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ABSTRACT: Cellulosic materials are attractive candidates for nature
piezoelectrics. Vertically aligned cellulose nanocrystal (CNC) films are
expected to show strong piezoelectricity as the largest dipole moment in
CNCs exists along the cellulose chain. In this work, we adapted the
confinement cell technology that was used to fabricate colloidal opal structures
to align CNC rods vertically on a large scale. The high interfacial energy
between the CNC-poly(tetrafluoroethylene) (PTFE) surface and torque
induced by the shear force led to a large degree to the vertical alignment of
CNC rods. An external DC electric field was added to further align the dipole
moment of each CNC to the same direction. The as-obtained CNC film
displayed excellent piezoelectric performance, and the piezoelectric coefficient
was found to be 19.3 ± 2.9 pm/V, comparable to the piezoelectric coefficient
d33 of poly(vinylidene difluoride) (PVDF) (20−30 pm/V). This work presents
a new class of high-performance piezoelectric polymeric materials from renewable and biocompatible natural resources.
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■ INTRODUCTION

Since the discovery of piezoelectricity in the 1880s, piezo-
electric materials have attracted intensive attention from both
academic and industry communities, due to their unique ability
to couple mechanical and electrical energy.1 Nowadays, the
rapid evolution of wearable devices is placing a new
requirement on piezoelectric materials and devices as
biomedical sensors, energy harvesters, and electric stimula-
tors.2−5 Novel piezoelectric materials are expected to show
desired flexibility, biocompatibility, and degradability. In this
emerging area, biomacromolecules, such as cellulose, have
been considered as promising candidates for developing
advanced piezoelectric materials.
As the most abundant biomass resource on earth, cellulose is

featured with nontoxicity, eco-friendliness, biodegradability,
and low cost.6,7 Highly ordered hydrogen-bond networks in
crystalline cellulose induce the asymmetric crystalline structure
and permanent dipole moments, which is the most important
origin of piezoelectricity in cellulose.8−10 This electro-
mechanical coupling effect of cellulose was first observed in
wood.11 The piezoelectric coefficients of wood are very small
(less than 0.3 pm/V) mainly due to the low crystallinity.12−15

A stronger piezoelectric response was reported in nano-
cellulose materials, especially in cellulose nanocrystals
(CNCs).16−21 Theoretical calculation of the hydrogen bonds
in the unit cell structure suggested that CNCs may possess a
piezoelectric coefficient as high as 4−36 pm/V,10 comparable

to the state-of-the-art commercial piezoelectric polymer
materials, e.g., poly(vinylidene difluoride) (PVDF). Never-
theless, the random alignment of CNCs is still the main
obstacle for CNC films to show an appreciable piezoelectric
performance.
Both experimental and simulated results demonstrated that

the largest dipole moment in CNCs existed along the cellulose
chain, which was one or two orders of magnitude larger than
the dipole moment in the perpendicular direction with respect
to cellulose chain.22,23 Therefore, vertically aligned CNCs with
parallel dipole moments would be the ideal configuration to
exhibit the strongest piezoelectric performance in bulk form.
However, CNC films were only made with a lateral alignment
due to the large aspect ratio of the CNCs, which prefers laying
down during self-assembly.24−26 In addition, the dipole
moment in the CNC matrix would naturally show antiparallel
or random distribution to minimize the internal energy. It is
extremely challenging to assemble nanoscale rodlike structures
with a vertical alignment and parallel dipole moment. In this
paper, we adapted the confinement cell strategy to align CNC
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rods perpendicular to the film surface by regulating the
interfacial energy and shear force and thus stabilized the
vertical alignment. To achieve the ideal alignment of CNCs,
ethanol was added into CNC aqueous solution to break the
chiral nematic structure of CNCs. An external DC electric field
was applied to align the CNC dipoles during the assembly
process. The vertically aligned CNC film demonstrated a
strong piezoelectric response that was comparable to the
PVDF film.

