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ABSTRACT

Developing low-cost and biodegradable piezoelectric nanogenerators is of great importance
for a variety of applications, from harvesting low-grade mechanical energy to wearable
sensors. Many of the most widely used piezoelectric materials, including lead zirconate
titanate (PZT), suffer from serious drawbacks such as complicated synthesis, poor mechanical
properties (e.g. brittleness) and toxic composition, limiting their development for biomedical
applications and posing environmental problems for their disposal. Here, we report a low-
cost, biodegradable, biocompatible and highly compressible piezoelectric nanogenerator
based on a wood sponge obtained with a simple delignification process. Thanks to the
enhanced compressibility of the wood sponge, our wood nanogenerator (15 x 15 x 14 mm?,
longitudinal X radial x tangential) can generate an output voltage of up to 0.69 V, 85 times
higher than that generated by native (untreated) wood, and it shows stable performance under
repeated cyclic compression (=600 cycles). Our approach suggests the importance of
increased compressibility of bulk materials for improving their piezoelectric output. We
demonstrate the versatility of our nanogenerator by showing its application both as a wearable
movement monitoring system (made with a single wood sponge) and as a large-scale
prototype with increased output (made with 30 wood sponges) able to power simple electronic
devices (a LED light, a LCD screen). Moreover, we demonstrate the biodegradability of our
wood sponge piezoelectric nanogenerator by studying its decomposition with cellulose-
degrading fungi. Our results showcase the potential application of wood sponge as a
sustainable energy source, as a wearable device for monitoring human motions, and its

contribution to environmental sustainability by electronic waste reduction.

KEYWORDS: wood sponge, piezoelectric nanogenerator, biocompatible and biodegradable,

energy source, pressure Sensor



Increased depletion of fossil fuels and severe environmental pollution have motivated
considerable efforts to find alternative and more sustainable energy sources.!™ During the past
decades many renewable and clean energy sources have been developed, including wind and
solar energy. However, these latter are highly dependent on weather and other environmental
conditions.*® Mechanical energy exists ubiquitously in various forms, including sound waves
and human movements, and does not suffer limitations from bad weather.” ® Mechanical
energy can be harvested from the surrounding environment by means of electromagnetic,’

1011 and triboelectric generators.!?!® Piezoelectric nanogenerators, in particular,

piezoelectric
have triggered intensive research.!>2° Many materials have been utilized to fabricate
piezoelectric nanogenerators, including nanostructures made of zinc oxide ZnO, lead
zirconate titanate Pb[ZrxTi1x]O3 (0<x<1, PZT) and barium titanate BaTiO3, or polymers such
as poly(vinylidene fluoride) (PVDF) and its copolymers based on trifluoroethylene [P(VDF-
TrFE)].2'">* However, most of these materials, such as PZT, are brittle ceramics that contain
toxic elements (lead), which limits their use for wearable and biomedical applications,’! or are
non-biodegradable, like PVDF and [P(VDF-TtFE)].?!"* As a result, these materials could
cause serious ecological damage as a result of improper disposal after their life cycle.?* Thus,
there is great interest in developing piezoelectric generators made of biocompatible,

renewable and biodegradable materials, assembled with environmentally friendly

technologies.

Wood is one of the most abundant natural resources on Earth, and it is renewable, lightweight,
biocompatible and biodegradable. Wood cell walls are mainly composed of cellulose
(organized in amorphous and crystalline regions), hemicelluloses, and lignin.?® Thanks to the
uniaxial orientation and monoclinic symmetry of crystalline cellulose fibrils, wood does
behave as a piezoelectric material.>>>” However, due to the low piezoelectric constant

(previously reported it to be approx. 1/20 of that of quartz)*® and poor deformability of natural



wood, limited progress has been made in the past decades for its application in piezoelectric
devices.?” As cellulose crystals are framed in wood,?® increasing the dynamic deformability of
macroscopic wood, making the displacement of cellulose crystal easier under a minute load,

should result in a dramatic efficiency increase of piezoelectricity generation in wood.

