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Containing Lithium-Ion-Conducting Inorganic Particles
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Abstract: Understanding Li" transport in organic-inorganic hybrid electrolytes, where Li" has to lose its
organic solvation to enter and transport through the inorganic phase, is crucial to the design of high-
performance batteries. As a model system, we investigate a range of Li’-conducting particles suspended
in a concentrated electrolyte. We show that large Li13Alo3Ti1.7P3012 and LisPSsCl particles can enhance
the overall conductivity of the electrolyte. When studying impedance using a cell with a large cell
constant, the Nyquist plot shows two semicircles, a high-frequency semicircle related to ion transport in
the bulk of both phases and a medium-frequency semicircle attributed to Li" transporting through the
particle/liquid interfaces. Contrary to the high-frequency resistance, the medium-frequency resistance
increases with particle content and shows a higher activation energy. Furthermore, we show that small
particles, requiring Li* to overcome particle/liquid interfaces more frequently, are less effective in
facilitating Li* transport. Overall, this study provides a straightforward approach to study Li" transport

behavior in hybrid electrolytes.
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In the development of all-solid-state lithium batteries, many Li"-conducting inorganic
electrolytes have been studied, such as garnet Li7La3Zr2012 (LLZO), NASICON-type Lii.3Alo3Ti1.7P3012
(LATP), perovskite LiossLaossTiO3 (LLTO), and argyrodite LisPSsCl (LPSCIl). These inorganic
electrolytes typically have high Li" conductivity (~] mS cm™), high Li" transference number (~ 1),
excellent thermal stability, and wide temperature capability.!”” However, when these inorganic
electrolyte particles are compressed and sintered into pellets, the pellets are generally very brittle leading
to poor electrolyte/electrode contact and a high resistance.® The voids between particles are vulnerable
to lithium dendrites, leading to potential short-circuiting.*!' Inorganic electrolytes often have low
(electro)chemical stability against the cathodes or anodes.'*'* Liquid electrolytes and/or polymer
electrolytes are thus commonly combined in use with inorganic electrolytes to compensate for the above
issues and improve electrolyte and electrode processability.!>!” Li* transport dynamics crossing the
interfaces between the hard inorganic electrolyte and the soft liquid or polymer electrolyte,
accompanying with the Li" (de)solvation processes, is thus crucial to the overall performance of a

lithium cell.



In a hybrid electrolyte composed of a soft liquid or polymer electrolyte matrix with dispersed
hard inorganic solid electrolyte particles, the potential Li" transport pathways are 1) entirely through the
soft matrix (i.e., without ever entering an inorganic particle), 2) along inorganic particle surfaces through

percolating particle networks, '8!

and 3) transport through both the inorganic particles and the soft
phases by transferring through the soft/hard interfaces (Figure 1a).?>> A Li" may even encounter some
combination of these transport modes. In addition to the discussion of Li" transport mechanism, a
primary question is whether the addition of inorganic particles to the soft matrix can improve the
conductivity of the electrolyte. It is well known that adding a small fraction of inorganic particles into a
polymer electrolyte can effectively suppress crystallization of the polymer phase, and thus benefit Li*
transport in the polymer matrix. However, a continuous increase of the conductivity as increasing
inorganic particle content is generally not observed.’*3° Some studies further showed that the
incorporation of inorganic electrolyte particles does little help to the conductivity of the polymer

matrix.’!*? Isaac et al. found that porous Li*-conductive particles act as insulators, whereas dense

particles act as conductor using model liquid electrolytes.?

One of the reasons causing the current vagueness is the lack of tools in the study of Li" transport
mechanism in hybrid electrolytes. The current tools typically include lithium 2D exchange spectroscopy
(EXSY, to evaluate chemical exchange of Li" in different environments) and a °Li/Li isotope
replacement method.!??430-313436 The main method to evaluate the resistance of Li* transporting through
the soft/hard interfaces is to build soft/hard/soft trilayer sandwiched electrolyte structures and then
measure the impedance of the sandwich.’’-** In this study, we show that valuable information about ion
transport mechanisms can be obtained simply by studying the suspensions of inorganic particles in a
high concentration liquid electrolyte. We believe the procedures established here could be easily

extended to polymer-inorganic hybrids, as well. We also demonstrate that particle size plays a crucial



role in determining ion transport behavior in hybrid electrolytes, which could help unite the various

disparate conclusions described in the aforementioned studies.

