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Lightweight Triboelectric Nanogenerators Based on Hollow
Stellate Cellulose Films Derived from Juncus effusus L.

Aerenchyma

Qi Chen, Wenjian Li, Feng Yan, Dina Maniar, Jur van Dijken, Petra Rudolf, Yutao Pei,

and Katja Loos*

This study reports a facile delignification and natural drying process for
synthesizing cellulose films using the unique surface roughness, porosity, and
lightness of the hollow stellate cellulose (HSC) united aerenchyma of the
wetland weed Juncus effusus L. By controlling the grafted
amino/fluorine-bearing group content of various silane coupling agents, this
work successfully manipulates the triboelectric polarities of HSC films after
silanization. Subsequently, a layer of Ag nanowire electrodes is coated on one
side of the silanized HSC friction layers, resulting in flexible, lightweight,
semi-transparent HSC-based triboelectric nanogenerators (HSC-TENGs)
featuring both macro-scale surface roughness and micro-nano inner pores.
These all-in-one HSC-TENGs achieve the highest output voltage of 4.86 V,
which is 28 times that of TENGs employing two pristine HSC films as
triboelectric layers (PHSC-TENG). Finally, the HSC-TENG with the optimum
output power is applied as a wearable self-powered sensor for gait analysis,
demonstrating stable and sustainable performances in distinguishing
different body motions such as walking, running, jumping, and calf raising.
This study not only proposes a new cellulose-based TENG for future in-depth
body locomotion analysis but also paves the way for converting differently
structured aerenchyma from abundant problematic aquatic or wetland weeds
into promising structural templates in multifunctional cellulose-based
applications.

1. Introduction

In recent decades, the miniaturization of
flexible and wearable devices has led to
an increase in electronic waste and envi-
ronmental pollution from the periodic re-
placement of their batteries.l'®! The tradi-
tional power supply’s bulky size and weight
have become a barrier to further electron-
ics miniaturization, physical burden reduc-
tion, and cost economization.”#! Triboelec-
tric nanogenerators (TENG), discovered as
a novel micron nanoenergy harvester, have
gained increasing attention due to their
ability to convert small amounts of wasted
mechanical energy into nanoscale electri-
cal energy.’! The working principle of a
TENG is based on the triboelectric effect
and the electrostatic induction between two
contacting layers with dissimilar tribopo-
larities. There is a wide selection of fric-
tion materials known as the triboelectric
series. Although many materials have
been studied or used as friction parts,”11-2]
the replacement of petroleum-based, non-
recyclable organic friction materials with
renewable, natural materials that are fully
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biocompatible, biodegradable, or recyclable is still crucial in the
current energy crisis and environmental pollution situation.[?!-?2]

Cellulose-based triboelectric nanogenerators have had the
most significant achievements among reported biomass-derived
nanogenerators. This is due to the outstanding advantages of
cellulose, which include widespread availability, renewability,
biodegradability, biocompatibility, low cost, versatility, and fric-
tional electrical activity.l'?*] Additionally, the numerous hydroxyl
groups of cellulose provide strong hydrogen bonds and chem-
ical reactive sites for chemical modifications,** which can im-
prove the material’s strength and optimize its electrical perfor-
mance in TENGs. However, the natural drawbacks of cellulose,
including poor solubility and processability, can also be signif-
icant obstacles in TENG applications. To overcome these chal-
lenges, two main approaches have been proposed in the litera-
tures. The first approach involves the extraction of natural cellu-
lose into cellulose nanofibers, > or cellulose nanocrystals via me-
chanical methods (e.g., ultrasonic crushing, mechanical stirring,
high-pressure homogenization),[?’! chemical methods (2,2,6,6-
tetramethylpiperidine-1-oxyl radical-mediate oxidation,!?’] acid
hydrolysis),?8] or biological methods (bacterial secretion, i.e.,
bacterial cellulose).®] The second approach involves natural cel-
lulose that can be regenerated via recrystallization and pre-
cipitation immediately after dissolving it in various solvents,
such as ionic liquids,!*”! N-methylmorpholine-N-oxide,*! N,N-
dimethylacetamide/LiCl systems,!*"] and alkali/urea aqueous
solutions.?1:32]

After successfully obtaining processable cellulose fibers, the
subsequent formation of cellulose films is also essential for in-
creasing TENG output and reducing weight by improving film
roughness and porosity, respectively. As reported earlier, var-
ious additional methods have been carried out for these two
purposes, including plasma etching,**! 3D printing,**] freeze
drying,[*>] electrospinning,***% and micro/nano patterning.*”)
However, this means that significant effort, energy, and chemi-
cals are required for processing raw natural cellulose into favor-
able cellulose-based triboelectric layers, which is contrary to the
original intention of designing cellulose-based TENGs for energy
savings and environmental protection. Therefore, there is an ur-
gent need for simpler, more efficient, and more environmentally
friendly methods of treating natural cellulose to advance the de-
velopment of cellulose-based TENGs.

