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ABSTRACT: Ionogel electrolytes present several benefits for solid-state
lithium-ion batteries including nonflammability, favorable electro-
chemical properties, and high thermal stability. However, limited
processing methods are currently available for ionogel electrolytes,
restricting their practical applications. Here, we present a screen-printable
ionogel electrolyte formulation based on hexagonal boron nitride (hBN)
nanoplatelets. To achieve screen-printable rheological properties, hBN
nanoplatelets are mixed with an imidazolium ionic liquid in ethyl lactate.

Following screen printing, the resulting spatially uniform and

mechanically flexible hBN ionogel electrolytes achieve high room-temperature ionic conductivities >1 mS cm™" and stiff mechanical
moduli >1 MPa. These hBN ionogel electrolytes enable the fabrication of fully screen-printed lithium-ion batteries with high cycling
stability, rate performance, and mechanical resilience against flexion and external forces, thus providing a robust energy storage
solution that is compatible with scalable additive manufacturing.

KEYWORDS: 2D materials, hBN nanoplatelet, ionic liquid gel, solid electrolyte, printed electronics, energy storage

C onsiderable attention has recently been directed toward
the development of solid-state electrolytes for lithium-ion
batteries (LIBs)."” Solid-state electrolytes address safety
concerns of conventional liquid electrolytes by eliminating
highly flammable carbonate solvents, allowing continuous
advances in LIB energy density. Moreover, solid-state electro-
lytes remove leakage issues and thus significantly reduce
packaging constraints, facilitating LIB production in a diverse
range of battery form factors. However, currently available solid-
state electrolytes based on inorganics and polymers face major
challenges for practical applications, including low ionic
conductivity, high interfacial resistance, and cumbersome
processing based on unconventional equipment and environ-
ments for battery manufacturing. Ionogel electrolytes, which are
composite electrolytes based on ionic liquids and gelling solid
matrices, have attracted significant interest due to their potential
to overcome these challenges.”* In contrast to conventional
liquid electrolytes, ionic liquids possess nonflammability,
negligible vapor pressure, and high thermal stability. By blending
ionic liquids with solid matrices, immobilization and gelation are
induced, resulting in a mechanically flexible solid-state electro-
lyte. Ionogel electrolytes have been explored using a range of
ionic liquids and solid matrices, achieving high ionic
conductivity, wide electrochemical stability windows, favorable
interfacial properties, and outstanding thermal stability.”~”
However, the development of ionogel electrolytes has typically
focused on electrolyte properties, whereas less attention has
been paid to their processing methods for practical production
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of LIBs, particularly using scalable additive manufacturing
methods.

Printing processes offer significant benefits for LIB
fabrication.'”"" For example, printing processes enable additive
manufacturing of LIBs, which minimizes materials waste and
thus results in higher sustainability and lower costs of
production when compared to traditional coating processes.'”
Moreover, printing processes are compatible with roll-to-roll
production formats, which accelerate LIB production and
consequently facilitate high-throughput manufacturing. To
realize printable LIBs, various strategies have been explored,
including inkjet, aerosol jet, screen, and three-dimensional
printing. °~"® Among these printing methods, screen printing is
particularly promising for LIB production due to its simplicity
and scalability. Screen printing is an established printing method
that deposits an ink through a screen mask composed of a mesh
and patterned stencil. Screen-printable inks require optimized
viscosities that are sufficiently low to allow the inks to pass
through the screen mesh but also sufficiently high to minimize
undesired ink spreading on the target substrate."” For screen-
printed LIBs, various electrode and electrolyte materials have
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Figure 1. Screen-printable hexagonal boron nitride (hBN) ionogel electrolytes. (a) Scanning electron microscopy image of hBN nanoplatelets used as
the gelling matrix for the ionogel electrolytes. (b) X-ray photoelectron spectroscopy and (c) Raman spectra of the hBN nanoplatelets. (d) Photograph
and (e) shear viscosity of the screen-printable hBN ionogel electrolyte ink. (f) Photograph of the screen-printed hBN ionogel electrolyte ina 2 X 2 cm

square pattern on an aluminum substrate.

been pursued,”” > but screen-printable ionogel electrolytes
have not yet been realized.

