it
was possible to prepare the RE before bringing the polymer
electrolyte and the ISEs in contact with each other. This allowed
us to measure the cell characteristics within few minutes from their
first coming in contact.

Nyquist plots recorded at 60 °C for the Li|PTG, PTG|LATP, and
PTG|LLZO interfaces are shown in Figs. 2b—2d-2f, respectively. As
previously described, the high frequency region corresponds to the
fast transport in the bulk of the electrolytes (Fig. S8). The process
observed in the mid-frequency region can be assigned to the charge
transfer at the interface. The characteristic capacitances for these
processes are 2.0 yF-cm™2 for the cell with LATP, 1.8 uF-cm™> for
the cell containing LLZO and 044 pF-cm 2 for the lithium
electrode. As expected, the capacitance values match well with the
ones previously determined for the PEO based electrolytes, but also
the ones determined for liquid electrolytes.'*** PEO and PTG have
similar conductivities and coordination spheres for the Li* at this
temperature, leading to similar double-layer capacitance in proximity
of the ISE and SEI on the lithium anode. However, the resistance and
consequently the characteristic frequency of the interfacial processes
are different from the ones found at the PEO interface. The determined
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values at 60 °C are R, = 30 Q-cm?, 28 Q-cm? and 450 Q-cm? for PTG
in contact with lithium metal, LATP and LLZO. These lower values
can be directly attributed to the faster Li* dynamics in the polymer
phase and will be discussed in the next section.

For the PTG-based electrolyte, all interfaces also show relatively
similar values for the activation energy: E, = 0.77eV, 0.82¢eV,
0.85eV for the LATP|PTG, Li|lPTG and LLZO|PTG interfaces,
respectively. Compared to the values determined for PEO, a
consistent slight increase was observed. We believe this discrepancy

to be linked to a stronger coordination of the Li* by the side-chains
present in PTG. At the same time, reorganization of the short side
chains in PTG is likely faster compared to segmental motion in the
long chains in PEO, leading to a higher number of available sites for
the charge transfer at the interface with the ISE.*

The temperature dependence of the interface was studied, and the
values obtained for the fitted EIS spectra are shown in Fig. 3b.
Interestingly, a strong hysteresis in the determined PTG|LLZO
interface resistance is observed between the heating and cooling
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curves. This suggests that an irreversible process takes place
between the two electrolytes at ~25 °C. The surface of LLZO is
prone to contaminations, especially because of the strong basicity of
the material. Exchange between Li™ in the ISE with H' provided by
PTG’s terminating group likely leads to the formation of a low-
conductivity layer on the LLZO surface.

This decomposition reaction was not strongly observed for PEO,
likely because the PEO|ISE cells had to be maintained at 60 °C for
24 h for lithiation of the reference electrode. During this time, side
reactions between PE and LLZO may have taken place. Also, the
higher MW of PEO compared to PTG translated to a higher
concentration of OH terminal groups in the latter, i.e., protic
functional group likely attacked by the ISE. Indeed, ATR-FTIR
data support this interpretation, with a sharp band centered at
3678 cm ™' in the spectra of the LLZO surface after contact with
both PEs (Fig. 4a). The signal can attributed to the phonons of newly
formed LiOH, as such vibration is not present in LiTFSI or the PTG
and PEO electrolytes (Fig. 4b).>* On the other hand, no change in the
spectra of the LATP pellets after contact with polymer was
observed, suggesting that if an interphase is formed it is not
detectable with this technique (Fig. 4c).

At temperatures above 50 °C, the interfacial resistance deter-
mined for the Li|PTG and LATP|PTG deviates towards higher
values compared to the linear trend traced from the lower tempera-
ture data (Fig. 3b). We propose that this deviation of the activation
energy is caused by a transition in the transport dynamics, with
the charge-transfer between the electrolytes being limiting below
~50 °C, while the Li™ transport from the bulk of the polymer to the
interface being limiting above that temperature. To verify this
phenomenon, the total cell impedance can be normalized to the
high frequency “bulk” contribution of the electrolytes, which is
dominated by the low conductivity of the polymer (Fig. 5). The
change in resistances at different temperatures is connected to the
activation energy of the investigated processes. Thus, if two
processes have the same activation energy, the normalized EIS
data at different temperature should overlap. This seems to be the
case for these interfaces at temperatures higher than 50 °C, as shown
in Fig. 4a, where the change in total cell impedance is directly
proportional to that of the high frequency contribution of the “bulk.”
As this resistance is dominated by PTG-LiTFSI, this indicates that
transport across the interface is only limited by the mobility of the
ions in the PE close to the surface. As this transition is reversible
when the cell is cooled down (Fig. 5b), other irreversible effects
such as a change in surface area or chemical reactions can be
excluded.

