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Abstract: Solid-state batteries are the holy grail for the next generation of automotive batteries. The
development of solid-state batteries requires efficient electrolytes to improve the performance of
the cells in terms of ionic conductivity, electrochemical stability, interfacial compatibility, and so on.
These requirements call for the combined properties of ceramic and polymer electrolytes, making
ceramic-rich polymer electrolytes a promising solution to be developed. Aligned with this aim,
we have shown a surface modification of Ga substituted LiyLazZr,Oq, (LLZO), to be an essential
strategy for the preparation of ceramic-rich electrolytes. Ceramic-rich polymer membranes with
surface-modified LLZO show marked improvements in the performance, in terms of electrolyte
physical and electrochemical properties, as well as coulombic efficiency, interfacial compatibility, and
cyclability of solid-state cells.

Keywords: polymer grafting; composite electrolyte; ceramic-rich; solid-state batteries; LLZO; strategy

1. Introduction

Solid-state batteries (SSBs) have attracted great attention in recent years due to their
enhanced safety over conventional liquid electrolytes in terms of electrolyte leakage, wide
operation temperature, and dendrite growth [1-6]. Polymer electrolytes offer advantages
of cost-effective processing, design flexibility, and good adhesion to the electrodes [7-9].
However, solvent-free polymer electrolytes have inherent low ionic conductivity at room
temperature and do not offer sufficient mechanical resistance to dendrites growth. A combi-
nation of both polymer and ceramic electrolytes seems to be the best solution to overcome
the issues addressed [10-15]. Researchers are interested in bringing the advantages of
ceramic electrolytes into polymer electrolytes, “ceramic-rich electrolytes”. Ceramic-rich
electrolyte membrane preparation is apparently simple but numerous practical difficulties
need to be addressed when trying to develop homogenous membranes [16]. The homo-
geneity is affected by the agglomeration of particles or phase separation of the ceramic in
the polymer matrix [17]. Homogeneous particles distribution is quite difficult to achieve
and, as a result, the performance of the electrolyte membranes is affected in terms of ionic
conductivity, mechanical stability, and cell performance. An approach to obtain more ho-
mogenous ceramic-rich membranes could be to ease the dispersion of particles during the
mixing process [18]. For this purpose, the grafting of polymer chains on the surface of the
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inorganic particles can be an effective method, as was previously seen on non-conductive
fillers [19-23].

In this paper, we focus on a composite of polyethylene oxide (PEO) and Ga substituted
LiyLasZr,Oq, (LLZO), since this combination is considered as very promising for solid
electrolytes [16,24-35]. Indeed, with suitable dopants, LLZO crystallizes in a cubic phase
that has a high ionic conductivity at room temperature (Op ~ 1073 S em 1) [36,37] and
can be used within a wide voltage window [2,38]. Bringing together the properties of LLZO
and PEO in ceramic-rich electrolytes could result in hybrid electrolytes with high ionic
conductivity, good mechanical properties, good interfacial contact as well as high process-
ability [39]. Herein, surface modification of the LLZO garnets has been attempted using
phosphonic acid-terminated poly(ethylene glycol) (PEG), and its effect on the fabrication
and properties of ceramic-rich polymer composite electrolytes is studied in detail.

2. Results and Discussion

The exceptional binding properties of phosphonic acid onto oxide surfaces [40] was
the prime motivation for using phosphonic acid terminated PEG. Phosphonic acid-based
surface modification of LLZO particles was carried out as shown in Figure 1. The phospho-
nic acid terminated PEG is expected to bind on the surface of the LLZO particles either by
mono-, bi-, or tridentate coordination. The most probable coordination mode (bidentate)
has been depicted in Figure 1.

