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Abstract

Composite polymer electrolytes (CPEs) are attractive materials for solid-state lithium
metal batteries, owing to their high ionic conductivity from ceramic ionic conductors and
flexibility from polymer components. As with all lithium metal batteries, however, CPEs face the
challenge of dendrite formation and propagation. Not only does this lower the critical current
density (CCD) before cell shorting, but the uncontrolled growth of lithium deposits may limit
Coulombic efficiency (CE) by creating dead lithium. Here, we present a fundamental study on
how the ceramic components of CPEs influence these characteristics. CPE membranes based on
poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl)imide (PEO-LiTFSI) with
Li7LasZr2012 (LLZO) nanofibers were fabricated with industrially relevant roll-to-roll
manufacturing techniques. Galvanostatic cycling with lithium symmetric cells shows that the CCD
can be tripled by including 50 wt% LLZO, but half cell cycling reveals this comes at the cost of
CE. Varying the LLZO loading shows that even a small amount of LLZO drastically lowers the
CE, from 88% at 0 wt% LLZO to 77% at just 2 wt% LLZO. Mesoscale modelling reveals that the
increase in CCD cannot be explained by an increase in the macroscopic or microscopic stiffness
of the electrolyte; only the microstructure of the LLZO nanofibers in the PEO-LiTFSI matrix slows
dendrite growth by presenting physical barriers that the dendrites must push or grow around. This
tortuous lithium growth mechanism around the LLZO is corroborated with mass spectrometry
imaging. This work highlights important elements to consider in the design of CPEs for high-
efficiency lithium metal batteries.



Introduction

The need for high energy density batteries in electric vehicles has created a push for lithium
metal anodes and solid-state electrolytes that are stable against lithium."* Composite polymer
electrolytes (CPEs) with Li"-conducting ceramic fillers in a polymer matrix have attracted interest
due to the potential for high room temperature conductivity (=0.1 mS/cm) while maintaining
mechanical flexibility and strength.® Cubic Li7La3Zr2012 (LLZO) is widely used as a ceramic filler,
having inherently high conductivity around 1 mS/cm at 25 °C while being relatively safe and stable
in air.*® Several studies have utilized LLZO nanoparticles®*’” or more recently
nanofibers/nanowires®>'? and other fibrous microstructures'""'? in polymers with lithium salts.
Overall bulk ionic conductivity can be increased with small amounts of LLZO (typically <10-15
wt%) through polymer plasticizing and other effects at the LLZO-polymer interface. However,
higher LLZO loadings tend to sabotage conductivity'>!'*!° unless a pre-formed nanofiber network
is constructed and infiltrated with polymer after the fact,'®!” a method which may limit processing
at scale.?

While most CPE studies focus on increasing bulk ionic conductivity by modifying the
chemistry or loading of the ceramic component, relatively little attention is paid to how this
fundamentally increases the charging rates or influences battery efficiency long-term. Critical
current density (CCD) is one of the prototypical measures of success for CPEs: the greater the
CCD, the faster the battery can charge. However, this alone does not mean the electrolyte will
perform well at the practical cell level. An understudied metric in the solid-state battery field is
Coulombic efficiency (CE), the amount of charge accessible in the discharge step following
charging. Most CE reports focus on how the cathode efficiency behaves with a thick lithium
anode.'®?* However, the emergence of anode-free and low-excess lithium cell designs for high
energy density applications makes Coulombic efficiency at the anode a very important metric for
long-life batteries.?!>* The role of all relevant chemistries in the CPEs — polymer, salt, and ceramic
— in determining CCD and CE needs to be addressed if CPEs are to remain relevant in solid-state
lithium battery development.

Here, we present a systematic study of LLZO nanofiber influence on critical current
density, Coulombic efficiency, and lithium dendrite growth mechanisms. CPEs based on
poly(ethylene oxide) (PEO) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) with 0-74
wt% LLZO nanofibers were fabricated with scalable roll-to-roll electrospinning and slot-die
coating processes. Symmetric lithium cell cycling shows a three-fold increase in CCD for 50 wt%
LLZO over 0 wt% LLZO, despite having similar bulk ionic and interfacial conductivities. Half
cell cycling with copper, steel, and titanium electrodes shows similar CCDs, but the CE decreases
from a maximum of 88% at 0 wt% LLZO to 40-60% at 50 wt% LLZO. Varying the LLZO loading
shows a distinct trade-off in performance, where more LLZO results in higher CCD but
significantly lower CE, even at very low LLZO loadings. Atomic force microscopy shows that
CPEs have Young’s and shear moduli at least one order of magnitude lower than lithium metal,
well below the threshold required to mechanically prevent lithium metal from forming dendrites
due to deformation. Mesoscale modelling reveals that the increase in CCD is only due to the stiff
LLZO fibers forcing the lithium dendrites to plastically deform, push, and/or grow around the



fibers, resulting in lower effective dendrite growth velocity. This mechanism of high-tortuosity
lithium growth through the soft PEO-LiTFSI around the LLZO is supported with time-of-flight
secondary ion mass spectrometry (ToF-SIMS) imaging. Our results, even in the absence of ionic
conductivity enhancements from the ceramic components, highlight important microstructural and
chemomechanical aspects of CPEs and separators in general for lithium metal batteries.

Materials and Methods
Materials

Electrospinning precursor components, including lithium nitrate (LiNO3), lanthanum (I1I)
nitrate hydrate (La(NO3)3exH20), zirconium (IV) oxynitrate hydrate (ZrO(NO3)2exH20), and
aluminum nitrate nonahydrate (Al(NO3)3*9H20) were purchased from Sigma, while
polyvinylpyrrolidone (PVP, average MW = 1.3 MDa) was purchased from Fisher Scientific.
Polyethylene oxide (PEO, My = 600 kDa) was purchased from Sigma. Dimethylformamide
(DMF), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and acetic acid were purchased
from Sigma. LiTFSI was stored under an Ar-atmosphere until use. Acetonitrile and isopropanol
were purchased from Fisher Scientific.

