Orientation-Controlled Crystallization of y-Glycine Films with
Enhanced Piezoelectricity
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Glycine, the simplest amino acid, is considered a promising functional biomaterial owing to its excellent biocompatibility

and strong out-of-plane piezoelectricity. Practical applications require glycine films to be manufactured with their strong

piezoelectric polar <001> direction aligned with the film thickness. Based on the recently-developed solidification

approach of a polyvinyl alcohol (PVA) and glycine aqueous solution, in this work, we demonstrate that the crystal

orientation of the as-synthesized film is determined by the orientation of glycine crystal nuclei. By controlling the local

nucleation kinetics via surface curvature tuning, we shifted the nucleation site from the edge to the middle of the liquid

film, and thereby aligned the <001> direction vertically. As a result, the PVA-glycine-PVA sandwich film exhibits the highest

average piezoelectric coefficient ds; of 6.13+1.13 pC/N. This work demonstrates a promising kinetic approach to achieve

crystallization and property control in a scalable biocrystal manufacturing process.

Introduction

Piezoelectric materials that couple mechanical and electric
energy have demonstrated great potential in biomedical
applications.! Currently, they have already been widely used in
wearable and implantable energy-harvesting devices,** motion
sensors®® and scaffolds for tissue-engineering.® Limitations of
materials encouraged the
emergence of novel biological piezoelectric materials with high
flexibility, desired biocompatibility and biodegradability.”®
Amino acids, a fundamental building block of the human body
and one of the simplest biomaterials, are recently re-emerged

conventional piezoelectric

as a promising piezoelectric biomaterial”®*® with theoretical
piezoelectric comparable to conventional
piezoelectric soft materials such as polyvinylidene difluoride
(PVDF)' and zinc oxide. In addition, most types of amino
acids are piezoelectric due to their non-centrosymmetric
crystal structures.”

Glycine is the simplest and most studied amino acid, which has

three different polymorphs, i.e. a-, B- and y-glycine." " a-

coefficients

glycine does not exhibit any bulk piezoelectricity due to the
elimination of dipole in the crystal. B-glycine is predicted to
show outstanding shear piezoelectricity (dis ~ 178 pC/N),"” but
is meta-stable and can easily transform into the other two
phases in atmosphere. y-glycine is stable and has a theoretical
longitudinal piezoelectric coefficient, ds; up to 10.4 pC/N
(along the <001> direction),” and is considered the most

promising phase. However, reported experimental
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piezoelectricity is much lower than the theoretical value due to
the randomness of the crystal domain orientations. Studies
suggested that interfacial interactions such as hydrogen
bonding or van der Waals force may guide the direction of
crystal growth.”*® A most recent report revealed that the rich
hydrogen bonds at the glycine and polyvinyl alcohol (PVA)
interface could align all the interface-nucleated y-glycine
crystals along the same direction, and thus boosted the bulk
piezoelectricity di; up to 5.3 pC/N.* Nonetheless, this value
was still only half of the theoretical value, mostly because the
polarization <001> direction was not perpendicular to the film
surface. This non-preferred crystal orientation was a result of
the nuclei (001) facets being aligned with the tilted edge of the
liquid precursor film, where the convex liquid surface makes it
the most energy favorable region for nucleation. It is therefore
intuitive to hypothesize that if the nuclei (001) facets can be
tuned horizontally, the bulk piezoelectricity of the film may be
further enhanced. In this paper, we present that by tuning the
liquid film contact angle, the nuclei crystal orientation could be
adjusted accordingly. Guided by this discovery, the liquid film
and thereby
successfully moved the preferred nucleation sites to the center
of the film, where the heterogeneous water-PVA interface
guided the (001) glycine facets parallel to the film surface.
Tuning the crystal orientation of the glycine film enhanced the
film’s bulk ds; and their piezoelectric output. This work
demonstrated a promising example of using interfacial energy
the bulk film’s
piezoelectric property, which may serve as a facile engineering

edge was tuned from convex to concave,

to tune the nucleation and thus control

tool for advanced biocrystal manufacturing.

