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Abstract: The isothermal melt crystallization and the corresponding segmental dynamics, of a high
molecular weight poly(ethylene oxide) (PEO) confined by LisLasZr.01; (LLZO) particles in solid
electrolyte composites, were monitored by differential scanning calorimetry (DSC) and dielectric
relaxation spectroscopy (DRS), respectively. Our results show that the overall crystallinity is positively
correlated to the surface area of LLZO particles. The primary and secondary crystallization processes
are identified by a modified Avrami equation, while two dynamic modes, the a relaxation and «'
relaxation, were in the DRS measurements. The results reveal an unambiguous correlation between the
primary crystallization and the a relaxation, while a correlation between the second crystallization and

the a’ relaxation concurrently exist in the electrolyte composites.
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1. Introduction

Polymer-matrix solid electrolyte composites of high energy density, high output voltage and long
cycle life with low capacity fading are considered as one of the promising material solutions to meeting
demands for future energy storage devices.[1-4] In developing such composites, poly(ethylene oxide)
(PEO) has attracted a great deal of interests and is widely recognized as a representative candidate of the
polymer hosts,[5] as its ethylene oxide units have a high donor number for Li* and high chain flexibility,
that are important for promoting ion transport.[5-10] In addition, PEO has a high dielectric constant and
strong Li* solvating ability. Despite these advances, the use of PEO-based membranes in commercial
batteries is impeded by the low room temperature (RT) conductivity which is the result of inherently high
degree of crystallinity in the polymer.[11-13]

Adding fast ion conductors such as specific ceramic fillers into a solid polymer matrix is an effective
method to balance the enhancement of ionic conductivity and ease of fabrication.[14] The garnet
structured inorganic solid electrolyte, LizLasZr,O12 (LLZO), first reported by Murugan,[15] emerges as a
promising material because of its exceptional chemical stability against Li metal, broad electrochemical
window, and high Li* ion conductivity. Nevertheless, the presence of LLZO, usually as small particles
in the composite will make the situation complicated, since it causes the polymer domains under
confinement between the particles, and consequently influences the crystallization process and segmental
dynamics.[11] For semi-crystalline polymers, it is important to understand the interplay between the
amorphous regions and the coexisting crystalline phase. The amorphous regions are located within the
spherulitic structures and confined between the crystalline lamellae or lamellae stacks.[16] Therefore,
crystallization behavior and segmental dynamics of the polymer in solid electrolyte composites would
possibly deviate from the bulk, and they vary with the weight loading, size, and shape of the ceramic filler.
Although these alterations may have a crucial impact on the performance of the solid electrolytes, to the

best of our knowledge, the confined crystallization and chain dynamics under such scenario remains to be
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elucidated.

In present work, we utilize PEO-LLZO composites as a model system to characterize the melt
crystallization and segmental dynamics in PEO, mainly by differential scanning calorimetry (DSC) and
dielectric relaxation spectroscopy (DRS), respectively. In our study, the weight loading of LLZO ranges
from 4.8 wt% to 61.5 wt%, which corresponds to a volume percentage interval from 1.2 vol% to 27.0

vol%.

2.Experimental Section

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 peo) is 600,000
g/mol. LLZO particles with characteristic length of 5 um were purchased from Shanghai Kejing
Precision Manufacturing Co., Ltd.

The PEO-LLZO composite membranes were prepared via blade coating. First PEO and LLZO
were weighed and mixed with a proper ratio, the blend was then dissolved in acetonitrile with a 3 wt%
concentration. Subsequently the solution was dropped onto a pre-cleaned stainless-steel plate at room
temperature, and a blade was scraped linearly with a gap of 400 um and a speed of 5 cm/s.  Finally, the
substrate and the film atop were transferred into an oven and annealed at 50 °Cunder vacuum for 24 h to
remove residual solvent. The thickness of resultant films is around 20 um. To examine the quality of
the membrane samples, Fourier transform infrared spectroscopy (FTIR) tests were performed and the
results showed no remaining solvent in the film and no water was absorbed during the sample preparation
(Figure S1 in the Supporting Information). Furthermore, the nominal weight percentages of LLZO
obtained from calculation were ascertained by thermogravimetric analysis (TGA), indicating weight
loading of LLZO ranging from 4.8 percent to 61.5 percent in different samples. As a reference, neat

PEO membranes were also prepared by using the procedure above. Table 1 lists the samples used in this
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work.