■ RESULTS AND DISCUSSION
Due to the chiral interaction between CNC particles, stiff and
rodlike CNCs could form a stable chiral nematic liquid
crystalline structure once the CNC concentration reached a
critical volume fraction.27 The chiral nematic phase is
characterized by a long-range order of the rodlike nanostruc-
ture with a helical modulation along one direction (Figure 1a).

This chiral nematic structure could be retained in solid films
after drying, which would cancel out the polarization leading to
weak or no piezoelectric response in CNC bulk films. To align
CNCs along the same direction to achieve desired piezoelectric
performance, the nematic chiral structure has to be eliminated.
CNCs extracted from wood cellulose fibers by hydrolysis are

always attached with anionic groups such as sulfate or carboxyl
groups. Considering the electrostatic repulsion between these
anionic groups of CNCs in water being the dominating chiral
interaction, ethanol with a mass ratio of χe was added into
CNC aqueous dispersion to minimize the electrostatic
interaction, as shown in Figure 1a. Figure 1b shows the ζ-
potential of CNCs in water−ethanol suspension as a function
of χe. As χe increases from 0 to 90%, the ζ-potential of CNCs
changes from −62.4 to −7.7 mV, suggesting that most sulfate

groups were converted from the ionic state (−SO4
−) to a

nonionic state (−SO4Na). CNC films prepared at different χe
are presented in Figure 1c. CNC films made from solution
with small χe exhibited iridescent color as a result of the chiral
nematic structure.28 As χe increased to 40%, the iridescent
color was significantly reduced, and the film became
completely transparent when χe reached more than 80%. The
chiral nematic structure was further confirmed by polarized
optical microscopy (POM) and scanning electron microscopy
(SEM). As shown in Figure 1d, the POM image revealed clear
characteristic helix lines from the films made from CNC−water
solution (χe = 0%) and CNC−water−ethanol solution (χe =
20%). Such helix textures became fuzzier when χe increased to
40%, and completely disappeared when χe reached 80%. The
cross-sections of CNC films were examined by SEM. Obvious
helical arrangement was observed from the films with χe of 0 or
20%, where continuous rotation of the CNC plane induced the
ordered stripelike textures. As χe increased from 40 to 80%, the
helix structure was gradually changed to disordered arrange-
ment, and then, completely turned into random package when
χe was larger than 80%. All of the characterization methods
proved that the chiral nematic structure of CNCs could be
completely destroyed by increasing the concentration of
ethanol, which was necessary for CNCs to achieve perfect
uniaxial vertical alignment.
For vertical alignment of CNC rods, the confinement cell

was adapted to introduce a horizontal shear force that
generated a torque to rotate CNC rods vertically. The
schematic structure of the confinement cell is illustrated in
Figure 2a (see details in the experiment section), which
consisted of a syringe, two fluorine-doped tin oxide (FTO)
glass substrates covered with a poly(tetrafluoroethylene)
(PTFE) film, and a filter paper spacer. For the assembly, 2
wt % CNC−water−ethanol (χe = 80%) was used as the chiral
structure would not form at this mixture ratio. During the
assembly process, CNC solution was slowly injected into the
confinement cell through the syringe. Under a constant
positive pressure applied by the syringe, the suspension was
forced to flow through the edge of the cavity. The filter paper
wall with an average pore size of 450 nm (Figure S1) only
allowed the solvent to pass through, and CNC rods were
packed along the inner wall edge inside the cavity. Three sides
of the cavity were sealed by waterproof glue so that the solvent
flew along the same direction. The assembly process typically
took 2−3 days to complete, and a 12 × 5 mm2 CNC film was
obtained along the open edge. To make a clear description in
the subsequent discussion, a rectangular coordinate system was
set: the direction of liquid flow in the cell was defined as x, and
the vertical direction with respect to the substrate was defined
as z.
During the assembly, two factors were critical to the vertical

alignment of CNC rods: (1) high interfacial energy between
the PTFE film and CNCs in water−ethanol solution; and (2)
torque of CNC rods induced by shear force. First, the
interfacial energy between CNCs and PTFE in water−ethanol
(χe = 80%) was found to be 5.1 mJ/m2 (Supporting
Information, S1). Such a high interfacial energy suggests that
CNCs would minimize the contact area with PTFE. Therefore,
CNCs easily moved away from both top and bottom surfaces
within the cavity, and thus lateral alignment due to flow-
induced shear force was not applicable here. Meanwhile, the
solvent flew slowly to the spacer edge driven by the
evaporation of solvent under air pressure. The liquid flow