Although the Li" conductivity of inorganic electrolytes can be almost as high as liquid
electrolytes, the mobility of individual Li* is still much lower than that of commercial liquid electrolytes,
because Li" concentration in inorganic electrolytes are generally much higher. For example, the
concentration of Li" in LPSCI is up to 36.7 mol dm™, more than one order of magnitude higher than
commercial liquid electrolytes. In order to magnify the contribution of inorganic particles to Li"
transport, the mobility of Li" in the liquid phase should be comparable or lower than the Li" mobility
inside the particles. lonic conductivity of the high concentration liquid electrolyte prepared by dissolving
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in ethylene carbonate (EC) with a molar ratio of
EC/LiTFSI=2/1 has been measured to be ~ 0.1 mS cm’! at 20 °C and ~ 0.25 mS cm™ at 30 °C,*
comparable to polymer electrolytes and much lower than most of the inorganic electrolytes studied here.
Thus, we choose EC/LiTFSI=2/1 as a starting high concentration electrolyte to examine whether adding
inorganic electrolyte particles can increase its conductivity. Previous simulation studies by Kim et al.
indicate that the particle sizes of inorganic electrolytes can affect the conductivity of composite
electrolytes.*? Thus, in addition to the chemical structure of inorganic electrolytes, we also examine the
effect of their particle sizes on the conductivity of their suspensions in EC/LiTFSI=2/1. The various
inorganic particles used in this study along with the vendors, particle sizes, and conductivities are
summarized in Table 1. SEM images of these particles are shown in Figure S1-S3. We also note that
due to the high liquid electrolyte viscosity, all suspensions were stable over at least multiple hours, if not
days, allowing good impedance reproducibility (See Figure S4 for an example using LPSCI-M-L

particles).



Table 1. Chemical composition, vendor, particle size and conductivity of the inorganic electrolytes used

in this study.

Inorganic Chemical Composition Vendor Particle Conductivity

electrolytes® size D50° | (mS cm™)°

LATP-T-L Li13Alo3Tir.7P3012 Toshima 13 pm 0.7°
Manufacturing

LATP-T-S Lii3Alo3Ti1.7P3012 Toshima 1 um 0.7°
Manufacturing

LATP-M-S Lii3AlosTi1.7P3012 MSE supplies 0.6 um 0.6 ~0.8°

LPSCI-M-L LisPSsCl MSE supplies ~ 80 um 2~5°

LPSCI-M-M LicPSsCl MSE supplies ~10 um 1 ~4°

LPSCL-M-S | LisPSsClI MSE supplies ~1um >0.1°

LLTO-T-L Lio.33Lao.s55TiO3 Toshima 8 um 1.16
Manufacturing

LLTO-T-S Lio33La0s5TiO3 Toshima 0.4 pm 1.16
Manufacturing

Ta-LLZO-T-L | LissLa3Zr1.6Ta04012 Toshima 6 um 1.2%
Manufacturing

LICGC-O-S LittxtyAlxTi2xSiyP3-yO12 | Ohara 0.9 um ~1°

aThe first letter after the short name of each inorganic electrolyte represents the vendor (T for Toshima
Manufacturing, M for MSE Supplies, and O for Ohara), and the last letter denotes the particle size (L for
large particle size, M for medium size and S for small size). *Provided by vendors. “The conductivity of

LLTO is its bulk conductivity, and the conductivities for all other samples are total conductivities.

In impedance studies, when the frequency of the applied AC potential is low, ions are blocked at
electrode/electrolyte interface and cause electrode polarization. Increasing the distance between
electrodes shifts electrode polarization to even lower frequencies.**® Figure 1b shows a lab-built cell
used to measure conductivity of the suspensions. The electrodes are separated by 2.2 cm and the cell
constant is calibrated to be 19.5 cm!. Due to the large distance between electrodes, the onset of
electrode polarization is measured to be ~ 1 kHz for the neat liquid electrolyte EC/LiTFSI=2/1 at 25 °C,
enabling the observance of a complete and standard semicircle in the Nyquist plot (Figure 1c¢ black

squares), which in this single phase electrolyte corresponds to its bulk resistance as subsequently



explained. A standard R/C circuit (a resistor in parallel with a capacitor) fits the experimental data very
well, giving a bulk resistance of 118 kQ and correspondingly a conductivity of 0.165 mS cm™! of the
neat liquid electrolyte at 25 °C via the following equation relating the bulk resistance (R, £Q), cell

constant (k, cm™"), and electrolyte conductivity (o, mS cm™):
k
o= (1
The electrolyte conductivity agrees very well with previously reported values, confirming that the R/C

semi-circle in the Nyquist plot is related to the bulk resistance of the electrolyte.*!