Gt (OH; Oy _PO(OH), ACN o <, 5
0 CH, 7CyHs +  Ligg5Gag 15LazZr,04 P P ,P\::
S particles RT.72h 0" o 0" o 0 ©
PEG-Phosphonic acid e
M,, = 1000 g/mol Lig 55Gag 15La3Zr;04;
particles
Modified LLZO particles

(PEG grafted on surface)

Figure 1. Schematic of the polymer grafting process on LLZO particles.

The surface-grafted LLZO particles were analyzed initially by FI-infrared spectroscopy.
Figure 2a shows the comparison of the starting phosphonic acid terminated PEG, bare
LLZO, and the surface-grafted LLZO. Following the evolution of the two prominent
vibrational bands of PEG, namely C-H stretching and C=0 stretching, the presence of PEG
on the surface-modified LLZO particles can be detected. Furthermore, thermogravimetric
measurements show a mass loss of 8.3% in the surface-modified LLZO (Figure 2b), which
was not observed with bare LLZO, thus confirming the presence of PEG molecules on
the surface of LLZO. Although the presence of PEG has been detected we further used
solid-state NMR spectroscopy to detect the presence of phosphonic acid terminal end
group. 3!P solid-state NMR shift is shown in Figure 2c, where the shift due to the presence
of PO32~ was observed, thus confirming the grafting of the PEG molecule with terminal
phosphonic acid grafted onto the surface of LLZO particles.
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Figure 2. (a) FTIR characterization of PEG-phosphonic acid, pristine LLZO, and modified LLZO.

(b) TGA of PEG-phosphonic acid, pristine LLZO, and modified LLZO. (c) Solid-state NMR 3!P 1D
spectrum of the modified LLZO.

X-ray diffraction spectra of the LLZO show no changes in the garnet structure due
to the surface modification (Figure Sla) and the presence of PEO/PEG was detected as
a hump between 15 to 20° (20 value) indicated by the region of the green circle for the
modified garnets whereas no humps were observed for the unmodified garnets. The
particle size of the garnets used for preparing the composites was ~2.23 mm determined
using SEM (Figure S1b) with an ionic conductivity of 5.88 x 1072 mS/cm at RT and
441 x 10~! mS/cm at 70 °C (Figure Slc). The major focus of this work is to enable the
preparation of homogeneous ceramic-rich LLZO-containing membranes, that is normally
hindered due to factors such as aggregation of the LLZO particles, inhomogeneous distribu-
tion of the particles on the surface of the polymer matrix, and inhomogeneous distribution
throughout the thickness of the polymer matrix. Improvements on these three factors are a
requisite when high loadings (ceramic-rich) of LLZO particles are incorporated into the
polymer membranes.

Polymer membranes with a high amount of LLZO were prepared (30 vol%) and visual
examination of the membranes was carried out (Figure 3a). The membranes with unmodi-
fied LLZO particles have a lighter color when compared to the modified LLZO incorporated
membranes. This suggests an irregular distribution of the LLZO particles along the surface
of the membranes. Optical microscopic images of the membranes (Figure S2), show a
dense distribution of the ceramic particles at the surface of the modified-LLZO membrane,
while lower distribution density was observed for the bare-LLZO membrane. To further
confirm, SEM morphology analysis of the membranes was performed. Figure 3b shows
a ceramic-rich surface in the case of modified-LLZO incorporated membrane whereas
a scanty distribution of the LLZO particles was observed on the surface of the polymer
membranes with unmodified-LLZO. Higher magnification images indicate particles seg-
regation with unmodified LLZO, which leads to a particle-particle contact, while this is
clearly not the case with modified-LLZO membranes. These results suggest that better
quality membranes can be achieved by grafting PEG-terminated phosphonic acid on the
LLZO particles. It is also worth noting that the DSC profiles of the polymer electrolytes
polyethylene oxide: lithium bis (trifluoromethylsulfonyl) imide (PEO:LiTFSI) prepared
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with the 30 vol% modified- and unmodified-LLZO are similar, with a melting temperature
Tm of ~64 °C and a glass transition temperature Tg of ~—32 °C (Figure S3) in both cases.