Figure 1. Suppressing the formation of a chiral nematic structure in
CNC films. (a) Schematic of the chiral nematic structure CNCs. In
the presence of ethanol, the ionic sulfate groups (−SO4

−) on CNCs
are converted to nonionic groups (−SO4Na). Hence, the repulsive
force between CNC rods decreased, and thus the chiral nematic
structure was suppressed. (b) ζ-Potentials of CNCs in water−ethanol
binary solvent at different χe. The concentration of CNCs was 2 wt %
in all cases. (c) Optical photos, (d) POM images, and (e) SEM
images (cross-section) of CNC films casted from CNC−water−
ethanol dispersions with different χe. Scale bars are (c) 5 mm, (d) 10
μm, and (e) 1 μm.
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induced a shear force that implemented a torque along the
long axis of CNCs. Due to the weak interaction with both
substrate surfaces, CNC rods could be easily rotated by the
torque and orientated perpendicularly with respect to the
movement direction (Figure 2b). Combination of these two
effects yielded vertically aligned CNC rods along the open wall
edge when the solvent was slowly evaporated.
The morphology images of two different cross-section planes

of an as-received CNC film were imaged by SEM. Both x−z
and y−z planes showed a densely packed configuration (Figure
2c,e). The cambered side (−x direction) was induced by the
capillary force during solvent drying (Figure 2c). Clearly
aligned texture can be observed over all area from the two
cross-section images, as shown in Figure 2d,f, respectively.
Further zoomed-in images revealed that almost all CNC rods
were vertically aligned (inset of Figure 2d,f). The well-aligned
structure of the CNC film was further proved by wide-angle X-
ray scattering (WAXS) measurement, and an isotropic CNC
film was prepared by direct casting for comparison. As shown
in Figure 2g, the vertically aligned CNC film exhibited a strong
(200) plane diffraction pattern (left panel) corresponding to
the crystalline phase Iβ of CNCs. The diffraction showed a
concentrated intensity at 22.5°, suggesting that majority of the
CNCs were aligned along the same direction,29,30 whereas the
CNC film prepared by direct casting showed a homogeneous
(200) diffraction ring pattern corresponding to the random
orientation of CNCs in the film (middle panel in Figure 2g).
Azimuthal-integrated intensity distribution curves (right panel
in Figure 2g) of these two patterns at the (200) plane clearly

revealed the large difference in the preferred vertical
orientation between the two CNC films prepared by different
approaches. Based on the distribution width of the azimuthal-
integrated intensity distribution, the orientation parameter
(OP) was calculated to quantify the degree of alignment in
CNC films (Supporting Information, S2). The value of OP
ranges from 0 to 1, where 0 represents a completely random
orientation and 1 represents the perfected uniaxial orientation.
The OP of the isotropic film was close to 0, while the OP the
vertically aligned CNC film was 0.87. This comparison clearly
demonstrated that the confinement cell approach was effective
for the fabrication of vertically aligned CNC films. Moreover,
the CNC aqueous solution without ethanol (χe is 0%) was also
used to fabricate CNC films by the same method. As shown in
Figure S2, although the helix order was slightly changed from
the confinement cell assembly, the film still exhibited the chiral
nematic structure. This result confirmed that ethanol was
necessary to break the chiral nematic structure and obtain
vertically aligned CNCs.
While the orientation of CNC rods was largely aligned by