Here, we report the development of screen-printable ionogel
electrolytes using exfoliated hexagonal boron nitride (hBN)
nanoplatelets as the gelling matrix. In addition to hBN being
electrically insulating, chemically inert, thermally stable, and
mechanically robust, the nanoscale size and large surface area of
exfoliated hBN enable strong immobilization of ionic liquids
without significant disruption of ion conduction pathways,
yielding hBN ionogel electrolytes with high mechanical strength
and ionic conductivity.”® Screen-printable hBN ionogel electro-
lyte inks are prepared by dispersing hBN nanoplatelets and an
imidazolium ionic liquid in ethyl lactate, enabling optimized
viscosities for screen printing of spatially uniform and
mechanically flexible solid-state electrolytes. Employing these
hBN ionogel electrolyte inks, solid-state LIBs are screen-printed
with LiFePO, (LFP) cathodes and Li,Ti;O;, (LTO) anodes,
exhibiting high rate performance and excellent cycling stability.
Moreover, mechanical testing of the resulting screen-printed
LIBs reveals outstanding stability against bending deformation
and external forces, thus illustrating their suitability for
mechanically flexible applications.

The hBN ionogel electrolytes are based on exfoliated hBN
nanoplatelets (Figure la) and I-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) ionic liquids
containing 1 M lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI) salt. The hBN nanoplatelets were obtained from
bulk hBN microparticles using a previously reported solution-
based exfoliation method.”® Briefly, bulk hBN microparticles
were shear-mixed with ethyl cellulose (EC) and ethanol, and
exfoliated hBN/EC were collected by flocculation and
centrifugation. After EC was removed by annealing at 400 °C,
hBN nanoplatelets were obtained to prepare the hBN ionogel
electrolytes (see the Methods section in the Supporting
Information for more details). Figure 1b shows a survey X-ray
photoelectron spectroscopy (XPS) spectrum, where the B 1s
and N 1s peaks of the hBN nanoplatelets are evident at 189 and
397 eV, respectively.””** Additional low-intensity XPS peaks are
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observed for C 1s and O 1s because oxidized carbonaceous
residues remain on the surface of the hBN nanoplatelets
following pyrolysis of the stabilizing polymers used for the
solution-based exfoliation method.”® These oxidized carbona-
ceous residues facilitate strong chemical interactions between
the hBN nanoplatelets and the EMIM-TESI ionic liquid, thus
promoting strong gelation.”® Figure lc displays a Raman
spectrum of the hBN nanoplatelets with a characteristic peak
at 1368 cm™', which is assigned to the B—N vibrational (Ezg)
mode, as expected for hBN.””*°

To formulate screen-printable inks, the hBN nanoplatelets
and EMIM-TFSI/1 M LiTFSI were mixed with ethyl lactate in a
glass bottle, and the solution was agitated with a magnetic bar.
The ratio of the hBN nanoplatelets and EMIM-TFSI/1 M
LiTFSI was 1:2 by weight, and the concentration of the hBN
ionogel (i.e., hBN nanoplatelets and ionic liquid) in ethyl lactate
was 750 mg mL™". Figure 1d shows a photograph of the hBN
ionogel electrolyte ink. The ink viscosity (Figure le) was
measured to be 10 Pa s at a shear rate of 105" at 25 °C without a
significant temperature dependence for +10 °C. Furthermore,
the ink presented a shear thinning behavior with a power law
index (n) of 0.35 and a consistency index (K) of 44 Pa s,
according to the Ostwald-de Wale model
U= K}’n_l
where y and y are the ink viscosity and shear rate, respectively.
Shear thinning rheological properties are desirable for screen-
printable inks because the decreased viscosity at high shear rates
eases ink penetration through the screen mesh during the screen
printing process.31’3'2

