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Abstract

Solid polymer-ceramic composite electrolytes (PCEs) have attracted vast attention for
developing solid-state batteries. However, slow ion transport at ambient temperature impedes
unlocking their potential. Improving ionic conductivity of PCEs remains a major challenge
because ion transport mechanism in complicated composites is not currently available. This
article, for the first time, demonstrates that segmental motion and interfacial polarization are
directly coupled, both quantitively determine ion transport in PCEs. Adding small-molecule
additives enhances ionic conductivity in PCEs, by increasing concentration of ions participating
in transport and by equally accelerating segmental motion and interfacial dynamics.
Accordingly, an ionic conductivity achieves 1.3 x 10~ S/cm at 30 °C, simultaneously with high
mechanical strength and toughness (solid and flexible, shear modulus G’ > 1 MPa). The results
may shed a light for better analysis and improved design of solid composite electrolytes, toward

meeting material demands for next-generation electrochemical energy storage.
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1. Introduction

The development of solid-state electrolytes (SSEs) is crucial to meet the challenge of material
demands in next-generation secondary batteries where electrodes and electrolytes are widely
recognized to be solid materials.[!! To achieve an exceptional electrochemical performance,
structural stability, and battery safety, typical cutting-edge SSEs integrate merits from multiple
materials, including fast ion transport in ceramics and mechanical flexibility in polymers.]
Consequently, polymer-ceramic composite electrolytes (PCEs) attract tremendous scientific
and technological interest.*”! For instance, a great deal of attention has been paid to composites
fabricated by dispersing garnet-type particles in poly(ethylene oxide) (PEO) host, while
keeping their traits of low cost and suitable mechanical toughness.!* Despite recent progress in
such PCEs, their low ionic conductivity (~10* S/cm) at ambient temperature remains a
formidable obstacle.

Mechanisms of ion transfer in solid composites are complicated. Microstructures and
phases, together with physical and chemical properties of various constituents significantly
affect ionic conductivity and ion-transport pathways. In a polymer matrix, ionic motion is
strongly coupled with segmental dynamics of the chain molecules.”!!) Ton transport is
contributed from both sub-diffusive motion along chain segments and intersegmental
hopping.['*! To achieve a competitive ionic conductivity, addition of ceramic particles benefits
polymer electrolytes by reducing crystallinity, although the original intention for introducing
such fillers is to exploit their superiority in ion transport. It has been demonstrated that small
particles with relatively low fractions enhance ion transport, which is in line with percolation

s.13:14 Nevertheless, insufficient loading often makes limited continuous pathways

simulation
along interconnected ceramic particles, whereas overabundant fillers usually agglomerate and
result in loss of interphase volume hence obstructing formation of percolating network, known

as the blocking effect.l'> Ion transport through polymer domain is indispensable under such

scenario.



Following the strategy of building continuous freeway for Li*, recent works using oriented
nanowires showed a considerable increase of ionic conductivity, and exhibited ion pathways on
the surface of nanowires.!'6"!8] Moreover, the preference of ion transport along interface rather
than entering interior of ceramics, was further proved by the high conductivity under large

volume fraction of interfaces.!'” In addition, new twists ranging from copolymerization,!?%->]

19, 26 27]

chain network,?* 24! polymer blend,'*>! and nano-porous structure,!'> 26! to ionic side group!
and plasticizer, *® 2°! bring promising improvements. Releasing the potential of solid composite
electrolytes requires mastering mechanism of ion transport in such materials. However, in
multiphase PCEs, models quantitatively demonstrating ion transport through polymer domains
and surface charge layers are still unavailable.

This study establishes quantitative coupling equations, for the first time, between ion
transport and multiple micro-dynamic processes in PCEs, that is, the EIS properties can be fully
described and predicted by dielectric relaxation spectroscopy (DRS) dynamic analysis. Li"
transfer rate strongly depends on relaxation time and dielectric strength in polymer chains and
at polymer-ceramic interfaces. Adding plasticizer raises ionic conductivity (> 107 S/cm at
30 °C) by equally accelerating segmental and interfacial dynamic processes. With this
information, the ion transfer mechanism is deeply understood, which offers valuable strategies
for increasing ambient ocdc in PCEs.

