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ABSTRACT: Solid-state electrolytes have attracted significant attention [BElaceEiet EMIMFS (P

for rechargeable lithium-ion batteries due to their potential to enable TR . [}{”F
higher energy density technologies and improve cell safety by removing L 8P Y
volatile liquid electrolytes. However, existing solid-state electrolyte AT
materials lack sufficient electrochemical performance or require

expensive and time-consuming processing methods that have prevented
their wide-scale adoption. Here, a blade-coatable hexagonal boron
nitride ionogel electrolyte is introduced that exhibits high room
temperature ionic conductivity (>1 mS cm™'), is stable against lithium
metal anodes, and can be applied over a wide area in a thin (<40 gm)
and crack-free film. Furthermore, this blade-coatable slurry has a tunable
viscosity to enable its use in existing battery manufacturing infra-
structure. The resulting blade-coated hBN ionogel electrolyte is
employed in a lithium metal battery with a LiFePO, cathode, exhibiting superlative rate capability at room temperature
with a 78% capacity retention after 500 cycles at a rate of 1C.
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ext-generation energy storage technologies are
Nnecessary to fulfill the ever-increasing demands for
electric vehicles, grid-level energy storage, and
portable electronic devices." Although traditional lithium-ion
batteries are widely available, they suffer from limitations in
energy density and poor safety due to the use of a volatile
liquid electrolyte.”” In recent years, lithium metal anodes have
gained interest since they offer an exceptionally high
theoretical specific capacity (3860 mAh g™') that is an order
of magnitude higher than incumbent graphitic anode materials
(372 mAh g_l).4_6 However, traditional organic liquid
electrolytes, when combined with a lithium—metal anode, are
susceptible to poor cycling stability and dendritic lithium
growth, which can result in internal short circuits and
catastrophic failure.” As a result, significant attention has
been devoted to solid-state electrolytes (SSEs) that enable the
use of lithium metal anodes while concurrently minimizing
flammability concerns by using nonvolatile components.®~"
Despite this promise, state-of-the-art SSEs suffer from a
combination of pitfalls including poor room-temperature ionic
conductivity, unstable interfaces with lithium-ion battery
electrode materials, and expensive, nonscalable processing
methods that have limited commercial viability."
Recent efforts have attempted to address the processing
limitations of SSEs to enable their introduction into mass-
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Specifically, it is necessary that the production of SSEs yields
a thin layer (<50 ﬂm) to maintain sufficiently high cell-level
energy densities.'® Since blade coating is a widely used and
well-understood additive manufacturing method that is
currently used to produce lithium-ion batteries, it is of high
interest to develop blade-coatable SSE slurries.'” Several
reports have used blade coating to demonstrate its Ipotentlal
for SSE matenals 1nclud1ng polymer comp051tes, S19 sul-
fides,”*"** ceramics,”* and sol— gel 1onogels However, these
reported examples possess one or more significant drawbacks
such as poor room-temperature ionic conductivity, energy and
time intensive post-processing, or instability with lithium metal
anodes, cathode electrode materials, or ambient air. In
contrast, nanocomposite ionogels, consisting of an ionic liquid
and an inorganic nanomaterial, offer several advantages that
can potentially resolve these issues.”””° For example, prior
work has shown that hexagonal boron nitride (hBN)
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Figure 1. Schematic illustration of the all-solid-state battery construction using the blade-coated hBN ionogel electrolyte. (a) hBN
nanoplatelets mixed with ionic liquid electrolyte (EMIM-FSI (3.5 M LiFSI)) and a diluent solvent (DMF). (b) Cathode composite blade-
coated, dried, and pressed before the hBN ionogel slurry is blade-coated and dried, leaving a thin SSE film on the cathode. (c) Electrolyte-
coated cathode is then assembled with a lithium metal anode and sealed inside the cell casing.
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Figure 2. Blade-coatable hBN ionogel slurry. (a) Scanning electron microscopy (SEM) of the exfoliated hBN nanoplatelets. (b) Photograph
of the final blade-coatable hBN ionogel slurry including 16.7 wt % hBN, 33.3 wt % EMIM-FSI (3.5 M LiFSI), and 50 wt % DMF as prepared
by centrifugal mixing with zirconia mixing balls. (c) Ionogel slurry viscosity as a function of shear rate and varying hBN content. (d) TGA of
the blade-coatable hBN ionogel slurry showing full removal of the DMF solvent at ~170 °C and the degradation of the ILE at ~225 °C,
leaving only the hBN nanoplatelets at higher temperatures. (e) FTIR spectra of various hBN ionogel slurry samples in addition to a dry
mixed hBN ionogel control. The initial slurry content of DMF (50 wt %) is reduced by >99% after drying at 160 °C for 30 min as evidenced
by the reduction in the peak height of the DMF carbonyl stretch at 1670 cm™".>” (f) Temperature dependence of ionic conductivity in the
hBN ionogel (33.4 wt % hBN and 66.6 wt % EMIM-FSI (3.5 M LiFSI)). The dashed line is a Vogel—Fulcher—Tammann (VFT) model fit to
6 = A exp[—B(T — T,)], where A, B, and T, are 48.8 mS cm™’, 231 K™', and 229 K, respectively.