Optical microscopy (OM). Real-time melting and crystallization were monitored by optical
microscopy. A membrane was placed on glass and then transferred onto a heating stage mounted onto
the OM. In the experiment, the sample was heated to a temperature above the melting temperature of
PEO crystals. After 10 min at that temperature, PEO crystals had completely melted into amorphous
state, confirmed by the DSC thermograms. Then the temperature of the stage was set to a crystallization
temperature (T.), and sample was naturally cooled down to T, in atmosphere. The chosen T,s are 52 °C
and 55 °C selected according to preliminary data which demonstrated slow crystallization at these

temperatures and short time to approach that prevents unexpected crystallization during cooling.[17, 18]

Table 1. Sample Composition and Crystallinity Tested by DSC

Sample ID LLZO (wt%) X,*(%) X2(%) X %) X %)

#1 0 54.8 57.8 58.2 63.7
#2 4.8 65.7 70.5 67.5 73.0
#3 16.8 68.9 74.4 71.8 77.2
#4 18.7 63.6 69.3 65.8 71.8
#5 39.5 57.8 61.8 59.3 65.6
#6 53.6 55.5 59.0 56.3 62.6
#7 61.5 48.9 52.7 51.2 56.8

al and @2 represent overall crystallinity after isothermal crystallization at 52 °C for 1 h and 3 h,
respectively.  Similarly, ®* and 2 represent overall crystallinity at 55 °C for 1h and 3 h.

Differential Scanning Calorimetry (DSC). Isothermal crystallization kinetics was carried out by
a Shimadzu DSC-60 plus DSC under nitrogen atmosphere. The instrument was calibrated by Indium.
The sample was heated to 80 °Cwith a constant ramp rate of 10 °C/minand annealed thereat for 10 min to
ensure that it melted completely, and then quenched to 52 °C or 55 °C to crystallize isothermally for
various times. Corresponding temperature protocol used in crystallization testing for all samples and

heat flow traces are shown in Figure S2 and S3, respectively.

This article is protected by copyright. All rights reserved.



The crystallinity (X;) of the composite is calculated by:

AHp
Xt =

= THomofrog 1
where X; is the crystallinity of PEO, A H, is the melting enthalpy of composite, A Hpgo is the value of
melting enthalpy for PEO having completely crystallized (203 J-g)[19] and fpgo is the mass fraction of
PEO in the composite.

Wide-Angle X-ray Scattering (WAXS). WAXS measurements of the crystal phase was conducted
by a Rigaku D/MAX 2400 diffractometer with a Cu Ka radiation source (A = 0.15406 nm, 40 kV, 40mA).
In the experiments, scattering angle 26 was set altering from 10 to 40 °. Sample preparation process for
WAXS testing was the same as that for OM tests. Impacted LLZO particles was also tested by WAXS
under that same settings.

Nano CT Imaging. Three dimensional (3D) scanning of the samples was performed by a X-ray
computed tomography (CT) scanner: ZEISS Xradia 520 Versa with highest resolution of 700 nm. The
membrane sample was cut to planar dimensions of 1 mm X 1 mm, required by the equipment. As
output of the Nano CT, 3D images were digitalized and reconstructed at a given resolution of 1 um.
Data was further analyzed to get the average size and volume percentage of LLZO particles.

Dielectric Relaxation Spectroscopy (DRS). Measurements of complex dielectric permittivity
were performed by using a Solartron Materials Testing System with a home-made sample stage. The
stage is capable of heating the sample from RT to 200 °C andhas a rack and pinion structure to guarantee
proper contact between the sample and electrodes. In experiments to explore temperature dependence of
segmental relaxation time, a cryostat was employed to conduct tests at a temperature lower than RT.
The temperature stability in DRS measurements was found to be within + 0.1 °C

Membranes with circular gold electrodes (diameter of 10 mm) were prepared by sputtering the metal
atop the membrane on both sides. In DRS measurements, samples were placed between the electrodes

on the sample stage, and were heated to the melting temperature (it differs between samples and could be
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determined by DSC tests in advance) of PEO and annealed for 10 min, then followed by a rapidly cooling
to T. of 52 °C (preliminary data atT. = 52 °C and 55°Cshowed very high similarity, we are only focused on
the DRS results of Tc = 52 °C). Once reaching 52 °G dielectric permittivity was measured in frequency
scanning mode from 1 to 10° Hz, each measurement took about 17 s. To characterize dynamics in the
process of crystallization, duplicated measurements were conducted at different times.

