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for lithium-metal batteries (LMBs) due to their stability with
lithium metal. However, the low thermal conductivity of polymer
electrolytes poses a significant barrier to minimizing the formation
of local hot spots during electrochemical reactions in lithium
batteries that may lead to dendritic plating of Li or thermal
runaway events. Electrolyte nanocomposites with proper distribu-
tion of thermally conductive nanomaterials offer an opportunity to
address this shortcoming. Utilizing a custom-designed direct ink
writing (DIW) process, we show that highly aligned boron nitride
(BN) nanosheets can be embedded in poly(vinylidene fluoride-
hexafluoropropylene) (PVdF) polymer composite electrolytes
(CPE-BN), enabling novel architectural designs for safe Li-metal batteries. It is observed that the CPE-BN electrolytes possess a
400% increase in their in-plane thermal conductivity, which enables faster heat distribution in the CPE-BN electrolyte compared to
the polymer electrolytes without BN nanosheets. The CPE-BN containing symmetric lithium cell exhibits stable Li plating/stripping
for over 2000 cycles without short-circuiting due to the suppression of dendritic lithium. The lithium-ion half-cells made with the
CPE-BN show stable cycling performance at 1C charge—discharge rate for 250 cycles with 90% capacity retention. This reported
DIW-printed PVdF composite polymer electrolyte could be used as a model for developing new architectures for other electrolytes
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or electrodes, thus enabling new chemistry and improved performances in energy-storage devices.

3D printing, lithium-metal batteries, boron nitride nanosheets, heat distribution

Polymer-based electrolytes are ideal candidates for three-
dimensional (3D) printing due to their desired viscoelastic
properties and low melting temperature.' > Among the various
choices for polymer electrolytes, the poly (vinylidene fluoride-
hexafluoropropylene) (PVdF) polymer has desired viscoelastic
properties such as high viscosity and shear thinning behavior,
enabling extrusion-based 3D printing."* PVdF is also well
known for its high mechanical properties, providing structural
support and superior electrochemical stability.” The use of
PVdF-based polymer electrolytes is particularly important for
lithium-metal batteries (LMBs) due to their stability with
lithium metal anode resulting from a strong electron—
withdrawing functional group (—C-F) in the matrix.”” Despite
being a promising electrolyte for 3D printing, low thermal
conductivity in such polymers poses limitations in heat
dissemination (local hot spots) during battery operation that
may lead to battery failure and thermal runaway.” In addition,
PVdF electrolytes show very low ionic conductivity, which can
be boosted with the use of nanomaterials.”"’

Reinforcing PVAF polymers by incorporating thermally
conductive two-dimensional (2D) materials is a promising
approach to boost the thermal conductivity, mechanical
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strength, and electrochemical properties of PVdF polymers.
To this end, BN nanosheets have shown potential as coating
and additives for battery separators and electrolytes."'~'* BN
nanosheets possess impressive mechanical strength (Young’s
modulus 0.8 TPa, elastic modulus 510 N/m), high thermal
conductivity (2000 Wm™" K™'), high band gap (5—6 eV),
electrochemical stability, and Li* ion transport properties.'> A
bilayer separator was developed by sandwiching polyethylene-
BN composite and PVdF to suppress dendritic lithium
growth.'"* BN nanosheets have also been incorporated into
gel-polymer electrolytes (GPEs) to facilitate Li* ion trans-
portation. The ionic conductivity and Li* ion transference
number of composite GPEs were significantly increased due to
BN
nanosheets have also been used in fabricating thermal-

the Lewis acidic characteristic of BN nanosheets.'
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CPE-BN ink

Dispersion of BN

Figure 1. Ilustration of the solvent-free DIW process to print highly aligned BN nanosheets in electrolyte film. (a) Schematic showing the
automatically aligned BN nanosheets via shearing forces inside the extrusion nozzle. The inset schematic shows that BN nanosheets are dispersed
into polymer electrolyte ink (top), BN nanosheets are aligned in the extrusion nozzle due to the shear force (middle), and printed polymer
electrolytes have aligned BN nanosheets. (b) Digital images of the electrolyte film printing during the different stages of the DIW process.

regulated textiles to improve the thermal transport properties
of materials for personal cooling.'”