Unmodified LLZO

Scarce distribution LLZO particle to
of LLZO particles particle contact

b) Modified LLZO

x500
—_—

L
Dense distribution Particle to polymer
of LLZO particles contact

Figure 3. Surface morphology characterizations of the composite membranes: (a) PEO:LiTFSI +
30 vol% LLZO (from left to right: photography, SEM at a magnitude of 500x and 3000x), and
(b) PEO:LiTFSI + 30 vol% modified LLZO (from left to right: photography, SEM at a magnitude of
500 and 3000x).

Electrochemical characterization of the modified- and unmodified-LLZO ceramic-rich
polymer membranes was performed to evaluate their performance with respect to the mor-
phology of the polymer membranes. Temperature-dependent ionic conductivity analysis
(Figure 4a) obtained by AC impedance spectroscopy shows a slight improvement in the
ionic conductivity with the modified-LLZO membranes, which have an ionic conductivity
value of 1.3 x 107%,3.8 x 1072, and 1.1 x 1074 Scem~! in comparison with 8.6 x 107,
1.6 x 1072, and 7.8 x 107° S cm ! for unmodified ones at 25, 50, and 70 °C, respectively.
The activation energy was analyzed (Figure S4a) and two regions were observed, one
from RT to 60 °C and another from 60 °C to 80 °C. This correlates with the melting point
of PEO above 60 °C. The activation energies were calculated to be 1.03 eV and 0.3 eV
(& 0.05 eV) for modified garnet composites and 0.96 eV and 0.4 eV (40.05 eV) for the
unmodified composites below and above 60 °C. The improvement in the interfacial resis-
tance can be seen from the Nyquist plot at 25 °C shown in Figure 4b with the fitted curve
(zoomed) shown as inset. The corresponding equivalent circuit is shown in Figure S4b.
The minor enhancement in ionic conductivity observed with modified-LLZO is due to
the more homogeneous particle distribution as the crystallinity of the polymer remains
unaffected, as seen from the DSC curves. In addition to the 30 vol% LLZO membranes, to
further explore the effects of LLZO grafting on the membranes properties, two additional
membranes were prepared with (a) a lower content of LLZO (10 vol%) and (b) a very high
content of LLZO (70 vol%) with both modified and unmodified particles. Figure S4c shows
that the difference in ionic conductivity between the modified and unmodified membranes
is negligible at 10 vol%, whereas a marked difference in the ionic conductivity is observed
at high LLZO concentration (70 vol%). This suggests that the surface modification plays an
important role in preparing ceramic-rich membranes.
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Figure 4. Electrochemical characterizations of the composite membranes PEO:LiTFSI + 30 vol% LLZO
with (a) Arrhenius plots, (b) Nyquist plots at 25 °C, and (c) plating/striping measurements at 70 °C.

In order to test the compatibility of the ceramic-rich membranes with Li metal,
plating-stripping tests were carried out in Li-symmetric cells. An average overpotential of
35 mV was observed with the modified-LLZO polymer membranes (Figure 4c), whereas an
overvoltage of 70 mV was obtained with unmodified-LLZO membranes. More pronounced
effects were observed in the case of 10 vol% incorporated membranes with and without
modification (Figure 54d) with an overpotential of 180 mV for the unmodified-LLZO and
44 mV with modified-LLZO membranes. This improvement is attributed to the better
distribution of modified-LLZO particles in the polymer matrix, contributing to lowering
the resistance at the Li/ Polymer/Li interface. Instability issues between LLZO pellets and
Li metal have been shown in [41], however, in our current work, the LLZO particles are
incorporated in the polymer matrix, and they are not directly in contact with the lithium
metal anode (PEO in the case of unmodified ceramic and PEO/PEG in the case of modified
ceramic). Therefore, possible instability effects are considerably reduced and are practically
not observed.