After screen printing, the substrates were annealed at 160 °C
for 30 min to remove ethyl lactate, generating spatially uniform
and mechanically flexible hBN ionogel electrolytes, as shown in
Figure 1f. The storage modulus (G’) of the hBN ionogel
electrolytes was higher than the loss modulus (G”) with limited
frequency and temperature dependence (Figure S1, Supporting
Information), revealing reliable solid-like behavior. The hBN
ionogel electrolytes also simultaneously exhibited desirable
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Figure 2. Screen-printed electrodes and electrolytes. (a) Schematic diagram for printing a LiFePO, (LFP) cathode and the hBN ionogel electrolyte on
an aluminum substrate. (b) Schematic diagram for printing a Li, TisO;, (LTO) anode and the hBN ionogel electrolyte on an aluminum substrate.
Photographs of an aluminum substrate after printing the (c) LFP cathode and (d) hBN ionogel electrolyte. Photographs of an aluminum substrate after
printing the (e) LTO anode and (f) hBN ionogel electrolyte. (g) Charge—discharge voltage profiles of half-cells using the printed LFP/hBN ionogel
and LTO/hBN ionogel. The half-cells were measured at room temperature (RT) with a charge—discharge rate of 0.1C.
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Figure 3. Electrochemical performance of screen-printed LFP/LTO full-cells using the hBN ionogel electrolytes. Charge—discharge voltage profiles at
(a) room temperature and (b) 60 °C. (c) Comparison of the rate capability at room temperature and 60 °C. (d) Cycling performance and (e)
differential capacity (dQ/dV) curves at room temperature with a charge—discharge rate of 0.3C. (f) Cycling performance and (g) differential capacity
curves at 60 °C with a charge—discharge rate of 1C.
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Figure 4. Mechanical deformation testing of screen-printed LFP/LTO full-cells using the hBN ionogel electrolytes. (a) Schematic for bending toward
the cathode. (b) Photograph of the screen-printed LIB powering a light-emitting diode during bending. (c) Nyquist plots of the screen-printed LIB
before/during bending and after 200 bending cycles. The 200 bending cycles include 100 bending cycles toward the cathode and 100 bending cycles
toward the anode, with a bending radius (R) of 14 mm. (d) Schematic for pressing the battery. (e) Photograph of the screen-printed LIB while being
pressed with a force over 500 N, showing an open-circuit voltage (OCV) of 1.884 V. (f) OCV of the screen-printed LIB while being pressed with forces
ranging from 0 to S00 N five times. (g) Schematic for pressing the screen-printed LIB on a hot plate. (h) Photograph and (i) charge—discharge voltage
profiles of the screen-printed LIB while being compressed with a force over 200 N on a hot plate at 100 °C.

mechanical moduli (G’) exceeding 1 MPa and high ionic
conductivities exceeding 1 mS cm™ at room temperature
(Figure S2, Supporting Information), which can be attributed to
the nanostructured hBN solid matrix.”® The exfoliated hBN
nanoplatelets provide a large surface area to promote
interactions with the ionic liquid for stronger gelation,
enhancing the mechanical strength of the hBN ionogel
electrolytes. In addition, their nanoscale size minimizes
disruption of ion conduction pathways, allowing mechanical
property enhancement without compromising ionic conductiv-
ity. Hence, while traditional ionogel electrolytes have shown a
trade-off between their mechanical strength and ionic
conductivity, the exfoliated hBN nanoplatelets enable the
fabrication of ionogel electrolytes that possess concurrently
high mechanical moduli and ionic conductivities.”®

Figure 2a,b depicts the screen printing fabrication process for
solid-state LIBs using the hBN ionogel electrolytes. On an
aluminum substrate, LFP (Figure 2c) is first screen-printed as
the cathode, and then, the hBN ionogel electrolyte (Figure 2d) is
screen-printed on top of the cathode. On another aluminum
substrate, LTO (Figure 2e) is first screen-printed as the anode,
and then, the hBN ionogel electrolyte (Figure 2f) is screen-
printed on top of the anode. The LFP and LTO inks (Figure S3,
Supporting Information) were prepared with the active
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materials, carbon black and poly(vinylidene fluoride) in a
weight ratio of 8:1:1, employing 1-methyl-2-pyrrolidinone as a
solvent. The LFP and LTO electrodes were deposited in a
circular pattern with a diameter of 1.2 cm, and their loading was
S mg cm 2. The thickness of the hBN ionogel electrolytes on
both the cathode and anode was 15 pm, which was sufficiently
thick to uniformly cover the microporous electrodes (Figure
2d,f). In addition, while the electrodes were printed in air, the
hBN ionogel electrolytes were printed in an argon-filled
glovebox to minimize air exposure. Prior to the fabrication of
LIB full-cells, LIB half-cells based on the screen-printed LFP/
hBN ionogel and LTO/hBN ionogel samples were tested to
evaluate the lithium-ion capacity of the screen-printed electro-
des in combination with the screen-printed hBN ionogel
electrolytes. As shown in Figure 2g, the specific discharge
capacities were measured to be 147 and 149 mAh g ™" at 0.1C for
the LFP and LTO half-cells, respectively. Furthermore, both the
LFP and LTO half-cells exhibited typical charge—discharge
voltage profiles with well-defined plateaus, revealing the effective
electrochemical operation of the screen-printed electrodes and
electrolytes.