In previous work, we demonstrated our success in 3D
printing of PVdF electrolytes reinforced with titanium dioxide
nanoparticles to boost the ionic conductivity of PVAE."® In
another study, we showed that our printing approach could be
integrated with UV to chemically crosslink poly(ethylene
oxide) (PEO)-based composite electrolytes reinforced with
BN nanosheets.' However, the DIW printing of BN
nanosheets incorporated PVdF polymer electrolytes without
chemical crosslinking has not been reported yet. The
elimination of the chemical crosslinking step improves the
scalability and reduces the manufacturing cost of polymer
batteries. Interestingly, several reports of PVdF-based polymer
electrolytes were developed using conventional methods (i.e.,
solution casting and spin coating).'”~*' However, conventional
methods lack control over the architectural design of
microstructure constituents that are critical for achievin
conformal designs of batteries or boosting their performance.”
3D printing technique, like the DIW process, is poised to
overcome these challenges and manufacture materials with
new architectures, diverse shapes, and great ﬂexibility.23

Here, we show that aligned BN nanosheets are incorporated
in PVdF during the direct ink writing (DIW) process without
the need for chemical crosslinking (or covalent crosslinking).
We demonstrate that the thermal properties, rate capability,
and long-term cycling performance of LMBs can significantly
be improved in PVAF + BN electrolytes in comparison to
PVdE polymer electrolytes without BN nanosheets. The
thermal safety of the printed electrolytes was studied by
characterizing: (i) the thermal conductivity using a laser-flash
technique, (ii) thermal maps using a point laser heating source,
(iii) the thermal shrinkage, and (iv) cycling at high
temperature (i.e., SO °C). Moreover, the printed electrolytes
were characterized for electrochemical performances: (i)
galvanostatic cycling with both Li || electrolyte || Li symmetric
and Li || electrolyte || lithium iron phosphate (LFP) half-cell
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configuration and (ii) shorting test. This study will also offer
fundamental insight into the multifunctional characteristics of
BN nanosheets for synthesizing thermally safe polymer
electrolytes.

Figure 1 presents a schematic diagram of the solvent-free
approach of the DIW process for printing polymer electrolytes
at elevated temperatures. This solvent-free approach of
printing electrolyte ink is beneficial for eliminating post-
processing and enables multilayered device fabrication without
complexity."® Post-processing such as heat treatment or freeze-
drying involves solvent removal from printed 3D structures,
leading to structural distortion.'® Our developed in-house
temperature-controlled DIW process uses a solvent-free
approach of printing electrolyte ink on substrates such as
stainless steel, glass, or directly on the electrode, thus
eliminating post-processing. The DIW process was developed
by a robotic deposition system, including a three-axis direction
stage, built-in controller, pneumatic dispenser, syringes,
stainless steel blunt dispensing-nozzle, and a customized
heating block."® The detailed procedure of printing electrolyte
ink is described in the Experimental Section.

Two types of electrolyte inks were synthesized for this study:
PVdF composite polymer electrolyte (CPE) and CPE with
functionalized BN nanosheets (CPE-BN) inks. The CPE ink
was formulated by dispersing lithium bis(trifltuoromethane-
sulfonyl)imide (LiTFSI) salt in a mixture of PVdF polymer
matrix and N-Propyl-N-methylpyrrolidinium bis-
(trifluoromethanesulfonyl)imide (Pyr;5-TFSI) ionic liquid
with the help of N-methyl-2-pyrrolidone (NMP) solvent
(Figure S2). While the electrolyte components were mixed
using NMP solvent to prepare a homogeneous solution
mixture, the solution mixtures were subsequently heated at
90 °C for 96 h to remove the solvent. Thermogravimetric
analysis (Figure S3) indicates that the solid-like mixture
(electrolyte ink) is free from NMP solvent. This electrolyte ink
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Figure 2. Rheological properties of PVAF composite polymer electrolyte inks. (a) Complex viscosity of CPE and CPE-BN inks as a function of
temperature, showing 120 °C as the optimal temperature for printing. (b) Apparent viscosities of CPE and CPE-BN inks as a function of shear rate
at 120 °C. (c, d) Storage modulus, G’ and loss modulus, G” as a function of shear stress for CPE and CPE-BN inks.

