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Abstract: Polymer—ceramic composite electrolytes are emerg-
ing as a promising solution to deliver high ionic conductivity,
optimal mechanical properties, and good safety for developing
high-performance all-solid-state rechargeable batteries. Com-
posite electrolytes have been prepared with cubic-phase
Li;La;Zr,0,, (LLZO) garnet and polyethylene oxide (PEO)
and employed in symmetric lithium battery cells. By combining
selective isotope labeling and high-resolution solid-state Li
NMR, we are able to track Li ion pathways within LLZO-
PEO composite electrolytes by monitoring the replacement of
Li in the composite electrolyte by °Li from the °Li metal
electrodes during battery cycling. We have provided the first
experimental evidence to show that Li ions favor the pathway
through the LLZO ceramic phase instead of the PEO-LLZO
interface or PEO. This approach can be widely applied to
study ion pathways in ionic conductors and to provide useful
insights for developing composite materials for energy storage
and harvesting.

Rechargeable lithium ion batteries (LIBs) are one of the
leading technologies for energy storage."?! Developing suit-
able electrolytes for high-voltage, high-energy-density, and
safe LIBs is important yet challenging.®* Electrolytes
commonly employed in LIBs are dissolved in organic
solvents, which are flammable and often decompose at high
voltages. In addition, Li dendrite growth across liquid-based
electrolytes causes safety issues and limits the utilization of Li
metal as anodes™™ To overcome these challenges, non-
flammable solid-state electrolytes are suitable alternatives to
organic-solvent-based electrolytes.* ' Inorganic ceramics
and organic polymers are two general classes of materials
used as solid electrolytes for LIBs. Among all inorganic
ceramics, garnet-type electrolytes show very high ionic
conductivity and chemical stability. For instance, cubic-
phase Li;La;Zr,0,, (LLZO) exhibited an ionic conductivity
of Oy~ 107 Scm at room temperature with superior stabil-
ity™ and a wide electrochemical voltage window.!"""'*l How-
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ever, ceramic materials are often too rigid and brittle, and
show poor contact with electrodes.'”* Flexible polymer
electrolytes exhibit more suitable mechanical properties than
ceramics, but show low ionic conductivity at room temper-
ature and poor stability at high temperatures.”?"-*?! Polyethyl-
ene oxide (PEO)-based materials are widely considered as
promising candidates for LIBs because of their compatibility
with lithium salts and low cost.”**!l The combination of
ceramics and polymers offers a new path to create better
electrolytes with both high ionic conductivity and good
mechanical properties.

Ionic conductivity of composite electrolytes is critical to
their applications in all-solid-state rechargeable batteries. The
ratio and integration of polymer and ceramics in composite
electrolytes strongly affect their properties and performance.
Significant improvement in the ionic conductivity of polymer
electrolytes was obtained with the addition of ceramic
particles.>" It was suggested that an amorphous polymer
shell formed around filler particles accounts for the increase
in ionic conductivity.”"**>" Finite element simulations also
revealed®" that ion conduction within composite electro-
lytes mainly occurs at the ceramic—polymer interface. How-
ever, other hypotheses suggested that Li ions diffuse through
the ceramic particles.”*") Experimental evidence is needed to
resolve the debate surrounding Li ion pathways in composite
materials.

