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Conductive inks commonly rely on oxidation-resistant metallic nanoparticles such as gold, silver, copper,
and nickel. The criterion of air stability limits the scope of material properties attainable in printed electronic
devices. Here we present an alternative approach based on air-stable nanoscale metal hydrides. Conductive
patterns based on titanium hydride (TiH,) nanoinks were successfully printed on polyimide under ambient
atmosphere and cured using intense pulsed light processing. Nanoparticles of TiH, were generated by
heating TiH, powder in octylamine followed by wet ball milling, yielding <100 nm platelets. The addition of
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a suitable polymer dispersant during ball milling yielded stable colloidal dispersions suitable for liquid-phase
processing. Aerosol jet printing of the resultant TiH, nanoinks was demonstrated on glass and polyimide
substrates, with a resolution as fine as 20 pm. Following intense pulsed light curing, samples on polyimide
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Introduction

The field of printed electronics has attracted significant inter-
est across industrial and academic research for its disruptive
potential in a wide variety of functions spanning flexible dis-
plays, smart packaging, environmental and biomedical
sensing, energy conversion and storage, and many more.'®
For each of these applications, the ability to selectively pattern
conductive materials is essential. Conductive inks used for
printing typically contain metals, metal oxides, conductive
polymers, or carbon nanomaterials.””® Of these, the most
common routes involve printing metal nanoparticle inks or
molecular precursors, which are subsequently cured to yield
conductive traces.’

Since many metals are prone to oxidation, oxidation resis-
tance is a vital criterion for materials selection in standard
printing processes. This is particularly true for inks based on
nanoparticles, which are more reactive than their bulk
counterparts.’® Due to this issue, printing typically relies on
the use of air-stable metals such as the coinage metals (silver,
gold, and more recently copper and nickel).'* This limited
scope of materials greatly restricts the range of mechanical,
chemical, thermal, electrical, and environmental properties
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were found to exhibit a sintered, porous morphology with an electrical sheet resistance of ~150 Q O™,

that can be integrated in printed devices.'? In this report, the
liquid-phase printing of electronically conducting titanium-
based patterns using nano-titanium hydride (TiH,) inks is pre-
sented. While the electrical resistance for titanium metal (Ti%)
and TiH, is higher than that of Cu® or Ag’ titanium-based
materials such as recently introduced MXenes offer improved
chemical versatility with potentially advantageous properties,
including biocompatibility, corrosion resistance, thermal and
environmental stability, and adhesion."*"” In particular, TiH,-
based inks offer promise for applications in bioelectronics,
energy, sensing, and catalysis."*'®>" While silver patterns can
be susceptible to corrosion from halide and sulfur species,”*
titanium electrodes are widely used in electrocatalysis due to
their excellent corrosion resistance.>® This, combined with their
biocompatibility, supports the use of titanium-based materials
in biomedical implants.>* As such, the ability to print titanium-
based materials at high resolution will introduce new function-
alities for printed devices. Moreover, the broader concept of
metal hydride nanoinks will support further expansion of the
materials palette accessible for printed electronics.

Rather than starting with highly reactive Ti’ nanoparticles
or Ti-based salts that require high temperature or caustic
reductants to convert to the metal, TiH, provides an alternate
route to printed conductive patterns, broadening the palette of
available materials beyond conventional coinage metals.
Previously, Ahn et al. demonstrated the utility of TiH, for
direct ink writing, with subsequent dehydriding to produce 3D
architectures of metallic titanium.>**® However, this proces-
sing method used microscale commercial powders of TiH,
and highly viscous inks. To extend this concept to high resolu-
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tion patterning technologies in line with printed electronics,
chemically and colloidally stable TiH, nanoparticles must be
synthesized, formulated into printed, and post-
processed.