Comparison of PEO and PTG interfaces with the ISEs and
lithium.—The results of the fits with equivalent circuits in Figs. 2
and 3 are summarized in Table 1 for each PE|ISE interface.
Intriguingly, while the resistance of the interface between the
PTG-based electrolyte and the ISEs is lower than for PEO, the
activation energy for the charge transfer process is higher. Assuming
simple CT kinetics, the interface resistance should be inversely
proportional to the exchange current density of the activated charge-
transfer process, which itself depends on the Li* concentration
(cLiy) in the two electrolytes.35 However, the c;;, in PTG was lower
than cr;, in PEO, suggesting another mechanism to be relevant. A
possible explanation for this discrepancy could involve the faster
segmental relaxation of the short side-chains in PTG compared to the
long chains in PEO, thereby increasing the attempt frequency of the
jumps and the kinetic rate constant.*®>” At the same time, the shorter
chains are likely capable of better coordinating lithium ions, thereby
increasing the energy required to remove the ion from its solvation
sphere. Overall, CT resistance at the PE|LATP interface is lower
than at the PE|LLZO interface, which is likely caused by unwanted
reaction with LLZO.

Conductivity of PTG-LATP composite electrolytes.—Composite
electrolytes are of particular interest as they could effectively resolve
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Figure 4. Stacked ATR-FTIR spectra of (a) polished surface of a LLZO
pellet before and after being in contact with the PEs. The top left panel shows
a magnification of the region between 3800 cm ' and 3500 cm ™' with the
characteristic LiOH band at 3678 cm ™. (b) Stacked spectra of the polymer
electrolytes and LiTFSI. (c) Stacked spectra of the LATP pellets before and
after being in contact with the PEs.

the processing issues shared by all ISEs while increasing the
generally low ionic conductivity of PEs. However, the lithium-ion
conductivity in CEs strongly depends on the volume fractions of the
ISE and the polymer. In ISE-rich composites, a percolation network
of inorganic particles can be formed acting as the main transport



Journal of The Electrochemical Society, 2022 169 110547

Q
S

—

o

— — —
] Temp/"C

0 10 20 30 40 50 60 70 80

e
o
1

=
[#)]
1

-Im(Z) / R*“*
o
E

0.1 4 -

L} v L i | v L]

——
08 09 1 1.1 1.2 13 1.4 |

0.2 4 .
0.0 g
00 02 04 06 08 10 1.2 14 16 18 20 22 24 26 28 3.0
Re(Z) / R"!¥
b) 04 T T ¥ T T T T T v T ¥ T T T
N Heating Cooling ]
3 31\ 20°C 20°C -
s < o o 1
N \\ 30°C 30°C |
“N'* ’ —40°C —40°C
by 1 \ o o
g ., —=50°C =—50°C
IR —60°C —60°C ]|
0'0 1 1] 1 1 L] I 1 1 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 i P 1.8 1.9 2.0

Re(Z) / R "
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confirming reversibility of the transition.

Table 1. Characteristic values of the interface resistance, capacitance and activation energy for the ISEs and PEs investigated in this work. The
value « is the coefficient of the constant phase element obtained from the fit.

LLZO|PE LATP|PE Li|PE
Temp. °C Cint ,uF~cm’2 Rine Q-cm? Q Cint ,LLFw:m’2 Rine Q-cm? Q Cint uF«:m’2 Rine Q-cm? a
PEO 25 0.41 9300 0.83 2.6 3000 0.88 1.2 3200 0.79
60 0.43 460 0.84 2.7 146 091 1.3 110 0.81
Er =0.72eV Ex = 0.67 eV E, =0.76eV
PTG 25 0.77 1280 0.80 29 265 0.83 3.0 550 0.82
60 0.44 470 0.77 2.0 28 0.77 1.8 30 0.79
Er =0.85eV Exn =0.77eV E, =0.82eV

mechanism for lithium ions. However, point contacts between
particles limit the actual flux of ions attainable in this scenario. A
possible strategy to overcome this problem is to mix low fractions of
PE with the ISE having the polymer acting as a Li" transport buffer
layer between inorganic particles, i.e., effectively removing point
contact issues. We explored this concept by studying the conduc-
tivity of ISE-rich composite electrolytes based on LATP and PTG,
the material combination characterized by the lowest interface
resistance in this study.