the confinement cell technology, in order for the film to show
strong piezoelectric responses, it is also essential to have all of
the dipole moments in each CNC to be aligned along the same
direction. However, as-fabricated vertical CNC films would
naturally show random orientation of dipole moments to
minimize the internal energy. This random dipole alignment
would seriously jeopardize the piezoelectric output of the film.
The permanent dipole moment of crystalline cellulose
originates from three factors: (1) the polarity of each glucose
monomer and the cellulose chain, (2) the intra- and
intermolecular hydrogen bonds, and (3) the noncentrosym-
metric crystal structure of crystalline cellulose.22 Among them,
hydrogen bonds are most sensitive to external stress or an
electric field, and they are the most important factors to the
piezoelectric effect in CNCs.9 Figure 3a shows a typical
hydrogen bonding network of cellulose I. The intermolecular
hydrogen bonds (O6−H···O2) and intramolecular hydrogen
bonds (O2−H···O6) contribute a permanent dipole moment
along the long axis of CNCs. To align this dipole during the
assembly process, a DC voltage of 5 kV was applied to the
confinement cell through the two FTO glasses (Figure 3b).
The electric field distribution in the confinement cell was
simulated by finite element analysis (FEA) (Figure S3). The
electric field strength was found to be a uniform 1.3 kV/mm
within the cavity when it was filled with CNC−water−ethanol
solution (χe = 80%). During the assembly process, the electric
field−CNC dipole interaction induced a torque on CNCs,
which could rotate the dipole toward the same direction of the
electric field. The magnitude of this torque was calculated from
eq 1

τ θ= −pE sin (1)

where τ is the magnitude of torque, p is the magnitude of the
dipole moment, E is the strength of the electric field, and θ is
the angle between the dipole and the electric field. It is
intuitive that a higher electric field (E) would induce a better
alignment of the dipole moment. However, the strength of
applied electric field must be controlled below the electrical
breakdown limit between the top and bottom electrodes.
Therefore, the voltage applied in our assembly system was
designed as high as possible without breaking down the device.
Figure 3c shows the magnitude of torque on a CNC as a
function of dipole moment and θ, where θ ranged from 0 to

Figure 2. Vertical alignment of CNC thin films. (a) Setup of a
homemade confinement cell and the alignment process. (b)
Schematic of the vertical alignment mechanism. (c−f) Low- and
high-magnification SEM images of a vertically aligned CNC film from
the z−x plane (c, d) and the z−y plane (e, f). Insets are further
zoomed-in SEM images, where vertically aligned individual CNC rods
can be observed. Scale bars are (c, e) 50 μm, (d, f) 5 μm, and inset
200 nm. (g) 2D WAXS patterns of the (200) plane and azimuthal-
integrated intensity distribution curves of vertically aligned and
isotropic CNC films.
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180° and the dipole moment ranged from 3000 to 5000 debye,
which was based on the experimental result measured by
rectangular reversing pulse experiments (∼4400 debye).22 For
instance, the torque acted on the CNC with 4000 debye dipole
moment is 1.73 × 10−20 N m when its dipole is perpendicular
to the electric field (θ is 90°). Moreover, the DC electric field
could further facilitate the vertical alignment of CNC rods in
the confinement cell. The (200) diffraction in the WAXS
pattern of an as-received film exhibited a more concentrated
intensity (Figure 3d) and the OP value increased from 0.87 to
0.90. SEM images further revealed the good vertical alignment
features of CNCs on both cross-sections of x−z and y−z
planes, as shown in Figure 3e,f.
The piezoelectric responses were then measured and

compared from the vertically aligned CNC films assembled
with and without a DC electric field (defined as e-CNC and n-
CNC film, respectively) using piezoelectric force microscopy
(PFM). Five different areas of the e-CNC films were probed to
ensure the representative results (Figure 4a). The PFM phase
(Figure 4b) and amplitude images (Figure 4c) were recorded
to evaluate the dipole alignment and piezoelectricity strength
in the CNC films, respectively, where the degree of phase shift
reflects the direction of polarization (Figure 4d). The phase
degree image of the n-CNC film showed a wide and symmetric
distribution at around 0°, suggesting that the dipole moments
of CNCs were random and most of the polarization was
canceled out. Accordingly, the PFM amplitude image of the n-
CNC film showed a very weak signal map. All of the 5 PFM

measurements on the e-CNC film displayed a narrow
distribution centered at 50−70°, confirming the parallel dipole
alignment across the entire assembled CNC film. As a result,
strong PFM amplitude maps were obtained from all of the five
areas. The piezoelectric coefficients were calculated from the
PFM amplitudes for each map and are listed in Table S3 (see
the Supporting Information S3 for calculation details). The
average piezoelectric coefficient was found to be 19.3 ± 2.9
pm/V, which was close to the d33 of PVDF films (20−30 pm/
V).31 These results confirmed that the vertical alignment of
both CNCs and their dipole orientations is essential to achieve
high-performance piezoelectric CNC films.

