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Due to its excellent chemical/thermal stability and mechanical robustness, hexagonal
boron nitride (hBN) is a promising solid matrix material for ionogels. While bulk hBN
ionogels have been employed in macroscopic applications such as lithium-ion batteries,
hBN ionogel inks that are compatible with high-resolution printing have not yet been
realized. Here, we describe aerosol jet-printable ionogels using exfoliated hBN
nanoplatelets as the solid matrix. The hBN nanoplatelets are produced from bulk hBN
powders by liquid-phase exfoliation, allowing printable hBN ionogel inks to be
formulated following the addition of an imidazolium ionic liquid and ethyl lactate. The
resulting inks are reliably printed with variable patterns and controllable thicknesses by
aerosol jet printing, resulting in hBN ionogels that possess high room-temperature ionic
conductivities and storage moduli of >3 mS cm™! and >1 MPa, respectively. By
integrating the hBN ionogel with printed semiconductors and electrical contacts, fully-
printed thin-film transistors with operating voltages below 1 V are demonstrated on
polyimide films. These devices exhibit desirable electrical performance and robust
mechanical tolerance against repeated bending cycles, thus confirming the suitability of
hBN ionogels for printed and flexible electronics.

1. Introduction

Additive manufacturing based on high-resolution printing enables the produc-
tion of electronic devices with minimal materials waste and low cost for a diverse
set of applications including displays, distributed sensing, smart packaging, and
energy management.” In addition, printing processes are compatible with roll-
to-roll production schemes and flexible substrates, offering promise for high-
throughput manufacturing of bendable and wearable devices. Among the range
of additive manufacturing methods, aerosol jet printing has recently attracted
considerable attention for printed electronics.**? In this process (Fig. 1),
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Fig.1 Schematic of aerosol jet printing. The carrier gas flow delivers the aerosolized ink to
the deposition head, and the sheath gas flow focuses the aerosol stream to achieve well-
defined patterning.

a functional ink is aerosolized by an ultrasonic or pneumatic atomizer, and the
aerosol droplets are delivered to the deposition head by a carrier gas flow. When
the aerosol droplets pass through the nozzle of the deposition head, a coaxial
sheath gas aerodynamically focuses the aerosol stream, enabling high-resolution
deposition with minimal risk of nozzle clogging. Aerosol jet printing has the
additional advantage of relaxed rheological constraints on ink design, including
compatibility with a wide range of ink viscosities (1-1000 MPa s). Furthermore,
aerosol jet printing facilitates the deposition of functional materials on
nonplanar surfaces because the nozzle can be placed with a long standoff
distance (1-5 mm) from the substrate. Due to these compelling advantages,
significant research efforts have sought to develop inks and explore printed
electronics applications for aerosol jet printing."*™*”

Ionogels are solid-state electrolytes based on ionic liquids and gelling solid
matrices, which have been employed for a variety of applications including
transistors, supercapacitors, batteries, and neuromorphic computing devices.'®>*
Ionic liquids offer several desirable features as electrolytes including nonflam-
mability, negligible vapor pressure, and high thermal and electrochemical
stability. Moreover, combining ionic liquids with a gelling solid matrix leads to
a solid-state electrolyte that is mechanically robust and flexible with minimal
leakage problems, as is needed for flexible electronics. Recently, hexagonal boron
nitride (hBN) nanoplatelets have been introduced as a promising solid matrix for
ionogels.”® As a solid matrix material, hBN possesses several beneficial attributes
such as electrically insulating character, chemical inertness, thermal stability,
and mechanical robustness. Furthermore, compared to conventional bulk hBN
microparticles, the smaller particle size of hBN nanoplatelets enables significant
enhancement of ionogel mechanical strength without compromising ionic
conductivity.”® While these initial results are promising, current hBN ionogel
formulations are not compatible with the high-resolution and high-throughput
additive manufacturing methods that are used for printed electronics.

