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Considering their drawbacks of environmental pollution, biode-

gradable cellulose-based materials are becoming one of the most

promising alternative candidates for conventional petroleum-based

polymers, which are considered the fundamental materials for

dynamical units in human–machine interaction systems. Using an

up-to-date hydrogen bond replacement strategy, which means

using the highly electronegative F� in polyvinylidene fluoride

(PVDF) to replace the intramolecular hydrogen bonds in cellulose

for weakening the self-assembly behavior, herein, multilayer-

structured piezoelectric nanogenerators (PENGs) composed of

cellulose, a small amount of PVDF, and Ba0.7Ca0.3Zr0.2Ti0.8O3 (BCZT)

fillers were fabricated via modified tape-casting technology. Due to

the hydrogen bond network, which was confirmed using multiple

characterization methods, the fillers dispersed uniformly in the

matrix. Through changing the inner layer thickness, the output

performance of the PENGs can be subtly modulated, which is

revealed to be caused by the synergistic effect between the trapped

electrons and the inter-squeezing between adjacent particles by

employing the band theory. When applied to a pedometer, one of

the essential devices for monitoring human health, such a modula-

tion can significantly improve its sensitivity. The water contact

angle test also indicates their potential for use in humid environ-

ments. Compared with some typical cellulose-based PENGs, our

device shows outstanding performance in PD/F, defined as the

power density triggered by unit force, indicating our PENG’s low

energy consumption characteristic.

As human society enters the era of Industry 4.0 (the fourth
industrial revolution), significant development has been
achieved in flexible electronics that are being integrated into
human–machine interaction systems. Considering the energy
crisis at the same time, the requirements for such devices at
this time have to be high biocompatibility, biodegradability,
and excellent mechanical properties, which enable them to be
applied in limited space.1–4 Petroleum-based dielectric poly-
mers have been used for a long time in flexible devices for their
optimistic performance, while their degradation process brings
the drawbacks of severe environmental pollution.5,6 Among all
candidates, cellulose-based polymers have great potential to
meet all three requirements mentioned above for their abun-
dant reserves and good intrinsic polarization. Most commonly
used materials in artificial intelligence-based sensors are
usually functionalized for storing and converting energy. In
the energy storage field, the energy storage density (ESD)
of cellulose-based dielectric films has been increased from
5.7 J cm�3 to 27.3 J cm�3 via morphological control, interface
modification, and so on.7–13 As to the field of energy conversa-
tion or harvesting, numerous studies on piezoelectric nanogen-
erators (PENGs) have been reported due to their vast
application prospects. Using the in situ synthesis method,
micro-flower-like vanadium-doped ZnO was uniformly dis-
persed in a bacterial cellulose matrix, and a power density
(PD) of 0.06 mW cm�2 was achieved.14 When changing the
matrix material to regenerated cellulose, a higher power density
of 0.19 mW cm�2 was obtained in 2,2,6,6-tetramethylpiperidine-
1-oxyl-oxidized cellulose nanofibril/molybdenum disulfide

a School of Electronic Information and Artificial Intelligence, Shaanxi University of

Science and Technology, Xi’an 710021, P. R. China. E-mail: SunZX@sust.edu.cn
b Shaanxi Provincial Key Laboratory of Papermaking Technology and Specialty

Paper Development, National Demonstration Center for Experimental Light

Chemistry Engineering Education, Key Laboratory of Paper Based Functional

Materials of China National Light Industry, Shaanxi University of Science and

Technology, Xi’an, 710021, P. R. China. E-mail: zhangsufeng@sust.edu.cn
c Key Laboratory of Auxiliary Chemistry and Technology for Chemical Industry,

Ministry of Education, Shaanxi University of Science and Technology, Xi’an

710021, P. R. China
d Shaanxi Collaborative Innovation Center of Industrial Auxiliary Chemistry and

Technology, Shaanxi University of Science and Technology, Xi’an 710021, China
e MESA+ Institute for Nanotechnology, University of Twente PO Box 217, 7522 NH

Enschede, The Netherlands
f School of Textile Science and Engineering, Xi’an Polytechnic University, China.