Results and discussion
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It was recently discovered that the hydrogen bonds between
the hydroxyl (-OH) group of PVA and the carboxyl (-COOH)
group of glycine are the most energy-favorable interaction

)'20

(calculated binding energy of up to 1 eV).”” Therefore, when a
PVA surface is present, glycine nuclei would preferably align
their (001) facets parallel to the chain of PVA molecules at the
interface (Figure 1a), and thus the strongest piezoelectric
polarization <001> direction of glycine is perpendicular to the
PVA-glycine interface at the nucleation sites. The PVA-glycine
interface could be formed automatically and continuously by
the solidification of a glycine/PVA mixture solution. PVA would
precipitate out first due to its lower water solubility and the
salting out effect,”* and accumulate at the top and bottom of
the aqueous solution due to the surface tension.””** Glycine
started nucleation with subsequent water evaporation and

Figure 1b also suggests that the angle 6 is dependent on the
curvature of top liquid surface, and thus could be controlled by
the liquid-substrate contact angle. To investigate the effect of
contact angles on crystal directions, glycine-PVA films were
synthesized on three substrates with different contact angles
(Insets of Figure 1c): polymethyl methacrylate (PMMA) 54.3°,
polystyrene (PS) 65.4° and polydimethylsiloxane (PDMS) 92.1°.
All the three systems yielded a continuous wafer-scale film
with a clear PVA-glycine-PVA sandwiched structure (Figure 1c).
All the films were nucleated along the edge and grow toward
the center. The thickness of each film was in the range of 30-
40 um (Figure S1). As the low energy (001) planes are typically
the cleavage surface, the line features in the cross-sectional
scanning electron microscopy (SEM) indicates the position of
the (001) facets. Therefore, the angle a between <001>
polarization direction and normal direction of film were
measured to be: 54.7°, 34.1° and 57.8°, for PMMA, PS and
PDMS, respectively. X-ray powder diffraction spectra (Figure
1d) of the three samples exhibited similar peak distributions,
revealing that the glycine crystals were all y phase. The
relatively stronger (102) peaks from the PMMA- and PS-
supported films also indicate a better alignment of the polar
directions of all glycine crystals. Based on the crystal structure
of y-glycine,'® the facet arrangement of (001), (110) and (101)
The substrate-dependent growth study revealed that the out-
of-plane_npiezoelectricitv. d33 of the_ sglvcine-PVA_films_was
largely determined by the initial nucleation orientation, which
controls the orientation of the glycine <001> direction
thereafter. Therefore, we hypothesize that the best orientation
alignment may be achieved if the nucleation site moves to the
flat
relationship® suggests that surfaces with a negative surface

liquid surface in the middle area. Gibbs-Thompson
curvature (K) have a lower equilibrium vapor pressure than
that at flat surfaces, and could lower the local evaporation rate
thus to the building up.

Experimentally, the negative K at the liquid edge was achieved

slow down supersaturation
by attaching a glass wall around the glycine-PVA liquid film on
a PS substrate (PS+wall) (Figure 2a). Thus, water evaporation
WaEsS IOWeEreu aroaia—tie - igaia i euges; “aiatiereuy e
supersaturation under the flat solution surface became higher
than the edge region.”® Together with the lower surface

these nuclei led to continuous and coherent glycine crystal
growth, forming a PVA-glycine-PVA sandwiched structure with
all glycine crystal domains aligned in the same direction. From
a typical aqueous film configuration that is needed to grow a
large glycine film, glycine initially nucleates near the edge
under the convex top surface,* where a high supersaturation
and high interface free energy exist (Figure 1b).” Therefore,
the (001) plane of glycine crystal would incline against the
This
inclination angle would persist across the entire film due to the

horizontal substrate plane at a certain angle (6).
coherent growth of glycine crystals as the aqueous film dries.
Therefore, the strongest piezoelectric polarization of y-glycine
is roughly shifted 8 away from the film’s normal direction, so
that the effective 33 direction piezoelectric response is
jeopardized.