After adding relatively large diameter (D50 = 13 pum) LATP-T-L particles into the liquid
electrolyte, the semicircle is suppressed and can be well-fit as two processes: a high-frequency R/C
circuit in series with a medium-frequency R/Q circuit (a resistor in parallel with a constant phase
element) (Figure 1c¢). The fitted curve (solid lines in Figure 1c¢) agrees with the semicircle portions of
experimental data surprisingly well, and final fitting parameters are shown in Table S1. The high-
frequency resistance (R1) decreases drastically with increasing LATP-T-L content, while the medium-
frequency resistance (R2) increases with particle content (Figure 1d). It is interesting that the overall
resistance, the intersection of the low-frequency straight line and the semicircle, of the suspensions is
simply the sum of a high-frequency resistance R1 and a medium-frequency resistance R2. The lowest
overall resistance is observed to be 106 kQ at 19.6 vol% particle content, leading to an increase of the
conductivity by 11 % compared to the neat liquid electrolyte. It is clear that the increase of R2 is the
main reason preventing the suspensions to reach a much higher conductivity when increasing the

particle content.



(@) (b) | () - 0 voi% - 19.6vol% 25 °C (d) .. Rl R2RI1+R2
i ]+ 59vol% + 27.5vol% 10003 10°C T
. 100" 124vol% « 36.2vol% 3. B e
B 1 | - {a—o —0—9p—@
Li | ] C Q | 1 .\_3 ﬂ__,«_r“‘“’n
Gepawie . | ToHoF ] g D
Li* 2 : g ~
R 100 M ¢t
Li* 3 © ] b
20 ey
00 01 02 03 04
LATP-T-L volume fraction
(e% 00  RUCR2Q 6x10° 7 ® 6x10° 4 @
< ]10°C—e——0— g ]
T j25°C—e——o0— o
x ] e
Ea
§ (kJ/mol) Ea
% 559 O 107 (kd/mol)
@ 104 * 571 o ]
% ] Yssg & 80.7
2 604 = {9 59 vol% 78.6
k] . b 617 14 124 vol% 76.6
2 /= 0 vol% v 19.6 vol% 2 v 19.6vol% 76.4
@ ® 59vol% ¢ 27.5vol% " o 27.5vol% 76.1
(__C‘.; ‘I 1 LJ I = I Ll I b/ 1 10-6 l‘I 1’2% U’OI':G I‘I 3'6'2 V'0|?II° LT SO S i | 106 ".II '36'2'\(?'?&: LER S D TR KR SR S S |
0.0 0.1 0.2 0.3 0.4 3.3 3.4 3.5 3.6 3.3 34 3.5 3.6
LATP-T-L volume fraction 1000/T (1/K) 1000/T (1/K)

Figure 1. Impedance study of LATP-T-L particles suspended in a high concentration liquid electrolyte
composed of EC and LiTFSI in an EC/LiTFSI=2/1 molar ratio. (a) Schematic illustration of the three
potential Li* transport pathways: through inorganic particles (1), along the particle surface (2), and
through the liquid phase only (3). (b) An image of the cell used for all the impedance measurements in
this study. Two Pd spiral wires serving as electrodes are separated by 2.2 cm, and the cell constant is
calibrated using KCI standard solution to be 19.5 cm™’. The error of conductivity measurements using
this cell is estimated to be < £ 10 %. (¢) Nyquist plots of LATP-T-L particles suspended in
EC/LiTFSI=2/1 at 25 °C. The content of LATP particles in the suspension ranges from 0 ~ 36 vol% (0 ~
50 wt%). The solid lines are fits to the experimental data points before electrode polarization using the
equivalent circuit shown in the inset. (d) Variations of R1 and R2 as a function of LATP volume
fraction at 25 °C and 10 °C. (e) Characteristic frequencies of the R1 and R2 processes obtained from
impedance fitting at 25 °C and 10 °C. Arrhenius plots of the inverse of R1 (f) and the inverse of R2 (g)

from 10 °C to 30 °C, along with their activation energies.



