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ABSTRACT

Owing to the hierarchical structure, easy multi-functionalization and favorable mechanical properties,
wood could harvest electricity from mechanical energy through piezoelectric behavior. In this work, a
scalable method to synthesize wood/ZnO composite with multilayered ZnO morphologies is reported
for efficient mechanical energy conversion. The synthesis includes charged wood template fabrication,
precursor infiltration, and ZnO hydrothermal growth, resulting in controlled ZnO morphologies and dis-
tributions while maintaining the hierarchical structure of the wood. Stereo-digital image correlation
(stereo-DIC) investigated the relationship between deformation and piezoelectric performance, which
revealed the homogeneous distribution of multilayered ZnO enhance piezoelectric performance. The out-
put voltage of wood/ZnO was 1.5 V under periodic mechanical compression (8-10 N) for 300 cycles, while
the output current was 2.91 nA. The scalable synthesis strategy and piezoelectric performance are signif-
icant for the design of advanced wood nanocomposites for sustainable and efficient energy conversion

systems.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

conversion [4,5]. Among a various forms of renewable energy
resources, harvesting mechanical energy through wood has huge

Wood is taking an important and increasing role in sustainable
energy harvesting such as solar to water energy conversion
through solar steam generation [ 1], mechanical to electricity con-
version through piezoelectric effect [2,3], and heat to electricity
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potential due to the favorable mechanical properties and easy
chemical functionalization [3,6,7]. Piezoelectric mechanical energy
conversion is an attractive approach for mechanical energy har-
vesting. The potential for wood as a biobased piezoelectric material
is intriguing, which the displacement of the crystalline cellulose
from cell wall resulted the piezoelectric properties [8,9]. However,
the composed non-piezoelectric lignin and hemicellulose inside
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native wood lead to low piezoelectric constant (0.03-0.1 pC/N) [8].
Modifying wood substrates through wood nanotechnology pro-
vides more opportunities for extending wood piezoelectric
performance.

By using delignification to increase cellulose content and wood
crystallinity, delignified wood showed an increased output voltage
of 0.84 V from 0.0081 V [6]. Removing lignin and hemicellulose by
fungi degradation resulted in further enhanced elastic compress-
ibility, leading to a higher output voltage up to 0.87 V [10]. Despite
the current achievements by wood modification, there are issues
with either low efficiency due to weak piezoelectric response of
wood (cellulose) or unfavorable processing that takes few weeks.
Combing with high piezoelectric inorganic nanoparticles offers
possibilities for higher power output [11]. ZnO is often investigated
ascribing to its high piezoelectric property and easy fabrication
with controlled morphology [12]. However, a based material is
required due to the poor compressibility and easy aggregation of
Zn0. Ram et al. fabricated wood/ZnO composites through ZnO
nanoengineering on the wood surface showed an optimum voltage
of 1.3-1.4 V [6]. ZnO inserting the bulk structure can combine
advantages of wood structure and properties of ZnO in a better
way compared with surface coating.

Depositing as-prepared ZnO nanoparticles into the wood struc-
ture is often used to decorate bulk wood [13-15]. Nanoparticle
accumulation and challenges with nanoparticle diffusion into the
interior structure of the wood are difficulties. In situ formation of
nanoparticles offers processing advantages [16], although mor-
phology control of those nanoparticles is challenging. Ming et al.
reported wood/ZnO nanohybrids by sol-gel seeding on wood sur-
face/inside the wood, followed by ZnO nanostructures growth via
carbonization [17]. Carbonization resulted in a rigid sample while
cellulose was pyrolyzed. Hydrothermal synthesis into the bulk
wood is another main strategy while seeding process is often nec-
essary [6]. Seeding normally is repeated multi times to ensure
enough loading of Zn precursor, which is time consuming and usu-
ally leads to wood structure shrinkage or even collapse. In addition,
ZnO with a multilayer structure (such as nanospheres, nanorods,
nanoleaves, nanodisks, or nanoflowers) can enhance the contact
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between particles, exert a strong influence on their energy conver-
sion performance [19]. This provides motivation for the develop-
ment of facile methods for ZnO precipitation in wood with ZnO
multilayer morphologies.