nanoplatelets produced using a scalable liquid-phase exfoliation
process are suitable jonogel matrix materials, resulting in

excellent thermal stability, high ionic conductivity (>1 mS
cm™'), favorable mechanical modulus (>1 MPa), and a wide
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Figure 3. Blade-coated hBN ionogel. (a) Blade-coated hBN ionogel thickness measured by laser profilometry plotted as a function of the
blade height setting. LFP electrodes were blade coated with the hBN ionogel slurry and then dried at 160 °C for 30 min before the height
measurement. (b) Photograph of an LFP electrode blade-coated onto an aluminum current collector. (c) Blade-coated hBN ionogel on the
same LFP cathode. (d) SEM image of the blade-coated hBN ionogel slurry on an LFP cathode. (e) Cross-sectional SEM micrograph of an
LFPILi cell showing the hBN ionogel thickness and close interfacial contact to the LFP and Li electrodes. (f) Electrochemical impedance
spectroscopy (EIS) of LFPILi cells comparing the impedance of the hBN ionogel electrolyte applied by blade coating or by manual

deposition with a spatula and razor blade.

electrochemical stability window.>”® Despite these advan-

tages, a blade-coatable inorganic ionogel electrolyte without
time-consuming in situ gel formation has not yet been
reported.

Herein, we disclose the formulation of an hBN ionogel slurry
that yields a thin (<40 um) blade-coated SSE. A carefully
selected diluent solvent (i.e., N,N-dimethylformamide (DMF))
is used to reduce the viscosity of the ionogel to match that of
existing commercial blade-coating slurries used in high-
throughput coating equipment. The resulting slurry can be
coated directly onto cathode composite electrodes, providing
excellent interfacial contact with low impedance. Subsequently,
after the diluent solvent is thermally removed, the thin hBN
ionogel layer is free of cracks without the use of a polymeric
binder, thus maintaining high ionic conductivity and
mechanical modulus. These superlative properties are used
to demonstrate best-in-class LMB rate capability and cycle
stability using a LiFePO, (LFP) cathode at room temperature.

Figure 1 displays a schematic of the hBN ionogel slurry
preparation, application, drying, and use in an LMB. The slurry
consisting of hBN nanoplatelets (16.7 wt %), an ionic liquid
electrolyte (ILE, 33.3 wt %), and diluent solvent (50 wt %) was
prepared via centrifugal mixing to fully homogenize the slurry.
The ILE used in the slurry was 1-ethyl-3-methyl-imidazolium
bis(fluorosulfonyl)imide (EMIM-FSI) containing 3.5 M (50
mol %) lithium bis(fluorosulfonyl)imide (LiFSI) salt. EMIM-
FSI was chosen due to the relatively low viscosity and high
ionic conductivity of the imidazolium cation,””* while the ESI
anion has been shown to provide cathodic stability down to 0
V vs Li/Li*.*"** Furthermore, a high concentration of LiFSI
within an ILE enhances the stability of lithium plating® and
generates a favorable LiF-rich solid electrolyte interface (SEI)
with lithium metal.’* Nanoplatelets of hBN (Figure 2a),
prepared by scalable liquid-phase exfoliation, were used as the

1560

gelling matrix due to their desirable physical properties
including thermal stability, chemical inertness, electrically
insulating nature, and mechanical robustness.>> Moreover,
the insulating nature of the hBN nanoplatelets prevents any
undesired electrochemical reactions between the matrix and
lithium ions in the electrolyte along with inhibiting any
deleterious leakage current across the cell. In addition, the high
surface area of the hBN nanoplatelets has been shown to
generate strong interactions with the ILE, thus confining the
ionic liquid and generating a high mechanical modulus gel (>1
MPa).”’

