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ABSTRACT: Fundamental understanding of the lithium-ion transport mechanism in @}& PEO
polymer—inorganic composite electrolyte is crucially important for the rational design of
composite electrolytes for solid-state batteries. In this work, the Li* ion transport pathway in
a model composite electrolyte of PEO containing sparsely dispersed LLZO (PEO—LLZO)
was studied by an advanced characterization technique, i.e., °Li-tracer NMR spectroscopy. By
analyzing the °Li distribution within the PEO—LLZO composite at the end of the discharge
of an electrochemical cell of °Li | PEO—LLZO | stainless steel with a fixed capacity (less than
the total amount of the Li* in the composite) at various current densities, it is found that the
interfacial barrier between LLZO and PEO could cause a reduced Li* flux through LLZO,
particularly at high current densities, and therefore plays a critical role in determining the Li*

ransmission pal v
transport pathway in the composite electrolyte. This work provides an intuitive picture of Li* qu based on ponmer matx ) ﬁ
s :

I Barrier of ion transport

ion transport in a polymer—inorganic composite electrolyte that is helpful to optimize and Transmisson paih
design better composite electrolytes.

D eveloping rechargeable lithium batteries with higher composite electrolyte, thus raising the ionic conductivity. The
energy density and greater safety has been a critical field morphology of the inorganic filler is another important factor.
in electrochemical storage systems. Solid-state electrolytes Filling of nanowires always exhibits a greater improvement in
(SSEs) with nonflammable characteristics in contrast to comparison to nanoparticles."” Moreover, the addition of
traditional liquid electrolytes with serious risks for leakage orientated distributed nanowires has been verified for a higher
and flammability of organic solvents have become the research ionic conductivity than that of disordered nanowires,”” which
emphasis.l_3 SSEs can greatly improve the safety and match probably originates from the shortened Li* transmission
the lithium metal anode, thus enhancing the energy densities of distance in the electrolyte zolwing to the directional transport
corresponding solid-state lithium batteries.” of Li" along the alignment.

Among various SSEs, polymer electrolytes (such as poly- Many strategies have been developed; however, it is essential

(ethylene oxide) (PEO),° polyvinylidene fluoride (PVDF),” to carefully investigate the elementary ion-transfer processes
poly(methyl methacrylate) (PMMA),® and polyacrylonitrile and deeply understand the ion transport pathways and the
(PAN)° based electrolytes) with flexibility and thus good corresponding barriers in the electrolytes, especially a}rs
contact with electrodes and easily scalable production have inorganic ionic cor%ductive. fillers are em_ployed.' The Li'-
presented promising industrial application prospects and Fonductlng 1norganic p.ar.tlcles 'and the' inorganic/polymer
compatibility with commercial lithium-ion batteries. However, 1nter‘faces possibly participate in tbe ion-transfer process,
lithium ions mainly transmit through the segmental movement leading to more comp lex hthlur'n-lon transport p athwa?fs.
of the amorphous domain in polymer electrolytes, resulting in Several techniques have begn app lied to study the prop ertl.es
a poor room-temperature ionic conductivity, which has been a and the transport mechanisms in polymer and cgmpos1te
decisive issue hindering their further application. Many efforts p o.lymer e.lectrlolytes. Bruce et al. succes.sfully obtained the
have been made to reduce the glass transition temperatures sgnral lcyhrll)drlcall s.truc)tgll{le) ZSf ﬁgﬁtal]lnel gEl? I}ogmer
(Ty) of polymer electrolytes by adding plasticizers, including electrolyte by applying »~ which revealed that lithium-
inorganic inert (AL O; SiO, TiO,, etc.),'’”"* inorganic
electrolytes (Li,La3Zr,O,,, LigssLagssTiO5, LijoGeP,S,, Received: December 15, 2021
Li; 4Aly,Ti; (PO,)s, etc.),"”7'¢ etc,, to enhance the segmental Accepted:  January 28, 2022
motion. The interaction between the surface of doped particles Published: February 7, 2022
and polymer components has been reported to be a key factor

influencing the dissociation degree of Li* ions.'”'® It may

increase the proportion of transferable lithium ions in the
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Figure 1. (a) Arrhenius plots, (b) LSV (linear sweep voltammetry) curves, and (c) XRD patterns of LLZO, PEO-LiTSFI, and PEO-5%LLZO

composite electrolytes. (d) SEM image of PEO-S%LLZO electrolyte.