is shown in Figure le, where the horizontal and normal
directions to the film plane were represented by x- and y-axis,
respectively. From this geometric relationship, the direction of
the (001) facets can be determined from the orientation of the
(110) facet, because that the (001) peak does not show in the
XRD spectra. As thus, the piezoelectric polarization <001>
direction was tilted 54.7°, 34.1° and 57.8° from the normal
direction for films grown on PMMA, PS and PDMS substrates,
respectively. The non-linear relationship between 6 and the
wetting angle would possibly be the change of the wetting
situation during the water evaporation process.”® The out-of-
plane piezoelectricity, ds3, which is directly related to the
fractional vector of the <001> direction on the normal
direction, was found to be 4.24 pC/N, the highest for the
glycine films grown on PS substrates (Table S1). The ds3
dropped to 3.44 and 1.56 pC/N for glycine films on PMMA and
PDMS substrates, respectively, in accordance with their larger
contact angles. The lower piezoelectric performance of PDMS-
supported glycine film could be attributed to the relatively
larger amount of misoriented glycine crystals in the film
(Figure 1e). This result clearly proved that tuning the polarized
(001) facet toward the film surface is effective in improving the
film’s bulk dss.

tension,” nucleation would become more thermodynamically
and kineticallv favarahle at the middle flat area (Figurn ‘)h).
The optical image of as-grown films (Figure 2c) clearly shows
that the nucleation site moved away from the edge to the
lower middle area. Areas around the nucleation site showed
clear radial crystal feature indicating the crystal growth
directions. Crystals exhibited vertically aligned features both
inside and outside the nucleation region, while the nucleation
region had an incomplete coverage of glycine crystals and
small crystal sizes (Figure S2). Cross-sectional SEM and EDS
mapping of nitrogen (N) element (Figure 2d) revealed that the
film still preserved the three-layer sandwiched structure with a
total thickness of 28 um, and the glycine middle layer of 16
um. The grains of glycine crystals exhibited similar elongated
SHapeE-aiong tTeir grow T airection, Wit T a widtiT™or™1o0-um
and up to 2 mm in length (Figure S3). XRD spectra (Figure 2e)
of the PS+wall samples showed a substantially enhanced (102)
peak and almost diminished (110) peak compared to the films



grown without wall, indicating that the (102) facets were more
parallel to the film plane while the (110) facets were
perpendicular to the film surface. Figure 2f reveals the
arrangement of (001), (102) and (110) facets in a y-glycine
crystal. The (102) and (001) facets are only 24.2° from each
other, and the (110) and (001) facets are normal to each other.
Therefore, although the (001) peak cannot show in XRD
spectra, the very strong (102) peak and nearly diminished
(110) peak evidenced the (001) plane of glycine was mostly
parallel to the film surface. This is the preferred orientation to
enhance the out-of-plane piezoelectricity.

The glycine-PVA film growth behavior on PS surface with and
without walls was recorded and compared to shed light on the
film crystallization kinetics. The fractions of the crystalized area
were quantified as a function of time and fitted into the
Johnson-Mehl-Avarami-Kolmogorov (JMAK) relation®®* using
the following equation:

X(t)=1—exp [—[kt|"]

where X(t) is area transition fraction, k is rate constant, t is
time and n is morphology index. In our case, X(t) was
determined from the ratio of crystalline area to overall film
size. Well-fitted curves of growth process were achieved by
assuming n=2, suggesting the growth could be considered as
two-dimensional. As shown in Figure 3, when the wall was
introduced, the glycine-PVA films took almost twice the time
to nucleate as that on flat PS surfaces. This could be attributed
to the higher nucleation barrier and slower evaporation rate at
the flat area compared to the convex edge with a positive
surface curvature. The growth process of the glycine-PVA films
on PS+wall substrates could be fitted to two stages: rapid
growth at the beginning and decreased growth rate when
approaching the edge. Rate constants (k) were calculated to be
1.71 x 10° for the first stage, close to the films grown without
wall (k = 2.62 x 10°®). The close k values further testified their
similar energy barrier as both glycine crystal growth occurred
under a flat liquid surface and driven by similar water
evaporation rates. Decreased growth rate at the second stage
as the crystal approaching edges could be attributed to the
consumption of glycine precursor along the expanding growth
front together with the decreased water evaporation rate
under negative surface curvatures.

It is expected that tuning the crystal orientation to the (001)
facet would better tune the piezoelectric polarization to the
normal direction and thus improve the
piezoelectricity. To evidence the preferably
piezoelectric polarization, second harmonic generation (SHG)

out-of-plane
aligned

was conducted on exposed glycine top surface and compared
to films grown without walls (Figure 4a). The (001)-oriented
glycine film exhibited and

strong uniform polarization

intensity, indicating the polarization domain was mostly
aligned along the normal direction. In contrast, the surface of
glycine film grown without wall showed much less and non-
uniform contrast. The out-of-plane piezoelectric coefficient, dss
was measured to be 6.13+1.13 pC/N over the full-coverage
aera outside the nucleation region (Figure S4) with a maximum
of 8.0 pC/N. It was a significant increase as compared to the
films grown without using walls on various substrates (Figure
4b and Figure S5). This measurement further confirmed the
significance of the <001> direction for the
improvement of out-of-plane piezoelectricity.

aligning

To demonstrate the application potential as a mechanical
energy harvester, the out-of-plane piezoelectric voltage output
was measured from the (001)-oriented glycine-PVA films by
coating both surfaces with a 1 cm? copper electrodes.
Compared to the other films (Figure S6 and Table S1), under 30
N impulse forces at 3 Hz, the glycine-PVA films generated a
stable piezoelectric voltage output with an average of 2.9 V
and highest peak-to-peak voltage of 6.1 V (Figure 4c), and a
consistent current output of 16 pA (Figure S7). Subsequent
voltage measurements were taken under the same conditions
for 4 weeks. The film showed nearly constant voltage outputs
within the range from 2.0 to 3.0 V (Figure 4d), suggesting the
long-term stable piezoelectricity y-glycine
crystals covered by double PVA layers was able to preserve the

in atmosphere.

crystallinity and piezoelectric performance for over two weeks
in a humid environment (room temperature, 80-90% humidity,
Figure S8). To quantify the practical power output capability,
output current and voltage were measured across a serious of
load resistance from 100 Q to 10 GQ. The instantaneous
output power was calculated based on the product of peak
voltage and current, which revealed the maximum output
power of 9.2 uW at a load resistance of 9 MQ (Figure 4e).
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Experimental

Preparation of substrates. PMMA (100 mm in diameter and 5
mm in thickness) and PS (petri dish, 100 mm in diameter and
15 mm in height) substrates were ultrasonically cleaned in
ethanol once and DI water twice for 20 min. PDMS substrate
was fabricated by spin-coating PDMS (10:1) at 1000 rpm for 60
s on a glass plate (75 mm X51 mm). Then the PDMS-coated
substrate was moved to 80 °C oven until totally dried. PS+wall
substrate was fabricated by physically attaching a glass ring (40
mm in diameter and 10 mm in height) on top of a PS substrate.