The diluent solvent used in the slurry must be sufficiently
polar to create a well-mixed slurry (Supporting Information
Figure S1) as well as provide favorable thermodynamic
properties for thermal removal. DMF possesses sufficient
polarity to mix and disperse the hBN ionogel (Figure 2b and
Figure Sla), whereas nonpolar solvents such as heptane and
toluene (Figures Slb,c) are ineffective. Moreover, nonpolar
solvents are immiscible with the ILE, creating phase separation
between the ionogel and diluent solvent. The attributes of
DMEF allow for a range of slurry viscosities that are tuned on
the basis of the relative content of the hBN gelling matrix
(Figure 2c) and diluent solvent (Figure S2). If the hBN
loading is fixed at 16.7 wt %, Figure S3 shows that the viscosity
of the hBN ionogel slurry can be tuned with the diluent solvent
(50 wt % DMF) to match that of commercial cathode
composite slurries,® especially at the high shear rates that are
relevant to the rapid coating conditions used in existing
lithium-ion battery manufacturing infrastructure. Furthermore,
an additional advantage of DMF is its boiling point (T, = 153
°C), which is sufficiently high to prevent undesired excess
evaporation at room temperature (unlike 1,4-dioxane (T}, =
101 °C) shown in Figure S1d), but still well below the thermal
degradation limit of the ILE. Figure 2d presents the
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Figure 4. Electrochemical performance of the blade-coated hBN ionogel (33.4 wt % hBN and 66.6 wt % EMIM-FSI (3.5 M LiFSI)) in LFPILi
cells at room temperature (22 °C). (a) Rate capability at various charge/discharge rates and (b) corresponding voltage profiles of the cells.
(c) Comparison of recently published reports based on cycling stability of LFPILi cells with thin (<100 gm) SSEs operating at 20—30 °C.
Cycles completed refers to the maximum number of cycles reported during cycle stability testing at a given current density. The number
labels indicate the citation number. (d) Room-temperature cycling performance of LFPILi cells with the blade-coated hBN ionogel
electrolyte at a charge/discharge rate of 1C. (e) Selected charge/discharge voltage profiles from the 1C rate LFPILi cycling test.

thermogravimetric analysis (TGA) of the hBN ionogel slurry,
which shows that DMF is fully removed at ~170 °C, prior to
the onset of thermal degradation of EMIM-FSI and LiFSI at
~225 °C, above which only the hBN nanoplatelets remain
intact. Other polar solvents such as N-methylpyrrolidone
(NMP; Ty, = 202 °C) or ethyl lactate (EL; T, = 154 °C) also
mix well with the hBN ionogel (Figures Sle,f). However, the
boiling point of NMP is excessively high for efficient thermal
removal, while EL is a protic solvent that reacts rapidly with
lithium metal anodes. Fourier transform infrared (FTIR)
spectroscopy can be used to measure the residual DMF in the
resulting hBN ionogel after thermal drying (Figure 2e).
Heating the coated slurry at 160 °C for 30 min is sufficient
to remove >99% of the diluent solvent as calculated using the
peak height for the DMF carbonyl stretch at 1670 cm™".*” This
rapid removal of the diluent solvent occurs without the
introduction of additional FTIR peaks, suggesting the absence
of degradation products. The final blade-coated hBN jonogel
(33.4 wt % hBN) maintains both a high room temperature
ionic conductivity of 1.6 mS cm™" (Figure 2f and Figure S4)
and desirable mechanical properties such as a high mechanical
modulus exceeding 1 MPa (Figure SS). The storage modulus
of the gel is consistently higher than the loss modulus across
the entire range of frequency, indicating the solid nature of the
hBN ionogel electrolyte.

To ensure that a blade-coated SSE is viable for LMB
applications, the material must produce a high-quality film with
controllable thickness. To investigate the blade-coating
performance of the formulated hBN ionogel slurry, the final
thickness of the hBN ionogel films was measured using laser
profilometry for various blade settings. The resulting
calibration curve (Figure 3a) shows a linear response between
the blade setting and final coating thickness over the range of
5—125 pm. Panels b and ¢ of Figure 3 display images of a
blade-coated LFP cathode composite on an aluminum current
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collector before and after blade coating of the hBN ionogel.
The dried hBN ionogel is crack-free over large areas as
confirmed by optical microscopy (Figure S6). This cohesive
film was achieved without the use of a polymeric binder, which
is a key advantage since the use of a polymeric binder would
compromise the thermal stability of the SSE in addition to
diluting the percolating network of the high ionic conductivity
ILE and thus decreasing ionic conductivity. The crack-free
ionogel film can be attributed to the confinement of the ILE by
the hBN nanoplatelets as shown by SEM (Figure 3d). This
confinement results in the viscoelastic nature of the film,
allowing it to accommodate the removal of the diluent solvent.