Figure 1e shows the characteristic frequencies of the R1 and R2 processes calculated from the
impedance fitting parameters. The characteristic frequency of the R1 process, which is 1/(2nR1C),
increases with LATP-T-L particle content by %3 from 0 to 36 vol% particle content, indicating that R1 is
not solely determined by the liquid electrolyte. Because the bulk conductivity of LATP is up to 3 ~5 mS
cm’! with a characteristic frequency >1 MHz,>>478 it is likely that the Li" motion inside LATP particles
affects the R1 process, leading to both the decrease of R1 resistance and the increase of its characteristic
frequency when increasing LATP content in the suspension. In contrast, the characteristic frequency of
the R2 process shows only a slight decrease when increasing LATP content, suggesting the process

associated with R2 is fairly independent of inorganic particle volume fraction.

The temperature dependence of R1 and R2 are shown in Figure 1f and 1g. Within a narrow
temperature window, 10 °C — 30 °C, the Arrhenius equation fits the temperature dependence of the
inverse of R1 (1/R1) and the inverse of R2 (1/R2) very well, and the activation energies for these two
processes at various particle contents are obtained. For the neat high concentration liquid electrolyte, the
activation energy for its ionic conductivity is 65.6 kJ mol!. Adding LATP-T-L particles leads to a
significant decrease of the activation energy for the R1 process, again indicating that the relatively high
mobility of Li" inside LATP particles is affecting this high-frequency process. The activation energy for
the medium-frequency process R2 also decreases when increasing LATP-T-L contents. However, the
activation energy for the medium-frequency process is much higher than the high-frequency process. If
ions in the suspensions prefer to transport along the particle surface as shown in Figure 1a path 2, it is
hard to imagine this process could increase conductivity yet have a higher activation energy than ions
transporting in the neat liquid electrolyte. Thus, we attribute the medium-frequency process R2 to Li"
transporting through the particle/liquid interface, and attribute the high-frequency process R1 to ion

transport in the bulk of both the liquid phase and LATP particles. Note that, if assuming the conductivity



of the liquid phase does not change after adding the particles, the drastic decrease of R1 with increasing

LATP-T-L content is beyond the prediction of the Maxwell effective medium theory.*>*’
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Figure 2. Effect of LATP particle size on ion transport. (a) Nyquist plots of 12 vol% LATP-T-S and
LATP-M-S in EC/LiTFSI=2/1 suspensions at 25 °C. The plot of the neat EC/LiTFSI is also shown as a
comparison. The plots are fitted with a resistor in parallel with a capacitor. (b) Diffusion coefficients of
EC ('H), Li* ("Li), and TFSI” (*°F) in the high concentration liquid electrolyte and suspensions with 12
vol% LATP at 25 °C. The standard deviation of the diffusion coefficient measurements is estimated to

be within + 5%.

In order to further analyze the effect of particle size on ionic conductivity of suspensions, LATP
particles with smaller sizes (LATP-M-S with 0.6 pum average diameter and LATP-T-S with 1 um
average diameter) are examined. The Nyquist plots of EC/LiTFSI=2/1 with 12 vol% LATP-T-S and
LATP-M-S are shown in Figure 2a. In contrast to the previous sample with large particles, no obvious
R2 process is observed for these two suspensions, although the plot of the LATP-T-S slightly deviates
from a standard single semicircle. The characteristic frequencies of these two electrolytes are very close
to that of the neat liquid electrolyte (22 ~ 28 kHz), whereas the R1 characteristic frequency for the 12

vol% LATP-T-L is substantially higher (44 kHz). In addition, both of these smaller LATP particles



decrease the conductivity of the high concentration electrolyte by ~ 20 % at 12 vol% LATP, strongly

suggesting that these smaller LATP particles behave like Li‘-insulators.