LFP/LTO full-cells were fabricated by sandwiching the
screen-printed LFP/ionogel and LTO/ionogel (Figure $4,
Supporting Information). Figure 3ab displays the charge—
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discharge voltage profiles of the LFP/LTO full-cells measured at
room temperature and 60 °C, respectively, with various charge—
discharge rates. At room temperature, the specific discharge
capacity of the LFP/LTO full-cell was 137 mAh g™' at 0.1C,
which remained higher than 100 mAh g™ at rates up to 0.5C.
This favorable rate performance for a solid-state LIB can be
attributed to the high room-temperature ionic conductivity of
the hBN ionogel electrolytes. In addition, the specific discharge
capacity at 60 °C was 141 mAh g™' at 0.1C, which remained
higher than 100 mAh g™" at rates up to 2C. The improved rate
capability at 60 °C compared to room temperature (Figure 3c)
originates from the improved ionic conductivity of the hBN
ionogel electrolytes at elevated temperatures (Figure S2,
Supporting Information).

The cycling performance of the screen-printed LFP/LTO
full-cells was also evaluated at room temperature and 60 °C.
Figure 3d displays the specific discharge capacity and
Coulombic efficiency for 300 cycles at 0.3C at room temperature
(Figure SS, Supporting Information). The initial discharge
capacity was 124 mAh g~', and >85% of the initial capacity was
retained after 300 cycles, which is equivalent to a capacity loss of
less than 0.05% per cycle. In addition, the average Coulombic
efficiency for the 300 cycles exceeded 99.9%. Figure 3e shows
differential capacity curves of the printed LFP/LTO battery up
to 300 cycles, where the peaks at 1.94 and 1.74 V are associated
with the voltage plateaus for charging and discharging,
respectively. The two major peaks showed minimal shifting
during the cycling test, implying negligible changes in the LIB
operating voltage and providing additional evidence of the
outstanding cycling stability of screen-printed LIBs based on
hBN ionogel electrolytes. Moreover, Figure 3f presents the
specific discharge capacity and Coulombic efficiency of the
screen-printed LFP/LTO full-cell for 500 cycles at 60 °C and a
1C rate (Figure S6, Supporting Information). The initial
discharge capacity was 120 mAh g™', and >82% of the initial
capacity was retained after 500 cycles, which is equivalent to a
capacity loss of less than 0.04% per cycle. In addition, the average
Coulombic efficiency for this 500 cycle test exceeded 99.5%.
Similar to the room-temperature results, the differential capacity
curves at 60 °C (Figure 3g) presented minimal peak shifting for
both the charging and discharging processes. Overall, the
electrochemical characterization showed excellent cycling
stability of the screen-printed LIBs both at room temperature
and at elevated temperatures.

Table S1 (Supporting Information) compares the electro-
chemical performance of the screen-printed LFP/LTO full-cells
based on the hBN ionogel electrolyte with literature precedent,
revealing superior performance compared to previous printed
LIBs using LFP and LTO electrodes in combination with other
ionogel electrolytes.””** In particular, whereas previously
reported printed LIBs have typically only been tested at low
rates near 0.1C at room temperature, the screen-printed LFP/
LTO full-cells based on the hBN ionogel electrolytes exhibited
favorable capacity at higher rates up to 0.5C at room
temperature in addition to even higher rate performance up to
2C at 60 °C. Furthermore, the printed LFP/LTO full-cells based
on the hBN ionogel electrolytes showed significantly improved
cycle life in comparison to previously reported printed LFP/
LTO full-cells. This unprecedented electrochemical perform-
ance can be attributed to the high ionic conductivity and
electrochemical stability of the hBN ionogel electrolytes.