Dielectric relaxation strength (A &) and characteristic relaxation time (tyy) Were determined by

fitting the dielectric loss data with the Hariliak-Negami (HN) function:[20]

() = —2f
€ HN(w) - (1+(i1:HNw)a)b (2)

where a and b are shape parameters satisfying constraints of 0 < a, and ab < 1; Ae=& — &, &
and &, are the unrelaxed (@ = 0) and relaxed (@ = o) values of the dielectric constant, respectively. The
crystallization temperature is far above Tg (Tc/ Ty = 1.37), so the contribution from ohmic conduction and
electrode polarization (EP) arises thus masks dipolar processes. Here we used the Kramers-Kronig
relationship to eliminate its effect. The ohmic-conduction free loss was determined from the logarithmic

derivative of &':[21, 22]

py _ mae(w) (3)

Ederiv = 73 Gina

Wiibbenhorst and co-workers[22] have shown that this method is a close approximation of the
conduction-free loss for relatively broad loss peaks, while narrow loss peaks appear much narrower in
Ederiy than in &', Equation (3) is used to determine the position for relaxation process in high
frequency range.

It is worthy of note that considering the glass transition temperature of PEO is quite low, PEO is soft
at the test temperature, as such, the pressure between electrodes would force PEO to crystallize under
pressure and sometimes cause drastic EP and Maxwell-Wagner-Sillars (MWS) interfacial polarization

process which can envelop other polarization processes and lead to analytical errors. The method to
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overcome this obstacle is that during melting and cooling processes, we set a small gap between the
electrodes and placed the upper electrode of the sample holder onto the membrane after reaching 52 °C.
Otherwise they would be too strong to cover dipole processes and changes the dielectric permittivity

profile. More details on this issue are available in the Discussion section.

3.Results and Discussion

Melt Crystallization.

Figure 1 shows representative OM images of a fixed area of sample #2 isothermally crystallized at
52 °C for different times. Small dark spots in this figure are the LLZO particles on sample surface.
Within a short period, birefringent crystals rapidly grow from isolated nuclei and form circular domains
which spread out and cover near 30 % of the entire area, as shown in Figure 1(a). In Figure 1(b), the
area is fully covered by spherulites which confront each other. The force induced from interface contact
change the shape of the leading front of crystals and finally form boundaries nearly straight lines. This
process is consistent with the results elsewhere.[23-25] Additionally, it is clear that the location, size,
and shape of the LLZO particles and particle clusters do not change during crystallization, but the
particles in the composite can be wrapped into spherulites, when there is a phase transition of the polymer.
The shape and growth rate of spherulites vary with sample composition and crystallization temperature.
Additional OM results could be found in Supporting Information.

For quantitative interpretation of the crystallization kinetics in PEO-LLZO composites, the classic

Avrami equation was first considered to be applied to our data. The equation is shown below:[26]

Xpt = Xpoo (1 - exp(—Zptn)) (4)

where X, is the fractional crystallinity, t is the crystallization time, Z, is a composite rate constant
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involving nucleation and lamellar growth rate. X, is the final crystallinity. The exponent n is an
integer constant, indicating essential crystallization mechanism. The Avrami equation suggests that
crystallinity will approach a constant after some time. However, the crystallization of high molecular
weight PEO could not be directly fitted by the Avrami equation, since the data exhibit not only an
exponential increase in a short period, but a continuous growth with a reduced rate thereafter. Maclaine
et al.[27] discussed how the molecular weight of PEO affects its crystallization Kinetics. It turned out
that for high molecular weight PEO, the crystallinity will continue increasing with time, that is in line
with our results as displayed in Figure 2. In this figure, fractional crystallinity of sample #1 is depicted
versus time, for T. of 52 and 55 °C. The sample isothermally crystallized at 55 °C shows both a rapid
primary crystallization described by Avrami equation and a slow crystallization process corresponding to
the secondary crystallization.[17]