We further measure the diffusion coefficients of ions and the solvent molecules in the liquid
phase using pulsed-field-gradient nuclear magnetic resonance (PFG-NMR, see Supporting Information
for more details). Figure 2b shows the diffusion coefficients of the neat high concentration electrolyte
and the suspensions with 12 vol% LATP particles. Adding 12 vol% LATP only leads to a slight
decrease of the diffusion coefficients of all the species (EC, Li" and TFSI") uniformly in the liquid phase.
In addition, no significant difference is observed for the suspensions with different LATP particles. This
indicates that LATP particles do not have preferential interactions with Li', agreeing with our previous

conclusion that the R2 process is not related to Li" transport along the particle surface.
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Figure 3. A Li"/Na" exchange experiment. After mixing LATP particles with a NaClO4/EC solution (the
molar ratio between Li" inside LATP and Na" in the solution is controlled to 1:1) for a certain time, the
particles are filtered out and 'Li NMR (a) and >*Na NMR (b) spectra of the clear solution are recorded.
The upper panels are the spectra when using LATP-T-L particles and the lower panels correspond to
LATP-M-S particles. An external standard, composed of 0.5 M NaClOs and 0.5 M LiTFSI in acetone is
used to measure the concentration of Na* and Li* in the solution. (¢) Molar ratio of Li* in the solution

after Li"/Na" exchange as a function of mixing time.
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A potential explanation to why the small LATP particles behave like Li'-insulators is that their
surface is covered by a thin layer of impurity (e.g., lithium carbonate or phosphate) blocking Li"
transport. Instead of conducting surface analysis, such as X-ray photoelectron spectroscopy, here we
present a simple but robust Li*/Na* exchange experiment to show that the Li" transporting pathways on
the particle surface are not blocked. In this experiment, we mix LATP particles with a NaClO4/EC
solution for a certain time. The particles are then filtered out using a syringe filter, and the concentration
of Na" and Li" in the obtained clear solution is analyzed using NMR with an external standard (see
Supporting Information for more details). Figure 3 shows the ’Li and 2?Na NMR spectra of the solution
after 5 minutes, 15 minutes, 1 hour, and 20 hours mixing for two LATP materials, LATP-T-L and
LATP-M-S. When increasing the mixing time of LATP-T-L and the NaClO4/EC solution, we see an
increase of the ’Li signal intensity and a decrease of the ?*Na signal intensity, while the total
concentration of Li" and Na" in the clear solution remains almost constant. This indicates that Li" inside
LATP-T-L particles and Na" in the solution are slowly exchanging with each other. When using LATP-
M-S particles, the intensity of the Li signal is substantial even just after 5 minutes mixing, and reaches
an equilibrium after about 15 minutes. Figure 3¢ shows the molar ratio of Li*/(Li" + Na”") in the clear
solution after Li"/Na" exchange. It clearly shows that the Li"/Na" exchanging between small particles

and the liquid solution is much faster.

The first instinct is that the Li"/Na® exchanging result “contradicts” the impedance results,
because the impedance measurements indicate that small LATP particles behave like Li‘-insulators
while the Li"/Na" exchange experiment claiming the ion exchange with small LATP particles is faster.
In fact, the faster ion exchange between small LATP particles and the liquid electrolyte is mainly
because of the much larger specific surface area of smaller particles. If we assume the particles are

perfect spheres, then the specific surface area (total surface area per unit mass of LATP) would be

11



inversely proportional to particle size. Since the particle sizes of the small LATP are about an order of
magnitude smaller than the large particles (Table 1), the total surface area where the ion exchange
process happens is thus an order of magnitude larger, leading to 10x more ions involved in the Li*/Na*
exchange process at the same time. It is important to note that although the Li*/Na" exchange is fast for
the small LATP particles, a time scale of ~ 1 minute is still needed in order to observe substantial
Li*/Na" exchange. The time scale for the impedance measurements, however, is below 1 ms
(corresponding to an AC frequency of > 1 kHz). In addition, the Li"/Na® exchange is a static ion
exchange without any external electric field, while impedance measures the collective migration of ions
in an external electric field. We also note that the molar ratio of Li*/(Li" + Na") in the clear solution is >
0.5 at equilibrium, although the molar ratio of Li" and Na" in the system is controlled to 1:1, indicating
Li" has a higher solvation energy in the solution compared to Na’. Overall, the Li"/Na® exchange
experiment clearly indicates that the ion transport pathways on the small LATP particle surfaces are not
blocked. We have also measured the content of Li2COs3 on the surface of LATP particles using titration

mass spectrometry,>® and only trace amount (< 0.01 %) of Li2CO3 is found.
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Figure 4. Impedance study of LPSCI suspended in EC/LiTFSI=2/1. (a) Nyquist plots of the suspensions
with LPSCI-M-S (blue), LPSCI-M-M (red), and LPSCI-M-L (black) particles at 25 °C. The plots are

fitted with the same equivalent circuit as shown in Figure 1c. (b) Variations of R1, R2, and the sum of