Juncus effusus L. (JE) is a wetland perennial monocot that is
widely distributed as one of the dominant species throughout
warm temperature zones within multiple altitude ranges.[*®] Due
to its high seed production, Juncus effusus L. was assessed as
a problematic weed in pastures and meadows because it im-
pairs forage yield and quality.?**°] Moreover, it has a relatively
large annual production of ~10 kg ash-free dry mass per square
meter,[*!] which costs millions of dollars annually to control its
quantities.l**#2] Thus, reasonable and valuable applications for
this prolific pest are of high interest. The epidermis of the JE
stem was usually utilized in weave, while its pith was histori-
cally applied as wicks in train-oil lamps across northwestern Eu-
rope and China due to the highly porous structures, which were
provided by the plant tissue — aerenchyma.[**] Aerenchyma con-
tains different characteristic patterns arrangement (radial,[*! per-
pendicular, honeycomb,?®! or stellate)[*’] with large intercellular
spaces. This spongy plant tissue commonly exists in aquatic and
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wetland species, assisting their floating and internal air circula-
tion functions. Recently, characterized by a unique 3D stellate
network,[118] this cellulosic aerenchyma foam of Juncus effusus L.
was also found to be applicable in solar-driven steam generators
and soluble pollutant removal.l*] Nevertheless, the application
of Juncus effusus L. aerenchyma foams in TENG applications has
not yet been reported.

In this study, we propose a hollow stellate cellulose-based
TENG (HSC-TENG) with surface modifications and Ag nanowire
electrodes deposition. The hollow stellate cellulose (HSC) films
were fabricated with unique hollow stellate cellulose fibers from
the aerenchyma of Juncus effusus L., which shows the enhanced
surface roughness, porosity, and lightness. The triboelectric po-
larities of HSC films were successfully enhanced and tuned
by controlling the contents of grafted amino/fluorine-bearing
groups from various silane coupling agents. As a result, the high-
est HSC-TENGs’ output was improved to 4.86 V with silanized
HSC friction layers. This output was 28 times that of TENGs
employing two pristine HSC films as triboelectric layers (PHSC-
TENG). This material was subsequently applied as a wearable
self-powered sensor with stable and long-term output perfor-
mance for distinguishing different body motion states, such as
walking, running, jumping and calf raising. Hence, the proposed
HSC-TENG here demonstrates a high potential as a promising
material for detailed analysis of body locomotion. Additionally,
the findings reported in this study provide new insights into the
utilization of differently structured aerenchyma from abundant
problematic aquatic or wetland weeds as potential structural tem-
plates for multifunctional cellulose-based applications.