Lithium foil electrodes with 250 um thickness were purchased from MTI (USA) and
freshly polished prior to cell assembly. Copper (Cu) and stainless steel 316 (SS) foils with 50 pm
thickness were purchased from McMaster Carr (USA). Titanium (Ti) foil with 127 um thickness
was purchased from Trinity Brand Industries (USA). Metal electrodes were punched into 1.0 cm?
area circles, cleaned in acetone, isopropanol, and MilliQ water, then dried under vacuum at 60 °C
before transfer to the glovebox. Lithium iron phosphate (LFP) laminate cathodes were purchased
from MTI (USA) and had 12 mg/cm? active material coated with carbon on Al foil. Cathode discs
with 1.0 cm? areas were punched, impregnated with a small amount of PEO-LiTFSI in MeCN, and
dried under vacuum at 60 °C for at least 24 hours before transfer to the glovebox.
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Figure 1. CPE Fabrication a) LLZO nanofibers are prepared by roll-to-roll electrospinning of
precursor-loaded fibers (left and middle), followed by annealing to yield cubic LLZO with high
aspect ratio (right). b) The electrolyte slurry is prepared by mixing LLZO nanofibers with PEO-
LiTFSI (15:1 EO:Li mol ratio) in acetonitrile. ¢) Electrolyte ink is cast by slot-die coating onto a
moving web, followed by drying at room temperature to yield dense CPE membranes.

Fabrication of CPEs

Composite polymer electrolytes were fabricated using two industrially scalable methods:
roll-to-roll electrospinning and slot-die coating. Electrospinning generates nanofibers that can be
annealed at lower temperatures (ca. 700-800 °C) to generate cubic LLZO compared to typical bulk
syntheses that generate LLZO particles (ca. 1100 °C), thus saving on energy costs.?*?> Nanofibers
also present continuous percolation pathways to transport Li" more efficiently than typical
nanoparticles.'>?¢ Slot-die coating is preferable to dropcasting for membrane fabrication because
it is more reproducible over large areas, can deposit multiple conformal layers, and is capable of
generating membranes of <20 um thickness, which is important for practical solid-state batteries
that minimize membrane volume and weight.?’ This type of coating technology is already used
industrially to coat active materials in lithium ion batteries.?® Thus, it is of interest to understand
the properties of solid-state batteries fabricated specifically with these techniques.



To generate LLZO nanofibers, a solution of PVP mixed with LLZO precursor salts was
electropsun onto aluminum foil using a pilot line electrospinning unit (Inovenso, Turkey), then
transferred to a quartz crucible and annealed in air at 750 °C for 2 hours at 10 °C/min. A nominal
composition of Lic4Alo.2La3Zr2012 was targeted, with 18% excess Li salt added to compensate for
Li loss during annealing. The resulting Al-doped LLZO nanofibers have high aspect ratios with
average thicknesses around 200 nm and lengths >1 um (Figure 1a) and exhibit a cubic LLZO
structure (Figure S1). The LLZO nanofibers were then transferred to an Ar-filled glovebox,
annealed further at 625 °C for 30 min, and stored for later use. This temperature was chosen to
remove surface carbonates® and reverse any proton exchange® in the LLZO structure from the
first annealing step without using higher temperatures that could cause lithium volatilization.
LLZO nanofibers coated with thin alumina layers (Al2O3@LLZO) were prepared with atomic
layer deposition (ALD), which was carried out in a custom-built viscous flow reactor with a similar
process as described previously.’! Trimethyl aluminum (Sigma Aldrich) was used as the aluminum
source and water was used as the oxygen source.

To form free-standing CPE membranes, LLZO nanofibers were mixed with PEO and
LiTFSI in acetonitrile to form a homogeneous slurry over several hours (Figure 1b). The molar
ratio of EO units to LiTFSI was constant at 15:1. The samples are denoted by the relative mass of
LLZO nanofibers to the total membrane, given as wt% LLZO. For example, in most cases, the
ratio of LLZO to PEO-LiTFSI was 50:50 wt:wt. The weight ratio of 50 wt% LLZO corresponds
to approximately 20 volume percent LLZO in the polymer phase given densities of 5.1 g/cm® and
1.3 g/cm® for LLZO and PEO-LiTFSI, respectively. We chose to focus on this ratio for most
experiments to 1) maximize the usable LLZO content and increase the likelihood of LLZO
affecting the electrochemical properties while maintaining usable conductivity and 2) to mimic the
higher weight loadings of polymer-infiltrated nanofiber networks.!” 32 The total slurry
concentration for slot-die coating was 18 wt% solids and 82 wt% solvent, and subsequent coating
was performed at room temperature. The slurry was then cast using a slot-die coater (FOM,
Denmark) onto a moving web under ambient conditions, and the film was allowed to dry for
several hours before being cut into 5/8” diameter membranes and vacuum-transferred to an Ar-
filled glovebox for cell assembly. The thickness of the membranes was controlled by adjusting the
coating gap, solute content of coating ink, and coating speed. With this, we achieved membranes
of uniform thicknesses of 80-130 um (depending on slot-die conditions) with <3 pum thickness
variation across a given membrane and LLZO nanofibers distributed throughout the membrane
(Figure 1c, Figures S2-S4). PEO-LiTFSI polymer electrolytes without added LLZO fibers were
prepared similarly via slot-die coating (denoted “0 wt% LLZO” samples) were similarly dense and
uniform, though with up to 8 um thickness variations across 50-60 pm thick membranes (Figures
S2 & S4).

In general, when the electrolyte slurry is coated and allowed to dry over time, the fibers
will want to settle to the bottom of the membrane due to gravity. Based on Stokes-Einstein
diffusivity, the rate of settlement of the filler particles is inversely proportional to the viscosity of
the solvent. Accordingly, we avoid the precipitation of fillers by adjusting viscosity of the coating
inks, which can “trap” the fibers in the bulk of polymer phase during coating and after the solvent
dries. When the ink viscosity was not optimized or when the inks were not mixed by high-energy



mixing or sonication, fiber clusters or bottom sedimentation were observed; even then, many fibers
were still distributed in the polymer phase. Once the membrane was dried to the solid state, there
was no re-distribution of the fibers, even in the melted PEO state (over the 2-14 days’ timescale
of cell testing). SEM and AFM measurements on the top and bottom surfaces of these composites
at room temperature (Figures S3 & S9) show no apparent difference in microstructure, indicating
there is no segregation of LLZO to the electrolyte surfaces during processing. All slot-die coated
membranes show dense interior structures (Figures S2 & S3), indicating this roll-to-roll process
produces robust, reproducible electrolytes.