Crystallinity data were represented by isolated symbols in Figure 2. When T, = 55 °C, the
nucleation and growth of crystals are fairly slow in the first a few minutes, then a fast process is triggered
and lasts for several minutes until it vanishes around t = 10 min, after that the secondary crystallization

process is still ongoing in our test range. These two processes can be identified clearly from the change
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of the growth rate. Initial crystals grow so fast at T = 52 °C, that the primary processis relatively large
at the beginning of the test (the minimum experimental time is 1 min). Further analysis also implies that
the growth rate of the primary crystallization is much greater for T, = 52 °Cthan T, = 55 °C. The generality

of this crystallization behavior was confirmed from further experimental results of other
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Figure 2. Crystallization process for sample #1. Curves are model fit results by Equation (4). The
error bars represent the standard deviation of the data from three duplicates.

samples. To model the overall behavior of crystallization shown above, we utilized a model developed
by Hay and co-workers.[28-30] The primary process follows Avrami equation while the secondary
process follows an Avrami-type equation yet with a fixed exponential (1/2) of time, indicating 1D crystal
growth in that process.[28] The secondary crystallinity is expressed by:

Xgr = XpiXsoo (1 - exp(—kt'/?)) (5)
where X, and X, are fractional and final crystallinity of secondary crystallization, respectively. The

different time dependences between primary and secondary crystallization are due to differences in the

dimensions of the growth nuclei of the two processes. Combining Equation (4) and (5), we have:

Xe = Xpo (1 — exp(—Zpt")) [1 + Xs 00 (1 — exp(—ktl/z))] (6)

Expanding the second exponential as a series and incorporating the first two terms, the model is expressed by
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the following equation:

Xe= Xpoo (1— exp(=Zyt")) (1 + kyt'/2) )
where k.= Xs» K is the growing rate of secondary crystallization. This modified equation helps us to
separate the primary and secondary process. By applying Equation (7) to crystallinity results tested by
DSC, the crystallization behavior of all samples is described very well. Model-fitting results are
represented in Figure 3. The identified model parameters are summarized in Table 2. Note that only a
couple of representative data sets are shown in this figure for better display of a large family of curves.

The Arvami exponent n reflects the growth speed and geometry of the primary crystallization, the
results of n ranging from 2.5 to 3.3 at 55 °G are in line with the findings in literature.[31, 32] In this
case, the three-dimensional spherical crystals rapidly grow to form spherulites or axialites. Both primary
and secondary crystallization were monitored at 55 °C for all samples. The samples with lowor medium
LLZO loading percentage, i.e., sample #2, #3, and #4, show slow starting for nuclei formation and initial

growth, but great ramping rate in the primary crystallization and hence higher crystallinity at the
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Figure 3. Model-fitting results of factional crystallinity versus time for all samples by Equation (4).
The Tcs are (a) 52 °C and (b) 55 °C. The error bar represents the standard deviation of data of three

duplicates. For some data points, the standard deviation is less than the width of the line.
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end of our tests. In contrast, we observed complicated results at Tc = 52 °C.  First,the Zps of 52 °C is

10
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substantially larger than those at 55 °C. Sinceln Z,, serves as the intercept in the Avrami equation, it
corresponds the remarkably change of the speed of nucleation and crystal growth in the primary process.
Secondly, the smaller n suggests different crystal growth geometry from spherical crystals. For instance,
n < 1 is considered as fibrillar form is dominant in the crystal growth, triggered by a different mechanism
of nucleation.[33] As shown in Table 1, T, = 55 °Cpromotes the crystallinity, and addition of moderate
LLZO loading will enhance crystallization but further confinement by high LLZO weight percentage
reduces crystallinity, as shown by the results of sample #5, #6, and #7.