Herein we report on the development of a TiH, nanoparticle
dispersion produced by pre-functionalization of TiH, with an
amine, followed by wet ball milling with a polymer dispersant.
Addition of a low volatility cosolvent yielded an ink compatible
with aerosol jet printing (AJP) for versatile and high-resolution
digital patterning.””>* Following printing, flash photonic
curing using an intense pulsed xenon lamp resulted in rapid
and localized photothermal heating of the printed patterns,
effectively sintering the TiH, nanoparticles into a continuous,
conductive network on flexible polyimide substrates.>* The syn-
thesis and characterization of the TiH, nanoparticles, nanoinks,
and printed and cured patterns are reported.

inks,

Experimental
Materials

The following chemicals were obtained from Sigma-Aldrich,
immediately stored under an atmosphere of argon and used
without further purification, including: TiH,, octylamine (ON),
xylenes (99.99%, anhydrous), and hexanes (99.99%, anhy-
drous). Tetralin (1,2,3,4-tetrahydronaphthalene) was obtained
from Alfa Aesar and used as received. The TiH, powder was
analyzed and found to have a typical particle size of ~10 pm.
Solsperse 9000 was obtained from Lubrizol.

Characterization

FTIR spectral data were obtained using an ATR holder on a
Bruker Vector 22 Instrument under flowing nitrogen. Powder
X-ray diffraction (pXRD) patterns were collected on a
PANalytical X'Pert Pro diffractometer (10-100° 26) employing
CuKa radiation (1.5406 A) and a RTMS X’Celerator detector at
a scan rate of 3° s~ for the bulk powders or at a scan rate of
0.15° 57! using a zero background holder. The pXRD patterns
were analyzed using JADE 9 software (Materials Data, Inc.,
Livermore, CA) and indexed using the Powder Diffraction File
PDF-4+ 2013 (TiH,: PDF 00-025-0982). All powder samples
were analyzed using a plastic dome holder. Dynamic light scat-
tering (DLS) experiments were performed on a Malvern
Zetasizer. SEM imaging was performed on cast samples of as-
received TiH, powder, ON-treated TiH,, and TiH, nano-
particles following ball-milling using a Zeiss Supra 55 VP Field
Emission Scanning Electron Microscope. Electrical measure-
ments for TiH, films were collected using a four point probe
method with a Keithley 2400 source meter. Electrical measure-
ments for stability tests used a line geometry, with silver paste
to form electrical contact pads and measurement performed
with a multimeter. Film thickness measurements were per-
formed with a Bruker Dektak XT stylus profilometer following
thermal curing at 400 °C for 30 min, and optical microscopy
imaging was performed with a Keyence VHX optical
microscope.
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Ink synthesis

In a 250 mL flat bottom flask, the TiH, powder (50 g) was
stirred with ON (~250 mL) in an argon filled glovebox and
heated to 180 °C for 30 min. After allowing to sit for 12 h, the
mother liquor was decanted, and the remainder of the sample
was centrifuged and washed with hexanes three times to
remove excess ON.

In a fume hood, the resulting TiH,/ON gray powder (~1.0 g)
was dispersed with Solsperse 9000 in xylenes (0.1 g Solsperse
9000, 11 mL xylenes) and ball milled on a Retsch eMax instru-
ment. Ball milling was done with 30 mL YSZ milling media
(2 mm diameter) at 1500 rpm in 10 min milling stages, separ-
ated by 5 min rest periods to prevent heating above 50 °C.
Following three milling stages (total 30 min), the samples were
cooled in an ice bath and then opened to recover the dis-
persion. The milling media was removed using a Nylon™ filter
screen, yielding a dark suspension, which was mixed with tet-
ralin in a 4: 1 v/v ratio.

Printing and curing

The TiH, nanoink was printed with a custom-built aerosol jet
printer, using dry air for the carrier and sheath gases. During
printing, the ink cartridge was maintained at 17 °C. Ultrasonic
atomization was controlled with an atomizer voltage of 30-33
V. Nozzle sizes of 110, 160, and 233 pm were used, with
aerosol gas flow rates of 5-15 sccm and sheath gas flow rates
of 5-80 sccm. Glass and polyimide substrates were held on a
stage heated to 60 °C for typical experiments. Film samples
prepared for photonic curing used a 233 um nozzle diameter
with aerosol and sheath gas flow rates of 12 and 36 sccm,
respectively. The sample pattern contained two layers printed
at 0 and 90° with an infill density of 20 pm. This corresponds
to the 12 sccm data point in Fig. 4a, resulting in a nominal
thickness of ~1100 nm.