Here, we report the development of aerosol jet-printable ionogels based on
exfoliated hBN nanoplatelets and the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI). The hBN nanoplatelets are scal-
ably solution-exfoliated from bulk hBN and then mixed with EMIM-TFSI and ethyl
lactate to formulate printable inks. The resulting printable hBN ionogels exhibit
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high ionic conductivities and mechanical strengths (i.e., storage moduli) of >3
mS cm ' and >1 MPa, respectively, at 25 °C. Moreover, reliable printing is
demonstrated using a standard aerosol jet printer and polyimide substrates.
Finally, fully-printed thin-film transistors (TFTs) with the hBN ionogel as the
dielectric on polyimide substrates show exemplary transfer and output charac-
teristics in addition to excellent mechanical tolerance to bending.

2. Results and discussion

Fig. 2a and b show a photograph and a scanning electron microscopy image,
respectively, of the exfoliated hBN nanoplatelets that are used in the formulation
of the printable hBN ionogels. For the exfoliation of hBN nanoplatelets, bulk hBN
microparticles were shear-mixed in ethanol with ethyl cellulose (EC) acting as the
dispersing agent.*** The exfoliated hBN nanoplatelets and EC were separated
from the shear-mixed dispersion by centrifuge-assisted sedimentation and floc-
culation. The collected hBN/EC solids were then heated at 400 °C for 3 h in air to
decompose the EC stabilizer. This annealing process volatilizes most of the EC,
but also leaves behind a thin amorphous carbon coating on the surface of the
exfoliated hBN, which contributes to enhanced interactions between the hBN
nanoplatelets and ionic liquids for stronger solidification of ionogels.>® Impor-
tantly for dielectric applications, the amorphous carbon coating is electrically
insulating and thus does not cause unwanted leakage currents.”® To formulate
a printable hBN ionogel ink (Fig. 2c), the exfoliated and annealed hBN nano-
platelets were mixed with EMIM-TFSI and ethyl lactate. The ratio between the hBN
nanoplatelets and ionic liquid was 1:2 by weight to achieve 33% hBN solid
loading of the ionogel (i.e., hBN and ionic liquid), and the concentration of the
ionogel in ethyl lactate was 120 mg mL "

10' 10°
Shear rate (1/s)

Fig. 2 (a) Photograph and (b) scanning electron microscopy image of exfoliated hexag-
onal boron nitride (hBN) nanoplatelets. (c) Photograph of a vial of the ionogel ink prepared
with the hBN nanoplatelets. (d) Viscosity of the hBN ionogel ink as a function of shear rate
at 25 °C.
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In general, inks for aerosol jet printing are designed with the addition of a low-
volatility co-solvent (<10%), such as terpineol or 1,8-octanedithiol.?**” Without
the low-volatility co-solvent, aerosol droplets quickly lose solvent during transport
from the ink container to the deposition head by the carrier gas flow, leading to
poor morphology of the printed features. In contrast, the hBN ionogel ink only
required a single solvent since the nonvolatile ionic liquid eliminates the need for
an additional low-volatility co-solvent for effective printability. Fig. 2d shows the
viscosity of the prepared hBN ionogel ink as a function of shear rate at 25 °C. The
ink viscosity decreases as the shear rate increases, which can be attributed to the
disruption of the interactions between the hBN nanoplatelets and the ionic liquid
with increasing shear stress.”® This shear thinning behavior is favorable for
aerosol jet printing with an ultrasonic atomizer because inks experience high
shear rates when generating aerosol droplets from a bulk liquid by ultra-
sonication.” Hence, inks with shear thinning behavior require lower ultrasonic
power for atomization, compared to Newtonian inks with a similar viscosity at low
shear rates.

