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ABSTRACT: In this work, the impacts of varying surface
modification, matrix parameters, and fabrication conditions on the
performance of optically printed (0—3) piezoelectric polymer
nanocomposites are examined. For example, we find that a 75%
reduction in nanoparticle edge-length boosted the piezoelectric
coefficient (d;;) by over 100%. By optimizing the composition and
fabrication conditions, 10% by mass loading barium titanate
nanocomposites are able to yield d;; values of ~80 pC/N compared
to <5 pC/N when parameters are not optimized. With a more
complete understanding of how to enhance the performance of (0—
3) piezoelectric polymer nanocomposites, these materials should

find use in a wide range of applications.
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P iezoelectric materials and their ability to couple mechanical
and electrical energy forms have played important roles in
applications such as nanogenerators,”” sensors,” and ultra-
sonic transducers.”® Conventional inorganic piezoelectric
materials such as lead zirconate titanate (PZT) are most
commonly used in the form of large, bulk electroceramics due
to their high piezoelectric coefficients.” However, this bulk
electroceramic implementation restricts these materials’
applications due to inherent limitations such as poor
mechanical flexibility, brittleness," '° and in the case of PZT,
the presence of lead which limits biological applications."'
Piezoelectric polymers, such as polyvinylidene fluoride
(PVDEF), have been proposed as candidates to help circumvent
these issues, but their piezoelectric coeflicients are typically an
order of magnitude less than that of ceramic-based piezoelectric
materials.'”” While both ceramic and polymer piezoelectrics
have their advantages and disadvantages, piezoelectric nano-
composites have garnered significant attention as an alternative
material that bridges the gap between bulk electroceramics and
pure polymer piezoelectrics by providing moderate piezo-
electric coefficients while retaining mechanical flexibility and
biocompatibility. These nanocomposites typically take the form
of one-dimensional piezoelectric ceramics such as nanowires or
rods embedded in a polymer matrix, known as a (1-3)
composite,'”'* or nanoparticles suspended in a matrix, a (0—3)
composite.>™'? As the potential for these composite materials
grows to fill this void in modern piezoelectrics, it is important
to explore the ability to control the ceramic—polymer interface
and th(ze0 g{fects from changing the properties of the polymer
matrix.””
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In previous work, we demonstrated that piezoelectric (0—3)
nanoparticle—polymer composite materials could be optically
printed in three dimensions (3D) using barium titanate (BT)
nanoparticles suspended in a photoliable polymer solution.*”
Through the use of a digital projection printing (DPP) method,
we were able to selectively cross-link regions of the solution
using ultraviolet (UV) light and a photopolymerizable polymer
such as poly(ethylene glycol diacrylate) (PEGDA). As the
polymer cross-links under light exposure, the BT nanoparticles
are encased in the matrix, allowing feature sizes as a small as 5
um to be reproducibly fabricated. It was also demonstrated that
grafting acrylate containing surface groups, such as 3-
(trimethoxysilyl)propyl methacrylate (TMSPM), onto the BT
enhanced the stress-transfer efficiency by an order of
magnitude.”” These linkers are a critical component to
understanding how to tune the performance of piezoelectric
nanocomposites since they significantly increase the inorganic-
polymer interfacial interaction. In this work, we examine a wide
parameter space, including different linker molecules, changes
in the polymer’s molecular weight, microstructure size, and
nanoparticle size, to obtain a more complete understanding on
how to better engineer piezoelectric polymer nanocomposites.
Although the BT-PEDGA system is studied here, the findings
should be universal for other nanoparticle-photopolymer
systems.
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Figure 1. (a) Structures of methacrylate silane molecules used to functionalize the surface of the BT nanoparticles including 3-
(trimethoxysilyl)propyl methacrylate (TMSPM), 3-(trimethoxysilyl)methyl methacrylate (TMSMM), and 3-(methoxydimethylsilyl)propyl
methacrylate (MSPM). (b) Piezoelectric coefficients (d;;) for unstructured PEGDA thin films (125 ym thick) with a 10% mass loading of 80
nm BT nanoparticles. The BT was surface functionalized with TMSPM (square), MSPM (circle), or TMSMM (triangle). The PEGDA molecular

weights used were 258, 575, and 750 Da.