2. Results and Discussion

The procedure to obtain pristine hollow stellate cellulose
(PHSC) and to fabricate hollow stellate cellulose-based TENG
(HSC-TENG) is shown in Figure 1le, and the corresponding
detailed methods could be found in the supporting information.
Briefly, PHSC film was first synthesized by delignifying,*’]
dialyzing, and naturally drying the Juncus effusus L. aerenchyma
(JEA) samples collected from nature (Figure la,b). The ob-
tained PHSC film was found semitransparent, bendable
and lightweight as shown in Figure 1h,i. Then, PHSC film
were aminated as the positive friction layer N .HSC (x =
1, 3) and fluorinated as the negative friction layer F HSC
(y = 13, 21) using (3-aminopropyl)triethoxysilane/3-[2-(2-
aminoethylamino)ethylamino]propyl-trimethoxysilane (APTES/
DETAS) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane/1H,
1H,2H,2H-perfluorododecyltrichlorosilane (FOTS/FTCS), re-
spectively, to realize the HSC-TENGs. The amino groups in
N, HSC could enhance the electrons donating ability on their
surface, while the fluoro groups in F,HSC tends to draw elec-
trons during contact electrification. Additionally, lightweight
Ag nanowires were used as backside electrodes (Figure 1f) of
the all-in-one HSC-TENG. As a result, NJHSC and F HSC
can act as the triboelectric layers, inductive electrode and sub-
strate at the same time. This design not only improved the
output performance of the cellulose-based HSC-TENG TENG,
but also ensured its overall sustainability by utilizing widely
reported biodegradable silanized cellulose materials.[*52] The
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Figure 1. a) Juncus effusus L. (JE) b) Extracted JE aerenchyma (JEA) foams. c) SEM image of the JEA network. d) Polarized optical microscopy image of
the hollow stellate cellulose units (HSCU). e) Schematic of the HSC-TENG preparation process and structures. f) SEM image of the AgNWs electrode.
g) SEM image of the pristine hollow stellate cellulose (PHSC) film surface. h) Semitransparent and bendable PHSC. i) Lightweight PHSC (3 cm X 2 cm,
19.86 mg).
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Figure 2. SEM images of a) JEA network, b) HSCU, c) zoomed-in red boxed areas, d) zoomed-in green boxed areas, e) HEC, f) PHSC, g) HSCU within
fabricated PHSC film, h) enlarged blue boxed area, i) N;HSC, j) N3HSC, k) F13HSC, and |) F,,HSC, respectively.

morphologies of the samples at each step were observed with
scanning electron microscopy (SEM), as shown in Figure 2.

To separate hollow stellate cellulose units (HSCU) from
Juncus effusus L. samples, a facile delignification method was
used.*’] Juncus effusus L., as the aerenchyma tissue, contains well-
developed interconnected air chambers that ensure the plant’s
continuous oxygen supply and buoyancy support within the wet-
land environment.**] These symmetrical and regular air chan-
nels are shaped by the multicellular lignocellulosic walls along
both transverse and longitudinal directions, which also results
in the snow-like whiteness of JEA. The stellate lignocellulosic
microtubes are considered structural units that are regularly in-
terconnected to assemble the 3D JEA structure (Figure 2a). The
bulged linkages of these stellate units, consisting of lignin and
hemicellulose, were removed after the delignification process,
while the cellulosic HSCU remained. HSCU cylinder walls be-
came less stiff and tend to overlap after delignification (Figure 2b)
due to the removal of lignin molecules that strengthen the
cell wall through cross-linking of plant polysaccharides and
cellulose.[5*] SEM characterization shows a rough surface with
nanopores on both the inner and outer walls of the isolated
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HSCU (Figure 2¢,d). This crystallized rough-surfaced cellulose
HSCU (Figure 1d) with a unique hollow stellate shape was then
collected for further preparation of HSC film.

After settling at the bottom of the Teflon mold, the wet HSCUs
aggregated and consolidated due to the strong plasticizing effect
of water.l>*] Upon delignification, HSCUs can become highly hy-
drated and efficiently packed in water due to their small size and
capillary pressure. As more water evaporates during the drying
process, the wet HSCUs are drawn closer together due to in-
creased capillary pressure caused by the reduced radius of the
capillaries.l® Finally, fiber-fiber joints among HSCUs were gen-
erated by cellulose hydrogen bonds at direct contact points of the
fibers.

It is noteworthy that the HSCUs have a relatively rougher sur-
face compared to the smooth elementary cellulose fibril, result-
ing in the significant surface roughness difference between the
hydroxyethyl-cellulose (HEC) film and PHSC film (Figure 2e,f).
The rough surface of HSCUs indicates that not all HSCU in-
terfaces realized molecular contacts while drying, whereas other
separated parts shaped the inner cavities (Figure 2g) for a porous
structure. The HSCU itself tends to form a dumbbell-like or flat

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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configuration with minimal space inside (Figure 2h), determined
by the balance between the rigidity of the tube walls and the
H—bond/van der Waals force.[>>3¢]