The mechanical properties and ionic conductivity of the printable hBN ionogel
were characterized after evaporating ethyl lactate at a temperature (160 °C) that is
higher than the boiling point (154 °C) of the solvent. As shown in Fig. 3a, the hBN
ionogel (33% hBN solid loading) at 25 °C exhibits a storage modulus (G') higher
than its loss modulus (G”) over the entire measured frequency range, revealing
the reliable solid-like behavior of the hBN ionogel. This solid-like behavior (G’ >
G") persists at temperatures in excess of 60 °C due to the strong solidification of
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Fig. 3 (a) Storage (G') and loss (G”) moduli of the printable hBN ionogel (33% hBN solid
loading) as a function of frequency at 25 °C. (b) G’ and G” of the hBN ionogel at various
temperatures. (c) Temperature dependence of the ionic conductivity of the hBN ionogel
(33% hBN solid loading). The black data points are the measured ionic conductivity values,
and the red curve is a Vogel-Fulcher—-Tammann (VFT) model fit. (d) G’ and ionic
conductivity of the hBN ionogels with various hBN solid loadings, and their comparison to
previously reported ionogels (ref. 38) based on a triblock copolymer, poly(styrene-b-ethyl
acrylate-b-styrene) (SEAS).
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the hBN ionogel, as shown in Fig. 3b. In addition, the ionic conductivity of the
hBN ionogel (33% hBN solid loading) is 3.4 + 0.4 mS cm ™" at 25 °C, and increases
(Fig. 3c) with temperature in agreement with the Vogel-Fulcher-Tammann (VFT)
model that correlates the ion conduction behavior with free volume and config-
urational entropy.**** The VFT model is expressed as:

B
7 =00 exp| —— T
— 1

where ¢4, B, and T, are the pre-exponential factor equivalent to the ionic
conductivity at infinite temperature, the pseudoactivation energy term related to
the entropic barrier to ion motion, and the ideal glass transition temperature at
which the free volume disappears, respectively. The parameters used for the VFT
model curve (solid line in Fig. 3c) are 6.3 mS cm ™', 20 K, and 263 K for ¢y, B, and
To, respectively, resulting in a fit to the experimental data (data points in Fig. 3c)
with a coefficient of determination (R?) higher than 0.99.

Fig. 3d shows the mechanical strength (G') and ionic conductivity of the
printable hBN ionogels for different hBN solid loadings. The printable hBN
ionogels present a tradeoff between the mechanical strength and ionic conduc-
tivity as the hBN solid loading is varied. This tradeoff is typical for ionogels
because increased solid loading enhances mechanical support but impedes ion
motion.**** Moreover, Fig. 3d compares the mechanical strength and ionic
conductivity of the printable hBN ionogels to previously reported printable ion-
ogels based on triblock copolymer solid matrices. Printable ionogels based on
triblock copolymers have been extensively developed due to their high ionic
conductivity and printability,>*®” although they typically suffer from poor
mechanical strength. To address this issue, Tang et al. reported enhanced
mechanical strength and ionic conductivity of printable ionogels based on
poly(styrene-b-ethyl acrylate-b-styrene) (SEAS) and EMIM-TFSI ionic liquid by
engineering the midblock chain of the triblock copolymer.*® However, Fig. 3d
shows that the printable hBN ionogels outperform even the SEAS-based ionogels,
suggesting that the exfoliated hBN nanoplatelets are a promising solid matrix to
concurrently achieve high mechanical strength and ionic conductivity.

To explore printability, the hBN ionogel ink (33% hBN solid loading) was
printed using a commercially available aerosol jet printer with a nozzle size of 300
pm in diameter. The printing was performed on polyimide films without any
surface pretreatment, and the substrate temperature was maintained at 60 °C
during printing to promote ink drying. Fig. 4a displays an optical microscopy
image of the printed hBN ionogel after 1 printing pass, showing a line width of
~280 um and effective wetting on the polyimide substrate. As the number of
printing passes increases (Fig. 4b-d), it is evident that the printed hBN ionogel
layer increases in thickness, while the line width remains relatively constant,
indicating minimal spreading of the hBN ionogel with a progressive number of
printing passes. Similarly, Fig. 4e shows surface profiles of the printed hBN
ionogels with different printing passes, which were taken along the dotted line in
Fig. 4a by a laser confocal microscope. The surface profiles reveal convex cross-
sections of the hBN ionogels with a densely-deposited core region. As shown in
Fig. 4f, the average thickness is linearly proportional to the number of printing
passes, implying that the hBN ionogels are deposited homogeneously for each
printing pass. In addition to the line features, a 1 mm x 1 mm square pattern of
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Fig. 4 Optical microscopy images of printed hBN ionogels with (a) 1, (b) 2, (c) 3, and (d) 4
printing passes on a polyimide film. (e) Cross-sectional profiles of the printed hBN ionogels
as a function of the number of printing passes, taken along the dotted line in (a). (f) Average
thickness (tayg) of the printed hBN ionogels as a function of the number of printing passes.
(g) Optical microscopy image of a printed hBN ionogel with a 1 mm x 1 mm square
pattern on a polyimide film.

the hBN ionogel was printed by successively depositing 1 mm long lines with
a pitch of 50 pm. Fig. 4g shows an optical microscopy image of the deposited
square pattern with minimal thickness variation, thus revealing uniform hBN
ionogel printing over large areas.