Our samples consist of Lis4lasZri4TaosO12 (LLZTO) or SiO:2 particles, uniformly
dispersed in PEO host, with various weight loadings. LiClO4 salt is added to the composite with
a molar ratio to EO of 1:18. The samples are accordingly labeled by PEOis-LiClOs-x wt%
LLZTO (or SiO2) where the labels indicate indicate the particle diameter. In other cases, certain
amount of plasticizer diethylene glycol dimethyl ether (DEGDME) was introduced into the
sample, to probe the origin of ion transport enhancement by tuning micro-dynamics.

2. Results and Discussion

2.1 Correlation between local dynamics and electrochemical impedance response
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Figure 1 correlates the microscopic dynamic processes with the electrochemical property in a
representative PCE. The frequency spectra of dielectric permittivity (Figure 1a) can be divided
into three regions, which are dominated by segmental relaxation (« and o, process), Maxwell—
Wagner—Sillars (MWS) interfacial polarization, and electrode polarization (EP), respectively.
Boundaries of these regions are determined from the 2"-order derivative of £’s, as interpreted
in Supporting Information. At 10° — 10* Hz, a frequency zone led by the o relaxation and MWS
process, £’r shows a linear dependence with a rate of -0.94 (inset in Figure 1a), indicating the
ionic transport. Correspondingly, the ionic conductivity (ouc) is determined from in-phase part
of o(w) = &’(w)evw, where & is the permittivity of vacuum. The permittivity response is
decomposed into several key contributors, as demonstrated in Figure 1b. From the trend of
gradual leveling off of &’r at high frequencies, we detected two « processes, which are
speculated to be originated from the relative fast () and slow () modes of segmental motion
under different levels of confinement of amorphous phases among LLZTO particles and PEO
crystal phases.

Remarkably, intensities of dynamic processes show a inverse relationship with the
frequency. This trend reflects the large length scale and greater number of ions getting involved
in the individual dynamic processes from segmental motion, to MWS polarization, and to EP.

To examine the influence of segmental relaxation and interfacial polarization on ionic
conductivity in solid PCEs, electrochemical impedance spectrum (EIS) was measured with two
stainless steel blocking electrodes for various samples. In line with the permittivity results, EIS
exhibits three major regions with approximately identical boundaries, as marked in Figure 1c.
From high to low frequencies, the regions show a semicircle, a slightly curved line, and a spike,
respectively, representing the responses from local dynamics in amorphous phase of PEO, PEO-
LLZTO dielectric boundary layers, and electrolyte-electrode interfaces. This is further

confirmed by reproducing the EIS profile using Nyquist characteristics of segmental
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Figure 1. Representative dielectric frequency spectra and Nyquist plot of ac-impedance
measurements. (a) Dielectric relaxation spectra. The inset shows an ionic conduction with
a slope of nearly -1 in the grey area. (b) Decomposition of the loss dielectric permittivity
into several sub-processes. The dash curves represent processes described by Equation (7)
and (8). (¢) The corresponding Nyquist plot under identical condition. Open circles represent
raw data from EIS measurements, while the solid curve represents the sum of response from
dynamic processes. (d) Details of the grey area in (c). I, II and Ilin (a) and (c) represent
regions dominated by EP, MWS and segmental relaxations, respectively. Data are measured
at 10 °C for the sample of PEO13-LiC1O4 with dispersed 100 nm-SiO: particles at 10 wt%.

relaxations , MWS polarization, and EP.1*%] The dash curves in Figure Ic and 1d are computed
from the results in Figure 1b according to &*(w) = 1/(iwZ*(@)Coe), where Co is the capacitance
of the empty capacitor. The sum of impedance from these dynamic processes (black curve,
slightly smoothed) matches the data well. These results suggest a direct and strong correlation
between micro-dynamics and EIS results exists. That is, the electrochemical response can be
derived from, and controlled by dynamic processes in which ion transport gets involved,
without conducting EIS measurements.