In this work, new strategy was proposed for ZnO synthesis in
wood by introducing negative charge to wood template (WT) fol-
lowed by hydrothermal growth (Fig. 1). The accessibility of wood
to Zn?* ions was first improved by increasing wood porosity and
surface charge through delignification combined with periodic acid
oxidation. Consequently, Zn®>* ions can quickly diffuse into the
highly negatively charged wood and combine with negatively
charged carboxyl groups or aldehyde. Followed by the hydrother-
mal growth, multilayered ZnO uniformly distributed in wood were
obtained with controllable morphology and content by tailoring
the growth time. Compared with the literature, normal seeding
step in conventional ZnO growth was eliminated, which induces
wood structure collapse/shrinkage. In addition, charge controlled
Zn?" ions adsorption enables ZnO decoration not only in the cell
lumen, but also inside the cell wall, which was not reported in lit-
erature. Stereo-digital image correlation (stereo-DIC) is used to
monitor the surface deformation of these samples [18,19] and
investigate the relationship with piezoelectric performance, which
is rarely reported for wood piezoelectric energy conversion. Aim-
ing for high piezoelectric output with the ZnO embedded, a 1.5 V
voltage output was realized. Moreover, the wood/ZnO provides a
new idea for the natural structure of wood for mechanical energy
harvesting and conversion.

2. Experimental section
2.1. Wood delignification

Balsa wood (Ochroma pyramidale, purchased from Wentzels
Co. Itd., Sweden) blocks with a density of 110 + 2 kg/m> were cut
into1l cm x 1 cm x 1.5 cm (tangential x radial x axial) cuboids.
Delignification was conducted by wood treatment in 1 wt% sodium
chlorite (NaClO,, Sigma-Aldrich, Sweden) solution with constant

Wood/ZnO .

3.Hydrothermal Growth '

Compress

Piezoelectric energy harvesting

Fig. 1. Schematic representation of wood/ZnO synthesis method with lumen uniformly decorated by multilayered ZnO and the illustration of using the wood/ZnO for

piezoelectric energy harvesting.
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pH at 4.6 through acetate buffer under 80 °C. The reaction was per-
formed until the samples became completely white. After that, the
delignified wood (DW) was washed using deionized water (DIW)
for several times to remove residual chemicals.

2.2. Preparation of wood template (WT) by periodate oxidation

DW was further oxidized by sodium periodate to increase the
surface charge [20]. DW was put into a 250 ml beaker with
100 ml of DIW and 0.41 g of NalO,4 (NalO,4, Sigma-Aldrich, Sweden).
The beaker was then covered with aluminum foil to prevent the
photo-induced decomposition of periodate. The reaction was per-
formed by stirring the mixture with a magnetic stirrer in a water
bath at 75 °C for 2 h. After that, the WT was washed several times
with DIW to remove iodine-containing compounds. Then the WT
was stored in DIW.

2.3. Hydrothermal growth of ZnO nanoparticles inside WT

The hydrothermal reaction was performed to grow ZnO inside
WT. Before synthesis, a water solution of 0.4 M zinc nitrate hex-
ahydrate (Zn(NOs),-6H,0, Sigma-Aldrich, Sweden) and 0.4 M hex-
amethylenetetramine (HMTA, (CH,)gNy4, Sigma-Aldrich, Sweden)
was prepared under vigorous stirring at room temperature until
it became transparent respectively. The wood templates were
immersed into the 0.4 M Zn(NOs),-6H,0 solution for 1 h under vac-
uum. After that, an equimolar 0.4 M HMTA was added. The WT
containing solutions was then transferred into an autoclave for
hydrothermal growth at 95 °C for 6 h, 12 h, and 24 h, respectively.
Finally, the wood/ZnO were washed several times with DIW to
remove residual chemicals followed by freeze-drying.