Figure 4 shows wide-angle X-ray scans of samples crystallized at 52 °Cand 55 °C. For sample #1,

which is the bulk PEO, peaks appear at angles of 19.3°, 24.3°, and 33.1°, corresponding to the (120),

(032),
Table 2. Model Parameters Identified from Crystallization Data at 52 °Cand 55 °C
52°C 55 °C

Xpo (%)  Zp (Min™) N ke(Min?) | X,0(%) Zp(Min¥)  n ks (min'??)
#1 50.8 1.6745 0.5 0.0104 50.7 0.0010 3.1 0.0191
#2 59.1 0.0684 24 0.0144 60.1 0.0003 2.8 0.0160
#3 61.5 0.1116 2.6 0.0156 64.5 0.0007 2.9 0.0147
#4 55.8 0.2858 25 0.0180 57.6 0.0004 33 0.0185
#5 52.3 1.2862 0.6 0.0135 50.8 0.0059 3.3 0.0218
#6 50.9 1.3694 0.5 0.0119 47.8 0.0122 2.6 0.0230
#7 43.8 1.3616 0.6 0.0152 435 0.0088 2.5 0.0227

and (114) indices of crystallographic plane, respectively. Although the scattering pattern of linear PEO
may also exhibit other Bragg reflections such as (024) and (131) at 26.4° and 27.1°,[34, 35] in our results

they are not notable. When adding LLZO into PEO, more peaks also arise as LLZO has a cubic garnet

11
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structure[36] such as at 16.6°, 25.6°, 27.4° and 19.3° which overlaps PEO. Comparison of WAXS

spectra of crystallized PEO and LLZO particles can be found in Figure S4. Direction of (120) planes is

parallel
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Figure 4: Wide-angle X-ray scattering intensity profiles for samples crystallized for 3h at: (a) 52 °C
and (b) 55 °C Samples listed are put in order, #1 on the top and #7 at the bottom. Dashed lines

labeled with the (hkl) indices indicate the main Bragg reflections of PEO.
to the extended chain direction and is the direction of fast crystal growth.[37] But it is reduced with
addition of LLZO even it is superposed by LLZO peak. So LLZO particles might promote crystal
growth in different phases. Despite not identical crystallization mechanism and overall crystallinity of
the composites, resembling WAXS spectra of these samples reveals high similarity on crystallographic

reflection index and three-dimensional confinement created from distribution of LLZO.

Segmental Dynamics.

Figure 5 shows the real-time evolution of dielectric loss during the isothermal melt crystallization
process of selected samples at 52 °C At the beginning the spectrum consists of three parts, an
unexpected increase containing a strong EP and a conduction contribution dominating at frequencies up to

10* Hz, and an « relaxation at high frequency range. With increasing crystallization time, lower

12
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frequency processes become weaker. In intermediate regime of crystallization, a plateau between «
relaxation and conduction is detected indicating appearance of a new process. Apparently, the relative
position of neighboring lower frequency process varies in different samples, e.g., it almost covers up the a
relaxation in Figure 5 (a) but reveals more details in Figure 5 (b) and (c). W.ith increasing time, it also
shifts to lower frequency with different speed and affects the detection of dynamic processes revealed in
mid-frequencies during crystallization. Therefore, we have concentrated more on the influence of final
crystallinity on dynamic movements. Given this feature, we use the Equation (3) to eliminate the
influence of conduction contribution and obtain conduction free loss data, denoted by &rgeriv, fOr
determination of relaxation time. Other parameters are fitted from the original data &". Under the
assumption that all processes can be described by HN function, the &” data were analyzed in terms of
three HN processes and an exponential function. Representative results are shown in Figure 6. Other
results of sample #3 and #4 are shown in Figure S5 and S6. From Figure 6(a), it can be observed that
the initial amorphous state is characterized by a low frequency tail plus two relaxation processes. The
relaxation dominates on the left side can be identified as the a relaxation.[38] Solid curves in Figure 6
show the peaks fitted by HN function. With increasing time, the « relaxation exhibits a slightly
decrease in its intensity and a shift towards lower values of fmax, as shown in Figure 7. The time

dependence of crystallinity could be estimated from the

13
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Figure 5. Real time dielectric loss spectra of sample (a) #3, (b) #4, and (c) #7 during melt
crystallization at 52 °C for 3h.  Curves are only guide for eyes and are recorded every 85 s for (a) and
(b), or 17 s for (c). The last curve in each panel is recorded att = 3 h.