2.2 Modeling ionic conductivity



EIS measurements were conducted on our PCE samples containing inert (SiO2) or superior ion
conductor (LLZTO) particles at various temperatures. Selected PCEs with DEGDME additives,
as model materials to investigate mechanism of odc enhancement, were tested as well. The
highest cuc at 30 °C detected in our testing is 1.3 x 10 S/cm in PEO1s-LiC104-10 wt% 500 nm-
LLZTO-5 wt% DEGDME. It also exhibits good toughness (integrality and flexibility) and
mechanical strength!!:311(G” > 1 MPa at 30 °C), as shown in Figure 2¢ and 2d. The membrane
is in solid-state, confirmed by G’ > G”. With further increase of DEGDME content as depicted
in Figure 2a, the odc monotonically reduces. This trend qualitatively matches simulation results
by the percolation theory.!'> The enlarged space of cuc alteration, depending on several control

parameters, provides a foundation for analyzing mechanism of ion transport in PCEs.
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Figure 2. Ionic transport in selected samples. (a) Representative dc conductivity as a
function of inverse temperature. Dash line indicates 30 °C. Symbols of [, [:] and
represent data from samples with increasing weight fraction of DEGDME. (b) Nyquist plots
at various temperatures. (¢) Photograph of a freestanding membrane shows flexibility.
Sample: PEO15-LiCl04-10 wt% 500 nm-LLZTO-5 wt% DEGDME. (d) Shear modulus as a
function of frequency of the sample in (c) at 30 and 50 °C.Filled circles and open squares
represent the storage modulus G’ and loss modulus G”, respectively.



To demonstrate the governing equations of ionic conductivity using parameters of
dynamic relaxations, we further explore correlations between odc and relaxation time ( zinter, 7o)
or dielectric strength (Aginter, Asw). Considering the fillers and the surrounding surface charge

layer as two in-series layers, the characteristic time of MWS polarization is given by:[*?

(1)
2-in'rer ~ T05 = %5
O-dc
and
2L, €,

where 7. is the mean relaxation time for conductivity, Dy is the average diameter of particles,
in this work obtained from 3D nano CT imaging (Figure S2-4), Lp is the Debye length.
Combing equation (1) and (2), we get

2 3)
gogs
IOg(O'dC) == IOg (Tinter ) + IOg( e )

0

In a similar form, cuc correlates with the « (or az) process:**!

log(c,.) = —log(z, )+ C “)
where C is a constant. Thus 1/7, can be considered as a measure of the velocity of ion
dissociation. Figure 3 summarizes the influence of MWS and « relaxation on odc. Equation (3)
quantitatively describes the effect of zinter in most samples (Figure 3a), except for the data set
of PEO1s-LiClOs-5 pm-SiOz2 at low weight loadings. Similar trend is also found after adding of
DEGDME (Figure S18). In these cases, 7. values may show a distribution across the interface
leading to a more complicated situation,**! and hence ziner is no longer be proportional to z.

As shown in Figure 3a and 3b, plasticizer increases odc by accelerating interfacial and segmental



dynamics, leading to a reduction of zinter and 7. In contrast, ceramic particles do not exhibit any

clear trend on either increasing or decreasing relaxation times in these dynamic processes,

compared with the particle-free PEO. The results suggest that the strategy of merely adding

ceramic particles in PCEs has limited potential to substantially increase ionic conductivity.
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Figure 3. DC conductivity versus dynamic process parameters. (a) and (¢) MWS process
measured at 7= 30 °C.(b) and (d) « process measured at 7= 17 °C. All lines in (a) & (b)
demonstrate the same slope of -1, obtained from Equation (3) or Equation (4). Symbols of
[, [ and &I, together withO, © and ® represent data from samples with increasing weight
fraction of LLZTO particles. Symbols of A,A, and A represent data from samples with
increasing weight fraction of DEGDME. Closed and open symbols in (b)-(d) represent
samples without and with DEGDME, respectively. Scattering of the same symbols reflects
the results from various weight fractions of LLZTO particle and DEGDME plasticizer. The
thick dash grey curve roughly indicates the boundary of open and closed data points, i.e.,
with or without DEGDME.

Figure 3¢ and 3d present similar alterations after DEGDME addition. Promoted Ag implies

a higher concentration of ions participated in transport,*> 36! which further leads to the increase

of odc. As limited by coordination number, that is, the number of oxygen atoms bonded with



Li*, B magnitude of Ag, increase is far less than that of Agner increase. Nevertheless, the
number of sites for o relaxation taking place is expected to be much greater.

