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Solid-state polymer-particle hybrid electrolytes:
Structure and electrochemical properties
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Solid-state electrolytes (SSEs) are challenged by complex interfacial chemistry and poor ion transport through the
interfaces they form with battery electrodes. Here, we investigate a class of SSE composed of micrometer-sized
lithium oxide (Li,O) particles dispersed in a polymerizable 1,3-dioxolane (DOL) liquid. Ring-opening polymeriza-
tion (ROP) of the DOL by Lewis acid salts inside a battery cell produces polymer-inorganic hybrid electrolytes with
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gradient properties on both the particle and battery cell length scales. These electrolytes sustain stable charge-
discharge behavior in Li||[NCM811 and anode-free Cu|[NCM811 electrochemical cells. On the particle length scale,
Li,O retards ROP, facilitating efficient ion transport in a fluid-like region near the particle surface. On battery cell
length scales, gravity-assisted settling creates physical and electrochemical gradients in the hybrid electrolytes.
By means of electrochemical and spectroscopic analyses, we find that Li,O particles participate in a reversible re-
dox reaction that increases the effective CE in anode-free cells to values approaching 100%, enhancing battery

cycle life.

INTRODUCTION

The growing interest in lithium metal as a replacement anode mate-
rial for the commonly used lithium-infused graphite materials in
state-of-the art lithium-ion batteries is reflected by the increasing
number of studies and literature reviews (1-5). It is understood that a
key driver of this interest is the nearly 10-fold increase in theoretical
specific capacity of the anode achieved by replacing the graphite host
with lithium metal (5). The combination of the high chemical activity
and low reduction potential of Li metal introduces multiple technical
barriers that have been thoroughly discussed in several recent re-
views (3-5).

Solid-state electrolytes (SSEs) are generally thought to provide a
straightforward strategy toward lithium metal batteries that are safer
and less prone to runaway thermal events associated with nonplanar,
mossy Li deposition during battery recharge (6, 7). However, these
benefits are typically accompanied by sacrificed room temperature
ionic conductivity and poor electrode-electrolyte contact. Substan-
tial efforts have been concentrated on overcoming these challenges
using solid electrolyte that emerge from wettable precursors (8, 9)
and through regulation of ionic pathways throughout SSE’s crystal
structure design (9-11). Using Li metal anode also requires a solid
electrolyte interphase (SEI) capable of maintaining chemical and me-
chanical integrity at the high reduction potentials at which Li plates
during battery charging, and which protect the freshly deposited Li
from continuous loss due to parasitic chemical reactions with elec-
trolyte components (7, 12, 13).

Inorganic-organic hybrid electrolytes are of particular interest due
to their ability to separate the mechanical, ion transport, and interfacial
functions of an electrolyte using discrete ingredients with properties
optimized for these functions. A consequence is that such electrolytes
are unique in their ability to provide combinations of high, liquid-like
ionic conductivity and solid-like mechanical strength, comparable to
SSEs (14). Typically, hybrid electrolytes are created by suspending
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electrochemically inert particles (typically metal oxides) in an ion-
conducting liquid or plasticized polymer host (15-17). Among the ad-
vantages of such materials are their ease of fabrication, straightforward
compatibility with normal battery manufacturing methods, and versa-
tility in the chemistry of the suspended particles and suspending elec-
trolyte that can be used. Oxide particles suspended in a liquid electrolyte
adsorb ionic species, creating a space charge layer on their surface,
which has been thought to facilitate ion-pair dissociation and transport
in the electrolyte (18). AL,O3 particles in solid Lil, for instance, have
been reported to adsorb Li* on their surface, resulting in an increased
vacancy concentration in lithium sublattice that increases the overall
conductivity. SiO; introduced to PbF, has likewise been argued to ad-
sorb F~, creating fluoride vacancies. These advantages are countered by
the generally high interfacial impedances that occur if the particles seg-
regate to the electrode and by the potential for irreversible loss of Li ions
that either bind too strongly or which chemically react with the oxide
particles.

The majority of studies of suspension electrolytes focus on systems
containing electrochemically inert, nanosized particles in the dilute
concentration regime (19-22). Few consider systems composed of larger
microspheres capable of spontaneously settling under gravity. Re-
cently Kim et al. (19) reported that electrolytes created by addition of
nanometer-sized Li,O particles in aprotic liquids containing fluorinated
additives sustain reversible cycling of anode-free Cu||[NCM811 batteries
for atleast 30 cycles. By means of cryogenic scanning transmission elec-
tron microscopy (cryo-STEM) and electron energy loss spectroscopy
(EELS), the authors conclusively showed that the SEI formed at the
anode surface is enriched in Li;O. In addition, by means of density
functional calculations, they further showed that the Li,O particles are
surrounded by a solvation layer enriched with F~ ions (19).