was later used to print the electrolytes (CPE and CPE-BN)
using DIW techniques at 120 °C. Pyr;3-TFSI ionic liquid was
added into the PVAF matrix to steer the rheological properties
and improve the safety and Li* ion conductivity of the
electrolyte inks.”* The Pyr;;-TESI ionic liquid is also well
known for dissolving the LiTFSI lithium salts, facilitating Li*
ion transportation through the electrolyte ink.”*

CPE-BN inks were synthesized using 0.5 wt % silane-
functionalized BN nanosheets. The lack of functional
molecular presence on nonfunctionalized BN (pristine BN)
nanosheets surface leads to weak molecular interaction at the
PVAF-BN interface, resulting in inferior mechanical, thermal,
and electrochemical properties of the electrolytes.'> Therefore,
silane-functionalized BN nanosheets were utilized to formulate
CPE-BN electrolytes. Silane-functional groups were chosen to
functionalize BN nanosheets (characterization of silane-
functionalized BN nanosheets are provided in Figure S$4,
Supporting Information) since it has both nonpolar alkyl
molecules (—R), which are compatible with the nonpolar
molecule (—CH,—) of PVdF and polar molecules (O,), which
facilitate in H-bond formation with polar part of PVdF (—F).
In addition, the electronegative molecules can also attach with
TFSI™ anions, thus releasing free Li* ions and increase ionic
conductivity.” As a result, the mechanical and electrochemical
properties of CPE reinforced with silane-functionalized BN are
superior compared to the pristine BN nanosheets, as evidenced
from Figures S5, S6, and Table S1. The silane coupling agent
also reduces thermal interfacial resistance at the polymer-BN
interface, resulting in an enhanced thermal conductivity of the
composites, as reported in our previous publication.”® To find
out the optimum amount of functionalized BN nanosheets
loading, the ionic conductivity of CPE with 0 to 1.0 wt %
functionalized BN nanosheets were measured. As evidenced
from experimental results (Figure S7, Supporting Informa-
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tion), the optimum 0.5 wt % functionalized BN nanosheets
result in the maximum ionic conductivity (6.74 X 10™* S/cm).
The detailed procedure for synthesizing the electrolyte inks is
provided in the Experimental Section (Supporting Informa-
tion).

The rheological properties of inks, including their complex-
apparent viscosities and storage-loss moduli, are important
parameters that are tailored to design an ink for extrusion-
based printing.” The complex viscosities of CPE and CPE-BN
inks were measured by heating the samples from 30 to 140 °C
at a heating rate of 3 °C per minute and plotted in Figure 2a.
As demonstrated, the complex viscosities of both inks were
decreased slowly with the increasing temperature up to 80 °C.
However, the viscosity decreased rapidly in the temperature
region from 80 to 110 °C, indicating liquid-like behavior at 120
°C. Therefore, the printing temperature for both CPE and
CPE-BN inks was set at 120 °C, providing an ideal condition
for the continuous filament formation without clogging during
electrolyte printing. Further, the apparent viscosities of both
inks show shear thinning behavior at 120 °C, enabling printing
complex 3D architecture on the substrate (Figure 2b).2
Compared to CPE, the high viscosity of CPE-BN inks
indicates the physisorption of PVdF molecular chains onto
the BN nanosheets surfaces. At a high shear rate, i.e, 0.3 s,
the viscosity decreased, which can be explained by the
reduction of entanglement density. Figure 2c,d shows the
storage and loss modulus as a function of shear stress at 120
°C. Both CPE and CPE-BN inks storage modulus are higher
than loss modulus in the 0.1—100 Pa shear stress region,
indicating solid-like behavior, suitable for maintaining the 3D
structure after extrusion. On the other hand, loss modulus is
higher than the storage modulus at high shear stress (i.e., 100—
1000 Pa), indicating liquid-like behavior, which is beneficial to
ink flow through the nozzle during printing. Considering the
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Figure 3. Electrochemical and mechanical characterization of the synthesized CPE and CPE-BN electrolytes. (a) Cyclic voltammograms (CV) of
the Li || electrolyte || LEP cells with a scan rate of 1.0 mV s™', showing symmetric peaks. (b) Direct current polarization (DCP) tests of the SS ||
electrolyte || SS cells with a polarization voltage of 0.5 V to measure the electrical conductivity of the electrolytes. (c) Linear sweep voltammetry
(LSV) of the Li || electrolyte || SS cells showing electrochemical stability window in the potential range of 3—6 V with a scan rate of 1.0 mV s™". (d)
Impedance spectroscopy results of the symmetric SS || electrolyte || SS cells with CPE and CPE-BN electrolytes. (e) Stress—strain test results of the