To demonstrate the utility of the hBN ionogels in printed electronics, fully-
printed thin-film transistors (TFTs) using the hBN ionogel as the dielectric were
fabricated on flexible substrates by aerosol jet printing, as shown in Fig. 5a.
Ionogels are a favorable dielectric for flexible printed TFTs because the electro-
lytes offer high tolerance to thickness variations and desirable mechanical flexi-
bility without leakage issues. Moreover, the high double-layer capacitance of
ionogel electrolytes enables low-voltage operation for low-power and portable
devices. To fabricate the TFTs (Fig. 5b), graphene was first deposited on polyimide
films for the source and drain electrodes with a channel width and length of 700
pm and 70 pm, respectively. Poly(3-hexylthiophene) (P3HT) was then printed to
form the semiconducting channel, and the hBN ionogel dielectric was deposited
on the semiconducting channel. Finally, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was printed onto
the hBN ionogel dielectric as the gate electrode to complete the devices. The
entire device fabrication and subsequent characterization were executed in
ambient conditions, and the fabricated devices were annealed at 160 °C preceding
electrical measurements to remove sequestered solvent.
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Fig. 5

(a) Schematic and (b) optical microscopy image of a fully-printed thin-film tran-

sistor (TFT) with the hBN ionogel dielectric on a polyimide film. (c) Representative transfer
and (d) output characteristics for the printed TFT. Ip, Vb, and Vg denote drain current, drain
voltage, and gate voltage, respectively. The TFT channel width and length were 700 and 70
um, respectively. The voltage sweep rate and Vp, for the transfer curves were 0.1V s~ and
-1V, respectively.

Fig. 5¢ shows a representative transfer characteristic of the fabricated TFTs at
a sweep rate of 100 mV s~ * and a drain voltage (V) of —1 V. In the TFTs with the
hBN ionogel dielectric, the drain current (Ip) is low at positive gate voltage (Vi)
because the p-type semiconducting channel is depleted. However, I, increases at
negative Vg since anions in the ionogel dielectric are driven into the polymer
semiconductor and compensate induced charge carriers in the TFT channel. This
electrolytic gating enables the devices to operate with small V;; (less than 1 V), and
the negligible hysteresis between forward and backward sweeps can be attributed
to the fast response of the ions in the hBN ionogel dielectric to V. Furthermore,
the output curves (Fig. 5d) obtained at various Vs display the expected Iy
modulation with linear and saturation regimes at low and high Vp, respectively,
demonstrating well-behaved operation of the fully-printed TFTs with the hBN
ionogel dielectric.

The charge carrier mobility (1) and the threshold voltage (V;5) of the fabricated
TFTs were calculated by fitting plots (Fig. 6a) of the square-root drain current (I,"
*) as a function of Vg, according to the standard saturation regime relation:

Ip = P«G%(VG - I/th)z
where C; is the specific capacitance of the ionogel dielectric, W is the width (700
pm) of the semiconducting channel, and L is the length (70 pm) of the semi-
conducting channel. C; was estimated to be 108 uF cm ™2 by displacement current
measurements,** in which the gate current (Ig) was measured with source and
drain contacts grounded at different sweep rates. Fig. 6b displays Ig-Vg
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Fig. 6 (a) Representative Io¥2=V¢ characteristic for the printed TFTs. (b) Ig—Vs charac-
teristics measured at various sweep rates. /g indicates gate current measured with source
and drain contacts grounded. (c) Plot of /5 as a function of the sweep rate at Vg of —0.2 V.
Histograms of (d) charge carrier mobility (u), (e) threshold voltage (Vy.), and (f) on/off-
current ratio (Ion/log) for 20 devices.