Li transference numbers were determined using Bruce Vincent technique [42] as
shown in Figure S4e. The transference numbers were found to be in both cases << 1 but
a marked improvement is seen in the case of modified composites (0.2) when compared
to unmodified composites (0.14). The electrochemical stability of the composites was also
investigated using linear sweep voltammetry (Figure S4f). Similar stability values ~5 V
was observed for both the composites with a small increase in the current at 4.2 V for the
surface modified composites that could be attributed to the presence of low molecular
weight PEG.

The cell performance of ceramic-rich membranes with modified and unmodified-
LLZO were tested with LiFePO, as cathode and Li metal anodes (Figure 5a,b). An initial
capacity of 150 and 118 mAhg~! was observed with modified and unmodified-LLZO,
respectively (Figure 5a). The capacity retention after 100 cycles was of 146 mAhg~! for
the modified-LLZO based electrolytes, and 32 mAhg ! for unmodified-LLZO electrolytes.
The voltage profiles of the cells at the 1st, 25th, 50th, and 100th cycles (Figure 5c,d) are
also shown for a better understanding. The coulombic efficiency was close to 100% for
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the modified-LLZO electrolytes, whereas strong fluctuations (with the lowest value of
6.8%) were observed between the cycles 19 and 31 with the unmodified-LLZO electrolyte
(Figure 5b). By average, the coulombic efficiency was lower with unmodified-LLZO parti-
cles than with modified LLZO. The galvanostatic cycling behavior is also well evidenced
by the voltage profiles shown in Figure 5c,d, which shows a poor capacity retention for
the unmodified-LLZO electrolytes. The high capacity observed in the charge curve with
voltage fluctuations at the 25th cycle is attributed to the formation of dendrites in the
unmodified composites. Further, the formed dendrites break, leading to normal cycling
for the consecutive cycles. This is related to the inhomogeneous ceramic particle distribu-
tion in the case of unmodified composites that leads to uneven Li* diffusion through the
composite membrane. The increase in the capacity, compared to the initial cycles, is due to
the formation of better solid electrolyte interface (SEI) for consecutive cycles, that leads to
better specific capacity and charge/discharge capacity retention.
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Figure 5. Galvanostatic cycling at 0.1C of LiFePO, /Carbon Black/PEO:LIiTFSI cathodes vs. Li metal
anode, using PEO:LiTFSI + 30 vol% LLZO membranes. (a) Specific discharge capacity upon cycling,
(b) coulombic efficiency upon cycling, (c) charge/discharge curves of the 1st, 25th, 50th, and 100th
cycles of unmodified-LLZO electrolyte, and (d) charge/discharge curves of the 1st, 25th, 50th, and
100th cycles of modified-LLZO electrolyte.

In order to obtain a deeper understanding of the cycling behavior, a postmortem
analysis was carried out after 100 cycles. A cross sectional analysis of the cell is shown
in Figure 6.

The SEM images show that in unmodified-LLZO electrolytes, the LLZO particles
tend to agglomerate and segregate unevenly throughout the thickness of the cells. On
the other hand, the modified-LLZO particles tend to uniformly distribute throughout the
thickness of the electrolyte. This is due to the uniform polymer layer that was grafted on to
the surface of the LLZO particles preventing particle agglomeration and allowing better
particle distribution. This in turn leads to a better interfacial contact between the Li metal
electrodes for the cells containing modified-LLZO particle loaded electrolyte membranes.
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Unmodified LLZO particles Modified LLZO particles

LFP

Figure 6. Postmortem analysis of the LFP half cells after 100 cycles by SEM, at a magnitude of 5500 .
Unmodified-LLZO composite on the left and modified-LLZO on the right.