Instead of using reported methods such as freeze drying,
electrospinning, or micro/nanopatterning to boost the poros-
ity and surface area of cellulose-based triboelectric films,[26-3%]
delignified HSCUs contribute directly to the surface roughness
and micro-nano porous structure of PHSC films. Fabrication
of PHSC films is completed by a simple natural drying pro-
cess, without the need for mechanical compression.?**! This
biomass-derived cellulose-based film exhibits a rough surface
and inner porous structure, while also demonstrating noteworthy
characteristics such as lightness (grammage: 27.9 + 0.4 g m™2),
thinness (thickness: 33.2 + 2.6 um), and low density (843.5 +
55.3 kg m~3). These characteristics are comparable or improved
to various cellulose nanopapers (Table S1, Supporting informa-
tion), while utilizing more facile, cost-effective, and environmen-
tally friendly manufacturing processes compared with other al-
ternative cellulose nanopaper synthesis methods. In addition,
PHSC film also exhibited a bendable characteristic as shown in
Figure 1h. In order to further evaluate the mechanical reliability
of PHSC film, its tensile strength was tested before and after sub-
jecting it to 5000 continuous bending cycles (Figure S1, Support-
ing information). The tensile strength of PHSC was measured
to be 46.8 MPa and showed a slight decrease to 40.0 MPa after
the 5000 bending cycles. This proves that the PHSC film sus-
tains a relatively stable mechanical strength after continuously
repeated bending. Notably, the tensile strength of the PHSC was
significantly higher than that of cellulose nanopaper (203 kPa)
derived from a similar biomass source (Canola straw).’”] This
higher tensile strength can be attributed to the larger con-
tacting/bonding surface of cellulose fibers as well as hemi-
cellulose residues resulting from the delignified macro-sized
HSCU.5%%1 However, it is also noteworthy that the reported
tensile strength of bacterial cellulose nanopaper (100 MPa) and
wood-based nanofibrillated cellulose nanopaper (150 MPa) was
approximately two and three times that of PHSC.[%! This lower
tensile strength can be explained by the unique porous structure
of HSCU in PHSC, as reduced tensile strength results can be
commonly found in materials with larger porosity.**¢!l In sum-
mary, the synthesized PHSC offered a facile and environmen-
tally friendly method to obtain the cellulose-based friction layer
that exhibits roughness, porosity, lightweight and flexibility at the
same time. These characteristics and unique structures of PHSC
also enabled its potentials for further optimizations in TENG
applications.

On the basis of their superior morphology and structure,
PHSC films were further aminated as a positive friction layer
(N,HSC) or fluorinated as a negative friction layer (F,HSC)
to realize various hollow stellate cellulose-based TENGs (HSC-
TENGs) without petroleum-based, nonrecyclable organic friction
materials. As shown schematically in Figure 1e, four silane cou-
pling agents containing amino and fluorine-rich groups, namely,
APTES, DETAS, FOTS, and FTCS were utilized here and the
corresponding modified films were named N;HSC, N;HSC,
F;;HSC, and F,;HSC, respectively. Subsequently, the modifi-
cations of these obtained N, HSC and F,HSC films were veri-
fied with fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), water contact angle measurement (WCA),
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and X-ray photoelectron spectroscopy (XPS) characterization, as
shown in Figure 3.

The silanization of PHSC films was evaluated with FTIR. Four
regions of the spectra with obvious absorption peak differences
are magnified at ~3600-3000, ~1590-1510, ~1260-1120, and
~1010-750 cm™! (see Figure 3a). It is important to note that the
observed peak centers of natural materials could vary by ~+16
cm™!' among different studies.®”) The clear broad peak at 3331
cm™! represents the hydroxyl and carboxylic O—H stretching
vibrations in cellulose 1,15 indicating either the oxygen-rich
groups or unreacted hydroxyl groups within the PHSC films be-
fore and after surface modifications. As these oxygen-rich groups
with lone electrons were reported to have strong electron donat-
ing ability,1?®) the positive triboelectric tendency of the friction
materials could be accordingly enhanced. The positive polarity
of PHSC films was further enhanced by grafting with amino
groups, which could be confirmed by the new appearance of ab-
sorption peaks attributed to N;HSC and N;HSC at 1576 cm™!
(N—H bending vibration of primary amino groups)!®’! and 1543
cm~! (N—H bending vibration of secondary amine groups),/®’! re-
spectively. Another typical N—H stretching vibration peak in the
region of ~3336-3282 cm™! overlapped with the broad peak of
the O—H stretching vibrations and cannot be observed here.[%8]
For the negative friction materials F;;HSC and F,;HSC, two
newly appeared absorption bands were found at 1203 and 1149
cm™', which corresponds to the stretching vibrations of —CF,
and —CF,, respectively.[®7% A peak at 1057 cm™!, which corre-
sponded to Si—O—Si group stretching, Si—O—C asymmetrical
stretching, or C—O—C symmetric stretching in cellulose, was ob-
served in both the N ,HSC and F,HSC spectra.”"”? Thus, this
peak together with the absorbance peak appearance at 810 cm™!
(Si—O—C group symmetric stretching)!”!] after the silane treat-
ment confirms the modification that took place on the surface of
the PHSC films.