ion resides in the cylindrical structure but does not coordinate
with anions. Saboungi et al. observed that Li* involves two or
three different motions in the nanosecond time-scale in
polymer electrolytes by using quasi-elastic neutron scattering.”
Theoretical calculations also have been employed to analyze
the relationship between ionic conductivity of multiphase
composite electrolyte and filler content. Effective medium
theory (EMT)" and percolation theory'® can predict the
atomic-level ion conduction of materials. However, the
conduction mechanism from the physical and chemical levels
is difficult to determine.”*

Recently, °Li-tracer NMR spectroscopy was applied and
presents great superiority to track the Li* transport pathways.
Through cycling the °Li | SSEs | °Li symmetric cell along with
the °Li NMR spectroscopy, Zheng et al. successfully tracked
the Li* transmission path in PEO-50 wt %LLZO (LLZO
means Li;La;Zr,0,,)>* and found that the lithium ion tends to
pass through the LLZO ceramic phase rather than the PEO—
LLZO interface or PEO phase in such an electrolyte. However,
Yang et al. and Zheng et al. revealed the critical contribution of
the interfacial transport in PVDF-Li; 4Al;,Ti; ((PO,); nano-
wires® and PAN-S%LLZO nanowires™ by utilizing a similar
approach. Understanding of the decisive factor for the
preferential ion transport pathway is still insufficient and thus
crucially necessary for a rational design of the composite
polymer electrolytes. Investigation of each elementary ion
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transport process and the corresponding transfer barrier in the
composite electrolytes may possibly provide effective hints. We
propose that quantitative analysis with the determined amount
of °Li exchange is very important to deeply realize the Li*
transport as ®Li-tracer NMR spectroscopy is applied. "Li from
the electrolyte probably deposits and reenters into the
electrolyte, and the inactive components may be produced in
the electrolyte or on the surface of °Li during cycling of the °Li
| SSEs | °Li cell, causing deviation, especially for the
comparison samples.

In this work, we employ a modification of the °Li-tracer
NMR method for solid-state electrolytes. Through single
equivalent °Li isotope exchange at different current densities,
the transport mechanism of lithium ion in the composite
electrolyte was analyzed qualitatively and quantitatively. This
method can help to distinguish the rapid transport pathways
and the barrier influencing the transport properties.

We applied PEO-5%LLZO electrolyte as the model, which
shows the highest ionic conductivity among the prepared PEO-
x%LLZO (x =2, 5, 10, 15%) composite electrolytes (Figures
la and Sla). The linear sweep voltammetry shows PEO-5%
LLZO electrolyte has a larger electrochemical stability window
(Figure 1b), confirming the positive effect of the LLZO filler,
which is consistent with previous results.”” The successful
addition of LLZO in the electrolyte is further verified by XRD
patterns (Figure 1c), which clearly evidence the reduced
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Figure 2. (a) °Li and (b) "Li NMR spectra of the PEO-S%LLZO electrolytes after Li — "Li tracer-exchange experiment at 50 °C.
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Figure 3. (a) The relative proportion and (b) the absolute content changes of °Li signals for components in ®Li-exchange PEO-S%LLZO

electrolytes calculated from the °Li NMR spectra.

crystallinity of the electrolyte with the addition of LLZO. In
addition, SEM and EDS mapping images of the composite
electrolyte display a smooth surface and an even distribution of
La and Zr elements in the LLZO material (Figures 1d and
S1b—d). Previous work has demonstrated that less filler (<20
wt %) may not form a percolation network.”®