3. Experimental Section
3.1. Synthesis of Cubic-LLZO

Ga-substituted LLZO (Lig 55Gag 15LaszZr,O12) was synthesized using a citric acid-
nitrate route [36,43]. First, Ga;O3 (>99.99%, Sigma Aldrich) was digested at 180 °C in
HNO;, then La(NO3)3-6HyO (>99.99%, Sigma Aldrich), Zr(CsH;0,)4 (>98%, Alfa Aesar),
and LiNOj3 (>99.0%, Sigma Aldrich) were mixed one by one in stoichiometric quantities
(with a 10% Li excess) in a small amount of water until the full dissolution. Citric acid
monohydrated (>99.0%, Sigma-Aldrich) was added to the solution as a chelating agent
and the resulting solution was heated up to 70 °C under stirring until the formation of a
yellow gel. The solvent was slowly evaporated in a sand bath and the organic components
were then burned off at 600 °C for 12 h. The resulting powder was ground and reheated to
950 °C for 12 h in dry O, to obtain a pure cubic phase.

3.2. LLZO Surface Grafting (Modified LLZO)

LLZO surface grafting was carried out in a glovebox by stirring 0.565 g of LLZO
with 0.435 g of phosphonic acid-terminated poly(ethylene glycol) (1000 g mol~?, Specific
Polymers France) in acetonitrile (ACN). The reaction was carried out for 72 h at room
temperature. The modified LLZO was recovered after subsequent washing with ACN and
dried in a vacuum oven attached to the glove box at 50 °C for 12 h.

3.3. X-ray Diffraction
Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Discover

X-ray diffractometer, using ACu-K4; = 1.54056 A radiation in the 20 range from 2 °C to
80 °C with a step width of 0.0198 °C.

3.4. Solid-State Nuclear Magnetic Resonance Spectroscopy (ss-NMR)

The sample was prepared by firmly packing the modified LLZO powder in a 2.5 rotor.
Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) was performed using a
Bruker Avance III 500 spectrometer and a Top Spin software. The spectrum was recorded
at a rotor spinning at the magic angle (MAS frequency) of 20 kHz.

3.5. Preparation of Polymer Electrolyte Membranes

Free standing polymer electrolytes were prepared in a glovebox under an inert atmo-
sphere (Mbraun under Argon < 1 ppm O,, H,0) as follows: PEO (5M g mol ') and LiTFSI
(Sigma Aldrich) were dissolved in ACN. LLZO (synthesized via citrate route) was added
to the solution. After stirring the suspension for 12 h, the solvent was slowly evaporated at
room temperature (48 h) and the evaporation of the solvent was completed by applying
high vacuum at 50 °C for 12 h.
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3.6. Thermal Behavior

The thermal property of the samples was studied using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). TGA was performed on a TGA 209
F1 Libra (Netzsch). Samples of ~5 mg were heated from room temperature to 550 °C
at a heating rate of 10 °C min~! under argon flow. DSC was performed on a DSC 2500
differential calorimeter (TA Instruments) by placing samples of ~5 mg in sealed aluminum
pans. The samples were first heated at a rate of 10 °C min !, from 25 °C to 150 °C, and
were left for 5 min at 150 °C to avoid the influence of thermal history, in order to be able
to compare the crystallization/melting temperature. The samples then undergo a cooling
ramp down to —80 °C at a rate of 10 °C min~!, and are subsequently heated to 150 °C at
10 °C min~! after a hold period at —80 °C for 5 min.

3.7. Ionic Conductivity

The ionic conductivity (o) of the polymer electrolytes was determined by AC impedance
spectroscopy using a VMP3 potentiostat (Biologic®, Claix, France). The frequency ranged
from 100 mHz to 1 MHz with a signal amplitude of 10 mV. All cells (CR2032 type) were
assembled in an argon-filled glove box (Mbraun < 1 ppm O,, H,0O), using two stainless
steel blocking electrodes. The conductivities were analyzed in a temperature range from
25 °C to 80 °C (with a preheating at 80 °C).