2.4. Piezoelectric energy harvesting

To fabricate a mechanical energy harvester or piezoelectric
nanogenerator (PENG), the WT and wood/ZnO 12 h (1 x 1 x 1.5¢
m>, T x R x L) were then coated with silver paste on top and bot-
tom along the fiber direction and dried in the oven at 80 °C for 2 h.
Further, conductive copper tapes were pasted on the silver-coated
surface and soldered a set of copper wires for the output measure-
ments. The piezoelectric performances were investigated by mea-
suring peak to peak output voltage and current under a cyclic
load. The cyclic load of 8-10 N was applied using a Linear motor
(Linmot, USA) and it was tracked using a Flexi force ELF system
(Tekscan, USA). Keithley’s DMM 7510 was used to record the out-
put voltage and current. The power density can be calculated using
the following Eq.:

VxI
Powerdensity = ——
y Area
where V and I are the output voltage and current, respectively. The
digital photo of the piezoelectric nanogenerator mounted on the
linear motor setup is shown in Fig. 2a and 2b. We have also added
a simpler schematic of the device in Fig. 2c.

2.5. Digital image correlation (DIC) for stress transfer

The interaction of mechanical behavior and piezoelectricity per-
formance of wood/ZnO was studied using stereo-digital image cor-
relation (stereo-DIC). Cubic wood/ZnO 6 h, wood/ZnO 12 h and
wood/ZnO 24 h samples with a nominal dimension of 10 x 10 x
10 mm> were prepared and painted with black speckles. These
samples were then loaded vertical to the fiber direction by a uni-
versal testing machine (Instron E1000). The samples were period-
ically compressed with an amplitude of 0.5 mm and frequency of
2 Hz for 25 or 50 cycles. The loading progress of these samples
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Fig. 2. Wood/zno device loaded on the linear motor setup: a) to-view, b) side-view,
and c) schematic illustration of the device.

was recorded by the stereo-digital image correlation (stereo-DIC)
system with Basler acA4096-30um cameras (resolution of
4096 x 2168 pixels). The images were captured with a frame rate
of 20 Hz. The piezoelectricity of the samples was also measured
simultaneously by pasting conductive copper tapes on the silver-
coated surface. Processing the images using VIC-3D (Correlated
Solutions, USA) leaded to the strain distribution on the sample sur-
faces. To this aim, subset size of 101 x 101 pixels, step size of 3 pix-
els and strain window size of 15 x 15 pixels were specified in DIC
measurements.

2.6. Characterization

The morphologies of the samples were observed with a Field-
Emission Scanning Electron Microscope (FE-SEM, Hitachi S-4800,
Japan) operating at an acceleration voltage of 3 kV. Pt/Pd coating
was sputtered on the samples for 40 s before characterization.
Thermogravimetric analysis (TGA, Mettler Toledo- TGA/DSC 1,
America) was performed to measure the ZnO loading at a heating
rate of 10 K/min from room temperature to 800 °C under O, flow
of 50 ml/min. Wood was fully carbonized and decomposed after
300 °C under O, while ZnO was stable even under 800 °C [13].
Therefore, the weight percentage increase above WT at 800 °C is
taken into account as the ZnO content. ZnO crystal structure was
performed by X-ray diffraction (XRD, PANalytical-X'Pert PRO,
Netherlands) in a powder diffractometer under 40 mA and 45 kV.
The scan interval was 5° < 20 < 70°, with a step size of 0.03° (20).
The crystallinity index (Crl) was calculated according to Eq. based
on the Segal method [21]:

CTI _ 1002 - Iam
1002

where Igg; is the intensity of crystallized regions at peak intensity
(26 = 22.5°), and I, is the amorphous regions at peak intensity
(26 = 18°). To analyze the influence of growth time on ZnO crystal
size, the average grain size of ZnO was estimated by Scherrer’s
equation [22]:

K
" pcos

where D is the average diameter of ZnO nanoparticles, A represents
the X-ray wavelength (0.154 nm), K refers to the Scherrer constant
(0.89), B is the full width of the peak at half maximum (FWHM), and
0 represents the Bragg diffraction angle. The average diameter of
ZnO nanoparticles in ZnO/Wood was calculated using the character-
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istic peaks {100}, {002} and {101}. Fourier-transform infrared
spectroscopy (FTIR) spectra was obtained at 16 scans and a resolu-
tion of 4 cm~! in transmission mode with a Spectrum 100 FT-IR
Spectrometer (Perkin Elmer, UK). The scan range was fixed between
400 and 4000 cm . Surface charge density was measured by con-
ductive titration (856 Conductimeter Module, Metrohm). The wood
samples were pretreated, dried and ground into powder for testing.
The balsa powder was first protonated using HCI (0.1 M, 5 ml). Then
titration was performed using NaOH (0.05 M). When the conduc-
tance decreased till the equivalence point, the charge density was
calculated according to the NaOH consumption. The Brunauer-
Emmett-Teller (BET) specific surface area was evaluated by nitrogen
physisorption. Before the nitrogen adsorption, 0.1 g of material was
degassed at 90 °C for 2 days, followed by the subsequent BET anal-
ysis. The analysis was carried out at —196 °C under a relative vapor
pressure of 0.05-0.25 with a Micromeritics ASAP 2020. The BET
specific surface area was calculated from the attained isotherms.
Finally, electrical conductivity was measured using an Ossila four-
point probe system. The compressive test was performed on a uni-
versal testing machine (Instron 5944, UK) at ambient condition
(25 °C and 50 % RH). All the measurements were performed using
1 cm x 1 cm x 1.5 cm (tangential x radial x axial) samples, with
a 500 N load cell. The test for different maximum strains were per-

formed at a strain rate of 5 % min'.

3. Results and discussion
3.1. The synthesis of wood/ZnO nanohybrids

Early method developments using neat wood were not able to
produce the desired flower morphology of ZnO particles and load-
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ing, possibly due to insufficient Zn?* adsorption (Fig. S1a, Fig. S1b
and Table S1). Results improved slightly using delignified wood
substrates, although very few ZnO particles with nanosphere mor-
phology were formed (Fig. S1c and Fig. S1d). To homogeneously
decorate wood with multilayered ZnO, periodate oxidation was
performed on delignified wood. Fig. 3a illustrates the wood struc-
ture change during the chemical pre-treatment. Delignification
(around 22 wt% lignin removal), leads to increased nanoporosity,
enhanced specific surface area (SSA), and improved cell wall acces-
sibility [23-25]. Fig. 3b and 3¢ show the pore generation inside cell
wall after delignification. The disappearance of the FTIR peak at
1500 cm~!, which is attributed to aromatic skeleton vibrations
from lignin, further confirmed the removal of lignin (Fig. 3e). Dur-
ing the reaction, part of the polysaccharides was oxidized to car-
boxylic groups, leading to wood surface charge increase from
25.9 peq/g (original wood, OW) to 241.3 peq/g, which is beneficial
for Zn?* adsorption. However, no ZnO could be obtained by using
DW and the ZnO coverage density is low (Fig. S1c and Fig. S1d).
To further enhance Zn?* adsorption, periodate oxidation was then
performed, resulting in wood template (WT) for ZnO growth. After
periodate oxidation, vicinal hydroxyl groups at carbon atoms 2 and
3 in an anhydroglucose unit of cellulose were converted to two
aldehyde groups (Fig. S2) [20]. The appearance of the FTIR peak
at around 1640 cm™!(characteristic peak for aldehyde carbonyl
group) along with a strengthening of the band at 895 cm™!
(Fig. 3e), assigned to the hydrated forms of aldehyde groups, con-
firming the successful oxidation of wood [26]. The surface charge
of WT increased to 588.9 peq/g, leading to enhanced Zn>* adsorp-
tion capacity (Fig. S3). The XRD spectra (Fig. 3f) of all samples
show clear peaks of native cellulose I crystalline structure at
around 14.7°, 16.5°, and 22.5°. The cellulose crystallinity slightly
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increased from OW (69.4 %) to delignified wood (DW, 74.3 %)
mainly due to the removal of lignin and part of hemicellulose.
For WT, the crystallinity was 66.2 %, lower than DW due to the
periodate oxidation. It should be noted that the macrostructure
of wood is preserved after the pre-treatment, as shown from the
SEM images and photographs in Fig. 3¢, 3d, S4a, and S4b. An
increased SSA of WT with value of 26.7 m?/g was observed from
1.3 m?/g of OW. This is mainly due to the generation of nano and
submicron pores in the cell wall (Fig. 3b, 3¢, and 3d) ascribing to
lignin removal and partial polysaccharide degradation (15.3 wt%
during oxidation).