The crystallinity of the HSC films before and after the surface
modifications was characterized by X-ray diffraction, as shown in
Figure 3b. The corresponding crystallinity index (Crl) was calcu-
lated according to the empirical Equation (1).%] As illustrated in
Figure 3b, all diffractograms exhibited two high-intensity peaks
at ~16° and 22°, which corresponded to the cellulose crystalline
planes of (1-10)/(110) and (200), respectively.”* Specifically, the
peak observed at ~16° was associated with the cellulose I crys-
tal pattern, which contained overlapping reflections of (1-10)
and (110) planes.”*7¢ These two peaks indicated that all HSC
films retained the semicrystalline structure of cellulose even af-
ter the silane treatment,””) which was also in agreement with the
FTIR results. However, by comparison with the PHSC film, the
silanized films (N,HSC & F,HSC) were found to have an obvi-
ous reduction in peak intensities from the distinctive cellulose
I (200) at 22°, and their crystallinities (CrI) were decreased by
~10%. Since the cellulose crystalline region was caused by the
inter/intramolecular hydrogen bonds from the adjacent hydroxyl
groups in cellulose macromolecules,/’#7! this ordered crystalline
arrangement would be greatly affected when the hydroxyl groups
on the surface of PHSC films were replaced by amorphous silane
hydrocarbon chains, ! which in turn explained the reduction in
the crystallinity index here. Thus, the effectiveness of the chemi-
cal treatment could be well assessed by the change in the cellulose
crystallinity.
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Figure 3. Characterization results of PHSC, N;HSC, N3HSC, F13HSC, and F,,HSC films. a) FTIR from 4000 to 500 cm~'. b) XRD spectra. c) Water

contact angles. d) Wide scan XPS spectra. e—i) Detailed C1s spectra.

The hydrophilicity and hydrophobicity of all HSC films were
evaluated by water contact angle measurements, as depicted in
Figure 3c. For friction materials, their surface hydrophobicity hi-
erarchy was found to be tightly correlated with their surface po-
larizability and work function, which would further influence
the amount of transfer charge and the corresponding TENG’s
output performance.l®"#2] Figure 3c depicts the clear changes in
the contact angle of PHSC before and after surface modifica-
tion. The PHSC was evaluated as hydrophilic since it showed
a WCA of 0°, which was consistent with its abundant hydroxyl
groups (Figure 3a) and porous structure (Figure 2f). However, af-
ter the silane treatment, HSC films grafted with different silanes

Adv. Funct. Mater. 2023, 33, 2304801 2304801 (6 of 15)

(N,HSC & F,HSC) displayed an obvious hydrophobicity varia-
tion. Apart from the effect of surface roughness (Figure 2i-1), the
wettability of the modified surface was mainly determined by the
outermost layer; as a result, the variation in the WCA value ob-
served here was due to differences in electronic properties among
different types of silanes.®! Specifically, the WCA decreased
from 97° (N;HSC) to 84° (N;HSC) when PHSC was grafted with
an increased amount of amine groups. Similar decrease in WCA
can be found in the reported aminosilane surface characteriza-
tion, where the WCA of coated silicon oxide surface decreased
from 65° to 45° with an increased amount of amine groups.®*!
In contrast, the WCA showed a different increase in F HSC from
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Table 1. Types and distribution of C bonds on all HSC films.
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Sample (o8 G, G, C,

—C/C=C C—0O/C—N 0—C-0 0—C=0 CF, CFs

284.8 eV [%] 286.0 eV [%] 287.2 eV [%] 289.0 eV [%] 291.7 eV [%] 294.0 eV [%]

PHSC 30.6 50.8 15.4 32 - -
N;HSC 19.1 54.2 21.4 5.3 - -
N3HSC 29.3 45.1 19.5 6.1 - -
Fi3HSC 18.6 19.5 6.8 3.0 38.4 13.7
F, HSC 3.2 9.3 10.8 32 60.9 12.6