R1 and R2 as a function of LPSCI-M-L volume fraction at 25 °C and 10 °C. Arrhenius plots of 1/R1 (c)

and 1/R2 (d) of the suspensions with the same amount of LPSCI particles but varies in particle sizes.

In order to further demonstrate that the size of inorganic electrolyte particles can greatly affect

the overall conductivity of composite electrolytes, we measure the impedance of suspensions prepared

with three LPSCI materials provided from the same vendor. Large LPSCI particles (D50 ~ 80 pm)
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greatly improve the conductivity of the high concentration electrolyte EC/LiTFSI=2/1. As shown in
Figure 4a, adding 36 vol% LPSCI-M-L into the liquid electrolyte reduces the overall resistance to 65.3
kQ, leading to an overall conductivity of 0.299 mS/cm which is 1.8% that of the neat liquid electrolyte.
In contrast, the suspensions with medium and small LPSCI particles (blue and red data in Figure 4a)
have lower conductivities than the pure liquid electrolyte, although two overlapping semicircles are still
present in these Nyquist plots, suggesting that the particles do not act as Li'-insulators as is the case with

the small LATP particles (Figure 2).

The Nyquist plots of all the suspensions with LPSCI particles are fitted with the R1/C + R2/Q
equivalent circuit. As in the case of LATP-T-L, R1 decreases and R2 increases when increasing the
content of LPSCI (Figure 4b). The high-frequency resistances R1 of suspensions with different LPSCI
particles at the same particle content are nearly identical regardless of the temperature (Figure 4c), with
an activation energy of 64 ~ 66 kJ mol™'. The medium-frequency resistances R2 is significantly affected
by the particle size. Reducing LPSCI particle size causes substantial increase in R2. The activation
energy for the R2 process is 72 ~ 79 kJ mol’!, again much higher than the R1 process. The activation
energy for the large LPSCI R2 (79.4 kJ mol) is similar to the R2 activation energies observed in the
large LATP particles (Figure 1g, 76.6 kJ/mol™') at similar particle loading, suggesting that the R2
process is controlled by the liquid electrolyte properties, particularly the desolvation of Li". The
activation energies for LPSCI R1 (64-66 kJ mol ') are slightly larger than the LATP R1 values at a
similar loading (Figure 1f, 58.9 kJ mol! at 19.6 vol% loading), further suggesting that ion transport

through the bulk of each inorganic particle contributes to the R1 value.

We further examine the rest of inorganic electrolyte particles listed in Table 1. Among them,
only the suspensions with LLTO-T-L particles demonstrate the medium-frequency resistance (Figure

SS5). However, the R2 resistance is much higher than the suspensions with LATP-T-L particles at the

14



same condition, leading to a decrease of the overall conductivity of the suspensions when increasing
LLTO-T-L content. However, the major trends of R1 and R2 keep the same, such as R1 decreasing and
R2 increasing with particle content and the R2 process demonstrating a higher activation energy than the
R1 process. For all the other inorganic electrolytes, the Nyquist plots show only one semicircle (Figure
S6). We note in passing that the Ta-LLZO-T-L sample appeared to react with the liquid electrolyte and
dramatically increase its viscosity (from visual inspection), and hence the observation of a very large

Nyquist semicircle compared to all other electrolytes studied.