As a very light element, Li is difficult to characterize with
electron- or X-ray-based techniques. The polymer—ceramic
composite electrolyte adds another layer of complexity for
tracking Li ion diffusion. Li nuclear magnetic resonance
(NMR) has proven to be a powerful tool to study local
structural environments and dynamics of Li ions.*>*! To this
end, we first apply high-resolution solid-state Li NMR to
determine the local structural environments of Li ions in the
PEO polymer, the LLZO ceramic phase, and at the LLZO-
PEO interface. Both "Li and °Li are NMR active isotopes,
which allow a unique way for probing Li ion transport
pathways within composite electrolytes using isotope
exchange. To determine possible lithium ion pathways,
a symmetric battery made with °Li-labeled lithium foils
sandwiching a LLZO-PEO (LiClO,) composite electrolyte
film was electrochemically cycled. In this symmetric battery,
°Li ions were stripped from one °Li electrode into the
electrolyte by electric potential, and then diffused through the
electrolyte to deposit onto the other °Li electrode. Mean-
while, °Li ions partially replace "Li ions inside the electrolyte
every time they move through the electrolyte, leaving a trail
for the Li ion pathway. By comparing °Li and 'Li NMR of
pristine and cycled composite electrolytes, we are able to
reveal Li ion pathways within the composite electrolyte.
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The composite electrolyte was prepared using PEO
(LiClO4) and LLZO (Figure 1a), which were ball-milled
and dried in vacuum. The procedure for making the
composite electrolyte is depicted in Figure 1. Symmetric
lithium batteries were assembled with as-prepared composite
electrolytes and °Li metal foils.
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Figure 1. a,b) lllustration of the process for preparing LLZO-PEO
composite electrolytes. c) Picture of the as-synthesized flexible compo-
site electrolyte. d) Schematic of a symmetric battery made of °Li foil/
composite electrolyte/°Li foil for probing Li ion pathways within the
composite electrolyte. In the illustration, the blue area represents the
PEO polymer matrix, red filled circles are LLZO particles, and the
white regions represent the interface between PEO and LLZO.

NMR is sensitive to local structural environments and
therefore can be used to distinguish Li ions in the polymer
phase, the ceramic phase, and at the polymer—ceramic
interface within composite electrolytes. For this purpose, °Li
NMR is preferred for its much higher resolution compared to
"Li NMR because strong "Li—Li dipolar interactions signifi-
cantly broaden "Li resonances and result in overlapped peaks
in 'Li NMR. 'Li NMR was employed for spin exchange
experiments, which take advantage of strong ’Li—Li dipolar
interactions.

Possible Li local environments within the LLZO-PEO
(LiClO,) composite electrolyte are depicted in Figure 2a.
High-resolution °Li NMR spectra of LLZO-PEO (LiClO,)
composites are shown in Figure 2b—d. The °Li NMR spectra
of pure LLZO and LiClO, in PEO polymer (Figure 2b) were
used as references. A single °Li resonance at —0.2 ppm was
observed for LiClO, within the PEO polymer matrix and at
2 ppm for Li in pure cubic-LLZO (Figure 2b, bottom). In the
Li spectrum of the LLZO-PEO (LiClO,) composite, in
addition to the —0.2 ppm and 2.0 ppm peaks, a third compo-
nent at around 1.4 ppm (shown as a broad shoulder of the
LLZO peak) was assigned to Li at the PEO and LLZO
interface. Detailed assignments, spectral simulations, and
quantifications are given in Figure 2¢ and d. Quantification
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Figure 2. a) Diagram of local Li environments in LLZO-PEO (LiClO,)
composites. b) °Li NMR of LiClO, in PEO, pure cubic-LLZO, and
LLZO-PEO (LiClO,) composite. c) °Li direct polarization (DP) and
d) °Li cross polarization (CP) NMR spectra, spectral simulation,
assignments, and quantification results for the LLZO-PEO (LiClO,)
composite.

CALICIO,

results obtained from the °Li spectrum of the LLZO-PEO
(LiCIO,4) composite recorded using direct polarization (DP,
Figure 2¢) showed 10.0mol% Li in the PEO phase,
70.9 mol % Li in LLZO, and 19.1 mol % Li at the interface.
SLi cross polarization (CP) NMR was obtained by polarizing
'"H spins in the PEO phase first, followed by transferring 'H
polarization to °Li over a time period of 6 ms (CP contact
time). In general, a longer CP contact time allows for greater
polarization transfer from 'H to °Li. The CP process is driven
by dipolar coupling interactions between 'H and °Li spins,
which strongly depend on the '"H—°Li distance. Therefore, the
LiCIO, (in PEO) signal is preferentially enhanced
(19.5 mol %) due to a shorter average LiCIO,~PEO distance,
Li in LLZO is underrepresented due to a longer 'H PEO—
LLZO distance, and the interfacial "Li stays more or less the
same (19.1 mol %) in the °Li CP spectrum (Figure 2d). This
confirmed the assignment of interfacial Li in the °Li spectra of
LLZO-PEO (LiClO,) composites.