Materials Characterization

Scanning electron microscopy (SEM) with energy-dispersive X-ray analysis (EDX) was
performed on a Hitachi S-4700-I1 SEM. Focused ion beam (FIB) milling (Zeiss 1540XB FIB-
SEM) was performed on some CPE surfaces prior to SEM imaging to reveal the interior and near-
surface structure. Transmission electron microscopy was performed on a JEOL JEM-2100F TEM.
X-ray diffraction was performed on a Bruker D8 Advance XRD. Atomic force microscopy (AFM)
was performed on a Bruker Dimension Icon with peak force quantitative nanomechanical mapping
(PF-QNM) module using TESPA-V2 tips (nominal 37 N/m spring constant). AFM data were
processed in NanoScope Analysis software.

ToF-SIMS Imaging

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) imaging was performed
using a ToF-SIMS V instrument (IONTOF, Germany). Secondary ion images were acquired using
a 30 keV Bis" analysis beam with a current of 0.23 pA at 200 us cycle time focused to give a
spatial resolution of approximately 2 um. Since SIMS is a surface sensitive technique, an
additional sputtering beam is required to remove surface layers to access bulk material. Here, we
used 20 keV Arzo00” with a sputter current of 10 nA from a gas cluster ion beam (GCIB) with a
sputter time of 120 minutes. The instrument is operated in dual beam mode where a repeating
sequence of 2D images using the Biz" analysis beam and GCIB sputtering cycles creates a 3D
image data set. The Bisz" analysis field of view was 200 um x 200 um for all samples region
centered in a sputter region of 300 pm x 300 um. Charge compensation was accomplished with a
20 eV flood gun. Cycled composite samples were prepared for ToF-SIMS by carefully removing
the Li foil electrodes then GCIB milling between 7 and 120 minutes on various regions of the
exposed membrane. The samples were transferred to the SIMS instrument in an Ar-filled bag and
exposed to air for only a few seconds when loading into the instrument. The mass scale was
calibrated with 'Li", °Li", °Li’Li*, and Li>*. The sputter depth scale was not calibrated, but an upper
limit is estimated to be approximately 350 nm based on a sputter dose of 5000 ions/nm? and a
sputtering yield volume for PMMA™ of 0.07 nm?/ion for argon clusters with 10 eV/atom. Since
this depth is small in comparison to the field of view, the images are analyzed over a sum over all
depths to give the average composition in bulk material. Data were analyzed and images prepared
using SurfaceLab 7.1.130060 software.

Electrochemical Methods



Two-electrode cells were assembled in 2032 stainless steel coin cells with two 0.5 mm-
thick steel spacers and a steel wave spring. All electrochemical measurements were performed
with a BioLogic VSP-300 potentiostat (BioLogic, France) in temperature-controlled chambers
(Maccor, USA and Espec, Japan). Cells were heated from 5 or 25 °C at 5 °C intervals up to 70 °C
then back down to 60 °C, where most measurements took place; each temperature was equilibrated
for at least 30 minutes before testing. This hours-long process with melted PEO ensured good
wetting of the electrodes before any electrochemical measurements. Electrochemical impedance
spectroscopy (EIS) was performed in the 7 MHz to 1 or 0.1 Hz frequency range, at 0.0 V vs. open
circuit applied DC potential with a 10 mV sinusoidal AC amplitude, and sampling 20 points per
decade. EIS data were fit using ZView software (Scribner), as in Figure S5. Due to inductive
effects at very high frequency, only points up to 1 MHz are shown here. Galvanostatic cycling was
performed under ramping conditions, starting at 10 nA/cm? with 10 pA/cm? steps, then with 20
nA/cm? steps above 100 pA/cm?. Plating/charging steps were 30 minutes, followed by 30 minutes
of stripping/discharging steps, or <30 minutes depending on the cutoff voltage (2.5 V for LFP full
cells, 1.5V for Cu, SS, and Ti half cells).

Critical current density was determined with three conditions that indicate cell shorting: a
sudden (transient) voltage spike indicating a dendritic short in the cell; a deviation from expected
Ohmic behavior in the cell (i.e., voltage drifting towards 0 V even without any noticeable spikes);
and the appearance of electronic shunting in EIS measurements®* taken after the galvanostatic
cycle. Any single condition or combination of conditions was treated as evidence that the cell had
reached its critical current density.

Results and Discussion
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Figure 2. Lithium Symmetric Cells a) Ionic conductivity as a function of inverse temperature for
0 wt% and 50 wt% LLZO CPEs. Arrhenius activation energies for two temperature regions are
shown; points and error bars represent the average and standard deviation from two different cells.
b) EIS Nyquist plots of Li||Li cells with 0 wt% (top) and 50 wt% (bottom) LLZO CPEs after 4
hours at 60 °C. The combined interfacial and charge transfer resistances are noted on the graphs.
c¢) Galvanostatic cycling of symmetric cells from 10 to 180 pA/cm?; dashed arrows show
deviations from Ohmic behavior, solid arrows show voltage spikes that definitively indicate cell
shorting.