Recently, we reported that liquid electrolytes based on 1,3-dioxolane
(DOL) undergo an Al(OTf); Lewis acid-initiated ring-opening po-
lymerization inside a battery cell to create solid polymer electrolytes
(SPEs) with room temperature ionic conductivities exceeding 1 mS/cm
at Al(OTf); concentrations below 1 mM (8). Suspension electrolytes
created by dispersing poly(ethylene glycol) (PEG)-grafted SiO,
nanoparticles in DOL were subsequently reported to undergo a similar
ring-opening polymerization to create hybrid SPEs (HSPEs) with even
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higher room temperature ionic conductivity ~4 mS/cm (9). It was the-
orized that interactions between and co-crystallization of the tethered
PEO oligomers and poly(DOL) provided more ether oxygen domains
to complex with Li*, which facilitated ion transport. Here, we wish to
expand on this concept by creating HSPEs in which electrochemically
active particles, such as Li,O, are used to regulate both the physico-
chemical properties of the in situ—formed solid-state, poly(DOL) elec-
trolytes in bulk and in the SEI. We show that such electrolytes enable
extended cycling of anode-free Cu||[NCM811 with low interfacial re-
sistances and effective values of the columbic efficiencies computed by
fitting the cycling data to a power law decay function markedly larger
than observed in either the unpolymerized or polymerized electrolyte
in the absence of the Li,O particles. The electrolytes also manifest in-
teresting gradient physical and transport properties (i.e., they are solid-
like polymers far from the anode surface and are liquid-like near
the anode).

RESULTS

A simple force balance (Eq. 1) comparing the gravitational, buoyancy,
and thermal force, kT/r, on particles of radius, r, and density, ps, dis-
persed in a liquid of density py, indicates that particles with radii above
a critical value, r > r. will settle in a suspension to create a two-phase
material in which a substantially particle-free liquid phase coexists
with a porous, granular material with solvent in its pores. Here, k is
Boltzmann constant (1.38 X 10~ m? kg/s> K), g the gravitational ac-
celeration (9.8 m/s%), and T'is temperature (303 K). Taking the density
of Li,O as ps~2 g/ml at T = 303 K, we find that . = 0.62 pm for the
Li,O/DOL (ps = 1.32 g/ml) suspensions and r. = 0.57 pm for the
Li,O/EC (pf = 1.06 g/ml) suspensions. Thus, a LiO/DOL or Li,O/EC
suspension electrolyte composed of 100-mesh Li,O microspheres will
exist as a two-phase system, a supernatant liquid containing Li,O par-
ticles with sizes less than around 600 nm and a precipitated porous
bed formed by gravitational settling of larger particles.

[ 3kT ] i
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Results reported in figs. S1 and S3 show that Lewis acid initiated
polymerization of Li,O/DOL suspensions produces a two-phase ma-
terial in which an Li,O-lean poly(DOL) layer coexists with a Li;O-
rich liquid DOL layer. We find that if the suspensions are continuously
agitated to prevent settling of Li,O particles, the ring-opening po-
lymerization of DOL is completely arrested. A straightforward expla-
nation of these observations is possible. Lithium oxide (Li,O)
particles are Lewis bases with pH of 10 in Li;O/DOL suspensions.
We note further that Li,O particles are known to adsorb anionic spe-
cies on their surfaces (19). We conclude that the Li,O particles neu-
tralize the Lewis acid Al(OTf); initiator needed for ring-opening
polymerization of DOL. In the absence of mixing, the particle con-
centration is highest in the gravity preferred direction, which means
that DOL polymerization would occur at a progressively lower rate
as the concentration of particles rises. In the synthesis cell configura-
tion illustrated in fig. S1A, this would result in an essentially liquid
DOL electrolyte near the base of the cell. The liquid DOL electrolyte
is in equilibrium with a hybrid Li,O/poly(DOL) electrolyte with a
reduced concentration of Li,O particles that are too small to settle on
the timescale of the polymerization reaction, which is consistent with
what is observed.

(1)
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Analysis of the particle size distribution using an Anton Paar particle
size analyzer (PSA) indicates that immediately after mixing the average
suspended particle size is 18 & 0.6 pm (fig. S2). The particles are evi-
dently large enough to spontaneously settle. After a period of approxi-
mately 15 min following mixing, gravity-driven settling is observed and
a moderately narrower particle size distribution is seen in the superna-
tant, with particle size plateauing at 25 + 0.5 pm by the 15th minute. This
is also accompanied by a new peak in the distribution associated with
much smaller particles with sizes between 1.5 and 2.0 pm. Scanning
electron microscopy (SEM) analysis of the settled particle phase reveal
that some of the Li,O particles have sizes as large as 80 pm (fig. S1G).
Figure S3 illustrates the gradient property produced by particle settling.
The resultant hybrid electrolyte is composed primarily of poly(DOL)
with melting points at T, = 31°C and 49°C as well as recrystallization
temperature of T. = —15°C. On the other hand, poly(DOL) formed near
the settled particles lacks an obvious melting point and its glass transi-
tion temperature is shifted to a lower value, which contrasts with previ-
ous findings for particle-tethered polymers (23, 24). These observations
imply that whereas a lower molecular weight, amorphous polymer is
formed by ring-opening polymerization of DOL in the particle-rich
sediment, a semicrystalline poly(DOL) material is formed when the po-
lymerization occurs in the Li,O particle lean supernatant. Thermogravi-
metric analysis (TGA) suggests that a more liquid-like organic-rich
phase results from polymerization of DOL in the particle-rich phase.