a)

Area fraction
f) 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23

40+ 116

5] ® O g4
% . {12
= o -— 110 &
o 254 1s £
Q =
< s
<P 20 16 2
|

15 14

10 LRE

. —o

10 11 12 13 14 15 16
Exposure time (s)

Figure 2. Optical images of honeycomb arrays printed with UV exposure times of (a) 1.0, (b) 1.3, and (c) 1.6 s. Scanning electron micrographs of
the patterned structures produced with UV exposure times of (d) 1.0 and (e) 1.6 s. (f) Measured d; coefficients and line widths of the honeycomb
arrays as a function of exposure time/area fraction. All samples were prepared with 80 nm BT nanoparticles with a 10% mass loading.

There is a strong relationship between the piezoelectric
output of optically printed composite materials and the
piezoelectric nanoparticles’ ability to mechanically couple to
the matrix. Larger electrical outputs are the result of a stronger
interaction between the active piezoelectric crystal and the
stresses acting on the polymer. As previously shown, the
presence of the TMSPM linker group on the BT nanoparticle
surface is far more effective in producing a piezoelectric output
compared to unmodified nanoparticles entrapped in a pure
polymer matrix or even a nanocomposite doped with carbon
nanotubes to enhance the mechanical properties. In order to
better understand the role of these chemical linker molecules in
transferring mechanical stress, TMSPM modified particle
composites were compared against composites containing
particles functionalized with linker variants, 3-(trimethoxysilyl)-
methyl methacrylate (TMSMM) and 3-
(methoxydimethylsilyl)propyl methacrylate (MSPM) (Figure
1a). These variants were chosen to closely mimic the chemical
nature of TMSPM, but alter the number of silyl ether (Si—O-
R) groups, which act as binding sites to the nanoparticles. or
shorten the central carbon chain, which influences the degrees
of freedom between the BT and the polymer matrix. In
addition, the impact of polymer stiffness was examined by
changing its molecular weight. Polymers such as PEG have
been shown to become stiffer as the molecular weight is
decreased.”

To test the piezoelectric properties of the nanocomposites
with various linker molecules and polymer molecular weights,
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linker-modified BT piezoelectric nanoparticles were incorpo-
rated into PEGDA composite thin film devices. The composites
were fabricated with each of the different linkers (TMSPM,
MSPM, TMSMM) as well as with varied PEGDA molecular
weights. The materials’ piezoelectric charge coefficient (ds;,
which measures the induced polarization along the 3 direction
parallel to the polarized axis, whereas the stress is applied along
the same axis) were then measured through an in-house built
quasi-static d;; meter (data summarized in Figure 1b). A
schematic for the force sensor circuit used to measure forces
simultaneously with the electrical outputs can be found in
Figure SS5. Both MSPM and TMSMM functionalized
composites exhibit lower piezoelectric coeflicients compared
to those modified with TMSPM despite the subtle differences
in the molecular structures of the linkers. The role of the linker
molecules is to form strong links between the matrix and the
piezoelectric nanoparticle, and the small differences between
the linker molecules can lead to variations in the stress-transfer
efficiency. In the case of TMSMM, the shorter central carbon
chain places the acrylate group in closer proximity to the silyl
binding sites where the nanoparticle is linked. This pulls
electron density away from the Si—O—BT bonds resulting in a
lower bond strength; translating to a lessened ability to
efficiently transfer mechanical stress from the polymer matrix to
the piezoelectric ceramic and a lowered piezoelectric
coefficient. For MSPM, the reduction in the number of silyl
ether groups produces a weaker linkage between the BT
nanoparticle and polymer matrix thus also lowering the