Conductivity and Lithium Symmetric Cells

In the CPE literature, there is discussion of Li" exchange between the ceramic LLZO phase
and the polymer phase.’>=¢ If this exchange is rapid, then Li" conductivity may proceed through
the more highly conductive ceramic and not the less conductive polymer, thus increasing bulk
ionic conductivity and allowing higher current densities. Figure 2a shows the conductivity of 0
wt% LLZO and 50 wt% LLZO composite electrolytes at various temperatures. At all temperatures,
the electrolytes with 50 wt% nanofibers have lower conductivity than PEO-LiTFSI alone; this is
in line with previous reports demonstrating a maximum plasticizing effect of ceramic content
around 10-20 wt% before a drop in conductivity is seen.'>!'* Below 30 °C, there are slight
deviations in conductivity and activation energy trends between 0 wt% and 50 wt% LLZO. These
differences may be related to the Li" and TFSI" transport along the fiber surface or PEO
plasticization, both of which can be impacted by the fiber surface’s Lewis acidity or basicity.?”-3-
Above 30 °C, all samples exhibit the same activation energies, indicating that the polymer phase



dominates ion transport at the temperatures used in our cycling. Transference number
measurements (Figure S6) also show lower Li" transport with 50 wt% LLZO nanofibers than 0
wt% (tLi+ = 0.20 and 0.29, respectively). Thus, LLZO nanofibers in the CPEs fabricated under
these conditions do not enhance conductivity, which is an important aspect relating to the
performance discussed later. While our present high LLZO-loading CPEs offer relatively low bulk
ionic conductivity, several methods exist in the literature for enhancing bulk Li" conductivity:
crosslinking PEO,***! plasticizing or wetting additives,***** varying LLZO content,'*'* and/or
modifying the LLZO interface to interact with the polymer matrix.*>**¢ Many of these should be
compatible with our roll-to-roll manufacturing methods. Nonetheless, our results using the most
fundamental system of PEO-LiTFSI with low to high weight fractions of un-treated LLZO
nanofibers should shed light on all composite electrolyte systems.

Apart from bulk resistance, interfacial resistance arising from solid electrolyte interphase
(SEI) formation and charge transfer resistance play a role in cell performance. Symmetric Li||Li
cells with 0 wt% and 50 wt% LLZO were assembled and analyzed with EIS over time, as shown
in Figure 2b. The impedance related to interfacial (Int) and charge transfer (CT) resistances are
apparent in two overlapping semicircles at medium frequencies (0.1-100 kHz); Figure S5 shows
the equivalent circuit and example fit of impedance for bulk and Int+CT resistances. Figure 2b
shows that there is virtually no difference in Int and CT impedance between electrolytes without
LLZO (684 Q cm?) and those with 50 wt% LLZO nanofibers (681 Q cm?) at 60 °C, indicating any
differences in cycling performance are likely not due to SEI characteristics.

With identical lithium-electrolyte interfaces, bulk properties should be the main
determining factor in cycling performance in these CPEs. A common parameter to benchmark
performance is the critical current density (CCD), the current at which dendrites penetrate the
electrolyte and short the cell. Figure 2¢ shows cycling in symmetric Li||Li cells for 0 wt% and 50
wt% LLZO electrolytes. Without LLZO nanofibers, evidence of shorting occurs at 50 pA/cm?,
followed by severe shorting at higher currents. In contrast, electrolytes with 50 wt% LLZO
nanofibers can cycle up to 180 uA/cm? before soft-shorting occurs, as shown by transient spikes
in the voltage profile that indicate lithium dendrites touching in the electrolyte before decaying.
This indicates that despite lower bulk Li" conductivity, CPEs with LLZO nanofibers can prevent
dendrites for longer periods of time. The origins of this trend are discussed below.
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Figure 3. Half Cell Cycling, Critical Current Density, and Coulombic Efficiency a)
Galvanostatic cycling of Cu||Li half cells with 0 wt% and 50 wt% LLZO CPEs. b) Critical current
densities determined from galvanostatic cycling of symmetric, half, and full cells with 0 wt% and
50 wt% LLZO CPEs. ¢) Coulombic efficiencies calculated from galvanostatic cycling of half cells.
Stars indicate CEs from the cycle in which each cell shorted.

Critical Current Density and Coulombic Efficiency

To determine if different electrode surfaces would influence critical current density apart
from the bulk electrolyte properties, we performed cycling in numerous half cell configurations
with copper, stainless steel, and titanium electrodes (Figures 3a and S7). As seen in Figure 3a,
with copper electrodes, 0 wt% LLZO still shorts around 50 pA/cm? while 50 wt% LLZO persists
until 160 pA/cm? However, the amount of lithium able to stripped in discharge steps is
significantly higher in the case of 0 wt% LLZO. This indicates that LLZO plays a role in
Coulombic efficiency.
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Figure 3b plots the critical current density for symmetric, full, and half cells with these
electrolytes. Despite differences in lithium plating that might arise from different surface
chemistries, all cells have the same range of CCDs for 0 wt% and 50 wt% LLZO. Thus, the only
controlling factor is the presence LLZO nanofibers, which increases the CCD from the 40-80
uA/cm? range to 140-180 pA/cm? range under these cycling conditions. It is important to note that
while CCD and CE can be increased with applied pressure that maintains electrode-electrolyte
contact in solid-state batteries, the cells here are under minimal pressure (an estimated <30 kPa
from the coin cell and spring assembly),*” which is in line with the industrial requirement of <1
MPa stack pressure.? Increasing transference number and conductivity are known to increase
CCD,** but since our 50 wt% LLZO composites show lower overall Li* transference numbers
and conductivity compared to 0 wt% LLZO (Figure S6), we do not believe enhanced ion transport
is responsible for the higher current densities seen in our CPE cells.