Further confirmation for the assignment of interfacial Li
in °Li spectra of LLZO-PEO (LiClO,) composites was
obtained from the CP build-up rate (Figure 3) and spin
exchange process (Figure 4). The °Li CP NMR spectra at
different contact times are shown in Figure 3a. All of the Li
components increased in intensity as contact time increased
from 0.1 to 6.0 ms. The intensity increase of the LiClO,
resonance (in the PEO phase), LLZO, and interfacial Li as
a function of contact time was plotted individually and shown
in Figure 3b. The interfacial Li shows faster build-up than Li
in the LLZO. As mentioned above, the CP process is strongly

www.angewandte.org

An dte

Chemie

12539


http://www.angewandte.org

12540 www.angewandte.org

a) LLZO b)

CP ‘ B a e
contact time [; LIEeY, :.),1‘0 o@/:;:ﬂ_’,f'l?—'

sms 2081 (g

‘3”%‘2 80.6 ;:ﬁ"f\'_’:\ ¥

ms Boaf A7

Ao g,

T §0.2 S
. : e == Z0.0———————————r
6 4 2 0 -2 012 345@6

8Li shift 5/ ppm Contact time ¢t/ ms
Figure 3. a) 'H—°Li CP spectra as a function of contact times for
pristine LLZO-PEO (LiClO,) electrolyte, contact times are listed to the
left of the spectra and the dashed arrows indicate the direction of
increasing contact times. b) CP build-up plots for interfacial Li, Li in
LLZO, and Li from LiClO, inside the PEO phase.
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Figure 4. a) 'Li 2D EXSY spectrum of pristine LLZO-PEO (LiClO,)
composite electrolytes, and b) cross-section taken from the 2D EXSY
spectrum of the PEO(LICIO,) peak at the position indicated by the
arrowhead dashed line, with mixing times of 0.0001, 0.05, 0.4, and
1.0s.

11
N B

“Li shift 5/ ppm

oO”BANO

distance-dependent. Therefore, this confirmed that the
assigned interfacial Li is closer to the PEO phase than Li in
the LLZO. In principle, the LiClO, signal should reach the
maximum first due to the shortest distance to 'H within PEO.
However, the result shows a relatively slow buildup for the
LiClO, component (Figure 3b), likely owing to the fast
tumbling motion of small Li ions in LiClO, which weakens
the 'H-"Li dipolar coupling and makes the CP process less
efficient. 'H-°Li CP NMR on cycled LLZO-PEO electrolytes
(Figures S1 and S2) also confirmed the assignment of
interfacial Li resonances.