Printed TiH, samples on polyimide were cured using a
PulseForge 1300 photonic curing instrument from
NovaCentrix. For most experiments, single, 1 ms light pulses
were used, with energy varying from 1-10 J cm™> by changing
the pulse voltage (275-625 V). For multiple-pulse experiments,
the individual pulses were separated by 5 s. Photonic curing
was performed in an environmental cell under different con-
ditions, including H,/N,, light vacuum, and air. Typical results
are shown for samples cured under light vacuum. Where not
explicitly indicated (Fig. 5, 6a and b), photonic curing was per-
formed using a single pulse with an energy of 8 J cm™.
Simulations for photonic curing used the built-in SimPulse
software associated with the PulseForge instrument.

Results and discussion
Nanoparticle synthesis

A colloidal dispersion of TiH, nanoparticles with low viscosity
is required for ultrasonic atomization to support high resolu-
tion AJP. To achieve this, the commercial TiH, powder was pre-
treated with a reactive surfactant to promote more effective

This journal is © The Royal Society of Chemistry 2022
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mechanical milling, in part due to the decreased surface
energy of the TiH,/surfactant interface. The modification of
the TiH, microscale powder was undertaken using octylamine
(ON) at elevated temperatures (180 °C). The ON modifier was
selected based on previous experience with this ligand in the
stabilization of Cu nanoparticles.”® The temperature was
selected based on a slight darkening in the appearance of the
reaction mixture upon heating. After cooling to room tempera-
ture, the mother liquor was decanted, centrifuged, and washed
to remove residual ON. At this stage, pXRD and DLS measure-
ments indicate no clear effect of the ON treatment (Fig. 1a;
PDF 00-025-0982). The resulting grey powder was then ball
milled in xylenes with Solsperse 9000, a polymer surfactant.
For characterization, the powder from the resulting dispersion
was isolated by centrifugation and washing with hexanes. The
PXRD pattern of this powder revealed broad peaks due to par-
ticle size refinement, with a mean crystallite size of 157(20)
nm for the milled material calculated based on Scherrer ana-
lysis of the 20 = 34.9° peak. This smaller size of the particles
was confirmed by DLS of the ball-milled dispersion, which
provides an ensemble average measurement indicating a mean
hydrodynamic diameter of 56 nm with a polydispersity index
of 0.17 (Fig. 1). The difference in the two sizes can be attribu-
ted to the fact the pXRD analysis involves determination of
crystallite size and the DLS fits particle size with the assump-
tion of spherical morphology. SEM analysis indicated a
reduction in particle size from ~2-10 pm particles to
~50-400 nm following wet ball milling, as shown in Fig. 2. In
addition to this reduction in particle size, the final powders
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Fig. 1 Production of TiH, nanoparticle dispersion. (a) pXRD of powder
following octylamine treatment and subsequent wet ball milling, with
TiH, reference (PDF 00-025-0982). (b) DLS size distributions following
octylamine treatment and subsequent ball wet ball milling.
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Fig. 2 Scanning electron microscopy images showing progression of
particle size during processing, including (a) raw TiH, powder, (b) octyla-
mine-treated powder, and (c) TiH, nanoparticles following wet ball
milling of octylamine-treated powder.

were found to be air-stable, readily dispersible, and stable to
aggregation. Over an extended period of time some settling of
this TiH, dispersion was observed, but brief agitation allowed
for redispersion.

Ink formulation and aerosol jet printing

AJP offers a digital, non-contact, high-resolution patterning
capability with broad materials compatibility.*® Ultrasonic ato-
mization of inks produces 1-5 pum droplets, which are trans-
ported to the printhead using a carrier gas stream. Within the
printhead, an annular sheath gas surrounds the aerosol
stream, narrowing the aerosol stream and preventing ink depo-
sition on the interior of the nozzle. The aerosol stream is then
directed through a deposition nozzle with a narrow orifice of
100-300 um to produce high resolution patterns on the sub-
strate (Fig. 3). To tailor the TiH, dispersion for AJP, the cosol-
vent tetralin was added in a 4:1 v/v dispersion : tetralin ratio
to mitigate droplet evaporation within the printhead.’”
Tetralin offers similar chemical properties to the base solvent
xylenes, does not significantly increase the viscosity, and has a
lower vapor pressure to slow drying processes.