A more thorough comparison of the Coulombic efficiency (charge stripped divided by
charge plated) for all half cell samples is shown Figure 3¢ versus current density, which is also
related to cell life given the cycling protocol described in the Methods section. Two trends are
apparent. First, CE is more dependent on electrode material for a given CPE, with CE following
the order Cu > SS > Ti. This may be related to differences in surface oxide density, lithiophilicity,
surface roughness, or other factors beyond the scope of the present study.’® Second and most
importantly, electrolytes without LLZO nanofibers can reach 73-88% CE before shorting, while
50 wt% LLZO-containing samples level out to values around 40-60%. This presents a curious case
where an enhancement in critical current density comes at the cost of Coulombic efficiency. This
only holds if the plated Li metal penetrated the electrolyte (i.e., in the form of dendrites affected
by nanofibers in the bulk) and is discussed in more detail below.
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Figure 4. Nanofiber Loading Effect on Coulombic Efficiency a) Coulombic efficiencies versus
current density calculated from galvanostatic cycling of Cul|Li half cells with various LLZO
nanofiber loadings following the protocol in Figure 3a. The dashed line for 74 wt% LLZO
indicates where the CE trends toward, but quantification is difficult due to the large polarization
in cycling from the low conductivity of the CPE. b) Plot of critical current densities and Coulombic
efficiencies prior to cell shorting as a function of LLZO nanofiber loading. Dashed lines are shown
only to guide the eye. Points and error bars represent the average and standard deviation from two
to three different cells. An upper estimate of 300 uA/cm? is given for 74 wt% LLZO, even though
no shorting was seen, due to the prohibitively large polarization during cycling.

Effect of Fiber Loading on CE and CCD

Our results show that the inclusion of nanofibers increases the CCD but at the cost of charge
efficiency, something critical to battery lifetime especially where there is little to no excess lithium
in the cell. We varied the LLZO nanofiber loading from 0 to 74 wt% to better understand the
mechanism behind this trend. We did not observe significant differences in ionic conductivity with
LLZO included for the 0-10 wt% LLZO samples (Figure S8), again showing that conductivity
differences do not play a role in the trends observed here.

Figure 4a shows the Coulombic efficiencies of Cul|Li cells with 0, 2, 10, 50, and 74 wt%
LLZO composite electrolytes. After low initial CEs due to some residual SEI formation, the values
level out as in Figure 3¢. With increasing LLZO, the CEs decrease but CCDs increase, as shown
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in Figure 4b. Surprisingly, even with 2 wt% LLZO nanofibers, which is only 0.8 vol% filler in
the bulk composite, the Coulombic efficiency drops from 88% to 77%. With 5-10 wt% LLZO,
generally seen as the optimum range for ionic conductivity in CPEs,!? there is lower efficiency at
ca. 70%. Higher LLZO loadings show less than 50% Coulombic efficiency, which would lead to
an unacceptable amount of lithium loss early in the cell lifetime.

To our knowledge, this observation of filler inclusion lowering the Coulombic efficiency
in solid composite electrolytes is the first to date, as most studies employ thick Li foil as anodes in
symmetric and full cells. Zegeye ef al. observed a 98.8% Coulombic efficiency in anode-free cells
with a 10 wt% LLZO-PEO-LiTFSI coating on Cu electrodes, but their system relied on LiPFe in
EC/DEC as the main liquid electrolyte.’! For long-term battery applications, near-unity CEs are
required, as any cell below 99.0% cycle-to-cycle efficiency would lose at least 63% of its lithium
inventory in 100 cycles. We believe the emerging quantification of “cumulative” or “compounded”
Coulombic efficiency®* ** will become more important in the field to address the long-term
viability of anode-free cells with CPEs.
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Figure 5. Microscale Mechanics of CPEs with LLZO Nanofibers a) Apparent DMT modulus
from AFM imaging of a 0 wt% LLZO CPE, LLZO nanofibers, and the top and bottom surfaces of
a 50 wt% LLZO CPE at room temperature. b) Comparison of Young’s moduli and calculated shear
moduli ranges of different materials from AFM in this work and LLZO pellets and Li metal from
literature.

Macro- vs. Microscopic Bulk Effects on Dendrite Propagation

It is often postulated in the field that adding hard ceramic fillers increases the macroscopic
stiffness of the CPE, with a Young’s and/or shear modulus large enough to prevent lithium dendrite
penetration and theorized to increase critical current density.>* To determine if this is accurate at
the microscale — the true scale that applies to dendrites that are usually less than one micron in size
— we employed AFM with nanomechanical mapping. Figure 5a shows the DMT modulus (an
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approximation of the Young’s modulus) of the CPE materials; more images with height and DMT
maps can be found in Figure S9. PEO with LiTFSI alone shows very low modulus (<10 MPa),
while the LLZO nanofibers have moduli of 1-10 GPa. When combined in a 50 wt% LLZO CPE,
both the top and bottom surface of the membrane show moduli between 10 MPa and 1 GPa. This
presents two important factors for dendrite formation and propagation: 1) the heterogeneity shows
regions of pure polymer amid the LLZO mixture, and 2) wherever there is LLZO present, its
effective modulus is lower than pure LLZO, either due to inherently lower modulus at the
nanoscale or due to being covered by a thin layer of PEO-LiTFSI. These modulus ranges lower
than the Young’s modulus of lithium metal (5-11 GPa) have been observed previously in LLZO
nanosheets and composite electrolytes with nanoindentation.>> 5

Figure 5b compares these numbers with those of LLZO and lithium metal reported in
literature at room temperature.®’ Also shown is the shear modulus, estimated from the relationship
G =E/(2x(1+v)), where G is the shear modulus, E is the Young’s modulus, and v is the Poisson’s
ratio, which is around 0.25 for both LLZO and solid polymer electrolytes.>”->® It is clear that CPEs
with up to 50 wt% LLZO nanofibers, while stronger than PEO-LiTFSI alone, do not reach the
stiffness required to block lithium metal dendrite propagation into the bulk, which was determined
to be double the shear modulus of lithium metal by Monroe and Newman.>* Additionally, the softer
regions of PEO-LiTFSI around and in between the fibers in the composite matrix present easy
routes for penetration of lithium metal compared to LLZO. Combined with our correlation of
LLZO content, CCD, and CE, we propose that there must be lithium deposition into the near-
interface and/or bulk of the electrolyte through the PEO-LiTFSI phase regardless of LLZO content,
which is then negatively influenced by the nanofibers.
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Figure 6. Modelling Dendrite Velocity a) Schematic of the model used for calculating dendrite
velocity during plating on a lithium anode. Model details can be found in the SI. b) Calculated
dendrite growth velocities through an imperfection in the SEI as a function of relative electrolyte
shear modulus, Gelec/GLi. The expected Griec/GLi values for the CPEs used here at 25-60 °C and
the theoretical minimum needed to prevent dendrite growth from Monroe and Newman®* are
marked. ¢) Schematic of the model similar to a) with specific incorporation of the nanofiber
microstructures. Listed sizes are the model dimensions; nanofibers and dendrite are not to scale.
d) Calculated dendrite growth velocities at various current densities without (0 wt% LLZO) and
with (50 wt% LLZO) the inclusion of explicit nanofibers as in c), listed with the percent drop in
relative velocity with nanofiber microstructures incorporated.