CPE and CPE-BN.

rtheological properties of both inks, the printing parameters
were set to extrude through the nozzle, and electrolyte films
were printed onto different substrates, including stainless steel
(SS), glass, and electrode materials. The printed electrolyte
films are self-standing and flexible, as shown in Figure S8,
which are necessary for developing energy storage devices.
Their surface morphology of the printed electrolytes shows
that the pore sizes of CPE and CPE-BN can accommodate all
Pyr;;", TESI", and Li* ions because of their much larger size
compared to the ion sizes (Figure S9).

The synthesized polymer electrolytes were characterized to
ensure their electrochemical suitability in energy storage
devices. Cyclic voltammetry (CV) test was performed to
observe the intercalation and deintercalation in the LFP
cathode. As demonstrated in Figure 3a, cells containing both
CPE and CPE-BN electrolytes show symmetric redox
(oxidation at 3.95 V and reduction at 2.87 V) peaks, indicating
reversibility of Li* ion intercalation and deintercalation with
the LFP lattice structure. This points to the successful Li" ion
shuttling through the synthesized polymer electrolytes (Figure
3a). There were no additional peaks observed, confirming the
absence of side reactions. The electrolytes were further
characterized by a direct current (DC) polarization test using
a SS || electrolyte || SS symmetric cell. These cells were tested
with a polarization voltage of 0.5 V to measure the electrical
conductivity of the printed electrolytes. The calculated
electrical conductivity of CPE and CPE-BN is 5.3 x 1077
and 4.1 X 1077 S/cm, respectively, confirming the electrical
nonconductivity of the electrolytes (Figure 3b). Therefore, the
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printed electrolytes can be used for safe Li* ion transportation
without any internal short circuit.”®

The electrochemical stabilities of CPE and CPE-BN
electrolytes were evaluated by measuring linear sweep
voltammetry (LSV), with a scan rate of 1.0 mV s™' (Figure
3c). During the scan, an oxidative current starts to increase at
4.8 V (vs Li/Li") for the CPE electrolyte (inset of Figure 3c),
indicating the onset of the oxidative decomposition of the
electrolytes.”” In sharp contrast, CPE-BN is stable up to 5.0 V
(vs Li/Li*), indicating the decomposition voltage of CPE-BN
is higher than CPE. The excellent electrochemical stability of
CPE-BN is likely originated from the solid dipole—dipole
interaction between the functionalized BN and electrolyte
components such as LiTFSI and PVdF. PVdF polymer has
polar molecules that could interact with polar molecules of
functionalized BN, increasing the electron transition energy
level of PVAF decomposition and increasing the electro-
chemical stability of the electrolytes.’”*" Such dipole—dipole
interaction could also lead to forming a complexation between
TFSI” anion and functionalized BN, resulting in the
retardation of decomposition of TESI™ anions and increased
electrochemical stability of the electrolyte.’® As a result of
having higher electrochemical stability, CPE-BN electrolytes
could have an electrochemical operation with a broader voltage
window, enabling its use with high energy density cathode
materials compared to the CPE.*”

The benefits of BN nanosheets addition were further
investigated by studying the electrochemical impedance
spectroscopy (EIS) and stress—strain test results of the
electrolytes. The calculated ionic conductivity is 1.0 X 107*
S/cm for CPE and 6.74 X 107 S/cm for CPE-BN at room
temperature. The ionic conductivity of the CPE-BN is 6 times
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Figure 4. Thermal evaluation of the CPE and CPE-BN electrolytes. (a) Thermal conductivity of electrolytes. (b) Cross-sectional SEM images of
CPE-BN electrolytes, showing highly aligned BN nanosheets along the printing direction (the inset shows a schematic diagram of the CPE-BN with
aligned BN nanosheets). Scale bar 10 ym. (c) IR images of the temperature distribution of the CPE and CPE-BN electrolytes at laser source power
of 100 uW. (d) Surface temperature profile of the electrolytes shown in (c).