characteristics of a representative device at sweep rates between 0.05 V s~ and

0.4 Vs~ ', and Fig. 6¢ shows the plot of I as a function of the sweep rate at Vg of
—0.2 V for the capacitance calculation. Twenty TFTs were fabricated to evaluate
statistical distributions of the device metrics. All of the devices were functional
with u (Fig. 6d), Vi, (Fig. 6€), and on/off-current ratio (Ion/Ios, Fig. 6f) of the 20
devices measured to be 0.12 + 0.01 ecm®> Vs~ %, 0.28 + 0.06 V, and 103.07 & 0.04,
respectively. This excellent fabrication yield and minimal variation in the device
metrics confirms the high reliability of the printable hBN ionogel for TFT-based
printed electronics.

The deformable nature of the ionogel dielectric also enables mechanically
flexible applications (Fig. 7a). To evaluate the mechanical stability of the flexible
devices with the hBN ionogel dielectric, a bending test was performed with
a bending radius (r) of 14 mm (Fig. 7b), corresponding to a tensile strain (d/2r) of
0.2% based on the substrate thickness (d) of 50 um. Fig. 7c shows the changes in
the device metrics (1 and Vj;,) during the bending test. Following 1000 bending
cycles, u was reduced by less than 3% (100% — u/ue) and Vi, was shifted by only
~0.05 V (Ve — Vino) from the initial values (uo and Vi o). These minor changes in
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Fig. 7 (a) Photograph of a 4 x 5 array of fully-printed TFTs on a polyimide film. (b)
Schematic of the bending test for the printed TFTs. (c) Relative mobility (u/uo) and
threshold voltage change (Vi — Vi o) after repeated bending cycles. The bending radius (r)
was 14 mm, corresponding to a tensile strain (¢) of 0.2%.

the device performance after repeated bending cycles indicate the desirable
mechanical resilience of the hBN ionogel dielectric for flexible electronics.

3. Conclusions

In summary, we have developed aerosol jet-printable ionogels employing exfoli-
ated hBN nanoplatelets as the solid matrix. The hBN nanoplatelets were obtained
from bulk hBN by scalable solution exfoliation, and the printable hBN ionogel
inks were formulated by mixing the exfoliated hBN nanoplatelets, EMIM-TFSI,
and ethyl lactate. The printable hBN ionogels show high ionic conductivities
and mechanical strengths (i.e., storage moduli) of >3 mS cm ™" and >1 MPa (with
33% hBN solid loading at 25 °C), respectively. Furthermore, the hBN ionogels
were aerosol jet-printed with variable patterns and controllable thicknesses,
demonstrating well-behaved printability. Employing the hBN ionogel as a dielec-
tric, fully-printed TFTs were also constructed on polyimide films with high
uniformity, desirable transfer and output characteristics, and durable operation
following repeated mechanical bending. Overall, this work establishes printable
hBN ionogels as a robust and reliable dielectric material for low-voltage flexible
and printed electronics.

4. Experimental details
Preparation of hBN ionogel inks

To exfoliate hBN nanoplatelets, a dispersion of bulk hBN (~1 pm, Sigma-Aldrich),
ethyl cellulose (4 cP viscosity grade, Sigma-Aldrich), and ethanol in a weight ratio
of 10 : 1 : 52 was shear-mixed for 2 h at 10 230 rpm, using a rotor/stator mixer
(L5M-A, Silverson) with a square hole screen. After centrifugation (J26-XPI,
Beckman Coulter) of the shear-mixed dispersion at 4000 rpm for 20 min to
remove large particles, the supernatant was collected and mixed with an aqueous
solution of 40 mg mL™" sodium chloride in a 16 : 9 weight ratio to flocculate
exfoliated hBN nanoplatelets and EC. After centrifuging the mixture at 7500 rpm
for 6 min, the sediment containing exfoliated hBN nanoplatelets and EC was
collected and washed with deionized water to remove residual sodium chloride,
dried with an infrared lamp, and ground with a mortar and pestle to yield a fine
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powder. The hBN/EC powder was then annealed at 400 °C for 3 h in air to
decompose EC. To prepare the printable hBN ionogel ink, the hBN nanoplatelets
were mixed with EMIM-TFSI and ethyl lactate by bath sonication for 6 h. The ratio
of the hBN nanoplatelets and ionic liquid was 1 : 2 by weight for 33% hBN solid
loading of the ionogel (hBN and ionic liquid), and the concentration of the ion-
ogel in ethyl lactate was 120 mg mL™". The hBN ionogel ink was printed using
a commercially available aerosol jet printer (Aerosol Jet 200, Optomec) with a 300
pm diameter nozzle. The flow rates of the carrier gas and sheath gas were 15 scem
and 20 scem, respectively, and the printing was performed with the substrate
temperature maintained at 60 °C.