Hydrothermal growth was conducted on WT to get ZnO inside
wood. After hydrothermal growth for 6 h, a layer of loose multilay-
ered ZnO formed on the cell lumen (Fig. 4a, 4d, 4g). The ZnO
showed a diameter of around 0.5 pm consisting of 10-15 ZnO flake
layers (Fig. 4d). Such ZnO morphology is beneficial for mechanical
energy conversion [27]. With growth time of 12 h, the multilayered
ZnO diameter increased to 1-2 pm with more ZnO nanoflake layers
(Fig. 4e). Higher ZnO coverage density is apparent (Fig. 4b, 4e, 4h).
After 24 h growth, coverage density is further enhanced yet the
original flower-like structure disappeared (Fig. 4c, 4e, 4f). One
hypothesis is that with increased growth time, the particle density
at the surface changed, leading to the surface energy variation,
resulting in particles partial diffusion and re-precipitation without
hierarchical microflower structure [28]. The morphology change
indicates the ZnO morphology controllability during nanoparticles

Cross section

Radial
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formation, which is challenging for bulk wood decoration. The
appearance of the wood/ZnO is similar to WT as shown in
Fig. 4b. The wood macrostructure is preserved but decorated with
ZnO nanoparticles as shown in the low magnification SEM images
(Fig. 4g, 4h, and 4i). Zn-based elemental mappings confirm the
homogenous coverage of ZnO on the lumen surface (Fig. S4c,
S4d, S4e). This type of wood/ZnO with uniform distribution of high
concentration multilayered ZnO inside wood is rarely reported.
Table S1 presents the literature summary of the wood/ZnO
hybrids.

3.2. The characterization of wood/ZnO nanohybrids

The ZnO content increased with the increased hydrothermal
growth time revealed by TGA spectra (Fig. 5a). The ZnO loading
was 9.0 wt% after 6 h growth and increased to 15.4 wt% after
12 h reaction. Further extended the growth time to 24 h, ZnO could
cover the entire wood structure with a ZnO content of 17.2 wt%. To
confirm the successful formation of the ZnO structure, FTIR spectra
of the samples were collected (Fig. 5b). The peaks at the wavenum-
bers around 1310 cm™! appeared in the spectra of wood/ZnO, cor-
responding to the asymmetric and symmetric stretching of zinc
carboxylate at the surface of ZnO [29].The intensity decreased at
1730 cm™! corresponding to carbonyl group (C=0) and the inten-
sity increased at 1600 cm™! corresponding to carboxylate groups
(-CO07) compared with WT indicated the successful modification

Fig. 4. Cross-sectional SEM images of wood/ZnO after hydrothermal treatment for (a) 6 h, (b) 12 h, and (c) 24 h. The inset image of (b) is a photograph of 12 h. (d), (e) and (f)
are high-resolution radial face SEM images with different ZnO morphology after hydrothermal growth of 6 h, 12 h, and 24 h, respectively. Inset images are high-resolution
SEM images, respectively. (g), (h) and (i) are the low-resolution radial face SEM images of different hydrothermal growth times of 6 h, 12 h, and 24 h.
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and the bonding of carboxylate ions by Zn?* [30]. One hypothesis
for the formation of zinc carboxylate is the reaction between reac-
tive ZnO nuclei and the hydroxyl groups in the system.