higher than the CPE, which is above the benchmark value for
battery electrolytes (Figure 3d).”> The increment of ionic
conductivity could likely be attributed to the functional silane
groups and Lewis acid—base characteristics of BN nano-
sheets.'®”® The functional silane groups of BN contain
electronegative molecules (—O), which could attract the
TFSI™ anions of LiTFSI salts and release free Li* ions (Figure
$10).” In addition, the B atoms of BN can interact with other
Lewis bases due to their own Lewis acidic characteristics.'®
Such features could trap the TFSI™ anions and release the Li*
ions, resulting in an increase in both ionic conductivity and
transference (#,;,) values (Figures S11, S12, and Table S2,
Supporting Information) of CPE-BN (#, is 0.19 for CPE-BN
vs 0.11 for CPE). This could further facilitate suppressing
dendritic Li formation (the results are shown in the proceeding
sections).34

The mechanical reinforcement of BN nanosheets in PVdF
polymer electrolytes was analyzed by stress—strain test result
(Figure 3e), demonstrating the chain entanglement and
molecular interactions between BN nanosheets and PVdF
matrix. The calculated Young’s modulus and strength of the
CPE-BN (5.92 and 6.12 MPa) are 98 and 168% higher than
CPE (3.34 and 2.28 MPa). This increase in modulus and
strength was achieved without reducing its ductility, indicating
10 times higher toughness of the CPE-BN (24.6 MJ/m?) than
the CPE (2.4 MJ/m®). The increase in mechanical strength,
modulus, and toughness could be attributed to the H-bond
formation between electronegative fluorine atoms of PVDF
matrix and hydrogen atoms of functionalized BN molecules
(Figure S13).%°

The thermal safety performance of the printed PVdF
composite polymer electrolyte is characterized by evaluating
the thermal conductivity, thermal distribution, and heat
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shrinkage properties. Heat could be generated during cycling
operation of LMBs for the following instances: (i) intrinsic
internal resistance of the battery, leading to heat generation
due to charge/discharge process, (ii) existence of an external
stimulus such as ambient temperature rise or mechanical
impact, and (iii) occurrence of an internal stimulus such as
short circuit, overcharge, or applied high current rates (i..,
high C-rates).”**® The thermal conductivity of the printed
electrolyte was measured using the laser-flash technique, and
the results are shown in Figure 4a. The measured thermal
conductivities are 0.2 Wm™' K™ for CPE and 0.3 and 0.85
Wm™' K™ for the through-plane and in-plane direction of the
CPE-BN, respectively. Typically, the electrolyte has low
thermal conductivity and is sandwiched between two electro-
des, thus blocking the heat generated within the battery in both
in-plane and through-plane directions. In sharp contrast, the
BN nanosheets of the CPE-BN are highly aligned, as shown in
the cross-sectional microstructure in Figure 4b, resulting in a
very high thermal conductivity along the in-plane direction of
the composite films. Therefore, the heat generated within the
battery could easily be distributed in both in-plane (radial) and
through-plane (axial) directions.

To demonstrate the effect of enhanced thermal conductivity,
electrolyte films were heated separately using a point laser
heating source to heat the films locally, and the distribution of
the surface temperature was recorded using a micro thermal
imaging microscope (Figure 4c,d). Because of the local
heating, hot spots are formed on the sample surfaces. The
highest hot-spot temperature was 320 °C on the CPE surface
(Figure 4c), suggesting that the generated heat cannot be
disseminated through the samples due to low thermal
conductivity. In contrast, the hot-spot temperature of CPE-
BN films shows 215 °C, which is 33% lower than CPE. As
shown in Figure 4d, the heat generated by the laser was
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Figure 5. Cycling stability of Li || electrolyte || Li symmetric cells with CPE and CPE-BN. (a) Galvanostatic cycling of the Li || electrolyte || Li
symmetric cell with a constant current density of 0.1 mA cm™ for a plating/stripping time of T = 0.5 h. Representative cycle numbers 1—10 and
455—465 cycling tests were carried out at current densities of 0.1 mA cm™ (b, ¢) Optical image of the CPE and CPE-BN after being cycled in a Li
|| electrolyte || Li symmetric cell. d. SEM images of pristine Li-metal surfaces (before cycling). SEM images of the Li-metal surface of the Li ||
electrolyte || Li symmetric cell after being cycled, where the electrolyte is CPE (e) and CPE-BN (f). All scale bars for (d)—(f) are 50 ym, and that

for (b) and (c) are 10 mm.