E-mail: shenguodong@xpu.edu.cn
g School of Materials Science and Engineering, Shaanxi University of Science and

Technology, Xi’an 710021, P. R. China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc03904h

Received 25th October 2023,
Accepted 18th December 2023

DOI: 10.1039/d3tc03904h

rsc.li/materials-c

Journal of
Materials Chemistry C

COMMUNICATION

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

1/
16

/2
02

4 
1:

54
:3

0 
PM

. 

View Article Online
View Journal

https://orcid.org/0000-0001-9127-8224
https://orcid.org/0000-0002-1429-6805
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc03904h&domain=pdf&date_stamp=2023-12-26
https://doi.org/10.1039/d3tc03904h
https://doi.org/10.1039/d3tc03904h
https://rsc.li/materials-c
https://doi.org/10.1039/d3tc03904h
https://pubs.rsc.org/en/journals/journal/TC


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2023

nanosheet bio-nano composite piezoelectric films.15 This
power density was further enhanced to 0.19 mW cm�2 after
adding BaTiO3 particles. Compared to a dense matrix, a cellu-
lose aerogel film, which contains abundant mesopores with
high porosity and specific surface area, performs much better.
A 1.29 mW cm�2 PD was reached in freeze-drying-prepared 2,2,6-
tetramethylpiperidine 1-oxyl-oxidized cellulose aerogel films.16

In X. Huang’s work, a similar technology was used. A PD of
2.95 mW cm�2 was obtained using a cellulose/BaTiO3 aerogel
paper, and it was enormously increased to 21.25 mW cm�2 after
coupling with a triboelectric nanogenerator (TENG).17 Besides,
cellulose-based materials show great potential for application in
self-powered sensors. The environment’s humidity and static or
dynamic strain can be skillfully monitored and recorded.18–21

For example, a voltage output of 1.32 V with a maximal power of
20.52 mW at 91.5% RH can be reached by using NaCl and
hydroxylated multi-walled carbon nanotubes (OH-MWCNTs) as
humidity-sensing electrolytes and MnO2 and Al as electrodes.22

A wide strain detection range (2–100%) with good repeatability
(1000 times) can be achieved by assembling Cu/Al electrodes,
elastic core-spun yarn coated with LiCl-carbon nanotubes
(CNTs), and using latex tube encapsulation.23

The abovementioned studies on PENGs were all based on
single-layered structures, which, in the author’s opinion, is
probably due to the difficulty of fabricating multilayer-
structured cellulose-based films. That is because, in cellulose-
based films fabricated via the dissolution–regeneration
method, both intra- and inter-hydrogen bonds exist, which
makes the films suffer the drawbacks of shrinkage during the
tape-casting process. Such a phenomenon prohibits the second
layer’s casting on top of the first layer and makes the establish-
ment of multilayered structures nearly impossible. This results
in the loss of modulation of interfacial polarization, which is
considered one of the critical factors for enhancing their figure-
of-merit (FOM).24,25 In the author’s previous work, such a
problem was figured out by utilizing a hydrogen bond

replacement strategy. 20 wt% PVDF was blended with cellulose
during the dissolution–regeneration process, and the Fourier
transform infrared (FT-IR) spectra proved the formation of
hydrogen bonds between the cellulose and the PVDF. Com-
pared to pristine cellulose, a blend film has a smoother surface,
and fabricating multilayered structures become possible.12,26

Owing to this, the highest ESD ever reported for cellulose-based
dielectric capacitors was obtained, further proving the signifi-
cance of fabricating multilayer-structured cellulose-based
films.12 In this work, a similar strategy was employed to prepare
a sandwich-structured cellulose-based PENG, denoted as CP-
BCZT, in which the matrix material is a cellulose/PVDF (CP)
blend film, and the Ba0.7Ca0.3Zr0.2Ti0.8O3 (BCZT) ceramic
powders are embedded as fillers only in the inner layer. We
chose BCZT ceramic powders as fillers because they are the best
lead-free candidates for highly piezoelectric lead magnesium
niobite-lead titanate (PMN-PT), and the phase can be easily
tuned by changing the stoichiometric ratio.27,28 In addition,
such a stoichiometric ratio is much better than those of the
others, according to the results of the author’s previous study.29