Conductivity data obtained from EIS spectra of LATP-PTG
composite electrolytes with different fractions of polymer are

presented in Fig. 6. Gravimetric density and relative density for
each composition are reported in Fig. S9. SEM images of LATP
powders and the composite with 11.3 wt% of polymer electrolyte
showing its uniform distribution around the ISE are shown in Fig.
S10. The maximum partial conductivity attributable to the polymer
was assumed to be proportional to the PTG volume fraction. This
assumption neglects the influence of tortuosity and porosity; how-
ever, both these factors would decrease the effective conductivity.
Hence, a measured conductivity in excess of these values could be
attributed to a positive contribution by LATP in the composite. It is
important to notice that such a contribution could be due to transport
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Figure 6. Conductivity as a function of the composition for mixtures of
LATP powder and PTG-40 polymer electrolyte. Lines represent the max-
imum achievable conductivity if transport takes place only in the polymeric
matrix, excluding tortuosity and porosity effects, calculated as the volume
fraction of PTG multiplied by its conductivity at the given temperature. The
conductivity excess at 60 °C can be attributed to transport along or across the
boundary between the PE and ISE phases. Filled points correspond to cold-
pressed powder of LATP.

both along and/or across the LATP|PTG interface. However, as PTG
does not crystallize, we do not expect the transport along the
interface to be significantly faster than the transport in the bulk
polymer, as with PEO-based composites.

The conductivity of the composite electrolytes at 20 °C is always
below the maximum expected conductivity of the polymer fraction.
With increasing volume fraction of PTG, the discrepancy decreases,
hinting at a lower penalty in effective conductivity due to tortuosity/
porosity effects. This interpretation is supported by the increasing
density of the composite and consequent decrease in porosity (Fig.
S9). Overall, no positive contribution from LATP was observed
at this temperature, suggesting that an interface resistance of
550 Q-cm? is too high to allow significant transport across both
phases. A similar picture was found for the conductivity of the
composite electrolytes at 60 °C. At low fractions of polymer,
composites have lower conductivity than expected. A small “con-
ductivity excess” was determined for compositions above 8 vol% of
PTG. However, the increase is only modest compared to what would
be attributable to the polymer phase alone.

The conductivity for the best performing composite with 9 wt%
(~20 vol%) of PE is 1-10™*S-cm™' at 60 °C. The higher con-
ductivity at this composition likely reflects the uncertainty in
determining the electrolyte thickness (~5%) rather than a real
maximum in conductivity. At the same temperature, the conductiv-
ities of LATP and PTG are 4-10°S.em™' and 4-10°*S-cm ',
respectively. While some of the ionic transport in the composite
electrolyte can be attributed to the presence of LATP, its contribu-
tion is not enough to match the characteristics of the single
electrolytes. The relatively small interface resistance (28 (-cm” at
60 °C) between the two materials does not translate to improved
properties of the composite. Plausibly, the numerous Li* transfer
steps between the two phases, necessary for long range transport in a
particles-based composite, are detrimental for the overall conduc-
tivity, as no “fast-track” is available for the ions. By employing
fibrous or micro-structured ISEs, the required number of charge transfer
across phases may be reduced, while maximizing Li* transport in the

inorganic phase with higher conductivity. Examples of such composite
electrolytes with improved conductivity over particle based composites
were reported recently.*® 0

Conclusions

In this work, the electrochemical properties of the interfaces
between PEO- and PTG-based polymer electrolytes, and LATP and
LLZO inorganic solid electrolytes, respectively, are characterized.
PEO crystallization taking place below its melting point leads to an
increase of the charge transfer resistance at the interface, while the
non-crystallizing PTG did not show such deviations. After being in
contact with the PEs, LiOH was observed on the surface of LLZO
through ATR-FTIR, suggesting its decomposition and the formation
of a more resistive interphase.

Given the relatively low value of 28 Q-cm? at 60 °C for the
LATP|PTG charge-transfer resistance, the conductivity of ISE-rich
composite electrolytes was investigated. At 60 °C, a modest excess
of conductivity compared to the maximum expected value at low
volume fractions was measured. However, the total conductivity of
the CEs was still lower than that of the single PTG and LATP. To
achieve particle-based CEs with higher conductivity, lower interface
resistances between ISE|PE need to be achieved.
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