From the above study, we can bin the behavior of the studied inorganic electrolyte particles into
two categories. The first category includes LATP-T-S, LATP-M-S, LICGC-O-S, and LLTO-T-S. When
dispersing these small inorganic electrolyte particles in the high concentration liquid electrolyte
EC/LiTFSI=2/1, their Nyquist plots shows only one semicircle just like the neat liquid electrolyte, and
the conductivities of these suspensions are very close to each other at the same particle volume fraction
(Figure S7). The second category is consisted of LATP-T-L, LLTO-T-L, and the three LPSCI materials.
The Nyquist plots of suspensions with these materials demonstrate a high-frequency semicircle and a
medium-frequency semicircle. Increasing particle content leads to a decrease of the high-frequency
resistance R1 and an increase of the medium-frequency resistance R2. Reducing particle size increases
R2 as well. The conductivities of these suspensions are no less than the first category. The Li"/Na"
exchange experiment indicates that the surface chemistry (in particular, the presence of insulating

impurities) is not responsible for the differences between these two categories.
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Figure 5. Schematic illustration of the particle size effect on ion transport. When overcoming a high
energy barrier at the particle/liquid interface is inevitable, small particles require Li* to transport through
more interfaces in order to migrate for the same length (pathways a and a’). Diffusion of Li" further
amplifies the difference between large particles and small particles (pathways b and b'), requiring Li* to
transport through even more interfaces, ultimately leading to a negligible contribution to the current
signal measured in an impedance experiment relative to the contribution from ions transporting in the
liquid phase only (pathway b'’"). The diameters of the large circle and small circle shown in this figure is

only 4:1.

Instead, our results suggest that the size of particles is a major reason for the differences between
the two categories of particles. When Li" has to overcome a high energy barrier in order to transport
through the inorganic particles, larger particles can potentially allow the Li" to migrate smoothly for a
longer distance once it traverses the particle/liquid interface. If we only consider migration, the number
of interfaces a Li" needs to transport through is inversely proportional to the particle size in order to

migrate inside particles for the same length (Figure 5 pathways a and a’). In addition to migration, ions
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also diffuse randomly due to thermal motion, which is often not highlighted in the discussion of
conductivity in literature. When considering random diffusion, Li" likely needs to transport through
more interfaces in order to demonstrate the same migration length as illustrated in pathways b and b’ in

Figure 5. Thus, random diffusion further amplifies the difference between large particles and small

particles. In fact, by comparing the root mean square displacement (v2Dt) of Li" caused by diffusion
and its migration length (uE?) caused by an external electric field, we can easily find that diffusion
dominates the motions of Li" on a length scale within a few micrometers for typical electric fields felt in
a battery (Figure S8). The motion of Li" is nearly identical to a random walk within such a length scale
in the high concentration electrolyte. Thus, the effect of diffusion to Li" transport is far more dominant
even than the schematic illustration in Figure 5. It is probably even possible that the same Li" needs to
transport through the same small particle multiple times before this Li"* demonstrates a significant
migration length. For the suspensions with small particles, it is much easier for Li* to diffuse around the
particles via the liquid phase rather than transporting through it when a high energy barrier exists at the
particle/liquid interface. Thus, Li" transporting through small particles contributes little to the overall
measured current signal in an impedance measurement relative to Li" transporting solely the liquid
phase, especially when the volume fraction of particles is not very high as in this study, and thus the

medium-frequency semicircle is not detected for the ‘first category’ (small) particles in EC/LiTFSI=2/1.

In this study we investigated the suspensions of solid inorganic Li"-conducting particles in high
concentration solutions to understand ion transport across soft-hard interfaces that require ion
desolvation. After adding large LATP particles or LPSCI particles to EC/LiTFSI=2/1, contributions to
the overall resistance of the suspensions include a high-frequency resistance and a medium-frequency
resistance. The high-frequency resistance is dominated by the liquid phase, although increasing

inorganic particle content decreases this high-frequency resistance. We attribute the medium-frequency
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resistance to Li" transporting through particle/liquid interfaces. This resistance increases with particle
content and demonstrates a higher activation energy, indicating that higher temperatures will more
dramatically impact interfacial transport in hybrid electrolytes. Our study indicates that the particle size
is very important to the conductivity of hybrid electrolytes. Larger particle size allows Li" to migrate
over a longer distance within high conductivity inorganic particles without crossing a large number of
high activation energy particle/liquid interfaces. In fact, we find that solid-ion conducting particles with
small average diameters (<1 um) act as Li" insulators in most cases, even though our Li"/Na" exchange
experiments suggest that the small particles remain active for static ion exchange with the liquid
electrolyte. Thus, using inorganic particles with a diameter close to the targeted electrolyte thickness is

strongly suggested when preparing solid-state composite electrolytes.
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