normalized dielectric strength of a relaxation according to ref. [39-41]. But the estimated value is less
than the results obtained from DSC which might be due to ignorance of secondary crystallization.[42]
Figure 6(b) illustrates the spectrum after 3 h crystallization for the same sample. A distinct broadening
in the low-medium frequency range of the relaxation is detected, which is usually attributed to the
presence of a separate relaxation process called a’ relaxation that is first found by Fukao and

co-workers.[43] This is directly related to the rather locally constrained dynamics of PEO chains
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between the crystalline domain and the inter-lamellar amorphous domain.[44] Barroso-Bujans et al. [38]
also observed a faster a’ process in low molecular weight PEO (M, = 4.6 kg/mol) in contrast to others’
results in which the a'relaxation is located at lower frequencies than the a relaxation.[45-48] Model fit

result indicates

15
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Figure 6. Dielectric loss spectra of sample #7 versus frequency for different crystallization time at
52 °C (leftt = 0's, right: t =3 h).  Solid lines are model fitting results.

that both shapes of a and a' relaxation are symmetric, that is, b = 1 in Equation (2). Parameter
identification of Ae,s presentsthat a’ relaxation emerges around 36 s after the starting of crystallization.

Thereafter, Ae,s increases while Ae, decrease for some time, and both strength data level off after
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Figure 7. Summary of physical parameters of sample #7 as a function of the crystallization time at
52 °C time evolution of (a) Ae, (b) Ty, (c) crystallinity (left) and secondary crystallization rate (right).
Vertical dash dot lines represent the beginning of secondary crystallization determined from DRS
results.
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1000 s for crystallization. During the entire period of observation, the fnas of @ and a' peaks
continuously shift to the left on the frequency axis, which is reflected by the increase of gy shown in
Figure 7(b). The relaxation process in high frequency stays at the same position during the whole
crystallization process so it can be identified as the £ relaxation[45, 49, 50] as it is a sub-glass process.

As depicted in Figure 7, the time at which ' relaxation starts to appear is close to the time when
secondary crystallization becomes instinctive (black in Figure 7(c)), and similar result of sample #4 can
be found in Figure S7. These results are in agreement of ref. [51]. Therefore, we propose strong
coupling between the primary crystallization process and the a relaxation, while similarly the secondary
crystallization and the «' relaxation. However, the a' relaxation is not always distinctive as EP differs
from different samples and is sensitive to the film thickness. Thus, for further analysis, all samples
crystallized for 1 h were tested at lower temperatures for easier detection of a’ relaxation, as displayed in
Figure 8.

Relaxation phenomena are controlled by thermally activated or by free-volume activated kinetics.[52]
For «a relaxation, the temperature dependence of 7, can be well described by the

Vogel—Fulcher—Tammann (VFT) equation: [53-55]

T = Toaexp (72r) ®
where 7, is the high-temperature limit of the relaxation time, B is the apparent activation energy, and
T, is the Vogel temperature. Parameters are identified by VFT fit of our data and are summarized in
Table 3. Final crystallinity of primary crystallization Xp,-, is also listed from small to large. Using
these VFT parameters, the fragility index, m, was estimated which gives more information on the
dynamics of glass-forming systems. The fragility index can be determined using the temperature

dependence of the relaxations and can be estimated as:[56]

__dlog(zy)
T d(T/Tg) 1=1, )
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Combine Equation (5) and Equation (6), m can be estimated as:

- BT
* " n10 (1,-7)° (10)

From the heating scan in DSC, Ty was determined to be the temperature at the midpoint in the heat flow
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Figure 8. VFT (a) and Arrhenius (b) plot for the @ and a relaxation, respectively. Solid straight
lines fit the Arrhenius equation, while dash curves represent the VFT equation. The error bars
exhibit the standard deviation of data from three duplicates.

increase during the transition. However, due to the high degree of crystallinity, a glass transition is not
clearly detectable in thermograms except for sample #1. As such, Ty here is approximately replaced by the
Tg100s, determined from an extrapolation to a relaxation time of 100 s. The fragility indices for the
composites are reported in Table 3. In this table, we also report VFT parameters for the best fit of
temperature dependence results of 7, from the DRS measurements.