Compared to traditional 0–3 structured polymer–ceramic com-
posites, whose mechanisms of property modulation only lie in
the interaction between ceramics and polymers, our work offers
an extra degree of freedom in controlling the gap between
adjacent particles by simply changing the inner layer thickness.
By doing so, the output power of the devices can be subtly
modulated, which is considered to be due to a synergistic effect
between the trapped electrons and the inter-squeezing between
adjacent filler particles. Based on this, their sensitivity, which is
characterized as the On/Off ratio, was significantly enhanced
when applied to pedometers. More importantly, such a compo-
site film has the best mechanical properties when the fillers’
concentration is 2% in volume fraction.26 Considering the
application to a pedometer, such a filler concentration will also
be applied in this work. Our work proposed quite a simple way
to modulate the PENGs’ output performance and verified their

Fig. 1 (a) Sketch of measuring the output performance of PENGs; (b) sketches; (c1) XRD patterns; (c2) FT-IR spectra of the films with different
configurations.
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application in monitoring human beings’ daily activity. (The
Experimental section is provided in the ESI,† and the corres-
ponding technological process is displayed in Fig. S1, ESI.†)

Fig. 1(a) briefly sketches the work process of the CP-BCZT
PENG. The device is located at the bottom of an electric vibration
exciter, and its output parameters can be co-adjusted by the
amplifier and the frequency generator. A Keithley 2450 source
meter was used for data collection, and it displays the signals on
the screen. The CP-BCZT film has different configurations, but
the same total thickness in this work as shown in Fig. 1(b). 0-0-0,
composed of three equal-thickness sublayers, was used as a
control sample without filler embedding. 0-1/3-0 has the same
structure as 0-0-0 but with BCZT fillers dispersing uniformly in
the inner layer. The inner layers of 0-3/5-0 and 0-1/5-0 also
contain fillers, but their thickness is 3/5 and 1/5 of the total
thickness, respectively. (Here, we define the structure of the
pristine CP blend film without Au electrodes as the CP film, CP-
BCZT without Au electrodes as the CP-BCZT film or the 0-3/5-0
film, 0-1/3-0 film, and 0-1/5-0 film. The corresponding structures
with two Au electrodes are written as CP PENG and CP-BCZT
PENG or 0-3/5-0 PENG, 0-1/3-0 PENG, and 0-1/5-0 PENG, respec-
tively.) Fig. 1(c1) shows the X-ray diffraction (XRD) patterns of all
the CP-BCZT films, with the pattern of BCZT fillers displayed at
the bottom. The fillers exhibit a typical single-phased perovskite
structure, and the broadening peak at around 211 corresponds to
the peak superposition of the PVDF (110) and cellulose (200)

planes.30,31 Rietveld refinement was used to analyze BCZT’s
crystallographic information, and the results and parameters
are shown in Fig. S2(a) and Table S1 (ESI†). A space group of
p4mm, which belongs to the high-polarization tetragonal phase,
was revealed. Diffraction signals of both the CP film and BCZT
can be detected in 0-3/5-0, 0-1/3-0, and 0-1/5-0. The peaks around
886 cm�1 and 1404 cm�1 in the FT-IR spectra of films, as plotted
in Fig. 1(c2), are the characteristic peaks of highly polarized b-
phased PVDF.32 Strong absorption peaks around 3600 cm�1,
corresponding to hydroxyl’s stretching vibrations, are observed
for all the films confirming the hydrogen bond network in the
cellulose/PVDF matrix. However, whether the hydrogen bond
replacement happens between the cellulose and the PVDF after
blending PVDF is unclear; we obtained the FT-IR spectra for
pristine cellulose and CP2, as shown in Fig. S2(b) (ESI†).
Compared to the pristine cellulose, the absorption peak for the
hydroxyl’s stretching vibrations of CP shifts to a lower wave
number, resulting from the formation of hydrogen bonds
between F in PVDF and the hydroxyl groups in cellulose mole-
cules. Such a peak shift agrees well with our previous work and
the work of another group.26,33 Besides, such a peak in 0-3/5-0,
0-1/3-0, and 0-1/5-0 is stronger than that in the 0-0-0 film, and it
disappears in BCZT fillers, which indicates that the hydrogen
bond network also exists between the fillers and the matrix;
and such a network forms only during the composite process.
A sharp peak at 480 cm�1 in the BCZT spectra, which represents