transported throughout the sample surfaces, indicating
minimized hot-spot formation for CPE-BN. The improved
thermal distribution capability of the CPE-BN compared to
CPE could attribute to the following results of (i) increased
thermal conductivity and (ii) the lower heat absorgtion of
CPE-BN composites, as reported in other literature.”

The thermal safety of the printed PVdF composite polymer
electrolytes was further tested by the heat shrinkage and
shorting test. Figure S14 demonstrates the heat shrinkage test
of the CPE and CPE-BN, showing the thermal stability at high-
temperature battery operation. Thermal shrinkage of the
printed electrolytes was evaluated by heat treatment at
different temperatures for 20 min and demonstrated in Figure
S14. At elevated temperatures (e.g., 250 °C), the CPE-BN film
retained its shape, while the shape of the CPE film size was
reduced by 20%. When the hot-plate temperature was
increased to 300 °C, the CPE-BN film was reduced by just
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3.3% compared to CPE by 33.3%. The results indicate that the
CPE-BN film can disseminate thermal stress due to its high
thermal conductivity, thus enduring high temperature and
delivering better thermal stability than the CPE.” Thermog-
ravimetric analysis of the printed electrolytes shows improved
thermal stability of the CPE-BN electrolytes compared to CPE
(Figure S15). The enhanced thermal stability of the CPE-BN is
beneficial for minimizing the short circuit events at high
temperatures.

2.3. Electrochemical Performance

To demonstrate the long-term cyclability and electrochemical
stability against the Li-metal surface, the galvanostatic cycling
test is carried out in a Li || electrolyte || Li symmetric cell with
a constant areal current density of 0.1 mA cm™” for a plating/
stripping time of T, = 0.5 h. Figure 5 shows the overpotentials
vs time (and cycle number) plot for the Li || electrolyte || Li
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Figure 7. Discharge capacities of the Li || electrolyte || LFP cells with CPE and CPE-BN electrolytes cycled at 1C rate (140 mA g™') at 25 °C.

symmetric cell setup with CPE and CPE-BN electrolytes. The
overpotential for the battery with the CPE was gradually
increased from 0.09 to 0.11 V during the first 100 cycles and
stabilized till 461 cycles. After 461 cycles, the cell employed
with the CPE short-circuited. The sharp decrease can confirm
voltage hysteresis with cycle time (461 h).*” This poor cycling
performance could be ascribed to the dendritic lithium
formation and the undesirable reactions between the Li
metal and the electrolyte during cycling.*" This was further
evidenced by the SEM images of the cycled Li surfaces
obtained by disassembling the cells after the cycling test
(Figure Sd,e). The Li surface cycled with the CPE shows a
rough morphology, indicating uncontrolled dendritic lithium
formation.