The XRD spectra of wood/ZnO also confirmed the successful for-
mation of ZnO (Fig. 5c¢). All samples had peaks at around 14.7°,
16.5% and 22.5°, indicating the preservation of cellulose I crystal
structure. The sharp diffraction peaks at 32.3°, 35.3°, 36.7°, 48.5°,
57.3°, 63.6° and 68.7° attributed to wurtzite ZnO hexagonal struc-
ture (Wurtzite-type, JCPDS Card No. 75-0576), corresponding to
the planes at {100}, {002}, {101}, {102}, {110}, {103} and
{112} respectively. The average crystal sizes of ZnO were esti-
mated to be 12.87 nm, 13.46 nm, and 12.83 nm corresponding to
hydrothermal 6 h, 12 h, and 24 h. The decrease of ZnO crystal size
of 24 h growth could be attributed to the ZnO dissolution and
release back to the growth solution during the long reaction time
[31]. This further supports the hypothesis of ZnO morphology
change after 24 h growth. At the same time, according to the mor-
phology of ZnO obtained by SEM, the multi-level structure of ZnO
particles is not complete after hydrothermal growth for 6 h. How-
ever, the multi-level flower-like structure of ZnO particles in the
24 h sample has collapsed, and the ZnO flakes have fallen off from
the flower-like structure and become a dense and disordered zinc
oxide layer. This also leads to a reduction in the ZnO crystallite size.
With the formation of ZnO inside the wood, the BET SSA decreased
from 26.7 m?/g for WT to 13.6 m?/g for the wood/ZnO (12 h)
(Fig. 5d). Hypothesis is that the formation of ZnO blocked part of
the mesopores in the wood template and increased the density
of hybrid.

Mechanical property of the material is critical to the piezoelec-
tric performance. Compressive stress-strain curves were measured
to evaluate all the samples. The samples were tested along the
radial direction (Fig. 6a), transverse to fiber direction. WT showed
lower initial Young’s modulus (around 50 MPa) compared to OW
(149 MPa) (Fig. 6b and 6¢). The stress level during cycling to differ-
ent strains is also lowered for WT. This is mainly due to the
removal of lignin which is vital to the stiffness of the structure
while periodate oxidation further weakens the structure by cell
wall components removal (15.3 % weight loss) and charge intro-
duction. The Young’s modulus of wood/ZnO samples were
9.41 MPa, 11.25 MPa and 9.50 MPa respectively. The stress level
during cycling was further decreased for wood/ZnO compared with
that of WT. The reason is wood degradation during hydrothermal
treatment. At a strain of 20 %, the stress was only 84 kPa for
wood/ZnO 6 h, while a value of 47 kPa was observed for Wood/
Zn0 12 h. For longer treatment time, 24 h, the ZnO was as high
as 17.2 wt% and the stress level was increased during cycling. From
an application point of view, the low bulk modulus elastically com-
pressible materials are highly suitable for mechanical energy har-
vesting[32-34]. In our case, wood/ZnO 12 h composition shows
good compressibility (Fig. S5), which could be an advantage for
piezoelectric energy conversion. The challenges for fabrication of
the sample involve in obtaining highly charged wood with
mechanical robustness as well as efficient synthesis of large sam-
ples. Highly charged wood is beneficial for Zn?* ions adsorption
and ZnO synthesis. Yet delignification and periodic acid oxidation
significantly decreased the wood mechanical property, making
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the handling of the sample during processing hard. Although
enhanced apparently, mass diffusion inside large wood samples
is still challenging (e.g. 10 cm x 10 cm x 1 cm). In addition, due
to the differences between the wood interior and the synthetic
environment (temperature difference, pH difference, concentration
diffusion difference, etc.), how to achieve accurate regulation of the
Zn0 morphology inside the wood remains to be studied.