For °Li-tracer NMR, we first assembled the °Li | Polymer |
SS (stainless steel) cells, which were discharged at three
current densities of 0.025C, 0.1C, 0.3C (1C indicates the
current density applied as the capacity equals to the charge of
total lithium ions in the electrolyte in 1 h) with a determining
capacity at 50 °C. The capacity was set to be a quarter of the
charge of Li* content in the electrolyte, expecting to ensure a
constant °Li-substition proportion in the polymer electrolytes.
All the spectra are normalized by acquisition number scans and
sample mass for a rational comparison. Figure 2a depicts the
°Li NMR spectra and corresponding fitting plots of as-prepared
and ‘Li-exchanged PEO-S%LLZO electrolytes. The resonance
at —0.78 ppm is attributed to LLZO, and the signal at
approximately —0.63 ppm is due to the LiTFSI in PEO, which
can be deconvoluted into two peaks assigned to the LiTFSI in
crystalline and amorphous PEO phases, respectively. The
spectra obviously exhibit that these °Li signals are greatly
enhanced for the ‘Li-exchanged electrolytes compared to the
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pristine sample. And the "Li NMR spectra display a contrasting
trend, identifying the exchange of °Li in the electrolytes.
Both the °Li and Li NMR spectra are carefully fitted by
using three peaks. It shows that the areal ratios of LLZO,
LiTFSI in amorphous, and crystalline PEO phases in the
pristine electrolyte are 16.4%, 49.1%, and 34.5%, respectively
(Table S1). The calculated proportion of LLZO according to
the fitting result of °Li NMR is lower than that from the feed
value in the synthesis process. This is probably due to the loss
of LLZO during preparation and the much shorter spin—spin
relaxation time of LLZO in comparison to that of LiTFSI in
the PEO phase. Accordingly, the composite polymer electro-
lyte films prepared at the same time and an identical
acquisition parameter were applied to exclude the possible
errors, thus obtaining comparable quantitative NMR spectra
among samples. It is worth noting that the composite
electrolytes were °Li-exchanged at 50 °C and the spectra
were ex situ acquired at room temperature; thus, the
proportions of LiTFSI signals in amorphous and crystalline
PEO phases have been probably changed. Besides, the
overlapping of the "Li signals may also cause large errors.
Therefore, two signals from LLZO and LiTFSI in the °Li NMR
spectra are mainly employed for discussion. Figure 3 and Table
S1 exhibit the analysis results of °Li NMR spectra. It shows
that the °Li content of LLZO in °Li NMR spectra is enhanced
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from 16.4% to 18.6% as SLi-substitution current density of
0.025C is applied, while the values (16.9% and 16.6%) are
almost the same as that with the pristine when utilizing higher
current densities of 0.1C and 0.3C. The tendency is further
verified by another batch of samples (Figure S2 and Table S3),
demonstrating the results of °Li content of 18.3% and 15.9%
for LLZO in the SLi-exchanged electrolytes with current
densities of 0.05C and 0.3C, respectively. It is worth
mentioning that the ®’Li signals of LiTFSI in Figures 2 and
S2 shift slightly, which is due to the various Li* solvation
effects caused by the distinct residual solvent in different
batches of samples. This result indicates that although the
transport channel involved with LLZO is still unobstructed, the
enhanced ion transport effect in the LLZO phase has been
weakened at high current. It is known that LLZO presents
much higher ionic conductivity than PEO electrolytes and thus
a lower ion-transfer barrier. However, it reveals that the
transport channel in LLZO has priority only at a very low
current density. The change of ion-transfer barrier under
higher current densities should be considered. The space
charge layer (SCL) on the interface between PEO and LLZO,
and the corresponding ion transport barrier could be enhanced
as higher current densities are utilized,”**° thus confining the
transfer of Li* from polymer phase to inorganic phase. Hence,
the space charge layer between the LLZO and PEO phase and
the relevant interfacial transport are probably the key factors
causing reduced °Li substitution in the LLZO component.