During printing, the focusing ratio, defined as the sheath:
carrier gas flow rate ratio, modulates the diameter of the
aerosol beam, and thus the resolution.*® The print nozzle dia-
meter is another key factor in determining the print resolu-
tion, and the sheath gas flow rate imposes a secondary effect
on the deposition rate due to droplet impaction processes. To
test the resolution capabilities for this ink, individual lines
were printed and characterized (Fig. 3 and Fig. S1}). Several
calibration tests were performed to quantitatively characterize

Nanoscale, 2022, 14, 12651-12657 | 12653
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Fig. 3 Aerosol jet printing of TiH, nanoink. (a) Photograph of the print nozzle during patterning. (b and c) Optical microscopy images of dense lines

on polyimide and high resolution lines on glass, respectively.

the printing behavior of the TiH, nanoink. First, the depo-
sition rate was determined from the thickness of printed films
at varying carrier gas flow rates (Fig. 4a). This study revealed a
threshold flow rate of ~6 scem, below which little material
deposition was observed. A fairly linear increase in film thick-
ness or deposition rate with increasing flow rate (4.7(3) x 10°
pum?® s™* sccem™) was observed, establishing a suitable range
for printing. To study the resolution capabilities, traces were
printed with three different nozzle sizes (233, 160 and
110 pm). The resulting resolution is shown in Fig. 4b, in which
solid lines show baseline, ink-agnostic estimates of resolution,
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Fig. 4 Quantitative printing metrics. (a) Film thickness plotted against
aerosol flow rate for a fixed focusing ratio, showing an approximately
linear increase in deposition rate with a threshold of ~6 sccm. (b) Line
resolution as a function of focusing ratio for different nozzle sizes,
showing resolution as fine as 20 pm. Solid lines in (b) correspond to a
theoretical calculation of the nominal ink stream width exiting the
nozzle.
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which largely track the measured values but show some impor-
tant deviations.*® Using the 110 pm nozzle, a resolution as
fine as 20 um was achieved on both glass and polyimide sub-
strates. In addition to deposition rate and resolution, print
consistency is a key challenge for reliable AJP. In this case, a
~50% decrease in the film thickness was observed during con-
tinuous printing over 5 h (Fig. S2t), which is attributed to
reduced atomization resulting from a reduction in the ink
volume within the cartridge.>® Despite this drift, the long 5 h
time frame of continuous printing is notable for AJP,** and
does not indicate a limitation of the ink.

Photonic curing

A key challenge for metal-based inks is the identification of a
suitable post-processing treatment that results in an electri-
cally continuous, functional network from individual printed
particles. This is particularly challenging for this system, given
the susceptibility of titanium-based materials to oxidation at
high temperatures. Previous efforts to post-process pastes con-
taining TiH, deposited by extrusion printing to Ti metal (Ti’)
required debinding (200-300 °C), high temperature (600 °C)
dehydriding under high vacuum, and subsequent high temp-
erature sintering (1050 °C), conditions unsuitable for flexible
plastic substrates.”® To explore an alternative curing method,
intense pulsed light (IPL) processing was studied. This
method uses a broadband pulsed light source (commonly a Xe
flash lamp) to produce a high intensity (~1-10 kW cm™2),
short (~1 ms) light pulse.***** This has been previously
applied to a diverse range of nanomaterials, including silver,
copper, graphene, silicon, and semiconducting and piezoelec-
tric metal oxides.***? This light pulse is selectively absorbed
in the TiH, film, leading to rapid heating to high temperatures
that will sinter the nanoparticle traces while limiting thermal
damage to the substrate.