To understand how such a two-phase electrolyte might influence
reversibility of a Li|[NCM811 battery cell or, more challengingly, a
Cul||NCM811 anode-free battery cell, we created coin cells with the
configurations illustrated in Fig. 1C. The cells were designed with two
separators (Celgard 3501, which is manufactured to have micron-
sized pores) as illustrated, and the Li/Cu anode oriented in the gravity
assisted direction. In assembling the cells, Li,O/DOL suspension was
dropped on the anode side and both separators applied in sequence.
A DOL electrolyte containing 1 mM Al(OTf); was thereafter applied
to the cathode side and the cathode installed to complete the cell
assembly.

In situ ring-opening polymerization of Li;O/DOL electrolytes in
such cells would produce materials with distinct characteristics in the
separator near the particle-laden anode versus near the particle-lean
cathode (Fig. 1C). Analysis by Fourier transform infrared spectros-
copy (FTIR) and SEM largely confirm these expectations. FTIR analy-
sis of the separator near the cathode reveals a strong poly(DOL) peak
at ~1000 cm ™" (8, 9), with no evidence of Li,O particles (Fig. 1B). The
opposite is seen for the separator near the anode, which is rich in Li,O
particles. SEM images reveal notable morphological differences be-
tween the two separators. As polymer precursor wets the separator
and polymerization happens, the cathode facing separator is seen to
lose its porous microstructure as poly(DOL) forms within the pores
(Fig. 1E). In contrast the anode-facing separator retains its porous
structure (Fig. 1F). Thus, we are able to confirm that the poly(DOL)
electrolyte is formed primarily at the battery cathode.

At the highly reducing potentials at which Li* is plated at a battery
anode, all electrolyte components would be expected to degrade in
time. The formation of a well-formed SEI containing inorganic and or-
ganic components at the anode is a well-practiced strategy for passivat-
ing the electrode to prevent continuous electrolyte degradation (25).
Li,O is an SEI component that has been reported in some systems
(26-28). A suspension electrolyte made up of Li,O suspension is a path-
way to create an ideal SEI that protects the anode and, as we will dem-
onstrate, has ionic conduction mechanism closely related to those
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Fig. 1. Gradient property of hybrid electrolyte caused by gravitational settling and basicity of Li,O microparticles. (A) Schematic illustration of method used to
synthesize Li,O/poly(DOL) hybrid electrolytes with attractive gradient properties produced by gravity settling of Li,O. (B) Results from Fourier transform infrared spectros-
copy (FTIR) analysis of the anode and cathode facing sections of the separators. (C) These separators are taken from the cell design using a pair of Celgard 3501 separators
to sequester the particle-rich phase to the region near the Li anode. (D) SEM analysis of the structure of the cathode and anode-facing separator surfaces, compared with
that of the pristine Celgard material. It is apparent that polymerization of the DOL yields a material that covers the pores on the cathode-facing separator (E); however, the
separator on the anode side is seen to still retain the porous structure (F). All scale bars indicate 2 um, and larger-scale images are shown in fig. S1.

found in liquid electrolytes. At the other end of the battery, highly oxi-
dized cathode surface tends to create interfacial irreversible reaction
between cathode and the electrolyte at high potential. This creates the
so-called cathode electrolyte interphase (CEI) that could lead to capac-
ity loss (29, 30). It is then crucial to suppress side reactions of liquid
DOL, which has low oxidative stability, to facilitate use in lithium metal
batteries (LMBs) based on high-voltage cathodes. This can be done by
polymerizing DOL into poly(DOL) near the cathode. The stratification
of these two layers, all formed in situ, is an overall pathway in creating
more reliable SSEs that fit the anode/cathode duality of batteries.
Oxide particles are conventionally thought to help ion dissocia-
tion by adsorbing ionic species and hence create a space charge layer
that serves as an ionic conduction pathway (14); here, we see no
such effects. The strong Lewis basicity of the Li,O particles might
then be expected to exert a large influence on ion transport by fa-
cilitating ion pair dissociation. To elucidate the role played by Li,O
on the ion transport properties, we used a simple, theoretical frame-
work attributed to Maxwell (31) to describe ionic conductivity data
obtained in Li,O/DOL suspensions electrolytes. The Maxwell analy-
sis has previously been applied to quantitatively explain ion trans-
port in suspension electrolytes under electrochemical driving forces
(32). The conductivity o of a suspension of particles with conductiv-
ity, op, is related to that of the suspending medium, o, and particle
concentration, ¢, through (Eq. 2). The coefficient « is a function of
the suspending medium, 6y, and particle, cp, conductivity (Eq. 3).