The final thickness and interfacial impedance of the blade-
coated hBN ionogel were investigated since these parameters
determine the energy density and rate performance of LMB
cells. Since a preliminary study of bladed-coated hBN ionogel
film thickness revealed no significant advantage in rate
performance or cell impedance for thicknesses below 100
pum, a final thickness was chosen below the desired maximum
of S0 pum for cells with high specific capacity but sufficiently
thick to provide protection against incidental short circuiting.
A cross-sectional SEM micrograph of a blade-coated LFPI
ionogellLi cell stack is provided in Figure 3e. This image shows
that the final thickness of the blade-coated hBN ionogel is ~40
pum, which is within the desired regime for thin SSE films in
high energy density LMB cells (<50 um). Furthermore,
excellent interfacial contact is observed between the hBN
ionogel and the LFP cathode composite film. Similarly, the
hBN ionogel film achieves high conformality with the lithium
metal anode and its surface variations. Electrochemical
impedance spectroscopy (EIS) was then used to quantify the
interfacial impedance of an LFPILi cell containing a blade-
coated hBN ionogel film compared to an hBN ionogel layer
manually deposited using a spatula and razor blade (Figure 3f).
Equivalent circuit modeling of the EIS results (Figure S7)
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Figure S. High-temperature (60 °C) performance of LFPILi cells with the blade-coated hBN ionogel (33.4 wt % hBN and 66.6 wt % EMIM-
FSI (3.5 M LiFSI)). (a) Rate capability at various charge/discharge rates and (b) associated voltage profiles at 60 °C operation. (c)
Comparison of discharge capacity for room temperature and 60 °C operation at various C-rates. (d) High-temperature cycling stability of an
LFPILi cell with the blade-coated hBN ionogel electrolyte at a charge/discharge rate of 1C. (e) Selected charge/discharge voltage profiles

from the cycling stability testing of LFPILi cells.

reveals that the bulk resistance of the blade-coated ionogel is
approximately half of the manually deposited version (9 Q cm?*
vs 19 Q cm?), which is consistent with the blade-coated film
being significantly thinner (40 gm vs 300 ym). The superior
interfacial contact of the blade-coated hBN ionogel also yields
a 20% lower interfacial impedance compared to the manually
deposited hBN ionogel, resulting in a lower overall cell
impedance.

To confirm the electrochemical stability of the hBN ionogel
against lithium metal, cyclic voltammetry (CV) was performed
on stainless-steel (SS)lionogellLi cells between —0.2 and 3.0 V
vs Li/Li*. The resulting voltammogram (Figure S8) displays
only one reversible anodic and cathodic peak pair that
corresponds to lithium plating and stripping. Furthermore,
negligible change in current density is observed over five
cycles, indicating stability of the ILE with lithium metal, which
is consistent with previous reports.””’' Moreover, an addi-
tional advantage to the high-concentration ILE within the hBN
ionogel is enhanced anodic stability. Figure S9 shows the
results of linear sweep voltammetry (LSV) from 3 to 6 V vs Li/
Li" using a SSIhBN ionogellLi cell. The LSV curves compare
hBN ionogels containing 3.5 and 1 M LiFSI with the high-
concentration ILE exhibiting higher anodic stability (~4.5 V vs
Li/Li*) compared to the reference sample, which matches
previous reports of high-concentration electrolytes.”® Given
the anodic stability limit of the hBN ionogel, it is well-suited to
be paired with an LFP cathode within an LMB. Therefore,
cyclic voltammetry was performed on an LFPlionogellLi cell
between the voltage cutoffs of 2.5 and 4.0 V. The resulting
voltammogram (Figure S10) displays a set of anodic and
cathodic peaks representing lithiation and delithiation of the
LFP with consistent peak current density after five cycles. This
result further confirms the electrochemical stability of the
blade-coated ionogel within an LFPILi cell structure.