Fabrication of fully-printed TFTs

To prepare the graphene ink for the source and drain electrodes, graphene
nanoplatelets were obtained by solution exfoliation of graphite flakes (Sigma-
Aldrich).*** In particular, a dispersion of graphite flakes, EC, and ethanol in
a 30 :1:20 weight ratio was shear-mixed for 23 h using an inline mixer (200L,
Silverson) equipped with a square hole screen. The shear-mixed dispersion was
then centrifuged at 6500 rpm for 30 min to crash out unexfoliated graphite, after
which the supernatant containing exfoliated graphene and EC was collected and
flocculated with an aqueous solution of 40 mg mL ™" sodium chloride in a 16 : 9
weight ratio. After centrifuging the mixture at 7000 rpm for 7 min, the sediments
containing graphene and EC were collected from the bottles and washed with
deionized water to remove residual sodium chloride, dried with an infrared lamp,
and ground with a mortar and pestle to yield a fine powder. The printable gra-
phene ink was obtained by dispersing the graphene/EC (1 : 1 by weight) powder in
a solvent system of ethyl lactate and terpineol (9 : 1 by volume) at a concentration
of 30 mg mL ™" by bath sonication for 6 h. The graphene ink was printed on
polyimide with a substrate temperature of 60 °C, and the printed graphene
electrodes were further annealed at 300 °C for 30 min in air to decompose EC and
thereby improve the electrical conductivity. Following the deposition of the
source and drain electrodes, the semiconductor channel, hBN ionogel dielectric,
and gate electrode were deposited sequentially by aerosol jet printing. The
semiconductor channel was printed with an ink of P3HT (molecular weight: 50-
100 K, Sigma-Aldrich) dissolved in a solvent system of chloroform/terpineol (9 : 1
by volume) at a concentration of 1 mg mL ™. The gate electrode was printed with
a conductive ink containing PEDOT:PSS (Clevios PH1000, Heraeus) and ethylene
glycol (9 : 1 by volume). The graphene, P3HT, and PEDOT:PSS inks were printed
with a 150 um diameter nozzle. The flow rates of carrier gas and sheath gas,
respectively, were 20 sccm and 70 scem for graphene, 15 scem and 30 scem for
P3HT, and 20 sccm and 30 sccm for PEDOT:PSS. Following printing, the TFTs
were annealed at 160 °C for 30 min in air before electrical characterization.

Characterization

The exfoliated hBN nanoplatelets were observed using a scanning electron
microscope (SU8030, Hitachi). Shear viscosity of the hBN ionogel ink was
measured using a rheometer (MCR 302, Anton Paar) equipped with a 25 mm, 2°
cone and plate geometry. Viscoelastic properties of the hBN ionogels were char-
acterized using the rheometer equipped with a 25 mm diameter parallel plate
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(gap between the rheometer stage and parallel plate: 1 mm) with a strain of 0.1%.
Ionic conductivity (o) of the hBN ionogels was calculated based on the following
equation:

t
g =
AXR

where ¢ is the sample thickness, A is the sample area, and R is the bulk resistance
determined by electrochemical impedance spectroscopy (VSP, BioLogic). Cross-
sectional profiles of the printed hBN ionogels were obtained using a laser
confocal microscope (OLS5000, OLYMPUS). Electrical performance of the fabri-
cated TFTs was measured using source meters (2400, Keithley) in air at room
temperature.
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