Prior to IPL curing, printed TiH, films have a black appear-
ance with a uniform microstructure of TiH, nanoparticles and
polymer binder, as shown in Fig. 5a and b. Upon exposure to
the high energy light pulse, a visible transformation was
observed, resulting in a gray film with a metallic luster and

This journal is © The Royal Society of Chemistry 2022
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As-printed

Fig. 5 Morphology of the print TiH,, including (a and c) optical and (b
and d) SEM imaging for as-printed (a and b) and photonically cured (c
and d) films.

clear microstructural evolution, as shown in Fig. 5c¢ and d.
SEM images of the traces reveal a porous, high surface area
microstructure, with evidence of sintered primary particles.
This is likely a result of the rapid nature of the photonic
curing process and the release of gaseous species upon
decomposition or conversion of the dispersant, ligands, and
TiH,. While not suitable for dense, highly conductive lines,
anticipated applications of this material are distinct from tra-
ditional conductors such as silver. For many applications that
exploit the electrochemical stability and biocompatibility of
titanium-based compounds (e.g., energy, catalysis, sensing,

View Article Online
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Chemical and electrical characterization

Insights into the chemical changes occurring during IPL
curing are provided by more in depth characterization.
Fourier-transform infrared spectroscopy (FTIR) of samples
prior to photonic curing show clear bends and stretches
associated with the dispersant, particularly in the
2800-3000 cm ™" range (Fig. 6a). Following photonic curing, no
evidence of these stretches/bends is present, with the weak
peaks remaining attributed to the polyimide substrate. Prior to
curing, pXRD patterns indicated the presence of peaks associ-
ated with TiH, (PDF 00-025-0982); after the photonic curing
process, these peaks are present but less distinct (Fig. 6b),
suggesting that at least some TiH, remains.

For a systematic test, pulse energies of 1-10 ] cm™> were
applied in 1 J em™ increments, leading to expected heating
above 1000 °C (Fig. S31).>" As the pulse energy was increased,
the electrical sheet resistance shows a transition from 3-7 J
em™? as the nonconductive, as-printed film is sintered to
achieve a typical sheet resistance of ~200 Q 0" for pulse ener-
gies of 7-9 J em™> (Fig. 6c). This method therefore allows
curing on polyimide substrates, which is not possible using
conventional thermal annealing. Indeed, thermal curing of
patterns on silicon wafers required a temperature as high as
800 °C under nitrogen to yield comparable electrical properties
(Fig. S4t). Moreover, the efficacy of photonic curing appears to
be independent of the process environment, with similar
results observed following curing under H,/N,, light vacuum,
and air.

While single-pulse IPL curing is effective, it can lead to a
porous microstructure and limited adhesion that impacts
bending tolerance (Fig. S51). In this case, multiple pulses can
provide an effective means to improve electrical properties and
tailor the final morphology. While the initial light pulse likely
decomposes the organic constituents, leading to gas evolution
and pore formation, the second pulse reheats the remaining

biomedical), this high surface area morphology is material to close pores. This multi-pulse process can lead to
advantageous.>*>*>° improved electrical performance, with a sheet resistance as
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Fig. 6 Analysis of the photonic curing process, including (a) FTIR, (b) pXRD, and (c) electrical sheet resistance for TiH, films before and after IPL

curing. Reference pXRD peaks in (b) correspond to PDF 00-025-0982.
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low as ~150 Q 0", a more lustrous visual appearance, and a
denser film morphology (Fig. S4 and S6).

Conclusions

In this work, a simple TiH, nanoink was developed as an
alternative conductor for printed electronic applications. This
approach broadens the scope of printable materials beyond
traditional, oxidation-resistant coinage metals, making more
diverse functional properties accessible. Future extension to
metal hydrides beyond titanium will further expand the
palette of materials compatible with printed electronics, par-
ticularly considering the ability to chemically convert and alloy
hydride precursors. Commercial TiH, powder with 1-10 pm
particles was first treated at elevated temperature with ON, fol-
lowed by wet ball milling in the presence of a dispersant to
produce TiH, nanoparticles. Aerosol jet printing of a nanoink
prepared from this dispersion was demonstrated, achieving
controllable patterning with a resolution as fine as 20 pum.
Following printing, IPL curing was used to convert the nano-
particle film into a continuous, conductive network. The
photonic curing conditions are shown to influence film micro-
structure, varying from a porous, high surface area mor-
phology to more dense films for single- and multi-pulse
curing, respectively. Moreover, the porous microstructure
could find potential use in energy, catalysis, and sensing appli-
cations. Overall, this marks a novel approach to conductive ink
design for high resolution digital patterning, providing an
alternative class of printed materials to expand the scope of
opportunities for printed electronics.
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