The relative spatial disposition of different Li components
can also be probed with "Li 2D exchange spectroscopy
(EXSY).! A cross peak in a 2D EXSY spectrum at
frequency coordinates (OA, 0B) indicates in general that the
spin resonating at OA is interacting with, and thus spatially
close to, the spin resonating at OB. Figure 4a shows an
example of 'Li 2D-EXSY spectra for pristine LLZO-PEO
(LiClO,4) composites. In the contour plot (Figure 4a), the two
circle regions located on the diagonal are peaks from LLZO
and LiClO, inside PEO, respectively. The region between
LLZO and LiClO, peaks on the diagonal in the 2D EXSY
spectrum is from interfacial Li. In 2D EXSY experiments,
a mixing time period is set to allow spin interactions among
LLZO, LiCIO,, and interfacial Li. Longer mixing times often
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permit spin interactions over a larger spatial range. If spin
interactions occur, off-diagonal peaks (also known as cross
peaks) will show in the 2D EXSY spectra that connect the two
interactive components. To more clearly observe the spin
exchange process, 1D cross sections were taken at the
chemical shift of LiClO, from the 2D EXSY spectra (as
indicated by the horizontal dashed line) with mixing times of
0.0001, 0.05, 0.4, and 1.0 s. These 1D cross-section spectra (in
Figure 4b) reveal all of the other components that interact
with LiClO, due to spatial vicinity. At a very short mixing
time of 0.1 ms, only the LiClO, peak was observed (blue).
Upon gradual increase of the mixing time up to 1.0s, the °Li
peak at 1.4 ppm from the interfacial Li grew stronger,
suggesting spin exchange between LiCIO, in PEO and
interfacial Li. No spin exchange between LiClO, and LLZO
was observed owing to their relatively large distance apart. In
summary, the 2D "Li EXSY experiments of LLZO-PEO
composites confirm the °Li resonance assignment of inter-
facial Li at 1.4 ppm.

So far, a clear assignment of Li in the PEO phase, Li in
LLZO, and interfacial Li has been made and confirmed. The
interfacial Li resonance is significantly broader than LLZO
and LiClO, in PEO, indicating a larger degree of structural
disorder at the interface. The °Li NMR chemical shift of
interfacial Li (1.4 ppm) is very close to that of Li from LLZO
(2.0 ppm), which suggests that interfacial Li is from the LLZO
surface and is heavily affected by PEO matrix.

To probe Li" ion pathways within the LLZO-PEO
(LiClO,) composite electrolyte during battery cycling, a sym-
metric battery was assembled with LLZO-PEO (LiClO,)
electrolyte and °Li metal electrodes (Figure 5a). The sym-
metric cell was cycled using a constant current density of
61 pAcm? and a slightly biased potential that changed sign
every 5 min. Upon battery cycling, °Li ions move from one
electrode, across the composite electrolyte, to the other
electrode. On their way, °Li ions replace "Li ions in the LLZO-
PEO (LiClO,) composite electrolyte, leaving a trail of the
diffusion pathway. By comparing the °Li spectra of the
composite electrolyte before and after electrochemical
cycling, an increase in the °Li peak intensity can be observed
for those Li local environments where °Li ions pass. As shown
in Figure Sc, the °Li spectrum of the cycled composite
electrolyte showed significantly increased intensity for the
LLZO peak, and only a slight increase for the interfacial Li
and LiClO, resonances compared with that of the pristine
LLZO-PEO (LiClO,) composite. This indicates that a large
amount of °Li replaced ’Li within LLZO. The replacement
could be further quantified based on spectral simulation
(Figure 5d). The peak intensity of LLZO increased by 39 %,
only a 6% increment was found for interfacial Li, and there
was very little or no increase for LiClO, in PEO. Comple-
mentary 'Li spectra of pristine and cycled LLZO-PEO
(LiCIO,4) composite electrolytes show decreased intensity of
Li LLZO resonance, confirming the replacement of ’Li by
passing °Li ions in the LLZO phase (Figure S3). Additionally,
a "Li foil/composite electrolyte/’Li foil symmetric battery was
assembled and cycled under the same condition as for the °Li
symmetric cell. A slightly increased Li signal was only
observed for the LLZO peak after cycling (Figure S3); this is
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Figure 5. a) lllustration of the symmetric °Li foil/composite electrolyte/
SLi foil battery and possible Li* transport pathways within the
composite electrolyte upon cycling the symmetric battery. b) Electro-
chemical profile of the symmetric lithium battery cycled with a constant
current that changes signs every 300 s. c) Comparison of the °Li NMR
spectra of the LLZO-PEO (LiClO,) composite electrolytes before
(pristine) and after (cycled) cycling. d) Quantitative analysis of °Li
amount in LiClO,, interface, and LLZO of the LLZO-PEO (LiClO,)
before and after cycling.