To better understand how the macroscopic and microscopic electrolyte properties influence
dendrite propagation in CPEs, we used mesoscale modelling to calculate dendrite growth velocities
in difference CPEs. Figure 6a depicts a typical lithium-electrolyte interface, where the SEI has
heterogeneous surface coverage and can allow dendrites to grow through the SEI at some defect,
e.g., the boundary between separate SEI components. For this study, the shear modulus of the SEI,
Gsel, was assumed to be equivalent to that of the solid electrolyte itself, Griec. With a given Gskl,
the apparent dendrite velocity — i.e., the rate of dendrite growth from the anode into the electrolyte
—was determined at different values of electrolyte shear modulus. Figure 6b plots these simulated
dendrite growth velocities against the electrolyte shear modulus normalized by that of Li metal,
Gelec/GLi; the shear modulus of Li is taken as 4.2 GPa. The approximate Gelec/GLi ranges of PEO-
based CPEs based on AFM measurements and other experimental and computational works?>>>%-6
are marked. We can consider “weak” electrolytes as having Gec/GLi < 10, while “strong”
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electrolytes have Gelee/GLi > 10'. Notably, all CPEs are considered “weak” electrolytes, despite
incorporating 50 wt% of hard LLZO into the composite, leading to a rapid dendrite growth velocity
of more than 30 nm/s at 100 pA/cm?. As mentioned above, all CPE electrolytes are well below the
threshold proposed by Monroe and Newman, requiring an interfacial shear modulus of at least two
times Gri to prevent dendrite propagation.>* This should inform future studies on how to limit
dendrites by modifying the interface with components apart from the native composite electrolyte.

Since neither electrolyte modulus differences nor SEI differences explain the three-fold
increase in critical current density observed for CPEs with LLZO nanofibers, we modified the
model to explicitly add in the microstructure of the composite, where nanofibers with modulus
higher than Li metal are present (ca. 20 vol%) in the soft PEO matrix (Figure 6¢). The velocity of
a propagating dendritic protrusion is estimated using the same computational scheme. For the
polymer electrolyte (0 wt% LLZO), the dendritic protrusion can easily propagate through the soft
polymer layer. However, in the case of composite electrolytes (50 wt% LLZO), a propagating
dendrite can encounter the LLZO nanofiber. Due to its higher mechanical stiffness, it is impossible
for the dendritic protrusion to penetrate through the LLZO fiber. In order to propagate to the
counter electrode, the dendritic protrusion has to either push the LLZO fiber towards the opposite
electrode or find a pathway around it, which can increase the surface area and tortuosity of the
dendritic protrusion. Using the developed computational framework, LLZO fiber-induced changes
in the growth velocity of the dendritic protrusions were investigated. Branching of the dendritic
protrusion, while likely, is not considered here; only the nanofiber being pushed towards the
counter electrode by the growing lithium is taken into account.

The dendrite velocity through PEO alone or PEO with LLZO microstructures was
calculated at different current densities as shown in Figure 6d. The inclusion of LLZO nanofibers
decreases the overall dendrite velocity at all currents, slowing growth by 22% at 10 pA/cm? to as
much as 87% at 200 uA/cm?. In this case, we attribute the slowing of the lithium protrusions to
the plastic deformation of metallic lithium, which is only observed when the dendritic protrusion
comes in contact with the stiff LLZO fibers.®":%>3* Propagation of lithium dendrites through soft
PEO does not produce enough mechanical stress to lead to plastic deformation of the metal. Also,
the plastic deformation of lithium becomes more prominent at higher current densities because
more lithium gets deposited at the protrusion tip at higher currents, which results in enhanced stress
and subsequently more plastic deformation.

Lower Coulombic efficiency in CPEs with ceramic fillers could be caused by two primary
factors. First, the lithium metal could be chemically reacting with the electrolyte, essentially losing
charge through corrosion in much the same way an SEI is formed. However, Figure 2b shows that
CPEs with and without high LLZO loading have the same chemical reactivity with Li metal, which
is not influenced by LLZO. If chemical reactivity was the primary cause for efficiency loss, then
one would expect the same CE values with any amount of LLZO since LLZO is known to be
kinetically stable against Li metal.®> Second, the plated lithium metal could be mechanically
broken or otherwise made unavailable by the nanofiber fillers to create dead lithium deposits in
the near-interface or bulk. If plated lithium forms filaments, these can easily penetrate the soft
polymer phase but will be blocked or split by the stronger LLZO. Along similar lines, LLZO
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particles may move into and break a lithium filament already formed in the polymer phase, the so-
called “razor effect” proposed by Mezzomo et al.** In either case, (dead) lithium metal deposits
should be contained around the LLZO nanofibers.

a) Pristine b) Pristine i
50.unum - - LaO* ———{50.00um C,Hs;O0*
Li,* i Li,*
° o @0t o
Li,* ' . i Li,*
]

Figure 7. ToF-SIMS Imaging of Dendrites in CPEs Elemental maps of a-b) an uncycled 50 wt%
LLZO CPE and c-d) cycled and shorted 50 wt% LLZO CPE. Images in a) and c) relate to the
overlap of Lis" and LLZO components alone; images in b) and d) relate to all polymer, Liz", and
LLZO components. Images are 2D reconstructions of the 3D sputtered data set by summing over
depth for each pixel; see Figure S12 for 3D reconstructions.

Table 1. List of masses and mass accuracies used in ToF-SIMS analysis and image generation.