3.3. Digital image correlation (DIC) for stress transfer

Stereo-DIC is further used to monitor the strain distribution of
these samples and investigate the relationship with piezoelectric
performance. Fig. 7a-7c show the strain maps on the samples of
wood/ZnO 6 h, wood/ZnO 12 h and wood/ZnO 24 h, respectively.
The first column shows the strain maps with the peak loading
value during the periodic loading progress, while the second col-
umn shows the strain maps with the minimum loading value dur-
ing the periodic loading progress, respectively. It should be noted
that each figure in Fig. 7 presents the strain distribution on two
surfaces of a sample. The left surface is parallel to fiber direction,
while the right part is vertical to the fibers. Unfortunately, the
measured strain maps are quite noisy on the surfaces vertical to
the fibers (left column) due to the unevenness of the sample sur-
faces. More information about the compression strain evolution
for the three samples could be found in Fig. S7, video S1, video
S2 and video S3. When the wood/ZnO undergoes mechanical
deformation, multilayer structure can increase the probability of
contact between multilayered ZnO and thereby increase the prob-
ability of ZnO lattice deformation, leading to higher piezoelectric
mechanical energy conversion. The piezoelectricity of the samples
was measured simultaneously during strain mapping to investi-
gate the correlation between sample deformation and piezoelectric
performance (Fig. 7 the third column).

In the periodic loading progress, the majority part of the sample
surface holds small elastic deformation, which can be recovered

(the first and second column in Fig. 7a-7c). The maximum com-
pression strain at the maximum loading status increases with the
ZnO growth time (see the lower limit of the color bar in the first
column of Fig. 7a-7c). The strain concentration bands on the sam-
ples might be attributed to the combination of elastic buckling,
plastic yielding and fracture [35], leading to a plateau on the
stress-strain curve (Fig. 6). The elastic bucking is recoverable,
and it initiates the elastic collapse of the walls when a critical load
is reached. The plastic yielding of the walls happens when the
moment on the cell wall exceeds the fully plastic moment, and
then the plastic hinges and collapse show in the samples. The frac-
ture might also be a reason, and the cell walls will be crushed when
the moment acting on them exceeds a critical value.

The longer hydrothermal growth time results in larger damage
in the samples. This will degenerate the performance of the walls
to support compression loading, consequently leading to more sig-
nificant strain concentration, that is the width of compression
strain band and amplitude of the strain concentration increase
with the growth time on the samples pointed in Fig. 7a-7c first col-
umn. This maybe the possible reason for the poor piezoelectric out-
put in wood/ZnO with higher ZnO content (24 h) apart from ZnO
nanostructure difference (Fig. 7 third column). Comparing wood/
ZnO 12 h and wood/ZnO 6 h, though more damage shows in
wood/ZnO 12 h sample, the piezoelectricity signal does not
decrease correspondingly. This signifies the importance of specific
geometry over the ZnO loading and homogeneous distribution of
multilayered ZnO in wood/ZnO 12 h. The second compression
strain maps on the samples of wood/ZnO samples were showed
in Fig. S6.

For each kind of measurement, 3-5 devices were tested and
representative data are presented in the manuscript. The output
signals vary by 10-20 % within the same type of sample. The cur-
rent signals have low noise to signal ratio. However, an FFT analy-
sis of signals reveals that the wood/ZnO 6 h and 12 h have a
dominant frequency around 2 Hz, which is similar to the loading
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frequency, and they are indeed true signals (Fig. S7). In wood/ZnO
24 h, the dominant frequency is higher than the loading frequency,
and the signals are mere noise.