Here we report a low-cost, biodegradable, biocompatible and highly compressible
piezoelectric nanogenerator fabricated from delignified balsa wood. By removal of lignin and
hemicellulose with a simple and fast chemical treatment, balsa wood was transformed into
highly compressible wood sponges, resulting in an increment of the electrical output of over
85 times compared to native wood.?=3! Moreover, our wood sponge can generate electricity
without the need of any electrical poling (a process that forces the dipoles to orient themselves
in a prescribed direction, enhancing the piezoelectric effect.?). Compared to previously
reported wood- or cellulose-based triboelectric or piezoelectric nanogenerators, the wood
sponge can generate effective electrical output without the need of inserting additional
chemical materials, making it more sustainable and suitable for biomedical applications.* 3
Our top-down approach allows us to take advantage of wood’s bulk structure, and requires
less process steps compared to more commonly exploited approaches based on disassembly of
wood and subsequent composition in bottom-up processes.>> Our wood sponge piezoelectric
nanogenerator can be attached on a rugged skin to monitor human motions, thanks to the
electrical signals generated in response to different applied mechanical stresses. Pressing with
the finger or tapping with the foot on this prototype generated enough current to power a
commercial LED or LCD screen, suggesting its efficiency as energy source. Moreover, the

wood sponges are biodegradable, which demonstrates that it is possible to produce recyclable

piezoelectric nanogenerators from wood, a renewable CO;-neutral material.



RESULTS AND DISCUSSION

Natural wood is not an ideal piezoelectric material due to its relatively low compressibility.
However, this characteristic can be enhanced by the selective removal of lignin. As one of the
lightest woods, balsa (Ochroma pyramidale) was selected as starting material since its thin
cell walls facilitate the delignification process.*® As illustrated schematically in Figure 1(a),
wood has a honeycomb-like structure that is modified into a spring-like lamellar structure via
a one-step chemical delignification based on a concentrated mixture of hydrogen peroxide and
acetic acid, followed by a freeze-drying step. Hydrogen peroxide, a relatively stable and mild
oxidant, can be regarded as the ultimate “green” reagent, water and oxygen being its only by-
products.’” Acetic acid is an excellent alternative to mineral acids. The acid waste produced
can be easily neutralized by the addition of base, generating harmless acetate salts that could
be recycled. For these reasons, the process could be considered as sustainable. After the
selective removal of lignin and hemicellulose, the resulting structure can support repeated
compression without structural failure. Upon compression, the wood sponge generates
charges, that can be collected on its surface, thanks to the intrinsic piezoelectric behavior of
crystalline cellulose. Higher compressibility results in larger displacement of crystalline

cellulose, enhancing the electrical output.

Figure 1(b) and (c) compare balsa wood before and after the chemical delignification
treatment. The native balsa wood has a yellowish color while the wood sponge after chemical
treatment is white, indicating removal of a greater part of lignin. Compared to native wood,
the wood sponge shows a shrinkage in size along the tangential direction. More detailed
changes in morphology and microstructure were observed by scanning electron microscopy
(SEM). After delignification, the honeycomb-like wood structure was changed into lamellar
structure with many stacked arched layers. (Figure 1(b), (c) and S1) In addition, high-

resolution SEM images revealed that after removal of lignin and hemicellulose, the original



compact cell walls were detached and cell lumina coalesced into large voids. Delignification
of the balsa wood was further confirmed by Fourier transform-infrared (FT-IR) analysis,
where the characteristic peaks of lignin at 1594, 1505, and 1457 cm™' vanished after the
chemical treatment (Figure 1(d)).?” The peaks at 1735 cm™! and 1238 cm ™! showed a shifting

and decrease in the relative intensities, indicating partial removal of hemicellulose.’!
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Figure 1. (a) Schematic illustration of the fabrication steps of wood sponges from native balsa wood and its
piezoelectric behavior. The pictures of (b) native balsa wood and (¢) the resulting wood sponge are shown along
with the scanning electron microscopy (SEM) images of their transverse sections to illustrate the morphological
changes introduced by the delignification process. (d) Comparison between the FT-IR spectra of native balsa

wood and of the resulting wood sponge.