Utomo et al., Sci. Adv. 10, eado4719 (2024) 5 July 2024

For perfectly insulating particles, 6,<< 6, @ = 1/2 and /6 is a func-
tion of ¢ only (Eq. 4).

o _1—2(X(I)
6_0_ 1+ ad 2)
_ Gy =0y
_260+GP G)
o _20-¢)
o,  2+¢ @)

We measured the temperature-dependent ionic conductivity of
Li,O/DOL electrolytes as a function of ¢ (see fig. S3A) and compare
the experimental results with theoretical predictions based on Eq. 4
in Fig. 2A. It is seen that up to a particle concertation of approxi-
mately 40 vol %, ion transport in Li,O/DOL electrolytes are in near-
ly perfect agreement with the Maxwell model, revealing that the
Li,O particles behave as perfect insulators. We wondered whether
these observations are a consequence of the low dielectric constant
(epor = 19) of DOL and performed similar experiments using sus-
pension electrolytes in which the same Li,O particles were dispersed
in a solvent, ethylene carbonate (EC), with a substantially higher
dielectric constant (egc = 89.8). The results reported in fig. S5 again
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clearly show agreement with Eq. 4 for particle concentrations up to
40 vol %. In addition, we note that notwithstanding the decrease in
ionic conductivity with increasing Li,O particle volume fraction, no
notable changes in the activation energy E, for ion transport are ob-
served (see fig. S4), especially for suspensions with particle volume
fractions 10 vol %. This result confirms that the ion conduction
mechanism (33-35) is essentially unaffected by the Li,O particles
and implies that the ions move primarily via a network formed by
the liquid DOL electrolyte.

Like many particulate additives, Li;O addition offers a degree of
mechanical reinforcement. Figure S6 shows results from strain-
dependent measurement of Li,O pure suspensions in liquid DOL
containing 1 M LiTFSI, where strain was varied from 0.025 to 10% at
a constant angular frequency. Storage G’ and loss G"" moduli reflect
the solid-like and viscous-like contributions within the material, and
both increase with increasing Li;O particle concentration. G’ shows
value as high as 100 Pa for 10 vol %, comparable to those of low—
molecular weight polymers or oligomers used as polymer electrolytes
(36). Increasing Li,O concentration to 30 vol % causes G’ to have a
value of 1000 Pa. As suspension reaches 50 vol %, G’ of 4 x 10° Pa is
observed. This very high modulus is comparable to values typically
observed in crystalline polymers or soft materials close to their glass/
jamming transition (37).

The increase in mechanical strength is also accompanied by changes
in the stress-strain curve. Materials that manifest a yield point typi-
cally first display a linear stress-strain response before yielding alters
the slope of the stress-strain curve (38). Many suspensions are known
to have yield stress, and the denser the suspensions, the more likely
yielding occurs as it takes a certain degree of deformation for particles

to move and get out of their “cages” Suspension with 10 vol % Li,O
does not exhibit any yield stress, but increasing particle concentration
causes yielding behavior in the suspension. The yield stress value ),
taken from the point where deviation from linearity in the stress-strain
curve happens, increases with increasing particle concentration and
eventually reaching 7, ~ 100 Pa at 50 vol % Li,O content. The more
tortuous pathway due to particle aggregation likely causes deviation
from Maxwell prediction and explains the declining conductivity value
with increasing volume fraction (Fig. 2A).

Hybrid electrolytes created by polymerizing DOL containing Li,O
particles using the method shown in Fig. 1A manifest higher ionic
conductivity values than both precursor materials (Fig. 2, B and C).
The hybrid electrolyte for example exhibits an ionic conductivity value
of 6 =4.3 mS/cm at 30°C, while pure poly(DOL) and pure suspension
have 6 = 2.4 and 3.2 mS/cm, respectively. The enhanced conductiv-
ity values (>1 mS/cm) remain even at temperatures as low as —30°C. It
is interesting that such high low-temperature ionic conductivity val-
ues are unattainable for the semicrystalline poly(DOL) electrolyte.
Furthermore, the hybrid electrolytes manifest the lowest activation
energy E, of 4.2 + 0.2 kJ/mol compared to pure poly(DOL) (E, =
6.9 + 0.2 kJ/mol) and pure suspension (E, = 4.6 = 0.3 kJ/mol). E, val-
ues are calculated through Arrhenius equation 6 = Ae”**" with A being
a pre-exponential factor, R universal gas constant, and T temperature.