2.3 Mechanism for cuac improvement

We further analyze the microscopic origins for the odc enhancement. The Li" conductivity can

be expressed by:

O-dc = plq (5)
where p is the concertation of mobile Li", 4 is the Li" mobility, and ¢ is the elementary charge.
The Debye length, a measure of space charge layer thickness at interfaces, can be related to p

and ¢ by:*®]

Lp = (B2en)” ©

where ks is the Boltzmann constant, and 7 is the absolute temperature. From Equation (1), (2),

(5), and (6), p, i and Lp are determined by:

s.&.k.T (7)
R
qp
_ &8,k T ®)
quDz
o, ©
H=—"
pq

and their effects on ouc are illustrated in Figure 4. These plots show consistent trends of cuc
upon p, pand Lp in all cases with and without DEGDME, suggesting a strategy for altering ouc.
DEGDME markedly promotes ouc by increasing concentration of mobile Li* (Figure 4a) and
reducing Lp at interfaces (Figure 4c), while Li" mobility, a measure of ion’s ability to move
through the PCE, mainly remains at the same level (Figure 4b). Ceramic particle-reinforced

PCEs manifest higher p values, with or without the presence of plasticizer, compared with PCEs



filled by inert particles. Importantly, the plasticizer reduces activation energy (Figure 2a),
releases a portion of inactive Li's to participate in ion transport, and thus apparently increases
p, as illustrated in Figure 4a. Note that the dependence rates of ouc in Figure 4a and 4c in PCEs
with DEGDME are roughly twofold of those in DEGDME-free samples, reflecting effects by
accelerated dynamic processes. Combining experimental results above, increasing the density
of active ions and simultaneously speeding up micro-dynamic processes for ion movement is
an effective strategy for improving ode.

From the results in Figure 3 and Figure 4, the effect of particle size on ionic transport is
not notably recognized, whereas LLZTO particles demonstrate slightly better electrochemical

performance than SiO2, both well dispersed in PEO.
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Figure 4. Conductivity dependence, on (a) ion concentration, (b) ion mobility and (c¢)
Debye length, at 7= 17 °C.Black elliptical circles provide guides for the eye, on the range
and trend of data from samples without plasticizer addition, whereas the red ellipses show
the results from samples with plasticizer. Scattering of the same symbol reflects the results
from various weight fractions of particles and DEGDME. The color ramps indicate relative
rates in the dependence.
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2.4 Coupling between relaxation processes

The MWS, « and a» processes show a similar dependence upon ocdc with addition of small
molecules. This inspires us to explore the interrelation between them. In thermorheologically
simple materials, it is assumed that these sub-molecular relaxations manifest an identical
temperature dependence, i.e., a change in temperature equally shifts the frequency of such
relaxations to the same degree. However, this coupling manner does not work under some
circumstances. For example, decoupling of chain relaxation from sub-molecular relaxation is
39]

detected and attributed to spatial heterogeneity which modifies local structural relaxation.!

To analyze dynamic processes in PCEs, we adopt a decoupling degree, 6, as an exponent in the

T/t =1, , which is utilized to evaluate coupling between MWS and «

inter

equation 7.

inter

processes. From results in Figure 4, evidently 7.

el / T, VS. Tinter results in a straight line in a
double-logarithmic space, as all these variables display a linear dependence to ocdc on a

logarithmic scale. Figure 5a depicts coupling relations of representative samples, at various

temperatures for each. With the addition of DEGDME, .

inter

T/ z, exhibits a horizontal line (&
= () that indicates a strong coupling between interfacial dynamics and segmental relaxations in
our temperature range. The neat PCE sample shows a linear dependence with a slope 8= 0.3,
suggesting a less coupling under such circumstances. Figure 5b directly illustrates correlations
between 7inter and 7, for a family of samples at 17 °C. Clearly, adding small molecules makes z,
be proportional to zinter, Whereas . is proportional to Tp, for plasticizer-free PCEs, in
agreement with the results in Figure 5a. Therefore, the enhanced coupling between zinter and 7,
together with a substantial shortening of these relaxation times, that rationalizes both «
(including o, Figure S22) and MWS dynamics, are concurrently trigged and work in speeding

up segmental and ionic motions on a microscopic scale.
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T /7, and (b)
T, VErsus Tineer- 1he closed and open circles represent samples without and with
DEGDME. Symbols of [, [ and X; O, © and ® represent data from samples with

increasing weight fraction of LLZTO particles. The decoupling degree fin (a) for PEO:
LLZTO-500nm is 0.3. Each data point in (a) represents the result from a single
temperature. All data in (b) are measured at 17 °C.