Fig. 2 Photographs of the 1/3-0-1/3 (a1) film; (a2) PENG; (b1) TEM image of a general area of the 1/3-0-1/3 film; (c) enlarged view of (b) showing the
fillers’ distribution; (d1)–(d5) EDS maps for C, O, F, Ba, and Zr of (b); (e) enlarged view of (b) showing the fillers’ morphology; (f) enlarged view of (e)
showing the interface between the filler and the matrix; (g) enlarged view of (f) showing the transient behavior of the interface between filler and matrix;
(h) lattice fringes of BCZT filler; (i) EDP of single particle circled in (e); and (j) ball-stick model of the BCZT filler.
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the Ti–O bending vibrations, indicates the excellent polarization
of BCZT fillers, matching well with the XRD refinement results.

The cross-sectional scanning electron microscope (SEM)
image of the 0-1/3-0 film with its corresponding energy-
dispersive X-ray spectral (EDS) maps in Fig. S2(c1)–(c4) (ESI†)
confirm its sandwiched structure. Fig. 2(a1) and (a2) show the
photographs of the 0-1/3-0 film and PENGs, respectively. Trans-
mission electron microscopy (TEM) image of a general area of
the 0-1/3-0 film is displayed in Fig. 2(b), in which the cellulose
fibers can be clearly distinguished, and the bright dots corre-
spond to the fillers. Its corresponding EDS maps are provided
in Fig. S3 (ESI†). Fig. 2(c) is an enlarged-viewed image of
Fig. 2(b), and the EDS maps of C, O, F, Ba, and Zr are listed
in Fig. 2(d1)–(d5). From Fig. 2(d1) and (d3), we can see both the
cellulose and PVDF distribute uniformly in the fiber. The maps
shown in Fig. 2(d2), (d4), and (d5) also agree well with the
particle distribution shown in Fig. 2(c). Interestingly, two bright
areas, which indicate the aggregation of F and are marked with
Area-1 and Area-2 with orange dashed circles, are seen in
Fig. 2(d3). Compared with Fig. 2(c), Area-1 reflects the area
for BCZT particles, while Area-2 is for the CP matrix area
containing no BCZT particles. Such a phenomenon shows that
PVDF can aggregate both around cellulose and the CP, which
might result from the hydrogen bond between PVDF and
cellulose and between PVDF and BCZT particles. Fig. 2(e) is
the enlarged view of the dashed area in Fig. 2(c), in which
polygon BCZT particles were observed. The electron diffraction

pattern (EDP) of the circled particle in Fig. 2(e) is shown in
Fig. 2(i), and the single crystal character is confirmed with
diffraction plane indexing. Fig. 2(f) is the enlarged view of the
dashed area in Fig. 2(e), and the inserted ball-stick model
explains the hydrogen bond between the cellulose fibers and
the BCZT particles. The enlarged view of the dashed area in
Fig. 2(f) is shown in Fig. 2(g), and the dotted area offers the
intermediate state of the interface between the fillers and the
matrix. Precise and smooth lattice fringes can be obtained by
zooming in Fig. 2(g), and after crystal orientation calibration,
the in-plane lattice parameter (a) was measured to be B4.06 Å,
which fits well with the XRD refinement results. Fig. 2(h) dis-
plays the ball-stick model of the BCZT unit cell obtained by
employing VESTA.34