The hybrid electrolyte conductivity is seen to evolve with polymer-
ization time, with conductivity value first increasing and ultimately pla-
teauing after around 5 hours of polymerization. Temperature-dependent
conductivity at the 1st, 5th, 10th, 24th, and 96th hour is shown in
Fig. 2D. A key finding is that the discontinuous transition in conductiv-
ity seen in the first hour, gaping below and above 30°C, indicated by two
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Fig. 2. lonic conduction mechanism and ionic conductivity values of hybrid Li,O/DOL and Li,O/poly(DOL) electrolytes with temperature and time. (A) Normal-
ized ionic conductivity value following Maxwell model for Li,O/DOL suspension electrolytes at various volume fractions. Data points seen are averaged from the conduc-
tivity values obtained at different temperatures, as shown in fig. S4. (B) As polymerization of a Li;O/DOL hybrid electrolyte [first layer, 10N7; second layer, poly(DOL) + 2 M
LiTFSI + 1 mM AI(OTf);], proceeds with time, the ionic conductivity measured at 30°C first rises and stabilizes at values higher than observed either for the precursor Li,O/
DOL suspension or pure poly(DOL) electrolyte with the same salt concentration. (C) Temperature-dependent ionic conductivity values for in situ-formed Li,O/poly(DOL)
hybrid electrolyte, for a Li;O/DOL suspension electrolyte, and for in situ-formed poly(DOL) electrolyte. (D) Temperature-dependent changes in ionic conductivity of an
in situ-formed Li,O/poly(DOL) hybrid electrolyte as a function of time following the onset of polymerization.
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shaded regimes in the figure largely eases as polymerization progresses
with time, as seen in the continuous trend at 96th hour. We have previ-
ously reported a shift from a Vogel-Fulcher-Tamman-like behavior of
amorphous poly(DOL) hybrid electrolyte to an Arrhenius one as crys-
tallization of poly(DOL) takes place (9). As crystallization and associ-
ated chain reconfiguration in semicrystalline polymers typically
produce large changes in the conduction mechanism near the melting
point or glass transition temperature T, (34). Discontinuous changes in
ionic conductivity have been reported extensively to accompany ther-
mal transitions in a range of electrolytes (42-45). Stratification of poly-
disperse microsphere suspension has been extensively examined (42,
43); larger particles settle, and smaller ones get suspended in liquids.
This is also what we observed through TGA (see fig. S3B), with a
concentration gradient increasing toward the plane of highest gravi-
tational force. The stratification process is a time-dependent process,
with the system shifting from a nonequilibrium state to an equilibri-
um, stratified one (42).

To evaluate the electrochemical features of the hybrid electrolytes,
we studied Li,O/DOL suspension electrolytes containing 10 vol %
(Fig. 3A) and 50 vol % Li,O (Fig. 3B) and 2 M LiTFSI in Li][NCMS811
full and Li||Cu half cells. A fixed current density of 1 mA/cm* was
used for these experiments. The results reveal that at either of the Li,O
concentrations studied, the cells cycle stably, reaching a discharge ca-
pacity of 1.45 mAh/cm” by 100 cycles (Fig. 3C). Before cycling, cells
were subjected to a SEI buildup process at a low current density of
C/10 for the first five cycles. The results are also interesting because
DOL is not commonly used as a stand-alone electrolyte solvent in
LMBs due to their poor oxidative stability (<4 V) and chemical insta-
bility with the most used lithium salts, like LiPF¢ (44).

Results in Fig. 3 (D and E) reveal that notwithstanding the uni-
form stable cycling observed, the coulombic efficiency (CE) and
morphology of plated lithium metal varies with Li,O volume frac-
tion (fig. S7). SEM analysis of the Cu electrode harvested from the
Li||Cu half cells after depositing 10 mAh/cm” Li on the copper reveal
that the relationship between electrodeposit morphology and Li,O
concentration is nonmonotonic. Specifically, the roughest Li deposits
are observed for the pure DOL electrolyte, followed by electrolytes
containing 50, 30, and 10 vol % Li,O. The trend is not the same for
the CE measured in Li||Cu cells. These measurements show that the
CE rises from 98.0% for cells containing the pure DOL electrolyte to
98.8% for cells containing suspension electrolytes with 10 vol % Li,O
(Fig. 3D). CE further increases to 99.2% for electrolytes containing
20 vol % Li,O and changes negligibly thereafter with increasing Li,O
concentration. Nyquist plots reported in (fig. S8) indicate that both
the coarser lithium deposits and plateauing CE values coincide with
an increase in interfacial resistance at higher Li,O particle concen-
trations.

Anode-free lithium cells provide a particularly challenging testbed
for evaluating the attributes of any hybrid or SSE. Because Li metal is
not present during cell assembly, an anode-free LMB is also viewed as
attractive from a practical point of view because it removes safety is-
sues involved in handling lithium metal in a manufacturing setting
(45-47) and enhances the battery’s energy density as the electrode
weight is reduced. Reliable anode-free LMBs are presently hindered
by the low CE due to interfacial reactivity, transport associated with
the nonuniform deposition of lithium as well as its parasitic chemical
and electrochemical reactions with electrolyte components (45).
Figure 4A reports the galvanostatic cycling of Cu|[NCMS811 cells
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Fig. 3. Electrochemical performance of Li,O/DOL suspension electrolyte. (A) Galvanostatic charge and discharge of Li|[NCM811 in hybrid Li,O/DOL electrolytes con-
taining 10 vol % and (B) 50 vol % Li,O and 2 M LiTFSI. (C) The discharge capacity and coulombic efficiency (CE) of the cells in (A) and (B) over 120 cycles. Cells were run with
Li||[NCM811 configuration at C/10 for the first five cycles, followed by 1C for the rest of the cycle. (D) CE obtained in Li||Cu half-cells configuration for different Li>O volu-
metric concentrations. The resulting CE value at each concentration is presented in (E).
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containing hybrid electrolytes created by ring-opening polymeriza-
tion of a 10% Li,O/DOL suspension containing 1 mM Al(OTf); +2 M
LiTFSI + 0.5 M LiNOs. This electrolyte is identified as 10N5 in what
follows exhibits a nearly constant CE value of 97% and a first-cycle
discharge capacity of approximately 1.4 mAh/cm? at a cycling rate of
C/2. As illustrated in Fig. 4B, the discharge capacity of the cells de-
creases gradually with cycling, but the rate of decrease is substan-
tially lower than observed in previous studies of anode-free LMBs
and markedly lower than for anode-free cells based on the control
electrolytes (i.e., DOL and Li,O/DOL suspension electrolytes) (see
also fig. S9), underscoring the benefits of polymerization of the
DOL. As illustrated in Fig. 4C, the results reported in Fig. 4B are re-
markable for another reason. Specifically, for an anode-free battery
cell that runs with a nearly constant CE, the discharge capacity at the
nth cycle is related to the value at the first cycle (n = 1), as a simple
power law of CE