3.8. Electrochemical Stability vs. Li Electrode

Lithium plating/stripping studies were carried out using a Maccor Battery Tester
(Series 4000). Symmetric cells were prepared by sandwiching the electrolytes between two
lithium disks in CR2032 cell configuration. The cells were cycled at 70 °C with a current
density of 0.1 mA cm~2 during for 1 h per half cycle.

3.9. Anodic Stability

Linear sweep voltammetry (LSV) was performed on CR2032 cells, comprising stainless
steel working electrode and Li0 disk as both counter and reference electrode. All LSV
measurements were performed between the open circuit voltage (OCV) and 6.0 V vs.
Li/Li* at a scan rate of 1 mV s~ 1.

3.10. Li-Ion Transference Number

Li-ion transference number of the membranes was measured with a Biologic poten-
tiostat at 70 °C. The electrolytes were sandwiched between two non-blocking electrodes
(lithium disks) in CR2032 cells. The combination of alternating-current (AC) impedance
and direct-current (DC) polarization measurements suggested by Bruce-Vincent [42] were
employed for obtaining the Li* transference numbers.

3.11. Cathode Preparation

The cathode was composed with 63 wt% LFP (LiFePOy, Aleees, China) as active
material, 7 wt% conductive carbon (C65, Timcal) and 30 wt% PEO:LiTFSI (EO/Li = 20) as
binder. The slurry was cast on aluminum current collector using the doctor blade technique,
followed by vacuum drying at 50 °C for 12 h. The areal capacity of the final cathode was
around 0.63 mAh cm 2.

3.12. Full Cells Measurements

Galvanostatic cycling of solid-state Li metal solid-state batteries were carried out using
Maccor Battery Tester (Series 4000). Composite electrolytes were sandwiched between a
lithium metallic disk and LFP cathode (LFP/carbon black/PEO:LiTFSI, 63/7/30 wt%) in a
CR2032 coin cell configuration assembled in an argon-filled glove box and cycled at 70 °C
at a C-rate of 0.1C between 2.8 V and 4.2 V.
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References

4. Conclusions

Ceramic-rich electrolytes represent a promising solution for future solid-state batteries,
as they incorporate the advantages of both polymers and ion conducting ceramics into
the electrolytes. This is often not easy due to factors such as particle agglomeration and
non-uniform dispersion, leading to poor performance of ceramic-rich electrolytes. We have
tried to tackle this issue by surface modification of Li-ion conducting moisture sensitive
fillers, LLZO, with phosphonic acid-terminated PEG. The latter binds to the oxide surfaces
creating a monolayer of the polymer surface. We have shown from our results that LLZO
surface modification contributes to high quality membranes with uniform distribution of
particles throughout the matrix, thus enhancing the property of the ceramic-rich electrolyte
membranes. The surface grafting results in better interfacial contact, better cyclability and
in higher ionic conductivity of the polymer membranes, thus making it a feasible technique
for practical application in solid-state Li metal batteries.
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(b) SEM image of the LLZO particles and (c) Nyquist plot of LLZO pellet taken at RT and 70 °C
with Li electrodes. Title; Figure S2: Optical microscope images of PEO:LiTFSI + 30 vol% LLZO
membranes without (left) and with (right) LLZO modification, Figure S3: Differential scanning
calorimetry curves of PEO:LiTFSI + 30 vol% LLZO (left) and PEO:LIiTFSI + 30 vol% modified LLZO
(right), Figure S4: (a) Arrhenius plots of PEO:LiTFSI + 30 vol% LLZO composite membranes with
the corresponding activation energies above and below PEO:LiTFSI (20:1) melting point (60 °C);
(b) equivalent circuit and resistances calculated by fitting for Nyquist plots at 25 °C of PEO:LiTFSI +
30 vol% unmodified and modified LLZO electrolytes; (c) Arrhenius plots of 10 and 70 vol% LLZO
composite membranes; (d) Plating/stripping measurements of 10 vol% LLZO composite membranes
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PEO:LiTFSI + 30 vol% LLZO composite membranes at 70 °C.
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