To test the cycling stability and rate performance of the
blade-coated hBN ionogel, LFPILi cells were constructed and
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galvanostatically cycled at room temperature (Figure 4). Figure
4a displays the rate test of the LFPILi cells with the blade-
coated hBN ionogel, which yields the expected gravimetric
capacity of 140 mAh g' at 0.1C and an excellent high-rate
performance of 106 mAh g™ at 1C. The charge and discharge
profiles at various C-rates are shown in Figure 4b, and the
expected LFP voltage plateaus at ~3.45 and ~3.39 V indicate
stable electrochemical operation in the cell. To test the cycling
stability of the blade-coated hBN ionogel, LFPILi cells were
cycled continuously at 1C (Figure 4d,e). After S00 cycles, the
capacity retention was 78% with an average Coulombic
efficiency of >99.99%. Significantly, the long-term cycling
stability test yielded no voltage fluctuations or short circuits
due to lithium dendrites, thus confirming the dendrite
resistance of the hBN ionogel. Furthermore, Figure 4c
compares this result with the cycling stability of recently
published work'”*"~>* using an LFPILi structure, thin (<100
um) SSE, and room-temperature cycling. Evidently, the
combination of high ionic conductivity and robust mechanical
properties of the blade-coated hBN ionogel results in best-in-
class cycling stability at the highest areal current density.
Although the data presented here use an LFP cathode, the
blade-coated hBN ionogel approach can be expanded to higher
voltage cathode materials using a layered heterostructure of
multiple ionogels as described in a previous report.”®

To demonstrate the thermal stability of the blade-coated
hBN ionogel, the rate performance and cycling stability of LFPI
Li cells were tested at an operating temperature of 60 °C
(Figure S). Due to the increased ionic conductivity at elevated
temperatures (Figure 2f) and further infiltration of the ILE into
the LFP cathode, the achievable gravimetric capacity increased
significantly to 160.5 mAh g™' at 0.1C and 142.7 mAh g™' at
1C, while maintaining an average Coulombic efficiency >
99.8%. These results represent increases in gravimetric capacity
of 14 and 33% at 0.1C and 1C, respectively. Furthermore, the
charge and discharge plateaus are well-behaved but exhibit
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reduced polarization, indicating a lower overpotential (Figure
5b) during high-temperature operation. The high-temperature
cycling stability of the blade-coated hBN ionogel was tested
through galvanostatic cycling of LFPILi cells at 60 °C with a
1C charge and discharge rate (Figures Sd,e). The resulting
capacity retention was 85% after 250 cycles with an average
Coulombic efficiency > 99.9%. These attributes display the
ability of the blade-coated hBN ionogel electrolyte to perform
beyond the temperature limitations of traditional organic liquid
electrolytes.

In conclusion, we have developed a blade-coatable hBN
ionogel slurry that yields thin, conformal solid-state electrolyte
films for high-performance LMBs. Compared to other
potential SSE technologies, this platform allows for the use
of existing lithium-ion battery manufacturing infrastructure
without requiring expensive and time-intensive processing
steps. Using a DMF diluent solvent, the viscosity of the hBN
ionogel slurry can be tuned to match that of commercially
coated materials and only requires a brief thermal treatment to
remove the solvent. The blade-coated hBN ionogel can be
applied in a thin (<40 pm) and crack-free film, enabling the
production of high energy density LMB cells. Additionally, the
resulting hBN ionogel electrolyte has sufficient mechanical
stiffness to inhibit the growth of lithium dendrites with a
storage modulus > 1 MPa, while also providing excellent
interfacial contact to composite cathodes and lithium metal
anodes. Beyond these favorable mechanical properties, the
ionic conductivity of the hBN ionogel remains high with values
of 1.6 and 5.5 mS cm™' at room temperature and 60 °C,
respectively. The resulting high-performance SSE is also
electrochemically stable against lithium metal, enabling its
utilization in LFPILi cells that can be cycled at 1C rate with a
78% capacity retention after 500 cycles at room temperature.
Additionally, the thermal stability of the hBN nanoplatelets
and ILE allows for operation of LFPILi cells at 60 °C with a
33% improvement in gravimetric capacity at 1C compared to
room temperature. Although these performance tests were
performed in a coin cell format, the large-area uniformity of
blade-coated hBN ionogels will allow them to be applied to
alternative battery geometries (e.g, pouch cells) as they
progress toward industrial-scale demonstrations. Overall, this
work establishes blade-coated hBN ionogels as an attractive
and scalable option for LMB solid-state electrolytes.
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