Further changes in the morphology and structure of balsa wood via chemical treatment over
time up to 48 h were observed by performing SEM on transverse sections. As shown in Figure
2(a) and S2, the native wood possesses a honeycomb-like porous structure with thin cell
walls. The diameter of the cell lumina varied from 20 to 50 um. After 3 h of chemical
treatment, the structure changed only slightly (Figure 2(b)). Some cracks were observed after

6 h, when longitudinally oriented cells started to detach from ray parenchyma cells while most



of the cell lumina were still intact (Figure 2(c), orange dash lines). After 12 h of treatment,
some cell lumina were fractured as a result of partial removal of lignin and hemicellulose
(Figure 2(d)). Further decomposition of the thin cell walls was observed after 24 h: an
increasing number of cell walls was fractured (marked in Figure 2(e) with a yellow dash
frame), forming pores with diameters around 100 pum, larger than the cell lumina in native
wood. The cell walls were completely destroyed after 48 h, due to further removal of lignin
and hemicelluloses. As shown in Figure 2(f), fractured thin cell walls tend to be released
during the freeze-drying process, resulting in a layered structure with relatively large spaces,
and thus enhanced compressibility. The effects of the chemical treatment with a mixture of
acetic acid and hydrogen peroxide on balsa wood can be summarized in three steps,
comprising cell separation along rays followed by breakage of cell walls and eventual release

of broken segments.

We also investigated the influence of the delignification approach on other wood species,
including soft- and hardwoods. Figure S3(a), (b), (¢), (d) shows the original microstructure
before treatment of basswood, spruce, white pine and poplar, respectively. All these wood
species have thicker cell walls when compared to balsa wood. After 48 h chemical treatment
using the mixture of acetic acid and hydrogen peroxide followed by a freeze-drying step,
these wood species did not show the lamellar structure found in balsa wood. As highlighted
with yellow frames, some regions in the wood structure split along both horizontal and
vertical directions, leading to a destruction of bulk wood due to total separation of cells
(Figure S3(e), (), (g) and (h)). Even though the delignification approach was the same, the
structures produced by these wood species were dramatically different compared to those
obtained with balsa wood. This may be related to the different thicknesses of cell walls. Balsa
wood consists predominantly of thin-walled axial parenchyma (approximately 74%) and only

by 4% of fibers,*® while the other wood species have no or very little axial parenchyma



content.®® It seems that all the investigated wood species split along the rays during the
delignification process. However, the thin cell walls of balsa wood were more easily broken
in the subsequent treatment while the delignification of the other wood species resulted in the
separation of the cells, due to thicker and more stable cell walls. Hence, the approach of
fabricating a lamellar sheet structure facilitating high compressibility by delignification with
acetic acid and hydrogen peroxide seems to be limited to wood with a high content of thin-

walled cells, like those found in balsa wood.

The wood weight loss as a function of time after chemical treatment is illustrated in Figure
2(g). The weight loss increased from 13.23% to 28.50%, 42.37%, 54.11% and 59.66% when
the treatment time was increased from 3 hto 6 h, 12 h, 24 h and 48 h, respectively. X-ray
diffraction (XRD) experiments were performed to study the cellulose in native wood and in
the wood sponge after 48 h treatment. Characteristic diffraction peaks at 14.8° (1-10), 16.5°
(110), and 22.5° (200) were observed for both native wood and the wood sponge (Figure

2(h)), indicating that cellulose is in its I form.?
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Figure 2. SEM images of delignification process of balsa wood (transverse sections) over time for (a) native
wood, (b) 3 h treatment (at low and high magnitudes, respectively), (¢) 6 h treatment, (d) 12 h treatment (at low
and high magnitudes, respectively), (e) 24 h treatment, (f) 48 h treatment (at low and high magnitudes,
respectively). (g) Changes of weight loss caused by chemical treatment over time. Error bars indicate standard

deviations for five data points. (h) XRD patterns of native wood and wood sponge after 48 h treatment.