CE" = Capacity,,
~ Capacity,_,

)

The dashed line in Fig. 4C was obtained using Eq. 5, with the val-
ue estimated from the experimentally measured discharge and
charge capacity per cycle (CE ~ 0.97) inserted in the expression. A
plot of log<ccapﬂ> against # linearizes Eq. 5, with the slope equal
to log CE. Comparing this line to the actual discharge capacity mea-
sured for the anode-free cells, a large discrepancy is observed. Name-
ly, the anode-free cells containing the hybrid electrolyte show more
efficient utilization of the Li stored in the cathode. We fitted the ex-
perimentally determined capacities to the linearized version of Eq. 5
and extracted the CE value required to obtain the best fit. It is appar-
ent that the effective CE ~ 0.994 of the cells is much closer to unity.
We estimated the apparent increment in CE at each cycle by taking

apacity,_,
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Fig. 4. Effects of the electroactive Li,O toward the application of anode-free Li-battery. (A) Galvanostatic cycling performance and electrochemical properties of
anode-free Cu|[NCM811 cells based on Li,O/poly(DOL) electrolytes for 10 vol % Li;O. The poly(DOL) was polymerized inside the battery cell using 1 mM Al(OTf); and the
cells were cycled at a rate of 0.5 mA/cm? (C/2). For the results in (A), a salt blend consisting of 2 M LITFSI + 0.5 M LiNO; (here termed N5) was used. The respective discharge
capacities and CE values are reported in (B). Included in (B) are discharge capacity values of DOL + 2 M LiTFSI electrolyte without and with the addition of 10 vol % Li,O,
cycled at C/10 for 5 cycles and a comparable C/2 rate for the rest of the cycles. SEIl buildup during the formation step at C/10 is detailed in fig. S12. CE values are used to
predict capacity fading shown in the dashed line of (C), while solid data points show actual capacity fading. The difference between CE of this electrolyte and a control
DOL + 2 M LiTFSI electrolyte is shown in (D). The corresponding Li|[NCM811 cell performance for the same electrolyte as in (A) is shown in fig. S11. (E) Cyclic voltammetry
(CV) measured in cells in which Li,O particles in a carbon cloth (CC) current collector are paired with Cu-foil in a DOL + 2 M LiTFSI electrolyte. (F) X-ray photoelectron
spectroscopy (XPS) of Li,0@CC electrode post-CV and held at oxidation potential for 5 hours, indicating existence of oxygen, carbon, and lithium. a.u., arbitrary units. Two
peaks attributed to lithium oxide (Li,O) and lithium peroxide (Li,O,) are seen in the (G) O scan and (H) Li scan.
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the nth root difference of the discharge capacity measured in the
anode-free cells cycled in the control electrolyte from those mea-
sured in thelON5 hybrid electrolyte. This analysis reveals a relatively
stable increment of around 15% at each cycle (fig. 4D).

We hypothesized that in addition to the role in reinforcing mechani-
cal properties of the hybrid electrolytes, in retarding polymerization of
DOL, and in producing gradient properties in the hybrid electrolytes,
the Li,O particles contribute some amount of Li to compensate for losses
each cycle. As partial confirmation of the hypothesis, fig. S10 reports re-
sults from galvanostatic cycling of a Li|[NCM811 cell that uses the 10N5
electrolyte under the same conditions used for the measurements re-
ported in Fig. 4A. The presence of excess Li in the cells clearly improves
their cycling. As a more direct test of the hypothesis, we performed x-ray
diffraction (XRD) and Raman spectroscopic analysis of Cu anodes
harvested from the cycled cells. The results reported in fig. S12 sup-
port formation of Li,O; in the electrodes, but the signals are relatively
weak. To assess the role of the Li,O in this process and to evaluate
the reversibility of the formed Li,O, under our cell running condi-
tions, we performed extensive cyclic voltammetry measurements
using Li;O||Cu cells (see Fig. 4E). The Li,O electrodes used for these
studies were created by sandwiching Li,O particles between carbon
cloth (CC) as a current collector and using liquid DOL + 2 M LiTFSI
as the electrolyte. Three peaks are evident in the cyclic voltammo-
grams, with peak (3) attributed to decomposition of the liquid elec-
trolyte. CV results for control CC||Cu cells using the same electrolyte
show an irreversible reduction peak at ~ —3.0 V, and no observable
peaks (1) and (2) (fig. S11A). These peaks are then attributed to the
oxidation (1) and reduction (2) of Li,O. The voltammograms also
indicate that the peaks currents increase approximately as the square
root of scan rate (fig. S11A), indicating that the reactions are trans-
port limited. Our findings are consistent with previous reports
which show that Li,O undergoes an oxidation reaction during dis-
charging to form Li,O,, a prominent reaction in Lithium-air battery
systems (48, 49).