Ion m/z Deviation (ppm)
Lis" 21.0515 191.4
C2Hs0" 45.0516 402.6
Zr 89.9357 350.3
LaO" 154.9744 475.9

To confirm this hypothesis, we purposefully generated dendrite-rich Li||[Li cells with 50
wt% LLZO CPEs with high-current cycling (Figure S10) and analyzed the CPE membrane with
ToF-SIMS imaging. Figure 7 shows elemental maps of pristine and cycled membranes with
C2HsO™ representing the PEO-based polymer phase, Zr" and LaO" representing the LLZO
nanofibers, and Li3" representing dense lithium clusters; the mass accuracies for these ions are
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given in Table 1. These 2D maps are reconstructions of the 3D image data by summing over depth
for each pixel and consequently are representative of material beyond the topmost surface. Since
Li" ions are distributed everywhere in the polymer and ceramic phases, the Lii" signal is not a
good measure for dendrite detection. Conversely, Lis* clusters are more representative of metallic
lithium or reacted products involving high concentrations of lithium (like SEI), as the Li atoms are
packed more closely and will be ablated as a small cluster more so than spatially separated Li"
ions.® Note that the sampling region for an individual ion impact is limited to only a few
nanometers, so that the probability of forming a Lis" cluster is low if Li is evenly dilute.
Comparison of Lii" and Li3" images are given in Figure S11, showing uniform Li1" distribution
from the bulk electrolyte does not yield the Li3" structures seen in the cycled CPE and indicating
that Li3" clusters only arise from structures formed during high current cycling. The overlap of Li”,
Liz", and LaO" and ZrO" signals in the pristine sample also show that the higher intensity Lis"
structures in the cycled case are not from LLZO.

Uncycled samples show overlapping signals from PEO and LLZO components, indicating
a homogeneous mixture of polymer and ceramic phases. The Lis" signal here is low (5-6 times
weaker than the cycled sample) since no Li metal is present but is shown in Figures 7a & 7b and
Figure S11 for comparison. In contrast, the cycled composite shows distinct heterogeneity. As
apparent in Figure 7¢, the LLZO signal is entirely separate from strong Li3" features, and only the
PEO signal overlaps significantly with Liz" as shown in Figure 7d. This suggests that Lis"
structures may preferentially grow through the polymer phase and around the fibers. Judging by
the segregation of the fibers from Figure 7a to Figure 7¢, the LLZO nanofibers either moved
away from or were directly pushed around as a result of the Li-dense structures during cycling.
Figure S12 shows this segregation of Li3", polymer, and LLZO in three dimensions. This is an
interesting phenomenon that may have implications for ion transport in the electrolyte long-term,
such as constricting the polymer pathways for Li" transport or shifting any LLZO microstructures
in the as-synthesized membranes that would be desired for fast ion conduction. Additionally, it is
clear in the cycled images that the Lis" structures branch or multiple structures form over the course
of cycling, since areas as large as 1000 pm? can be seen in the cross-section in different regions.
More ToF-SIMS images on separate regions (Figure S10) show similar trends across the whole
membrane area.

Effect of Filler Characteristics
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Figure 8. Role of Filler in CPE Performance Schematic of the proposed dendrite growth and
propagation mechanism with increasing LLZO nanofiber content. Increased filler leads to longer
pathways for dendrites to reach the positive electrode and boosts critical current density, but this
leads to more branched lithium deposits and thus lower Coulombic efficiency.

In a realistic three-dimensional PEO-LLZO composite electrolyte, branching of dendritic
protrusions is also possible when it encounters a LLZO fiber, which can effectively cause slowing
of dendrite growth due to the inherent tortuosity of the microstructure. A dendrite growing through
the polymer phase is blocked by the hard LLZO fiber, and so must grow around it, taking a longer
path in 3D space to the counter electrode than the linear path afforded by PEO-LiTFSI alone
(Figure 8). Separator tortuosity is known to inhibit dendrite formation and increase critical current
density in liquid electrolytes®® and non-Li‘-conducting ceramic-polymer composites,®’ and we
partially attribute the same phenomenon to the enhanced cycling seen in our CPEs. This
mechanism also explains the trend of CE with increasing nanofiber content. Tortuosity resulting
in dendrite branching would create thinner lithium deposits that are more prone to breaking into
dead lithium, explaining the lower CE when fibers are added. While we do not currently have the
computational capabilities to address this, it presents an important aspect of CPE design where
microstructure, in addition to conductivity and mechanical strength, should be a primary focus for
creating high efficiency solid-state lithium metal batteries. Gao ef al. recently reported design rules
for separator porosity, spacing, and thickness to limit dendrite propagation and dead lithium
formation;*® we believe these can be applied to Li*-conducting nanofiber structures in CPEs as
well. Our results also show that it is important to prevent dendrites from forming in the first place
— bulk microstructure may slow dendrite growth, but only a strong and homogeneous electrode-
electrolyte interface can ensure safe lithium metal cycling in the long term.

Changing the chemistry of the nanofiller will change the Li" conductivity and reactivity
toward lithium metal, both of which can influence dendrite propagation and Coulombic efficiency.
To retain the same fiber morphology and mechanical properties but vary surface chemistry and
block any possible Li* transport through the LLZO nanofibers, we fabricated nanofibers with a 7
nm AlO3 conformal coating and made 50 wt% ALO3@LLZO composite electrolytes. These
composites have similar bulk conductivity and interface impedance compared to those with
unmodified LLZO but have lower Li" transference numbers due to the blocking surface layer, as
shown in Figure S13. The critical current density of Li||Li and Cu]|Li cells remains around 180
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uA/cm?, the same range as neat 50 wt% LLZO CPEs, regardless of these chemical and Li*
conductivity differences. The Coulombic efficiency of a Cu||Li half cell with 50 wt%
ALO3@LLZO nanofibers is in the range of 60-73%, which is higher than the 60% endpoint CE
with unmodified fibers but lower than 88% CE with 0 wt% LLZO. The similar increase in current
density agrees with our dendrite propagation mechanism supported by computation and ToF-SIMS
imaging. The differences in CE at higher current densities may point to differences in lithium
filament propagation with different surface chemistries. Interestingly, if the lithium metal was
reacting chemically with the fibers, it is expected that Al2O3 coatings should lower the CE, since
Li metal can reduce Al2O3% but should be kinetically stable against LLZO. The experimental
observation of the opposite may point to differences in plastic deformation when contacting the
modified nanofibers, leading to lower surface area morphologies that are easier to strip than with
bare LLZO composites. More work into the effect of filler chemistry is needed to investigate these
more subtle differences in CE, but we believe the mechanism of microstructure being the main
determinant of CCD when dendrites are formed should hold for any filler.