The mechanical properties of native balsa wood and of the wood sponge have been evaluated
by performing multiple compression measurements in tangential direction. As shown in
Figure 3(a) and S4, the wood sponge has a much higher compressibility compared to the rigid
native wood. The application of a small stress of 13.3 kPa (=3N force), resulted in a strain of
about 0.35% for the native wood and in a much higher strain of 45.83% for the wood sponge,
corresponding to a 130-fold compressibility increase. The stress (c)—strain (g) curves obtained
by applying different compressive stresses (4.4 kPa, 13.3 kPa, and 22.2 kPa) to the wood
sponge are shown in Figure 3(b). Three distinct regions can be observed.**#? In the first
region, a linear compression with strain below 20% is indicative of an liner- elastic
deformation. A subsequent plateau, with a strain in the range of 20% to 30%, maybe related to
the folding of cell segments. The stress increases sharply when the strain is beyond 30%,
indicating increasing compaction of the sponge. The strain decrease to zero after unloading
shows that the wood sponge was reversibly deformed and can completely recover to the
original state after the release of the stress without plastic deformation (see also Figure S4).
Figure 3(c) displays the cyclic stress—strain curves at a higher constant stress of 13.3 kPa used
to evaluate the mechanical stability of the wood sponge. Small plastic deformations were
observed after 50 loading-unloading cycles, indicating the good stability of the wood sponge.
This feature can be further demonstrated by calculating the energy dissipation per cycle. As
shown in Figure 3(d), the energy loss coefficient decreases from 0.47 (cycle 1) to 0.31 (cycle
50), which is relatively low compared to other reported aerogel materials with high
compressibility.****¢ The excellent mechanical properties of the wood sponge, including its
low energy loss coefficient and reversibility up to a strain of 51%, make it highly suitable for

its application in piezoelectric nanogenerators.
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Figure 3. Results of multiple compression measurements in tangential direction. (a) Stress—strain curves of the
native wood and wood sponge. (b) Stress—strain curves of the wood sponge under tangential compression with
different maximum stress of 4.4 kPa, 13.3 kPa, and 22.2 kPa, respectively. (c¢) Stress—strain curves of the wood
sponge under cyclic compression at a constant stress of 13.3 KPa. (d) Energy loss coefficient of the wood

sponge during different cycles derived from the stress—strain curves in (c).

When this wood sponge is compressed, electric charges are generated thanks to intrinsic
piezoelectric behavior of crystalline cellulose. The piezoelectric output of both native balsa
wood and wood sponge was measured by an electrometer (Keithley 6514). As shown in
Figure 4(a), the native wood can only generate open-circuit voltage of 0.0081 V under a
constant stress of 13.3 kPa. The corresponding short-circuit current was as small as 0.089 nA
with heavy noise (Figure 4(b)). In contrast, the wood sponge shows a sharp improvement in
voltage output (over 85 times), increasing up to 0.69 V (Figure 4(c)). A maximum short-

circuit current of 7.1 nA was generated by the wood sponge, two orders of magnitude higher



than native wood, similar to voltage output. (Figure 4(d)). A long-term cyclic compressive
loading/unloading test was performed to confirm the mechanical durability of the wood
sponge under a constant stress of 13.3 kPa. As shown in Figure S5, the output voltage was
maintained at approx. 0.63 V with minor fluctuations for up to 600 cycles with only a slight
decline in the first 50 cycles, indicating a good stability. Figure S6 shows the resistance-
dependent power density of the device: it reached a maximum value for a load resistance of
80 MQ, corresponding to a peak power density of 0.6 nW/cm?. Furthermore, the influence of
the applied stress on the electrical output was studied. As shown in Figure 4(e) and (f), higher

stresses resulted in both higher voltage and current, of 0.84 V and 8.2 nA respectively.

From the literature,?® it is known that the piezoelectric effect in wood results from the
mechanical deformation of crystalline cellulose, which unit cell is similar to monoclinic
symmetry class 2 (where 2 is the two-fold symmetry axis). The enhanced deformation of a
macroscopic wood sponge should induce higher displacement of cellulose crystals as a result
of enhanced cell distortion during compression, and thus should lead to an increased electrical
output. When the two-fold symmetry axis of the crystal lattice (longitudinal axis of the

molecules) is parallel to z-axis, the piezoelectric tensor for this crystal can be written as:

0 0 0 dis dis O
0 0 O dy dps O
ds; dsz dzz 0 0 dss

According to theory, eight piezoelectric moduli should exist in wood, including di4, dis, d2a4,
das, di3, d32, ds3, and d36 2> However, previous reports on the piezoelectric effect in wood
focused on the di4 and d2s moduli, which require shear stress to be activated. We hypothesize
that the electrical output produced by the wood sponge could also benefit from the synergistic

contribution of different piezoelectric moduli, such as d»s (as it is known that the fiber



misalignment in balsa wood leads to the formation of shear stresses under mechanical
compression*” **) and ds, (which is induced by compression force and has been recently
found in native wood?®). However, to measure these moduli and the piezoelectric coefficient
of our wood sponge remains an open challenge. Piezoresponse force microscopy (PFM)**- >
has been demonstrated in previous studies as a powerful tool to measure the piezoelectric
coefficient of pure cellulose films or cellulose composites, but has not yet been tested on a
complex matrix such as our wood sponge. Hence, further investigations are needed to gain a
better understanding of the piezoelectric properties of the wood sponge nanogenerator. In
addition, comparison of the piezoelectric constant of the wood sponge with other piezoelectric
materials is not straightforward. We can only estimate that the piezoelectric constant of wood
sponge should be smaller than more conventional, high-performance piezoelectric materials

such as barium titanate or PZT.
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Figure 4. Comparison of the piezeoelectric outputs (voltage and current) of native wood and of the resulting

wood sponge. (a) Output voltage of the native wood. (b) Current output of native wood. (¢) Voltage of the wood

sponge under a constant stress of 13.3 kKPa. (d) Output current of the wood sponge. Output voltage (e) and

current (f) of the wood sponge under compression with different maximum stress of 4.4 kPa, 13.3 kPa, and 22.2

kPa.

Its sensitivity to mechanical deformation makes this lightweight, biocompatible and

biodegradable wood nanogenerator well-suited for wearable sensing applications, converting



various human motions into electrical signals. As illustrated in Figure 5(a), this nanogenerator
can be directly attached to different body parts for detecting the associated physiological
signals. Moreover, this nanogenerator can be upscaled and incorporated into wood furniture,
such as a wooden table or floor, to endow the building interior with energy harvest function.
(Figure 5 (b)). Electricity can then be produced through a variety of human actions, such as
tapping on the table or walking on the floor. Figure 5(c)-(g) displays a series of examples for
practical applications of both wearable sensing and built-in energy supplies. When tapping on
the wood nanogenerator with a finger, a voltage (around 0.06 V) is generated as shown in
Figure 5(c). Figure 5(d) displays the voltage curve measured for our nanogenerator attached
onto a knuckle, which precisely reflects the bending of the finger (inset in Figure 5(d) shows

photographs of this motion).

To demonstrate the potential for upscaling as efficient energy supply, we fabricated a larger-
scale demonstrator made of 30 wood sponges connected in parallel. This upscaled
nanogenerator demonstrator can produce a current of up to 205 nA, as shown in Figure S7.
(the slight loss of output current can be attributed to leakage of the circuit.) As illustrated in
Figure 5(e), two pieces of copper foil with a size of 90 mm x 75 mm were attached onto the
radial sections of our wood sponges, which were then covered with two pieces of 1 mm-thick
wood veneer. Various portable low-power electronics, such as light emitting diodes (LEDs)
and liquid crystal display (LCD) screens, were electrically connected. A small LED could be
switched on by tipping on the demonstrator (Figure S8). Figure 5(f) and (g) illustrate the
application potential for powering a monochromatic display device with LCD screen by
walking on the demonstrator. For a transition towards bio-economy, it is of upmost
importance to develop innovative electrical devices that are biodegradable and do not cause
environmental pollution. To demonstrate the environmental-friendliness of our generator,

after peeling off the copper foil, we inoculated the bare wood sponge with a common



cellulose-degrading fungi strain (Coniophora puteana). Figure S9 shows a sequence of
images of the fungi-inoculated wood sponge taken after 6 weeks, 8 weeks and 10 weeks,
respectively. The complete loss of the original shape and substantial size reduction confirm

the successful biodegradation of the wood sponge.
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Figure 5. Proof-of-concept applications of our wood sponge nanogenerator. (a) Schematic illustration showing
the application as wearable sensor. (b) Schematic illustration of applications for energy supply. (¢) Example of
movement sensing: finger tapping. (d) Example of movement sensing: finger bending. (e) Schematic illustration
of upscaling by assembly of multiple wood sponges. (f) and (g) Demonstration of the resulting piezoelectric

wooden floor prototype, able to power a commercial LCD screen (Inset pictures) when pressed with a foot.