Additional support comes from x-ray photoelectron spectrosco-
py (XPS) analysis of the Li,O electrodes used for the CV experi-
ments. Results reported in Fig. 4 (F to H) were obtained by holding
the Li;O electrodes at an oxidizing potential of approximately 1.5 V
(versus Li*/Li) for 5 hours. The high-resolution O 1s spectra were
deconvoluted into two primary peaks centered at 531 + 0.4 eV and
529 + 0.3 eV, which indicate oxide (Li,O) and peroxide (Li,O,)
bonding modalities respectively (50, 51). An average of three mea-
surements (table S1) revealed a 2:3 ratio of peroxide to oxide on the
surface (up to 10 nm scanning depth). These observations were fur-
ther corroborated by high-resolution Li 1s scans, deconvoluted into
two peaks centered at 53.3 & 0.2 eV for Li;O and 54.4 & 0.4 eV for
Li,O,, which also indicate a 2:3 distribution.

RT, [Ox]
E=E'+ —1
+F M Red] (©)
RT 57
|Ey = Byl =22-2 = 2> mV )

The 2Li,0 => Li;O;, + 2Li"T 4 2e~ reaction is also seen to be re-
versible in the DOL electrolyte. The Nernst equation (Eq. 6) can
also be used to see the reversibility of the redox reaction. It relates
the potential of an electrochemical cell E to the standard potential
of a species E°, as well as the relative activities of oxidized/reduced
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analyte at equilibrium. R is universal gas constant, F is Faraday’s
constant, # is the number of electrons, and T is temperature. Esti-
mating E” as half-peak potential Ep; and taking E as the potential
at the peak current E,,, it is straightforward to conclude that revers-
ible redox reactions should have a value of 57 mV at T = 25°C
(Eq. 7) (52). The results in fig. S11C reveal that for peaks (1) and
(2), these values are 39 and 43 mV, respectively. The charge pro-
vided by the redox reaction, quantified by the area under the i-V
curve, is shown to be approximately equal (fig. S11C) indicative of
a reversible reaction.

To evaluate the longer-term, electrochemical fitness of the anode
free cells, we subjected cells cycled at a fixed rate of C/2 for 100 cy-
cles, to varying rates: 1C and 2C before returning it to the original
current rate to C/2. The results reported in fig. S13 show that the
cells remain stable and that more than 92% of the capacity measured
at the 100th cycle is recovered at the 140th cycle, when the C/2 rate
is restored. We also investigated the combined effects of Li,O parti-
cle concentration and LiNO; concentration on galvanostatic cycling
of the anode-free Cu||[NCM811 cells. The results reported in fig. S14
show that a higher concentration of Li,O or LiNOj increases the CE,
but lowers the discharge capacity, which is accompanied by a higher
overpotential. Other effects of LINO3 has previously been explored
(42, 50) and is further explored for our system in fig. S16. Consistent
with the results reported in Fig. 4 for hybrid electrolytes with 10%
Li,O, results reported in fig. S15 show that a best fit line to the lin-
earized form of Eq. 4 again shows effective CE is increased when
Li,O particles are present in the electrolyte.

DISCUSSION

Suspension electrolytes made up of micrometer-sized Li,O parti-
cles in DOL undergo Al(OTf); Lewis acid-initiated ring-opening
polymerization inside a battery cell to create hybrid SSEs with room
temperature ionic conductivities exceeding 1 mS/cm and beneficial
gradient properties. The gradient properties are thought to arise
from neutralization of the Lewis acid initiator by the basic Li,O
particles. Gravitational settling of the Li,O particles is shown to
drive macrophase separation, which in turn results in gradients
in polymerization inside the cell. Likewise, retardation of ring-
opening near the surface of Li,O particles creates a region of lim-
ited or no polymerization near the Li,O particle surfaces, yielding
solid-state materials with room temperature ionic conductivity ex-
ceeding 4 mS/cm. This behavior contrasts markedly with observa-
tions in Li;O/DOL suspension electrolytes, which manifest simple
Maxwellian conductivity in which particles act as simple insulating
inclusions in the liquid DOL host. Used as electrolytes in conven-
tional Li|[NCM81, as well as anode-free Cu|[NCM811 cells, the hy-
brid electrolytes enable extended long-term cycling. Curiously, we
find that the cycling achieved in the anode-free cells is substantially
better than expected from the nominal CEs deduced from their
charge/discharge characteristic. We fit the cycling profiles to a pow-
er law and estimate the effective CE in the cells to be 99% or higher,
indicating that cycling benefits from a source of Li other than the
NCMS811 cathode. By means of cyclic voltammetry and spectro-
scopic analysis, we show that reversible redox reaction of the Li,O
particles localized near the anode contribute a small amount of Li
each cycle that compensates to an extent for the normal parasitic
losses, extending the cycle life of the anode free cells to levels here-
tofore unseen in the literature.
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MATERIALS AND METHODS