Dynamic fragility is associated with cooperatively segmental motion and packing efficiency in a

polymer glass. Evans et al.[57] have determined fragility via calorimetry and showed that fragility is a

Table 3. Parameters Obtained from the VFT Equation Applied to the Data

Sample B(K) To(K) log(zy) Xpyo Tg,1005 m, o
#7 158 250 -15.44 43.8 258 285 0.000022
#1 196 236 -14.57 50.8 246 201 0.000013
#6 217 228 -15.28 50.9 239 189 0.000032
#5 242 236 -15.43 52.3 232 180 0.000024
#4 365 228 -16.80 55.8 245 134 0.000016 18
#2 826 198 -19.12 59.1 233 69 0.000035

#Bhis articB2%s protegged by agigight. dllsrights 286erved. 70 0.000024




key variable that dedicates the susceptibility of a glass former to perturbations induced by confinement
near Tq. The LLZO particles dispersed in PEO matrix yield interface between polymer and hard
inorganic filler, and give rise to alteration of polymer crystallization and dynamic behavior. Our results
demonstrate that confined environment offers constrained region in changing both crystallization and
dynamics, the latter is represented by Tg100s and fragility index, as shown in Table 3. The reproducibility
of the results was represented by the standard deviation of the data (o) in this table. We also examined
crystallinity and confirmed no change on it during our temperature dependence tests. Intriguingly, at
low-to-medium LLZO weight loadings, the primary crystallinity is enhanced, simultaneously with
reduction of Tg100s and m, the latter indicates the PEO becomes more stronger, i.e., its dynamic properties
is less sensitive to temperature change. Therefore, we speculate that the enhancement of primary
crystallization increases energy barrier (demonstrated by large B values) to change chain configurations
rapidly in accordance to reduced thermal fluctuations during cooling. As a result, glass transition takes
place at lower temperatures and the fragility index is reduced due to weaker T dependence. We noted
that the sample #7 shows abnormally increase of Tq100s and m, probably due to the depressed Xp, -

Other than the a relaxation which follows the VFT law, we noticed that the relaxation time
corresponding to the a’ relaxation can be well described by an Arrhenius equation:

T, = Ty, eXp(E,/RT) (11)

where E, is the mean activation energy and R is the universal gas constant. The fragility could also be

estimated as:

— Ea
" In10RT,

mer

(12)

The Arrhenius parameters and fragility of a' process are listed in Table 4. We observed that a
correlation between the activation energy E. and the secondary crystallinity (X;) holds for most samples.
X, rises in the samples with small loadings of LLZO, accompanied by an increase of E,, similar to the

increase of B with respect to Xp.~. As such, the primary and secondary crystallization processes result in
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competing constraints on the a and a’ dynamic processes, respectively. The impact from both X; -
and Xs are enhanced at low-to-medium LLZO weight loading. Meanwhile, with the growth of secondary
crystals, m,s slightly increases which means that PEO becomes more fragile which is opposite to the
results from primary crystallization process. Given the fact that m, is smaller than m,, the primary

crystallization

Table 4. Parameters Obtained from the Arrhenius Equation Applied to the Data

Sample Ea (kJ/mol)  log(tey) (s Xs(%0) my o
#1 9.30 -12.5 7.1 2.0 0.000014
#6 16.1 -16.0 8.1 3.5 0.000007
#7 18.2 -17.1 8.9 3.7 0.000013
#5 20.1 -17.1 9.5 4.5 0.000019
#2 21.8 -18.5 114 4.9 0.000053
#3 24.7 -19.2 12.9 5.6 0.000015
#4 29.4 -21.8 135 6.5 0.000068

dominates the impact to segmental motion, hence the X, - plays as a decisive factor in determination of
the dynamic fragility m.
Discussion.

Above we have showed the effect of crystallization on segmental dynamics, and find nonmonotonic
tendency with the weight loading of LLZO particles. Here we would further discuss the impact of
LLZO on PEO. It is reasonable to treat a composite sample as a blend consisting of a conducting
(LLZO) phase and an insulating (PEO) phase. Hence DRS can be used as a tool to obtain information
about the constrained amorphous phase’s influence of the dimensions of the conducting phase. However,

a direct observation of the 3D morphology of the composite membranes would provide evidence of the
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confinement condition and benefit the process to push forth our discussion. Figure 9 exhibits Nano CT
images for samples with different LLZO loadings, from which average size of LLZO particles can be
determined from an existing model. It is derived by Boersma et al.[58], combining the Trukhan
model[59, 60] for space charges with the Béttcher equation[61] for dielectric mixtures, determines the
variation in particle sizes by the variation of A& In this model, a size factor Bg,’, increases with
increasing characteristic particle radius (r), simultaneously A edecreases. We have applied high and low
frequency DRS data to the Boersma’s model and the results are displayed in Table 5, in which r and
volume percentage ¢, are identified from Nano CT images (Figure 9). ¢, is smaller than theoretical

value since the film is porous

Figure 9. Nano CT images for sample (a) #4, (b) #5 and (c) #7. Red portion are LLZO particles.
PEO is not shown in the figure as the film is porous and it’s hard to separate air and the host. The
sample is planar dimensions of (a) 900 um X 500 zm, (b) and (c) 500 um X 500 um.