■ CONCLUSIONS
In summary, vertically aligned CNC films with parallel dipole
moments were fabricated by a confinement cell technology
with the assistance of a DC electric field. To uniaxially align
CNCs effectively, an ethanol−water binary solvent was used to
suppress the formation of a chiral structure and used for CNC
alignment. In the confinement cell assembly process, the high
interfacial energy between CNCs and the PTFE surface in
ethanol−water solution and the torque induced by the shear
force drove the CNC rods rotating to the perpendicular
orientation with respect to the substrate and closely packed
along the open edge. Both the WAXS pattern and SEM images
showed the excellent vertical alignment of CNCs. By adding a
5 kV DC voltage to the confinement cell, the dipole moments
were successfully aligned during the vertical assembly process.
The as-obtained vertically aligned CNC film exhibited high
piezoelectric performance, as obtained from PFM measure-
ments. The average piezoelectric coefficient from the CNC
film was calculated to be 19.3 ± 2.9 pm/V, which was close to
the piezoelectric coefficient (d33) of a PVDF film. This work
presents an effective approach to assemble a CNC film with a
high degree for vertical alignment. The as-obtained CNC films

Figure 3. Electric dipole alignment in vertical CNC films. (a)
Schematic of the hydrogen networks in cellulose Iβ. The
intermolecular hydrogen bonds (O6−H···O2) (black) and intra-
molecular hydrogen bonds (O2−H···O6) (green) induce a
permanent dipole moment in CNCs. (b) Setup of a confinement
cell with an external DC electric field. (c) The magnitude of torque on
a CNC as a function of dipole moment and θ. (d) Azimuthal-
integrated intensity distribution curve and 2D WAXS patterns of a
vertically aligned CNC film with a parallel dipole moment. SEM
images of a vertically aligned CNC film with a parallel dipole moment
from the z−x plane (e) and the z−y plane (f). Scale bars are 500 nm.

Figure 4. Piezoelectric properties of vertically aligned CNCs. (a)
Photo of an e-CNC film. Five different areas are measured. Areas 1−5
are represented by red, orange, green, blue, and pink, respectively. (b)
PFM phase images of n-CNC and e-CNC films. (c) PFM amplitude
images of n-CNC and e-CNC films. Scale bars are 200 nm. (d)
Distribution of the PFM phase shift angle of n-CNC and e-CNC
films.
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will serve as new high-performance piezoelectric polymer films
made from renewable and biocompatible natural resources.

■ MATERIALS AND METHODS
Preparation of CNC−Water−Ethanol Solution. A CNC

suspension with 10.3 wt % in water was obtained from the Forest
Products Laboratory in Madison, Wisconsin, United States. Acid
hydrolysis was carried out following the procedure included in refs 32,
33. Briefly, the acid hydrolysis was conducted at 45 °C using 62 wt %
sulfuric acid. The bleached softwood pulp to acid ratio was 8.75 mg/
L, and the reaction time was 45 min. The content of sulfur in dried
CNCs is 1.02 wt %. The morphology and XRD pattern of the CNCs
was characterized after drying at 60 °C on clean silicon wafer, as
shown in Figure S4. The size of the CNC used in this work was
around 100−250 nm in length and 5−10 nm in diameter.
To break the nematic chiral structure of CNCs, ethanol was added

into CNC aqueous solution. χe represents the mass percentage of
ethanol in ethanol−water binary solvent. Certain amounts of distilled
water and ethanol were added into the original 10.3 wt % CNC
aqueous solution to prepare 2 wt % CNC−water−ethanol solution
with the χe values equaling to 0, 20, 40, 60, 80, and 90%, respectively.
The CNCs were well dispersed in water−ethanol solution after
magnetic stirring for 3 h at 800 rpm.
Confinement Cell and CNC Alignment. A homemade confine-