In contrast, the initial plating/stripping overpotentials (0.09
V for CPE and 0.13 V for CPE-BN) indicate that the CPE-BN
has higher polarization than the CPE. This suggests that BN
induces slight resistance to the battery. During Li" ion shuttling
through the electrolytes, BN could act as Li" ion diffusion
barrier due to its electronic interaction and redistribution
inside the materials, leading the diffusion barrier for BN to as
high as 6.75 €V.** This Li" ion diffusion barrier largely depends
on the structure, assembly, defect pattern, bond length, and
proximity effect of BN nanosheets, indicating that it is very
hard for Li* ion to diffuse through them.*” Therefore, the
slightly higher polarization voltage could be attributed to the
energy barriers that Li" jons need to overcome. The
polarization voltage of the CPE-BN was reduced to 0.09 V
after 100 cycles and continued stable cycling for over 2000
cycles, indicating long-term stability of the electrolyte against
Li metal. Such long-term cycling stability of CPE-BN could be
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attributed to several possible reasons (Figure 6). First, the
mechanical modulus and strengths of the CPE-BN are 2 times
higher than the CPE, leading to increased resistance in
suppressing dendritic lithium formation.”’ Besides, the
increased toughness of the CPE-BN likely accommodates the
volume changes that might occur during cycling, leading to
stable electrolyte structure during long-term cycling. Second,
the BN nanosheets are aligned in the CPE-BN, which possess a
much higher modulus (Young’s modulus 0.8 TPa, elastic
modulus 510 N/m) and strength (fracture strength 26.3 GPa),
could further suppress the dendritic lithium growth, resulting
in planner deposition of Li.**** Third, the increased thermal
conductivity of the CPE-BN facilitates distributing heat
homogeneously, resulting in uniform heat distribution and
regulated lithium deposition.* This was further evidenced by
the SEM images of the cycled Li surfaces obtained by
disassembling the cells after the cycling test, showing smooth
Li surfaces (Figure Sf). Because of the synergistic effect of the
highly aligned BN nanosheets, a uniform lithium deposition
could be achieved, and dendritic lithium formation could be
avoided for batteries with CPE-BN electrolytes. There was a
slightly lower overpotential of the CPE-BN, indicating more
accessible Li" transportation than CPE, attributed to the higher
ionic conductivity and increased Li transference number
(Figures S7, 11, 12, and Table S2; Supporting Information).16

The dendritic lithium suppression was further supported by
a shorting test conducted in a Li || electrolyte || Li symmetric
cell by charging it with a constant current density of 0.3 mA
cm™2 As demonstrated in Figure S16, the CPE was shorted
after 32 h of Li deposition, while CPE-BN was shorted after 68
h, indicating a more substantial barrier to suppress dendritic Li.
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The corresponding microscopy of the lithium surface obtained
from the dissembled cell reveals that the CPE-employed
lithium surface is much rougher as compared to the CPE-BN-
employed lithium surface (Figure S16).

The CPE and CPE-BN electrolytes were assembled in Li ||
electrolyte || LEP cells. Their cycling performances were tested
at room temperature (i.e., 25 °C) and an elevated temperature
(i.e., SO °C). The room-temperature cycling performances of
cells containing the CPE and CPE-BN at 1C rate of charge—
discharge rate are shown in Figure 7. The Li || CPE || LFP cell
delivers a steady discharge capacity of 132 mAh g up to 130
cycles, after which the discharge capacity starts to degrade. The
capacity retention of the Li || CPE || LFP cell after 250 cycles
shows 65%. In sharp contrast, the Li || CPE-BN || LFP cell
delivers a steady discharge capacity, indicating capacity
retention of 90% after 250 cycles. This shows that the CPE-
BN has better cycling stability and capacity retention than the
CPE, which could be attributed due to the suppression of
dendritic Li formation and electrochemical stability of the
electrolyte/Li interface. While this work provides adequate
insight into the role of BN nanosheets and their alignment in
suppressing the dendritic lithium growth, it would be
interesting to investigate the electrochemistry of full-cell
battery performance in future endeavors. In addition, a dense
layer was found at the electrode/electrolyte interface, which is
possibly formed during the DIW of electrolytes on the
electrode substrate directly (Figure S17). During the extrusion
of the inks, the melted PVdF matrix could bond with the
electrode strongly because of the common binders, i.e., PVdF
in both the electrode and electrolytes. Such a dense layer could
provide close contact, attributing to the structural integrity of
the electrolyte and electrode interface during long-term cycling
performance.'®

The electrolytes were further tested in an Li || electrolyte ||
LFP cell at an elevated temperature (i.e., S0 °C), with a 2C
charge—discharge rate. The cycling results (Figure S18)
showed no significant capacity degradation for cells with
CPE-BN, indicating stable electrolytes even under a harsh
electrochemical environment than CPE.>> The capacity
retention of cells shows 90% for the CPE-BN and 68% for
CPE, respectively. This points that the CPE-BN is stable under
harsh electrochemical environments like 2C rate charge-
discharge operation, which requires long-term exposure to
electrochemical processes and high temperature.””** The half-
cell cycling performance of cells with our DIW-printed
electrolytes performed better when compared with the
conventional method-prepared PVdF-based composite electro-
lytes (Table S4). This improved performance could be
ascribed to the highly aligned BN nanosheets assembly into
the composite electrolyte matrix. As demonstrated (Figure
S19), the randomly oriented BN nanosheets could not provide
a sufficient barrier to suppress the dendritic lithium growth. In
contrast, aligned BN nanosheets can regulate the Li-ion
deposition to planner morphology, resulting in improved cycle
performances.