(Figure S8) and the air volume contained in the film is counted. With addition of LLZO, the volume

percentage increases while r increases first and then decreases. This is because particles aggregate and
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lower the surface area finally cause smaller r.  And with increasing dimension of particles, A & decreases.
The reason behind it might be that movement of amorphous chains near LLZO surface is constrained.
The corresponding change between A& and Bg," qualitatively show the same trend with the results in
literature.[58] To clearly display the spatial confinement of PEO between LLZO particles, a
representative nano CT image is shown in Figure S12 in the Supporting Information.

We also observed another interesting phenomenon. Figure 10 illustrates HN parameters fitted from
sample #1. If the upper electrode was placed on the sample at melting temperature and was held still in
the cooling and isothermal process, one would see a rapid increase of A after 196 s for ' relaxation
which seems to be at the expense of reduction in « relaxation (Figure 10 (a)). Also, after 196 s that
corresponds to the prominence of secondary crystallization, Tyys in both a@ and a’ relaxation increase
with enhanced rates comparing to those when t is less than 196 s, as demonstrated by the slopes in Figure
10(b). Similar results is reported by Williams and co-workers[62] where it was found that pressure

could notably influence the dynamics of «, S, and af relaxation. In consistent with this finding, we

Table 5. Results of the Dielectric Experiments at 52 °C on Blends

Sample #, (%) r (um) As Bso' X,
#3 2.02 3.91 1.15 0.80 68.9
#4 2.31 4.18 1.43 0.74 63.6
#5 2.84 4.06 0.52 0.98 57.8
#7 7.99 3.50 0.35 1.22 48.9

attributed the dielectric behavior displayed in Figure 10 to the pressure effect. That is, the accumulated

pressure exerting on the sample in entire process of cooling and crystallization would make remarkable
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Figure 10. Summary of HN parameters of sample #1 as a function of the crystallization time at 52 °C:
time evolution of (a) Ag and (b) tyy. The evolution of Ty has been linearly fitted respectively
for a and a’ relaxation and cross at 196 s corresponding to the onset of secondary crystallization

impact on crystallization especially on the secondary crystallization, consequently the HN parameters
alter faster during the secondary crystallization. To minimize the pressure influence in the DRS
measurements, in all dielectric experiments reported earlier than Figure 10, we placed the upper electrode
of the sample holder onto the membrane after reaching T¢, as described in the experimental section. The
results from control experiments confirmed that it is an effective method to reduce the impact of electrode

pressure.

4.Conclusions.

We have used DSC and DRS to characterize the isothermal crystallization process and segmental
dynamics of PEO in PEO-LLZO composite electrolytes. With increasing LLZO weight loading,
particles start to aggregate and form clusters evenly distributed in the membrane, resulting in the increase
and then decrease of characteristic radius of the particles r. The DSC results indicate that the overall
crystallinity is positively correlated with r, implying that the existence of LLZO particles or larger

interspace between particles under similar LLZO loading, enhance the crystallinity of PEO in the
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composites. The crystal growth can be well described by a modified Avrami equation, which is capable
of distinguishing the primary and secondary crystallization processes. On the other side, the DRS results
show relaxation modes in the crystallization: the a relaxation which follows the VFT law and the «'
relaxation which follows the Arrhenius equation. These two relaxation processes are related to the
primary and secondary crystallizations respectively, that is, the a process reflects the segmental motion
of the amorphous portion of PEO confined by crystals formed in the primary crystallization, while the '
relaxation reflects the secondary crystallization since they synchronously start and evolve with time. In
discussion on the relationship between the melt crystallization and segmental dynamics, we found the
fragility m, decreases with increasing X, .., while intriguingly, the secondary crystallinity Xs does not

reveal apparently impact on m- obtained from the «' relaxation.
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