ment cell consisted of a syringe, two FTO glass substrates (3.0 cm ×
3.0 cm × 2.5 mm) coated with a PTFE film (3.0 cm × 2.8 cm × 100
μm) and a filter paper spacer (1.5 cm × 1.5 cm × 400 μm). The
conductive sides of both the FTO substrates were facing inside the
cavity. The PTFE films were tightly attached to the FTO glass surface
as the hydrophobic contact surface. A 4 mm hole was created on the
top glass slide. A syringe was fixed to the top slide by fitting the
syringe nozzle to the hole and sealed with waterproof glue. A piece of
filter paper (obtained from Whatman, WHA7404001) with an average
pore size of 450 nm (Figure S1) was cut into a 1.5 cm × 1.5 cm
square frame, and the wall width was 3 mm. This frame was placed in
between the two glass slides as a spacer, where three sides were sealed
by waterproof glue. The schematic of this device is shown in Figure
2a. A photo of the device is shown in Figure S5.
During the self-assembly process, the confinement cell was held

tight by three clips on the three sealed sides. A rubber plug was
plugged through the top of the syringe to create a sealed connection
with a plastic tube, which was used to provide pressurized air toward
the cell cavity. A high voltage DC power supply (30 kV, 10 W) was
used to provide an external DC electric field to align the CNC
dipoles. The positive and negative outlets were connected to the
inside FTO surfaces of bottom and top glasses, respectively, by copper
wires. The voltage between the two FTO glasses was slowly increased
to 5 kV within 2 min. The inner electric field distribution of the
confinement cell was simulated by the commercial finite element
analysis (FEA) software ANSYS using the parameters listed in Table
S1.
In the assembly, 2 mL of 2 wt % CNC−water−ethanol (χe = 80%)

was injected into the confinement cell slowly through the syringe.
Continuous air pressure was applied through the top of the syringe
toward the liquid surface. After 48 h of the assembly process at room
temperature, the top substrate was removed carefully. The CNC film
was collected from the bottom substrate without any further
treatment (Figure S6). The thickness and roughness (Ra) of the
CNC film was around 150 μm and 16 nm (Figure S7), respectively.
Characterization. The piezoelectric response was measured by

atomic force microscopy (AFM) (XE-70, Park Systems, South Korea)
with the PFM mode. Prior to measurements, the deflection sensitivity
of the cantilever was determined. In PFM measurement, a conductive
Pt-coated tip (NSC36/Pt-A, Park Systems, South Korea) was
approached to contact the surface of the CNC film. The spring
constant of this probe is 1.0 N/m, and the radius of curvature of the
tip is around 20 nm. A preset AC voltage was applied between the
sample surface and the AFM tip to establish an external AC electric
field within the film. As a result of the reverse piezoelectric effect, the

CNC film locally expanded or contracted, which generated surface
oscillation at the same frequency as the applied AC voltage. The
oscillation amplitude was captured by the cantilever deflection, i.e.,
the PFM amplitude. The shift of the phase degree reflected the
polarization orientation. The piezoelectric response could be
calculated using the PFM amplitude values (Supporting Information,
S3).

AFM topography images were obtained using a noncontact probe
(PPP-NCHR, Park Systems, South Korea). The spring constant of
this probe was 42 N/m. Scanning electron microscopy (SEM) (LEO
1530, Zeiss, Germany) was utilized to image the morphology of CNC
films. Before SEM measurements, all samples were coated with
platinum using Leica ACE600 deposition. The ζ-potential of CNC−
water−ethanol solution was measured by dynamic light scattering
(DLS) (Zeta NanoS, Malvern, United Kingdom). Wide-angle X-ray
scattering (WAXS) measurement was carried out using D8 discovery
(Bruker, Germany). Polarized optical microscopy (POM) images
were recorded between crossed polarizers under an optical micro-
scope.
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