The mechanically deformable nature of the hBN ionogel
electrolytes presents additional opportunities for mechanically
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flexible energy storage applications. To demonstrate the
mechanical flexibility of the screen-printed LFP/LTO full-cells
based on the hBN ionogel electrolytes, bending tests (Figure
4a,b) were performed after the screen-printed LIBs were
packaged in sealed plastic bags (Figure S7, Supporting
Information). Videos S1 and S2 show the screen-printed LFP/
LTO full-cells during the bending tests, where the screen-
printed LIBs were repeatedly bent toward the cathode (Video
S1) and anode (Video S2) while being connected to light-
emitting diodes (LEDs). Both videos show that the screen-
printed LIBs maintain constant power for the LEDs without any
observable changes in the LED brightness during repeated
bending, thus revealing outstanding bending tolerance regard-
less of the bending direction. In addition, the bending stability
was further confirmed by performing electrochemical impe-
dance spectroscopy analysis during the bending tests. Figure 4c
displays Nyquist plots of the screen-printed LIBs before and
during bending and also after 200 bending cycles (i.e., 100
bending cycles toward the cathode and 100 bending cycles
toward the anode) with a bending radius of 14 mm. The
negligible change of the Nyquist plots implies that the hBN
ionogel electrolytes allow stable bending deformation without
compromising the interfaces between the screen-printed
layers.>> Moreover, the screen-printed LIBs were functional
even after folding in half, as shown in Figure S8 (Supporting
Information).

In addition to high stability during mechanical deformation,
the high mechanical modulus of the hBN ionogel electrolytes
provides resilience in the presence of external forces. This
attribute is important, since mechanically flexible LIBs are not
packaged in hard cases that provide mechanical protection.
Furthermore, compared to conventional liquid electrolytes used
in combination with membrane separators, the hBN ionogel
electrolyte serves as both an ion conductor and a separator.
Hence, their mechanical strength is crucial to maintain the
separation of the cathode and anode electrodes and thereby
avoid short circuits in the presence of external forces. To
demonstrate this resilience, pressing tests (Figure 4d) were
performed for the screen-printed LFP/LTO full-cells, where
compressive forces were applied while the open-circuit voltage
(OCV) was monitored (Figure 4e). The compressive forces
were gradually raised to 500 N, which corresponds to a pressure
of 4.5 MPa with a contact area of 1.1 cm?. As shown in Figure 4f,
the screen-printed LIBs did not exhibit any signs of failure or
significant changes in OCV, implying that the hBN ionogel
electrolytes withstood the high pressure and thus inhibited the
external forces from forming short circuits between the cathode
and anode electrodes. Repeated application of these compres-
sive forces (Figure 4f) also did not result in noticeable changes in
OCYV, further verifying high resilience against external forces.

The hBN ionogel electrolytes maintain their high mechanical
moduli exceeding 1 MPa to temperatures as high as 140 °C, as
shown in Figure S1 (Supporting Information). This temperature
invariance of the hBN ionogel mechanical strength suggests that
screen-printed LIBs will retain their outstanding mechanical
stability for high-temperature applications. To confirm this high-
temperature mechanical stability, pressing tests were repeated
while the screen-printed LFP/LTO full-cells were heated, as
shown in Figure 4gh. In this case, a compressive force of 200 N
(pressure of 1.8 MPa with a contact area of 1.1 cm”) was applied
to the screen-printed LIB on a hot plate at 100 °C. Figure 4i
displays the resulting charge—discharge voltage profiles at a rate
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of 2C, revealing normal LIB operation without voltage
instabilities.

In summary, we have developed screen-printable hBN ionogel
electrolytes that are suitable for mechanically deformable solid-
state LIBs. Screen-printable hBN ionogel electrolyte inks were
formulated by mixing solution-exfoliated hBN nanoplatelets,
EMIM-TESI/1 M LiTFS], and ethyl lactate, resulting in a
viscosity of 10 Pa s at a shear rate of 10 s~' with shear thinning
behavior. These inks enable screen printing of spatially uniform
and mechanically flexible hBN ionogel electrolytes that possess
high room-temperature ionic conductivities >1 mS cm™' and
stiff mechanical moduli >1 MPa. Using the hBN ionogel
electrolytes, screen-printed LIBs were fabricated with LFP
cathode and LTO anode electrodes that exhibited desirable rate
performance and cycling stability at both room and elevated
temperatures. Furthermore, bending and pressing tests revealed
outstanding mechanical resilience of the screen-printed LIBs
against bending deformation and external compressive forces,
which can be ascribed to the high mechanical flexibility and
strength of the hBN ionogel electrolytes. Overall, this work
establishes screen-printable hBN ionogel electrolytes as
enabling materials for mechanically deformable solid-state LIB
technologies.
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