LiCIO, Interface LLZO

because "Li ions replace °Li (7.6 atom % natural abundance)
on their way through the electrolyte. The results obtained
from the "Li symmetric cell further confirmed that Li ions
diffuse through LLZO particles, consistent with the inves-
tigation using the °Li symmetric cell. Possible Li ion pathways
are indicated in Figure 5a. In summary, the “’Li NMR results
show that Li ions prefer to go through LLZO particles and
minimize the fraction of polymer phase or interface on their
pathway when possible. LLZO accounts for about 20 vol % in
the composite electrolytes; in order to allow Li ion transport
to largely occur in the LLZO phase, LLZO particles need to
form a percolation network.

In conclusion, various Li local structural environments
within LLZO-PEO (LiClO,) composite electrolytes have
been resolved by 1D high-resolution °Li NMR. °Li CP and "Li
2D EXSY NMR confirmed the assignment of NMR reso-
nance for interfacial Li. The replacement of “Li by °Li ions in
the LLZO ceramic phase of the LLZO-PEO (LiClO,)
composite electrolyte, when used in a symmetric (°Li
electrode/composite electrolyte/’Li electrode) battery cell,
indicates that Li ions prefer to maximize the fraction of the
LLZO ceramic phase and minimize that of the interface or
the PEO polymer phase on their diffusion pathway. We have
succeeded in employing Li NMR to probe Li ion diffusion
pathway within LLZO-PEO (LiClO,) composite electrolytes
employed in all-solid-state batteries. Our study provides the
first experimental evidence to show that Li ions mainly pass
through LLZO ceramic particles, not the interface or the
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PEO polymer phase. The method used here, that is, using
NMR active isotopes of the same element to track ion
diffusion pathway, can be widely applied in materials and
chemistry research.

Experimental Section

Cubic LLZO (Li,La;Zr,0,,) garnet was synthesized with solid-state
reactions using 19.8 wt % LiOH (Sigma—Aldrich, > 98 % pre-dried at
200°C for 6 h; 52.5 wt % La,O; (Sigma-Aldrich, >99.9 %; pre-dried
at 900°C for 12 h), 26.5 wt% ZrO, (Sigma—Aldrich, >99%), and
1.2wt% ALO;. The mixed powder was ball-milled for 0.5 h using
a SPEX SamplePrep 8000M mixer/mill. The mixture was then
calcined at 800°C for 12 h. After cooling down, the powder was
reground and pressed into a pellet, which was sintered at 1000°C for
36 h and crushed into powder again by ball-milling for 1 h.

The composite electrolyte was prepared with a solution-casting
method. PEO (Sigma-Aldrich, MW =400000) and LiClO, (Sigma—
Aldrich, >99.99 %; vacuum dried at 100 °C for 24 h) were dissolved in
anhydrous acetonitrile by stirring at 80°C for 12 h in an argon-filled
glovebox. The [EO]J/[Li] ratio was fixed at 18:1, and the amount of
LLZO powder added was 50 wt %, corresponding to 20 vol %. The
PEO/LiCIO /acetonitrile solution and LLZO powder were mixed by
ball-milling for 1 h. The homogeneous slurry was cast on a flat Teflon
plate using a doctor blade. The film was dried in vacuum at 50°C for
12 h. The thickness of the composite electrolyte ranged from 30 um to
50 um.

The symmetric battery cell was assembled by pressing Li foils on
both sides of the composite electrolyte film. Charge and discharge
cycling of the symmetric cell was conducted at a constant current
density of 61 pAcm 2 on a LANHE battery testing system.

Solid-state NMR spectra were acquired on a Bruker Avance I1I-
500 at Larmor frequencies of 73.6 and 194.4 MHz for °Li and Li,
respectively. A 2.5 mm Bruker HXY probe was used and the samples
were spun at 25 kHz for DP and 10 kHz for CP. The *’Li chemical
shift was referenced to solid LiCl at 0 ppm.
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