CONCLUSION

We have reported here a low-cost, biodegradable, biocompatible and highly efficient
piezoelectric nanogenerator based on a wood sponge, fabricated by a simple delignification
process. Our wood sponge piezoelectric generator (15 x 15 x 14 mm?, longitudinal x radial x
tangential) was able to generate an instantaneous voltage of up to 0.69 V and a current of 7.1
nA upon the application of a relatively small stress of 13.3 kPa, with an 85-fold increase in
performance compared to native wood thanks to the increased compressibility. Our approach
indicates the importance of increased compressibility of bulk wood materials towards
effectively improving their piezoelectric output. We demonstrated the use of the piezoelectric
nanogenerator as a smart pressure sensor, attaching it to a finger to monitor human motions
through the corresponding electrical signals. Moreover, we were able to significantly increase
the maximum output current (= 205 nA) by connecting 30 wood sponges in parallel to each
other, making a demonstrator suitable for wooden tables or floors. By tapping or walking on
the demonstrator, a commercial LED or LCD screen could be turned-on, indicating potential
application as power supply in smart buildings. Because the active element of the generator is
a plain wood sponge, we demonstrated that it can be gradually degraded by common fungi in
a few weeks. Our results show the potential application of wood sponges in the field of
sustainable and renewable energy sources, wearable sensors for monitoring human motions,

as well as environmental protection by electronic waste reduction.

METHODS

Wood sponge preparation

Wood samples of Ochroma pyramidale Cav. ex Lam. (Balsa) were cut into cubes of 15T X
15R x 15L mm?. The initial weight was recorded after oven-drying the samples at 103 °C for
24 h. The wood samples were delignified using a mixture of 400 mL acetic acid (99.7%,

Sigma-Aldrich) and 400 mL hydrogen peroxide (30%, Sigma-Aldrich) at 85 °C for up to 48



h. Then, the delignified samples were washed in deionized water for 48 h to remove the
chemicals. Finally, the samples were freeze-dried at —40 °C for 48 h, resulting in highly
porous wood sponges. Five replicates per batch were made. The final weight was recorded
after drying the samples in the oven at 103 °C for 24 h and the weight loss was calculated as

percentage of the initial weight.

Characterization

The obtained wood sponge was characterized by various techniques. The microstructure was
studied by field emission scanning electron microscopy (FE-SEM) (FEI Quanta 200F) after
coating Pt/Pd nanoparticles on the surface using the coating device CCU-010 Metal Sputter
Coater Safematic HPM AS53. The mechanical properties in radial/tangential compression were
evaluated with an universal mechanical testing machine (Shimadzu AGS-X, Japan), equipped
with a 100 N load cell. Fourier-transform infrared spectroscopy (FTIR) (Bruker Tensor 27)
was performed over a range of 4004000 cm ™! to analyse the changes in composition before
and after the chemical delignification treatment. The crystallinity of cellulose in the wood
sponge was studied by X-ray diffraction (Panalytical X'Pert PRO MPD) using Cu K a
radiation (A = 1.5406 A). To measure the piezoelectric output of the samples, a Keithley 6514
electrometer was used. A linear motor (PL01-28x500/420) was used to apply a fixed pressure
to compress the samples with a 50 N load cell to monitor the pressure. Furthermore, the
effective power density of our device was calculated by measuring the voltage output as a

function of the external load resistors varying from 1 to 120 MQ under a stress of 13.3 MPa.

Assembly of the large-scale demonstrator

An up-scaled demonstrator was made combining 30 wood sponges electrically connected in

parallel. Then, two pieces of copper foil with a size of 90 mm x 75 mm were attached onto



the radial sections of the wood sponges, which were then covered with two pieces of 1 mm-

thick wood veneer.

Biodegradation of the wood sponge

The bare wood sponges were sterilized with ethylene oxide (Sigma-Aldrich, Buchs,
Switzerland) and then placed into Kolle culture flasks containing freshly inoculated C.
puteana growing on 75 mL of 4% Malt Extract Aagar (Oxoid, Platern, Switzerland). Three
replicates for each incubation period (6, 8, 10 weeks) were studied. All cultures were
maintained in the dark at 22°C and 70% relative humidity. After the chosen incubation time,
the samples were carefully removed, the fungal biomass was removed from the surface and
the shape of the wood sponge samples was recorded with a digital color camera (Nikon

Coolpix 990).
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