It is also worth noting that our results are in line with existing findings or consensuses in
the literature. For instance, on of the effects of introducing ceramic particles is widely
recognized as to suppress the crystallization of PEO, because amorphous phases majorly
contribute to ionic conductivity.’ Similar endeavors aiming to attain high-level ion
dissociations have been made using block copolymers, wherein the short-chain PEO phases are
dynamically active due to confinement by adjacent rigid phases from the other block. We found
the crystallinities of PEO in our PCE samples remain at a narrow interval (Table S3 and S4,
Figure S11), lower than the particle-free case, even though the weight loading of LLZTO varies
in a broad range.*”) Moreover, we noted that the g in our samples varies in a manner
quantitatively matching the percolation theory (Figure S10). Our results do not exhibit a clear
trend of odc change due to the particle size effect, yet it is reported that decreasing nanoparticle
size diminishes interfacial effects in polymer-nanoparticle composites.[4!!

3. Conclusions
In this paper, we demonstrated how dynamic processes quantatively determine ionic

conductivity in solid PCEs, and elucidated the mechanism of improving ion transport, which
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shows that accelerated polymer sub-chain dynamics, together with decreased charge-
concentrated interfacial layer which releases more mobile ions, thus dedicates to ouc
enhancement. The findings unveil principles of ion transport in multiphase composites, and
offer valuable strategies for increasing cdc with an emphasis on speeding up segmental motion
and interfacial polarization. It has been recently shown that establishing continuous interfaces
along aligned ceramic nanowires effectively increases ouc.!*®8! The work further confirmed
that the increase is originated from the interfacial ion pathways.

In summary, the ion transport mechanism revealed in this work may provide novel
approaches for further improvement of ionic conductivity of solid PCEs at ambient temperature,
besides keeping their merits ranging from thermal safety, solid yet flexible mechanical
properties, and ease for commercial productions.

4. Material and Methods

Materials and Sample Fabrication. PEO was purchased from Sigma-Aldrich and was used
without any further purification. The weight-average molecular weight of the PEO (Mw.pko0) is
600,000 g/mol. LLZTO particles with average diameters of 5 um and 500 nm were purchased
from Shanghai Kejing Precision Manufacturing. SiO2 particles with diameter of 5 pm and 100
nm were purchased from Shanghai Aladdin Biochemical Technology. Different particle sizes
were chosen to influence the pathway forming on polymer/particle interfaces. Fabrication
procedure of the polymer-ceramic particle composite electrolytes composed of PEO1s-LiClOs-
x wt% LLZTO or SiO: is described previously.[*”) Briefly, the PCE films were fabricated by
blade coating and were subsequently dried by annealing at 50 °C under vacuim for 24 h. The
thickness of resultant films is around 20-50 pum, depending on different compositions of
samples. Distribution and an average size of particles or particle clusters were detected by nano
CT imaging (Figure S2-5 and Table S1). In addition, a certain amount (5, 10, or 20 wt %)
DEGMDE (purchased from Macklin Biochemical), was added to the mixture of PEO15-LiClO4-

5 wt% LLZTO. The nominal weight percentages of LLZTO and SiO: particles were ascertained
13



by thermogravimetric analysis (Figure S6-7, Table S2).
Dielectric Relaxation Spectroscopy. DRS measurements were performed by using a Solartron
Analyzer. A customized oven with an uncertainty of £ 0.5 °C from Shanghai Doaho was
equipped for temperature control. The composite electrolytes were measured under an
oscillating voltage of 100 mV in the frequency range from 1 MHz to 0.1 Hz at various
temperatures. Electrolyte membrane with a diameter of 17 mm and thickness of 20-50 um was
sandwiched between two stainless steel blocking electrodes with a diameter of 16 mm to form
a coin cell. The coin cell was firstly heated to an elevated temperature for 10 min to completely
melt the PEO crystals, subsequently was quenched to 30 °C. The DRS measurements were
conducted right after 16 h at T¢ to ensure full development of crystallization. The crystallization
process was reported in our previous work.[*?l It is worth noting that water absorption has a
significant impact. It causes an unusual increase in ionic conductivity and the results were not
reproducible after heat treatment. Hence, all of our samples were prepared in an argon glovebox.
Measurements were carried right after annealing to avoid long-time storage in the glovebox.
Samples after 24 h annealing treatment are proved no residual acetonitrile (2100-2400 cm™)
and absorbed water by FTIR, as shown in Figure S8. We double checked if the samples
contained any water after characterizations.