Another important aspect of CPE design in general is the distribution of the ceramic filler
in the polymer matrix. The volume percent as well as spatial ordering of nanofibers can influence
both bulk ionic conductivity and interfacial lithium deposition behavior, both of which would
control Coulombic efficiency and overall cell lifetime. With respect to ionic conductivity, LLZO
distribution in the bulk electrolyte is important as far as establishing a percolation network’
between fillers to establish long-range Li* transport. If the nanofibers are separated in space, as
well as by polymer layers that have high barriers to Li* exchange between ceramic and polymer
phases, then the polymer phase will dominate ionic transport and have low conductivity.?° This is
seemingly the case for our composites, with a random distribution of fibers throughout the bulk
surrounded by PEO-LiTFSI (Figures S2-S4). Low Li" conductivity results in concentration
gradients that lead to dendrite formation, which will lead to dead lithium (lower cycle-to-cycle
efficiency) and short the cell (shorter lifetimes).

For lithium deposition morphology independent of conductivity, ceramic filler distribution
at the interface matters more than in the bulk. One can imagine “asymmetric” composite designs,
where a high volume fraction of ceramic nanofibers are segregated at the anode interface. This is
postulated to increase the mechanical strength near the surface,'® °! preventing dendrites by
physically blocking lithium penetration. Our results suggest that, unless the nanofibers
significantly contribute to ionic conductivity and suppress dendrites by preventing concentration
gradients, the mechanically heterogeneous microstructure of the composite would lead to a highly
tortuous pathway that would lead to dendrite fragmentation rather than direct mechanical
suppression of dendrites. Free nanofibers that experience uncontrolled Brownian motion in the
electrolyte are also responsible for the razor effect,®* so permanently holding the nanofibers in
place via covalent linkages to the particle surface and crosslinking the polymer matrix around this
scaffold*>* could help limit lithium loss.

Purposefully aligning nanofibers within the composite and at the interface is another
method proposed to control lithium growth. Plating within nanoscale, electrode-perpendicular
channels was shown with phase field models to prevent uncontrolled lithium dendrite growth,’!> 72
something also shown experimentally with silver electrodeposition in confined polymer electrolyte
channels.”> While conceptually interesting, this approach limits the volumetric density of the
lithium anode and may present problems during stripping for anode-free batteries. Lithium
deposition with separators having pores parallel to the electrode surface, analogous to aligning
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nanofibers in planes against the electrode, is predicted to control dendrite formation and even
revive dead lithium depending on the separator dimensions.®® Recent computational modelling
predicted that ceramic ordering at the lithium metal interface in composites can lead to
heterogeneous lithium plating due to uneven Li" transport, and that a polymer interlayer at the
interface — as fabricated from our composite production process — is one solution to this issue for
even lithium plating.”

Keeping in mind these nuances of inherently heterogeneous composite polymer
electrolytes, any significant benefits from ionic conductivity and dictated lithium deposition
should lead to more homogeneous, dense lithium deposits that should be easily stripped on
discharge. This would lead to increased Coulombic efficiency over many cycles, limiting lithium
inventory loss and extending battery lifetime. While these and similar electrolyte fabrication
schemes may be used to raise the efficiency from 80% to 90% or even 99%, the true challenge is
the “final hurdle” from 99% to >99.95%, the threshold for 60% capacity retention after 1000
cycles.

Conclusions

This work explores how the presence of LLZO filler in a composite polymer electrolyte
influences the growth of lithium dendrites and ultimately reduces Coulombic efficiency while
raising critical current density. We used roll-to-roll electrospinning and slot-die coating techniques
to manufacture composite polymer electrolytes with LLZO nanofiber ceramic additives in a PEO-
LiTFSI polymer matrix. While CPEs with and without LLZO show identical cell resistances and
similar bulk ionic conductivities, electrolytes with 50 wt% LLZO have three times higher critical
current densities than 0 wt% LLZO (140-180 pA/cm? vs. 40-80 pA/cm?), regardless of the
electrodes used. However, this comes at the cost of Coulombic efficiency, as demonstrated in
copper half cells where the CE drops from 88% at 0 wt% LLZO to below 60% at higher loadings.
Nanomechanical mapping of CPEs and mesoscale modelling of dendrite growth velocity show
that the inclusion of LLZO nanofibers does not increase the micro- or macroscopic stiffness of the
electrolyte to a high enough value to prevent dendrite propagation and cell shorting. Only the
inherent microstructure of the stiff LLZO fibers can explain the observed increase in CCD, where
the LLZO fibers cause the growing lithium filaments to slow down by plastically deforming and
growing around and/or pushing the fibers. ToF-SIMS imaging corroborates this interpretation,
with lithium-rich structures being found only in the polymer phase and apart from segregated
LLZO fibers after cycling at high currents. Although our work has not demonstrated Li"
conduction through LLZO fibers due to disconnection between fibers or low inherent ionic
conductivity, our result does not discredit the application of Li*-conducting ceramic fillers that
demonstrably improve CPE performance. Instead, we suggest that dendrite growth will be affected
by fillers in CPEs, and this influence is related to the filler's mechanical properties and shape in
addition to chemistry and ionic conductivity. This mechanism should be taken into account when
studying any composite electrolyte system, and making assumptions about the efficiency of the
electrolyte with lithium symmetric cells and full cells with excess lithium anodes should be
discouraged. We will apply the design rules learned here to more complex, better-performing
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LLZO-in-polymer structures developed by others to have totally integrated design for practical,
low-resistance, and efficient CPE applications.
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