DOI: 10.1021/acsami.6b12086
ACS Appl. Mater. Interfaces 2016, 8, 33394—33398


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12086/suppl_file/am6b12086_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b12086

ACS Applied Materials & Interfaces

Transmittence (%)

——1% 20 nm BT
——10% 20 nm BT
— — 1% 80nmBT
— — 10% 80 nm BT
——PEGDA

700

Wavelength (nm)

m 20 nm particle
804 ® 80 nm particle

70
60
50
40 " °
30+
20 ¢

101 m

0 . . . . ;

d,, (PC/N)

0 2 4 6 8 10
Particle Loading (wt%)

C 4
) 90 m 20 nm particle
804 | ® 80nm particle

0.1 1 10

Surface area of particles/unit volume (pm'1)

Figure 3. (a) Optical extinction spectra for 10 ym thick PEGDA composite films with 1 or 10% particle loading by weight of 20 or 80 nm BT
nanoparticles with inset of scanning transmission electron microscope image of as-made 20 nm BT nanoparticles. (b) Piezoelectric coefficients (ds3)
as a function of particle loading percentage for 20 nm barium titanate nanoparticles (square) and 80 nm barium titanate nanoparticles (circle) in 25
pum PEGDA film devices. (c) Piezoelectric coefficients (same samples as b) plotted as a logarithmic function of particle surface area per unit volume.

mechanical-to-electrical energy conversion efficiency. Surpris-
ingly, there is nearly a 3X enhancement observed in the
piezoelectric coefficient for the lowest polymer molecular
weight. Atomic force microscopy measurements show that the
stiffness of the PEGDA increases from 252 MPa for the 750 Da
polymer to 3.74 GPa for the 258 Da polymer. Increasing the
polymer stiffness reduces the mismatch in hardness between
the nanoparticle and polymer. This translates to a matrix that
can transfer more of the applied stress to the piezoelectric
nanoparticles by reducing the number of unproductive
deformation modes (e.g, polymer expansion orthogonal to
the applied stress) found in softer matrices.

Although there is a strong piezoelectric dependence on
chemical factors, other parameters such as the size and shape of
the 3D printed microstructures can also influence the
piezoelectric response. For example, the area fraction of the
piezoelectric polymer in the printed materials can be controlled
by tuning the light exposure (Figure 2). Using the same optical
mask such as a honeycomb pattern, multiple structure
variations can be constructed by increasing the UV exposure
time. For example, the honeycomb line width can be increased
by ~40% by lengthening the UV exposure from 1.0 to 1.6 s.
This slight change in the area fraction results in a ~ 67%
decrease in the dj; value. All of these hexagonal arrays were
printed using the 256 Da PEGDA, but similar trends were
observed for the other nanocomposites. The drop in the
mechanical-to-electrical energy conversion efficiency for the
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larger area fractions is likely caused by an increase in the
effective elastic modulus. Although the exact same composite is
being used, the microstructure of the additionally exposed
patterns is less capable of transferring stress to the entrapped
nanoparticles and therefore shows a lower charge coefficient
compared to the lower area fraction structures. This could be
due to the increase in active area or an increase in the cross-link
density in the region. It is important to note that the amount of
charge generated by the printed films under a load is directly
related to the strain rate and the rate of charge-loss in the
composite. Therefore, a higher strain rate will produce a larger
amount of charge on the surface of the piezoelectric given that
the samples being compared have the same rate of charge loss.
This effect is observed in the printed microstructures by
reducing the amount of active material in the array.