Synthesis of glycine-PVA sandwiched films. PVA in water solution
(10% w-v-1) was prepared by dissolving 10 g PVA (Mw 13000-
23000) in 100 mL deionized water. Glycine solution (10% w-v-
1) was obtained by dissolving 10 g glycine in 100 mL deionized
water. 30 mL of 10% glycine solution was added into 10 mL of
10% PVA solution to obtain a glycine-PVA solution with glycine-
to-PVA ratio of 3:1. A homogeneous solution was obtained by

stirring the mixture for 1 h. The as-prepared solution was then
directly used for film growth. At room temperature, 1 ml of the
mixture solution was slowly applied to different substrates to
create a round-shape liquid film with 40 mm diameter. Then
the whole system was moved into a convection oven at 60 °C
and dried overnight. The as-received glycine-PVA films were
directly peeled off by tweezers from the substrates at room
temperature in atmosphere for characterizations.?

Structure and morphology characterization. SEM observations
and EDS characterizations of the cross-section of glycine-PVA
composite film were performed on a Zeiss GeminiSEM 450
field-emission microscope. X-ray diffraction pattern of glycine-
PVA composite films were acquired from the Bruker D8
Discovery with Cu K-alpha radiation.

Kinetics process measurement. The optical images and the video
of whole film growth process were taken by phone. Then
pictures of films were exported at every 30 s at the nucleation
stage as the film transition is fast and every 200 s at the crystal



growth stage. The transition fractions (X) were calculated from
the measured film sizes by Image J:

X=AJA,

where Ac is the size of crystallized area and Ay is the size of the
whole film.

Electric performance measurement. For measurements of
voltage and current output, small pieces (20mm x 20mm) were
cut from the whole films and covered with cooper tape (50 um
in thickness) at top and bottom as two electrodes. Then the
devices were connected through Cu wire for testing. The 30 N
mechanical stimuli force was applied to the devices by a
computer-controlled actuator (LinMot E1100) at 3 Hz with
amplitude of 1 cm. The piezoelectric voltage outputs were
recorded by connecting probes of a multimeter (DMM 6500,
Keithley, internal resistance 10 Mohm) to the devices. The
short-circuit current was measured by a low-noise current
SR570)
connected with LabVIEW system in the computer. Resistance

preamplifier (Stanford Research Systems, model
of varied values are connected to the devices, driven by 30 N
force at 3 Hz, voltages were measured for the connected
resistance and currents were measured for the whole system.
Second harmonic generation (SHG) images were taken by
Nikon A1R high definition (HD) confocal

microscope and signals were measured under 1040 nm

multiphoton

radiation from built-in lasers. The piezoelectric ds; coefficients
were measured by a quasi-static piezoelectric constant ds;
meter (PKD3-2000-F10N, PolyK Technologies, LLC) under
forces in range of 3-5 N.

Conclusions

In summary, we demonstrated a self-assembly approach that
effectively aligned the piezoelectric polar <001> direction of y-
glycine to the normal direction of the as-grown film surface,
and thereby largely improved the out-of-plane piezoelectricity
of the bulk film. This alignment was possible because crystal
orientation follows those of the nuclei, which is determined by
the surface curvature at the nucleation site, which was
confirmed by the contact angle-related crystal orientation
tuning. By introducing a wall around the liquid precursor film,
the surface curvature along the edge was inverted from
positive to negative. Changes in surface curvature suppressed
the nucleation at the edge area and forced initial nucleation to
the middle of the film, where the surface was flat. Therefore,
the (001) surface of glycine nuclei became parallel to the film
surface, so as the entire film grown thereafter. Tuning the
piezoelectric <001> polar direction of y-glycine crystal to the
thickness direction enhanced the out-of-plane bulk
piezoelectricity, with an average ds; of ~ 6.13+£1.13 pC/N. This
value was more than 20% higher than the ds; of films
nucleated from the edge, where their <001> directions were
tilted away from the normal direction. This work demonstrated
a promising approach to improving the bulk piezoelectricity of
glycine films by nucleation kinetics control. This strategy may
inspire crystal orientation control in advanced manufacturing
processes of amino acid- or polypeptide-based bio-crystals
with enhanced properties.
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