For PEO-based electrolytes, the dielectric response is dominated by charge carriers, i.e.,
the Ohmic conduction preponderates in dielectric spectra. It shows above glass transition
temperature as a linear increase with decreasing frequency of the dielectric loss on a logarithmic

scale:

(10)
£ (w)= Fae
we,

where & is dielectric permittivity of vacuum (&= 8.854 x 10712 V-I- m ). Although it does not

cover up the whole frequency range (see details in the Supporting Information), its contribution

is considered a limiting factor as it may obscure loss peaks of dipole origin. Hence this effect

14



should be eliminated to elucidate high-frequency relaxation processes, by using the Kramers-
Kronig relationship. The Ohmic-conduction free loss was thus determined from derivative of

gar:[42, 43]

7 9¢, () (i

gder“(a)) = 2 olnw

Wiibbenhorst and co-workers!*! have shown that this method is a close approximation of the
conduction-free loss in highly conductive systems.

Relaxation processes at high frequencies (« and az) were then analyzed by the Havriliak—
Negami (HN) function:*4

: Ag (12)

where ¢, (@) = ¢, (w)—ig, (®), w is angular frequency, and a and b are shape parameters

& and ¢, are the unrelaxed (w = 0) and

o 2

satisfying constraints 0 <a,and ab <1, Ae =¢,—¢

relaxed (w = o) values of the dielectric permittivity, respectively. EP process is fitted by
Debye model (a = b = 1 in Equation (12)).
Similarly, the MWS process at low frequencies was analyzed by an empirical modification

of the Macdonald model:*!

Ag (13)

inter

(ior,, )™ +ior.

inter inter

(w)y=¢,+

gint er

where the subscript inter indicates the interfacial polarization, and 0 < m <'1. Equation (13) is
mathematically equivalent to a constant phase element-type equivalent circuit. We find it works
fairly well in fitting MWS, with m determined to be 0.91~0.99. Note that inappropriate fitting
may result in an unlimited increase of both real and imaginary permittivities at low

[46]

frequencies,"** since the imaginary part of permittivity is proportional to dissipation energy and

vanishes when the real part approaches &.
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However, as the shape of the loss curve is very sensitive to the subtraction of dc
conductivity,”- 4 loss peaks appear much narrower in £’¢er than in £”r. Hence the derivative
analysis should only be used to extract the relaxation time. The rest parameters (Ag, €, and
shape parameters a, b, m) are refined from the raw data & (w) = ¢/ (w) — i&' (w), which are

represented by the sum of individual processes:

A‘g‘inter AE (14)

+
Nt e, 1+ ([0T,)Y)

#* . O
e (@)=¢, +i—%+

a)go (ia)Tint er )

The relaxation processes are rather narrow and symmetric, i.e., a varies from 0.86~0.95 and b
= 1 in Equation (12) for segmental relaxations, MWS process described by Equation (13) is
also close to the Debye model. The fact suggests low possibilities of process submerging one

another and thus assures accuracy. Fitting example is shown in Supporting Information.
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Caption: In solid polymer-ceramic composite electrolytes (PCEs), segmental motion and
interfacial polarization turn to be directly coupled, both quantitively determine ion transport in
PCEs. With small molecule additives, the solid composite electrolyte can achieve an ionic

conductivity of 1.3 x 103 S/cm at 30 °C with moderate mechanical strength and toughness.
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Caption: In solid polymer-ceramic composite electrolytes (PCEs), segmental motion
and interfacial polarization turn to be directly coupled, both quantitively determine ion
transport in PCEs. With small molecule additives, the solid composite electrolyte can
achieve an ionic conductivity of 1.3 x 10 S/cm at 30 °C with moderate mechanical

strength and toughness.