3.4. Piezoelectric energy harvesting

Based on the results from mechanical and stereo-DIC tests and
considering ZnO morphology and particle distribution, the Wood/
ZnO0 12 h was selected for further device assembly for mechanical
energy conversion. Fig. 8a shows the schematic of the wood-based
piezoelectric nanogenerator (PENG) and the working mechanism
of multilayered ZnO. A record output voltage of 1.5 V was obtained
(dimension of 15 x 10 x 10 mm?) for wood based PENGs (Fig. 8b)
[2,3]. The peak to peak output voltage of wood/ZnO 12 h device has
a standard deviation of +0.21 V. The voltage signals are well above
the noise level and there is minimal to no contribution from noise.
Even the output voltage of WT based PENG (0.9 V) is higher than
that of delignified balsa wood (0.84 V under 22.2 kPa, dimensions
15 x 15 x 14 mm?) [3], and fungal decayed elastic balsa wood
(0.87 V under 10 N force, 45 kPa stress, dimensions
15 x 15 x 13.2 mm?) [2] reported in the literature. The possible
reason is the high crystallinity (66.2 %) and good compressibility
of WT. Introduction of ZnO with high piezoelectric constant
(around 9.93 pm/V [36]) leading to further enhanced performance.
The value is slightly higher than wood/ZnO where surface coating
of ZnO was used (1.3-1.4 V), indicate the beneficial of bulk ZnO
decoration. Output current was also increased for wood/ZnO 12 h
based PENG (2.91nA, Fig. 8¢) compared with that of the WT PENG

(0.45nA), 6.5 times higher. For wood/ZnO 12 h device, the power
density was found to be 2.91 nW/cm? (calculated based on open
circuit voltage and measured current), which is slightly higher than
the previous wood aerogel-based device (0.6 nW/cm?). Please note
this value is calculated from two separate measurements of voltage
and current without using any external resistor and may not reflect
the true power density of the device, which is likely to be higher
due to the presence of semiconducting ZnO (please see Table S2).
The uniform distribution of ZnO, the crystalline Wurtzite ZnO
structure, and good mechanical property are critical to the good
performance. Wood/ZnO 12 h resulted in the highest output cur-
rent (1.6 nA) due to two reasons: 1) ease of compressibility com-
pared to 6 h and 24 h samples (lower resultant stress at fixed
strain values as shown in Fig. 6d-f), 2) multilayered flower-like
ZnO structures, which are poorly constructed in 6 h and dissolved
in 24 h sample (refer SEM images). Additionally, the 6 h sample has
a lower content of ZnO compared to the 12 h sample and resulted
in an output current of 1.2 nA. In the 24 h sample, the longer
growth time destroys the original multilayer structure and resem-
bles a bulk ZnO film-like coating, making it less deformable com-
pared to wood/ZnO 12 h sample, and hence signals were within
noise level. For the piezoelectric performance, we tested all the
samples for ~300 cycles where the piezoelectric performance
had no significant reduction (Fig. 8b). This could be ascribed to
the good compressibility of the wood/ZnO (Fig. 8e) and the strong
adherence of multilayered ZnO to the wood structure (Fig. 4e). The
wood scaffold offers mechanical support as it consists of a struc-
tural material of high strength. Under cyclic compression the wood
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structure insure effective transfer to the tightly bound ZnO struc-
ture, resulting in a sustainable electrical output from the
composite.

4. Conclusion

In this work, a facile method for wood/ZnO with multilayered
ZnO (0.5-2 pm in size) in Wurtzite crystalline from uniformly dis-
tributed throughout the wood template structure is presented,
favorable for mechanical energy conversion. The highly charged
wood template is important since it ensures high loading and uni-
form distribution of Zn?*, leading to the elimination of any seeding
step which induces shrinkage/collapse of the wood structure. The
obtained wood/ZnO is efficient for piezoelectric energy harvesting
influenced by ZnO morphologies, crystal structure, distribution in
wood structure, as well as the hybrid materials mechanical perfor-
mance. To investigate the relationship between strain distribution
and piezoelectric performance, DIC showed the strain maps during

the periodic loading progress. With the homogeneous distribution
and higher loading of ZnO, wood/ZnO showed advantageous
piezoelectric performance. Wood/ZnO 12 h (1 x 1 x 1.5 cm?,
tangential x radial x axial) resulted in output voltage up to 1.5V
with stable performance up to 300 cycles with a output current
of 2.91 nA. The reported method is scalable and offers potential
for wood-mineral nanohybrids design for piezoelectric applica-
tions in mechanical energy storage and conversion.
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