The short-circuit current (IS) of our PENGs with different
configurations under an external pressure force of 10 N is
illustrated in Fig. 3(a1)–(a4). As expected, the pristine CP PENG
exhibits a much lower IS than all CP-BCZT PENGs of only 0.32 mA,
and interestingly, IS of 0-1/3-0 is the highest with a value of 2.52 mA,
indicating that the PENG configuration significantly affects
their’ output performance. Considering that the PENG’s PD is
usually strongly related to the interfacial charges between the
dielectric layer and the metal electrode,35,36 we measured the
devices’ I–V behavior for further study. The corresponding
current density–electric field (J–E) curves are plotted in Fig. S4
(ESI†). Generally, the conducting mode in dielectric devices is
classified into four different modes: Schottky emission mode,

Fig. 3 (a1)–(a4) IS; (b1)–(b4) J–E curves’ fitting results of the PENGs with different configurations; (c1) band diagram of 1/3-0-1/3 PENG before F0

applied; (c2) sketch showing the BCZT’s deformation after F0; (c3) band diagram of 1/3-0-1/3 PENG after applying F0; (d1); (e1) VO of the 1/3-0-1/3 PENG
measured at opposite work sides and (d2); and (e2) the corresponding photos.
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Ohmic conduction mode, space charge limited current (SCLC)
mode, Poole–Frenkel (PF) mode, and Fowler–Nordheim (FN)
tunneling mode.37 After mathematical analysis, the conduction
mode of our devices fits best with the Schottky emission mode
because the calculated log J and E0.5 exhibit a strictly linear
relationship,37 as depicted in Fig. 3(b1)–(b4). The interrupt
value, which is related to the Schottky barrier height (Fs), was
also calculated and inserted in each figure. Details on the
expression of Schottky emission mode and the formation of
Fs on both CP PENG and CP-BCZT PENGs are provided in the
ESI.† Among the latter, 0-1/3-0 has the largest interrupt value
and highest J under the same field, indicating the highest Fs

and the largest number of electrons that overcome Fs under
high positive voltage, respectively. This phenomenon can be
explained as follows: the BCZT fillers offer more carriers than
the CP matrix because of the intrinsic oxygen vacancies in the
lattice, so the inner layers dominate their conducting behavior.
The existence of the oxygen vacancies in the BCZT powders can
be confirmed by combining X-ray photoelectron spectroscopy
(XPS) and electron paramagnetic resonance (EPR) spectroscopy,
as shown in Fig. S5(c1), (c2), and (d) (ESI†). Such a result agrees
well with our previous conclusion.38 When comparing 0-3/5-0
and 0-1/3-0, the inner layer of the latter has higher electron
charge density and stronger interfacial interaction for its thin-
ner thickness,39 so more electrons can be trapped in its Au/CP
interface, leading to a broader depletion layer (LD). When
comparing 0-1/3-0 and 0-1/5-0, though 0-1/5-0 has the highest
electron charge density due to its thinnest inner layer thick-
ness, the much longer distance between the fillers and the
electrode results in a very high voltage drop, thus not so many
electrons can be trapped in its Au/CP interface. Under this
common effect, 0-1/3-0 has the highest Fs among the three CP-
BCZT PENGs. It should also be noted here that the interrupt
value of the pristine CP PENG is only 6.24, which means that it
has the lowest Fs than CP-BCZT PENGs, which seems contra-
dictory with the discussion in the ESI.† That is because though
the majority carriers in the CP PENG and CP-BCZT PENGs are
both electrons, the carriers in them have different mobilities,
which affect their conducting behavior.40 This phenomenon
deserves a separate study, and we will not focus more on it. The
lowest current of the CP PENG is because of its lowest electron
charge density.