Electrolyte and battery preparation

To fundamentally understand the source of the enhanced CE extended
cycling of anode-free lithium battery cells, we investigated thermal,
transport, and electrochemical properties of Li,O/poly(DOL) and
Li,O/DOL electrolytes, as well as their analogous Li,O-free electrolyte
controls. Acknowledging the importance of CEI for high-voltage bat-
teries (29, 30) and anodic SEI for batteries with better cycling stability
(7, 12, 13, 25), hybrid SSEs formed by ring-opening polymerization of
Li;O/DOL suspension electrolyte using a Lewis acid initiator is of par-
ticular interest. To fabricate such electrolytes in Li||[NCM811 and so-
called anode free, Cu|[NCM811, cells we first created Li,O/DOL
suspensions (see Fig. 1A). The Li,O particles (100 mesh, 7,yg < 150 pm)
was purchased from BeanTown Chemical and used as obtained. Elec-
trolytes suitable for electrochemical studies were created by adding a
combination of two salts (LiTFSI and LiNO;) known from previous
studies (40) to work in tandem to enable formation of good interphases
on Li; the studies reported herein used electrolytes comprised either of
2 M LiTFSI 4 0.5 M LiNOj3 (N5) or 2 M LiTESI + 0.7 M LINO; (N7).
Different volume fractions of added Li,O were used, and the hybrid elec-
trolytes with x vol % are denoted as either xN5 or xN7 (10 vol % in N7
electrolyte is denoted as 10N7). A similar strategy was used to create
Li,O/EC electrolytes for comparison studies. DOL, EC, and LiTFSI
were purchased from Sigma-Aldrich and LiINO; was purchased from
Chem-Impex International. Suspension electrolytes with Li,O parti-
cles in either N5 or N7 were first dropped onto Cu foil and a Celgard
3501 separator was placed on top of the suspension. Another Celgard
3501 separator was used and DOL with 2 M LiTFSI was added. To cre-
ate solid-state Li,O/poly(DOL) hybrid electrolytes, we introduced 1 mM
of the Lewis acid initiator, Al(OTf); to the top layer of DOL electrolyte.
Poly(DOL) used throughout this study was polymerized by 2 M LiTFSI
and 1 mM Al(OTf);. By varying the concentration of Li;O from 10 to
50 vol %, hybrid poly(DOL) electrolytes with a range of physical and
electrochemical properties were facilely created. The hybrid electrolyte
on Cu foil was paired with nickel cobalt manganese oxide (NCM811)
cathode obtained from NEI Corporation, and coin 2302-type cells
were assembled. All cells were rested for 10 hours before any electro-
chemical testing as polymerization concludes over time, outlined
by previous kinetics studies (9).

Material characterizations

FTIR spectra were characterized using a Thermo Fisher Scientific spec-
trometer in the attenuated total reflection mode. The porous morphol-
ogy of Celgard separators was imaged by field emission Zeiss Gemini
500 SEM. DC conductivity measurement was carried out using Novo-
control broadband dielectric/impedance spectrometer in the same coin
2032 cells without electrodes and Teflon ring instead of separators. Os-
cillatory shear measurements were performed using strain-controlled
ARES-LS rheometer (Rheometric Scientific) with a cone and plate ge-
ometry (10 mm, 4° cone angle and 25 mm, and 1° cone angle). TGA
was conducted using TA Instruments Q500 under nitrogen atmosphere
at 10°C/min ramping rate. TA Instruments Differential Scanning Calo-
rimetry Auto 2500 was used to evaluate thermal transitions under ni-
trogen flow at 10°C/min ramping rate. XRD tests were conducted on a
Bruker D8 Discover powder diffractometer using Cu Ko radiation of
approximate wavelength A = 1.54 A. XPS was performed using Thermo
Fisher Scientific Nexsa G2 X-Ray Photoelectron Spectrometer, with op-
erating pressure of approximately 10™'° torr, monochromatic Al Ka
x-rays at 1486.6 eV, with 400 pm diameter analysis spot. A flood gun
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was used for charge neutralization of nonconductive samples; all
samples were charge corrected using adventitious carbon binding
energy (284.8 eV). Raman spectra were collected using a WITec-
Alpha 300R confocal Raman microscope. A 532-nm green laser was
used, a grating of 1200 liter/mm (%1 cm™), 15 accumulations, and
30-s integration time. Particle size analysis was done by Anton Paar
PSA (1190) using laser diftraction in liquid dispersion of Li,O/DOL
with concentration of ~5 vol %. Stirring and sonication were done
within the first minute of measurement and stopped to measure
particle size over time every minute for 15 min.

Electrochemical testing

Galvanostatic stripping/plating tests were performed using Neware
CT-3008 battery tester at room temperature. Electrochemical imped-
ance spectroscopy measurements were performed by Solartron Fre-
quency Response Analyzer (Model 1252) with frequencies ranging
from 50 kHz to 10 MHz and at an amplitude of 10 mV. Cyclic voltam-
metry was performed on BioLogic SP-200 potentiostat.

Supplementary Materials
This PDF file includes:

Figs.S1to S16

Table S1
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