Beyond the above changes of the relative proportions of
components in the composite, we unexpectedly find that the
absolute intensities of °Li signals in the °Li-substituted samples
at different current densities change even with the identical
capacity, as evidenced in Figure 3b and Tables S2—S4. The
total integral area of °Li signals is enhanced by 11 times for the
PEO-5%LLZ0-0.025C sample in comparison to that for the
pristine electrolyte, while the signal enhancement for PEO-5%
LLZ0O-0.1C and 0.3C samples are 12.8 and 15.6, respectively.
The results indicate that the °Li-exchanged amount in polymer
electrolytes by using the °Li | SSEs | SS cell will be increased at
a higher current density even with an identical normalized
capacity (less than the total amount of the Li* in the
composite). There are probably several factors for the
enhanced intensities of °Li signals in the samples °Li-
substituted at higher current density. First, it is known that
the microscopic expression of the current is

I = neSv

where 1 represents the number of free charges per unit volume,
e is the amount of electricity of the free charge, S indicates the
cross-sectional area of the conductor, and v is the rate at which
the free charge moves perpendicular to the electrolyte plane.
Thus, the current means the amount of charge per unit time
passing through the interface. We have to note that the actual
polymer membrane is not an ideal plane and has a certain
thickness. Therefore, the content of °Li in the electrolyte is the
integral of the °Li" passing through the cross-sectional area per
unit time and the thickness of the film. The larger the current,
the greater the ion flux on the cross section. Besides, the
concentration gradient caused by the enhancement of the
space charge layer between the electrode and the polymer
electrolyte possibly aggravates the deviation of the signal
intensity.

These results reveal the significance of the interfacial
transport process in polymer electrolytes, in particular as the
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extra electric field is applied. To the best of our knowledge, the
transmission pathway of Li* through the composite polymer is
composed of the following elementary processes: Li* transport
across the PEO phase (LiTFSI), bulk LLZO, the interface
between LLZO and PEO, and the interface between
membrane and electrodes.”>***" The ion transport pathways
in composite electrolytes could be varied as these transport
barriers are changed (Figure 4). We have known that LLZO

@ PEO matrix

LLZO particle

. Transmission path
¥ based on polymer matrix

Vs

Transmission path
including LLZO

Figure 4. Schematics of the Li-ion transport pathways in the PEO—
LLZO composite electrolytes.

has higher ionic conductivity than PEO and thus is an
important component for the ion transport properties of the
composite electrolytes. Nonetheless, the processes involving
the ion transport through the interface between PEO and
LLZO and the PEO phase possibly become the critical step for
PEO-5%LLZO. The enhanced ion transport barrier due to the
SCL possibly changes the ion transport pathways. In addition,
the most sluggish ion-transfer process could be the decisive
factor as ions transmit through the electrolytes by several
elementary steps in series. In contrast, the fastest ion-transfer
process is probably the most critical point that determines the
ion transmission property as these elementary transfer
processes are parallel. The practical ion transport mechanisms
may be more complex, depending on the competition of
elementary transport steps. This may explain the reported
various preferential ion transport pathways for different
composite electrolytes.”>>*® A relatively high interfacial
transfer barrier between the polymer phase and the plasticizer,
combined with the continuous filler (e.g., nanowires), possibly
creates a preferential interfacial transport pathway. Therefore,
the compatibility between components in the composite
electrolytes and the SCL should be seriously addressed to
offer a high-performance electrolyte for an excellent high-rate
performance.

In summary, we present a modification of the °Li-tracer
NMR method to quantify the ion transport pathways in
composite electrolytes and distinguish the critical step
influencing the ion transport properties. Our results demon-
strate that the interfacial ion transport barrier (such as space
charge layer) in the composite electrolyte should be seriously
addressed, which could cause the change of ion transport

https://doi.org/10.1021/acs.jpclett.1c04085
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mechanisms at different current densities. In addition, we
discussed elementary ion-transfer processes in the composite
electrolytes, illustrating that the varying barriers of the
elementary transport processes generate different preferential
ion transport pathways.
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