What we conclude now is that the 0-1/3-0 PENG has the
highest Fs. The band diagram analysis using the J–E curves was
based on the simplification of assuming an equivalent band
structure in the CP-BCZT films. As for discussing the output
performance, such an assumption becomes invalid because
electron transport is no longer caused by external voltage. The
band diagram of CP-BCZT PENGs under zero voltage or force is
shown in Fig. 3(c1). When an external pressure force (F0) is
applied on the device, the BCZT filler, which was proved to be
in the tetragonal phase as abovementioned, suffers a deforma-
tion with the c axis shrinking and the a axis elongating, as
sketched in Fig. 3(c2). Then, a piezometric potential forms on
the opposite surfaces of the unit cell and induces an equal
amount of different charges in the BCZT/CP interface. Because

the electron affinity of BCZT is higher than that of CP (see
ESI†), the generated electrons can hardly overcome the inter-
facial barrier (Fi), and more and more electrons thus aggregate
in the BCZT/CP interface with increasing external force, as
depicted in Fig. 3(c3). This phenomenon can be regarded as
due to applying a reverse bias to the device,41,42 resulting in a
decrement of the build-in potential (Fb-CP-BCZT) and electrons’
de-trapping. Such a de-trapping behavior is thought to be the
primary reason for generating IS, and now the reason for the
0-1/3-0 PENG’s best output performance seems revealed: due to
the highest number of trapped electrons, more can be released
from 0-1/3-0 than the others when under the same force. We
should also notice that such a conclusion is based on the
assumption that BCZT generates the same charges, and actu-
ally, due to the inter-squeezing effect, 0-1/5-0 generates the
most charges, and then 0-1/3-0, and 0-3/5-0 generate the least,
as we deduced in the ESI.† Also, because of the longer distance
between the fillers and the electrode in the 0-1/5-0 PENG, a
significant part of generated electrons is lost during the trans-
porting. Due to this synergistic effect, the 0-1/3-0 PENG exhibits
the highest IS among all. In other words, by simply changing
the inner layer thickness, the output performance of the PENG
can be modulated by regarding the BCZT filler as a trigger.
Fig. 3(d1) and (e1) show the output voltage (VO) of 0-1/3-0 with
opposite work sides under 10 N with the photographs displayed
in Fig. 3(d2) and (e2), respectively. As expected, no difference in
output performance can be detected, indicating the non-
oriented characteristic of our device.

The frequency dependence of the dielectric constant (e) and
dielectric loss (tan d) of all the devices is plotted in Fig. 4(a) with
the corresponding e–T and tan d–f curves plotted in Fig. S7
(ESI†). e decreases with increasing f for all the devices, which is
typical for dielectric materials. The most trapped electrons in
0-1/3-0 result in its highest e and tan d in the low f range for the
polarization caused by the trapped electrons failing to keep up
with the electric field switching. Because of this, much polar-
ization can be triggered in the polarization–electric field (P–E)
measurement, as illustrated in Fig. 4(b), with the P–E loops
under different electric fields shown in Fig. S8 (ESI†). The
pristine CP PENG shows a typical linear polarization behavior.
Fig. 4(c1) and (c2) show the 0-1/3-0’s open-circuit voltage (VO)
and IS under different external pressure forces at 4 Hz. Both VO

and IS increase with increasing force from 2 N to 10 N. Further
force enhancement affects its output performance little for the
threshold of piezoelectric potential has already been reached,
and finally, a PD of B4.28 mW cm�2 was obtained. 0-1/3-0’s
output performance at 10 N but different vibration frequencies
( fV) is shown in Fig. 4(d1) and (d2). Because of the viscoelas-
ticity of cellulose, both the VO and IS of the PENG increase with
increasing fV from 1 Hz to 4 Hz, resulting in an increase of PD

from B0.17 mW cm�2 to B4.28 mW cm�2 with an increment of
as high as 25 times.43,44 Besides, the increasing rate of charge
exchange with increasing fV has the same effect on this
phenomenon,45 and further fV increase shows no contribution
to improving its PD. Fig. 4(e) displays the IS of the 0-1/3-0 PENG
during a long-term use of 3 min. Almost no decrement of IS can
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be detected during such a process, demonstrating its reliability.
In addition to PD, as an environmentally friendly device, energy
consumption should also be considered. Fig. 4(f) compares
the output performance of the 0-1/3-0 PENG in our work and
some other typical cellulose-based PENGs, with the X-axis and
Y-axis as the PD and the PD triggered by unit force (PD/F),
respectively.16,17,46–54 Though the PD of the 0-1/3-0 PENG does
not have much advantage over the other devices, the PD/F is the
highest among all the devices. It means that more converted
electric energy can be output in our device when consuming the
same amount of mechanical energy, and further study should
focus on improving the PD threshold.