One of the major challenges for optically printing structures
with small feature sizes, yet a large volume (e.g., thicker), is
creating prepolymerized composite solutions that have high
optical transparencies. The PEGDA, or other photocurable
polymers, have fairly low absorption coeflicients; however, the
BT nanoparticles can significantly attenuate light propagation
through the composite due to large optical scattering and/or
absorption. These light-matter interactions can distort the
optical image and cause aberrations in the printed structures
past depths of ~300 ym when an above exposure method (i.e,,
light has to penetrate previously printed regions to access the
new layer being printed) is used. Although other exposure
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methods such as extruding the structure away from the light
source can be used to circumvent this issue, the light-matter
interactions can be mitigated through the composition of the
composite. Lower mass loadings (<10%) are required to
achieve adequate optical transparencies with the 80 nm
nanoparticles, which limits the amount of active piezoelectric
particles that can be used and thus the piezoelectric properties.
However, the implementation of smaller BT nanoparticles
reduces light-matter interactions to allow higher mass loadings
while retaining the optical transparency required for printing. In
addition, smaller nanoparticles enhance the interfacial area
between the BT and the polymer matrix, which should also
contribute to a more efficient stress-transfer efficiency. To
investigate the effects from nanoparticle size we compared the
optical properties of composites made with 80 and 20 nm edge-
lengths (Figure 3a). From the transmission experiments it is
clear that there is nearly a 7X decrease in the extinction (at 365
nm) going from a printed film loaded with 10% of the larger
nanoparticles to the same mass loading with the smaller
nanoparticles. In fact, there is only about a 5% drop in the
transmittance when a pure PEGDA film is loaded with 1% of
the small nanoparticles compared to a ~30% drop with the 80
nm nanoparticles. The maximum spatial resolution that can be
achieved with the system is ~1 pm using the pure PEGDA.
This requires a transmittance at 365 nm of >65% which is only
achievable with the smaller nanoparticles. If high spatial
resolution is required with the composites, along with larger
BT loadings, photoinitiators with longer wavelength absorp-
tions maxima (>500 nm) can be used.

Testing the piezoelectric performance of the smaller
nanoparticle composites showed an immediate trend with the
smaller nanoparticles outperforming the larger nanoparticles for
every mass loading tested (Figure 3b). All materials were poled
under the same conditions (10.2 MV/m at 135 °C for 4 h), had
identical thicknesses (25 ym), and similar electrode designs. An
enhancement of ~100% is observed for the 20 nm particle
composite loaded at 10%, which implies there are contributions
from surface area and the number of grafting sites per unit
volume. When the charge coeflicient is plotted versus the log of
the BT surface area per volume of composite (Figure 3c), there
is a clear indication that the matrix-nanoparticle interfacial area
is one of the most significant parameters that influences the
piezoelectric performance. The materials tested with a 0.5%
mass loading of 80 nm nanoparticles did not show any
measurable signals, suggesting that a surface area to unit volume
ratio of 0.2 um™" is the threshold for piezoelectric behavior in
these composites. Although the piezoelectric coefficients do
increase with larger mass loading percentages, it is expected that
the logarithmic trend ceases at higher mass loadings due to
larger particle—particle interactions which limits the nano-
particle—polymer interactions and lowers the stress-transfer
efficiency. In addition, successfully printing films with larger
mass loadings is difficult due to the increased optical scattering
and absorption which prevents complete photo-cross-linking.
Understanding and optimizing these nanointerfacial effects is
critical for pushing the performance limits of piezoelectric
polymer nanocomposites, and optical printing should play a
major role in advancing these materials.

In this work, we have demonstrated that the piezoelectric
performance of optically printed (0—3) piezoelectric nano-
composites is strongly dependent on parameters such as surface
linker chemistry, matrix mechanical properties, and nano-
particle size. With continued investigation on the strengthening

and maximization of the stress-transfer efficiency at the
inorganic—organic interface, it should be possible to fabricate
composite materials with properties that exceed their ceramic
monolith counterparts with less active material. Finally, optical
printing with UV-curable polymers has been shown to be an
ideal platform to systematically study and tune the piezoelectric
properties of nanocomposites and offers one of the only routes
to high precision, rapid, and 3D fabrication of piezoelectric

polymers.
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