Figure 8 shows the rate capability test of Li || CPE || LFP
and Li || CPE-BN || LEP cells at 50 °C by increasing the C-rate
from 0.1 to 2.0 C. The initial discharge capacities of both cells
(150 mAh ¢! for CPE and 156 mAh ¢! for CPE-BN) are
close to the theoretical capacity values of LEP (165 mAh g™").
With the increasing C-rate from 0.1 to 2.0, the discharge
capacity decreases, and 117 mAh g~" was attained for CPE and
120 mAh g_1 for CPE-BN at 2C rate. Furthermore, the
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Figure 8. Rate capability performance of the CPE and CPE-BN
electrolytes at 50 °C for a current density of 16.5 (0.1C), 82.5 (0.5C),
165 (1C), and 330 (2C) mA g, respectively, in the Li || electrolyte ||
LFP cell.

discharge capacity recovers to the initial values (143 mAh g™'
for CPE and 152 mAh g™' for CPE-BN) when the C-rate is
decreased from 2.0 to 0.1C. CPE-BN recovers its initial
discharge capacity, indicating improved reversible capacity
recovery behavior compared to CPE.

Overall, PVdF composite polymer electrolytes with aligned
and functionalized BN nanosheets are printed using a solvent-
free DIW technique at an elevated temperature. The CPE-BN
electrolytes exhibit high thermal conductivity owing to the
distribution of aligned BN nanosheets, resulting in enhanced
thermal distribution and reduced hot-spot formation. Coupled
with improved thermal properties, the printed electrolytes
could cycle for more than 2000 cycles without short-circuiting
and electrochemical degradation even under a harsh electro-
chemical environment. This work provides new opportunities
to develop the next-generation LMBs with new architectures
and improved performances.

In summary, we report a direct printing of highly aligned BN
nanosheets incorporated within PVdF composite polymer
electrolyte inks in a solvent-free DIW approach. This CPE-BN
is mechanically strong, electrochemically stable, and thermally
safe. LMBs using this printed electrolyte are durable for over
2000 cycles without short-circuiting in symmetric Li || CPE-
BN || Li cell and demonstrate high C-rate cycling performance
in Li || CPE-BN || LFP configuration. The discharge capacity
was maintained at 90% for over 100 cycles at 2C-rate and 250
cycles at 1C-rate for LMBs with the CPE-BN electrolytes. Such
high-performance could be achieved because of the highly
aligned BN nanosheets structures and a dense layer formed at
the interface of electrode/electrolyte induced by the printing
process. Thus, the DIW-printed PVdF composite polymer
electrolytes represent a promising route to develop LMBs that
are thermally safe, electrochemically stable, and capable of high
C-rates for long-term cycling performance.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.1c00056.

Additional information on the experimental details
(functionalization of BN nanosheets, electrolyte ink
synthesis, LFP cathode preparation, ink printing to
fabricate CPE and CPE-BN using DIW method),
characterization techniques (microscopy, mechanical,
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thermal testing, electrochemical characterization), and
characterization results (microstructural characterization
of BN nanosheets, ink synthesis, thermogravimetric
analysis of ink-solution mixture, silane-functionalization
characterization, stress—strain test results, optical images
of stress—strain test result, EIS characterization, digital
images of electrolyte films, SEM images of electrolytes,
illustration of TFSI™ anion trapping, transference
calculation, schematic diagram of H-bond formation,
thermal shrinkage test results, thermal stability of inks,
electrochemical shorting test results, cross-sectional
SEM images, cycling performance at higher C-rate at
50 °C, battery performance comparison, and schematic
diagram of thermal safety and dendrite suppression
comparison) (PDF)
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