Step recording is one of the most important parameters in
health monitoring, and after COVID-19, more and more people
are paying their attention to this. When people are walking, the
tiptoe and the heel generally suffer different forces from the
ground. When we put a PENG under different positions of the
sole, as we display in Fig. 5(a1) and (a2), the output perfor-
mance is different, though such a difference can sometimes be
very weak. Fig. S9 (ESI†) shows the generated IS of different
PENGs when put in different positions of the sole, and such
signals have both positive and negative currents. Suppose an
external rectifier circuit is embedded, as sketched in Fig. 5(b),

in this case, the signals in Fig. S9 (ESI†) can be converted to
unidirectional, as shown in Fig. 5(c1)–(c4), in which the higher
current signal is written as On and the lower one as Off.
As mentioned above, due to the synergistic effect between
the trapped electrons and the inter-squeezing between adjacent
particles, the strongest tiptoe and heel current signal is
observed for 1/3-0-1/3. The precision of a pedometer relies on
the current difference between the tiptoe and the heel, which
can be defined as the On/Off ratio, and such a ratio variation of
all the PENGs is plotted in Fig. 5(d). Obviously, the 1/3-0 PENG
shows the highest precision. In practical application, different
harsh environments should be considered. Fig. 5(d1)–(d4) dis-
play the water contact angle test for all the CP-BCZT films, and
compared to 0-0-0, films with BCZT fillers exhibit a much lower
water contact angle, indicating inferior water resistance beha-
vior, and such a behavior between 0-3/5-0, 0-1/3-0, and 0-1/5-0
shows little difference. Revealing the factors affecting the water
contact angle in our films deserves a separate work, and as this
is a communication article, we would not like to give a further
discussion here. However, based on previous literature, such a
difference is mainly attributed to the micro-holes in the inter-
face between the water and film surface, and also attributed
to the thickness, density, and roughness.55–57 Though the CP-

Fig. 4 (a) The frequency dependence of dielectric constant (e) and dielectric loss (tan d); (b) P–E loops of the PENGs with different configurations; (c1) VO

and (c2) IS of the 1/3-0-1/3 PENG measured at different external pressure forces under 4 Hz; (d1) VO and (d2) IS of the 1/3-0-1/3 PENG measured under
different frequencies at 10 N; (e) long-term output performance of the 1/3-0-1/3 PENG; and (f) the comparison of the output performance between the
1/3-0-1/3 PENG and some typical cellulose-based PENGs.
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BCZT films show smaller angles than the pristine CP films, their
hydrophobicity is still good, which reveals that they have the
potential to be used in wet circumstances and even in rainy weather.

Conclusion

Using a hydrogen bond replacement strategy, biomass-based
multilayer structured PENGs were fabricated in which the matrix
is a cellulose/PVDF blend film, and the fillers are BCZT ceramic
powders. The complex hydrogen bond network, confirmed by
combining multiple characterization methods, enables the uni-
form distribution of fillers in the inner layer. By changing the
inner layer thickness, the output performance of the PENGs can
be subtly modulated, which is proved to be attributed to the
synergistic effect between the trapped electrons and the inter-
squeezing between adjacent particles. A device with a configu-
ration of 1/3-0-1/3 exhibits a PD of B4.28 mW cm�2, and its PD/F,
which is defined as PD triggered by unit force, is the highest
among those of most of the current cellulose-based PENGs,
indicating its low energy consumption character. Besides, when
applying to a pedometer, it shows high sensitivity and great
potential for working in humid environments.
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Fig. 5 (a1) and (a2) Photograph showing the 1/3-0-1/3 PENG under different positions of the sole; (b) a typical external rectifier circuit that can filter the
IS negative signal; (c1)–(c4) the filtered IS of the PENGs with different configurations when put in different positions of the sole IS of the PENGs with
different configurations; and (d) the calculated ON/OFF ratio from (c1)–(c4); (d1)–(d4) the water contact angle of the films with different configurations.
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