125° (F;3HSC) to 133° (F,; HSC), indicating enhanced hydropho-
bicity with additional fluorine-rich groups (—CF, & —CF,).[8%]
Since the functional group with amine (—NH,) has the lowest
tendency to attract electrons, while fluoro (—F) has the high-
est tendency,®-#] their different electronegativities of atoms on
silane had a considerable impact on the free energy as well as the
polarizability of the friction surface,!®! which plays an important
role in their corresponding surface wettability and work function
when utilized in TENG devices.[828]

zXPS was employed for qualitative and semiquantitative analy-
sis of the elements and chemical structures on various HSC film
surfaces before and after silanization. In addition to the peaks
referring to Ols and Cls on PHSC,>*%] four newly appeared
peaks could be found on the surface of N,HSC and F,HSC,
which were detected as N1s, F1s, Sils, and Si2p, respectively (see
Figure 3d).[2+%*%] The summarized element proportions of all
samples are also shown in Table S2, Supporting Information,
which showed clear increases in the nitrogen and fluoride propor-
tions of N,HSC and F HSC, respectively. Moreover, the success-
ful modification of HSC films can also be confirmed with the re-
sults of the high-resolution Cls narrow scan spectra (Figure 3e—i).
Four peaks representing different types of carbon bonds, namely,
C—C/C=C (284.8 eV), C—O/C—N (286.0 eV), O—C—O (287.2 V),
and O—C=0 (289.0 eV), were all observed in the spectra of PHSC
(Figure 3e) N, HSC (Figure 3f,g), and F HSC (Figure 3h,i), while
the peak at 286.0 eV on F,HSC surface refers only C-O due to
different silanizations.[*®! For the spectra of F HSC (Figure 3h,i),
two additional peaks at 291.7 and 294.0 eV could be found in ad-
dition to the abovementioned four peaks, indicating the present
of —CF, and —CF,, respectively.l®! Given that the relative spec-
tral intensities are propotional to the abundance of the corre-
sponding bonds within the volume probed by XPS, the calcu-
lated proportions of all carbon bonds are listed in Table 1. Here,
PHSC and N, HSC were all dominated by the C,-type carbon
bond, as the peaks of C—0O and C—N overlapped. The modifi-
cation of amine-bearing silane chains onto the PHSC surface
could be further confirmed in the high-resolution N1s spectrum
of N, HSC (Figure S2, Supporting information)."! In addition, as
the proportion of C—O bonds dramatically decreased from 50.8%
(PHSC) to 19.5% (F,;HSC), the ratio of newly generated —CF,
and —CF; bonds within F,;;HSC increased. In addition, the ra-
tio of C,-type carbon bonds experienced a further reduction to
9.3% (F,,HSC), which was attributed to the fluorine-rich silane
chains of FTCS covering the modified surface. The differences in
the carbon bond ratio (Table 1) among all tested HSC films were
not only consistent with the previously observed FTIR results
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(Figure 3a) but also related to the varied WCA values (Figure 3c).
These results confirmed the successful surface modification of
PHSC films and laid a solid foundation for analyzing different
HSC-TENG performances.

To apply the fabricated various HSC films in energy harvest-
ing, a typical contact-separation mode was utilized to realize
HSC-TENGs, as shown in Figure 4. N,HSC and F HSC were ap-
plied as the positive and negative friction layers, respectively. Ag
nanowires were drop-casted on both N, HSC and F HSC as back
electrodes and connected to the external circuit for measuring
the electrical output. The working principle of the HSC-TENG is
based on contact electrification and electrostatic induction,!) as
schematically illustrated in Figure 4. After several cycles of fric-
tion between the two triboelectric layers (N,HSC and F,HSC),
electrons transfer from the surface of N,HSC to F,HSC due to
their different electron affinities. Here, amino groups can help
N,HSC lose electrons more easily, while fluoro groups improve
the tendency of F HSC to gain electrons during contact electri-
fication. Specifically, when they were in contact (state I), there
was no current across the two back electrodes due to electrostatic
equilibrium. While they started separating from each other (stage
II), electrons flowed through the external circuit from the top
electrode to the bottom electrode to balance their potential dif-
ferences due to the electrostatic induction effect. This electron
flow could last until the friction layers were completely separated
(state I1I), where a new electrostatic equilibrium was established.
Similarly, when they were in contact again (state IV), electrons
flowed back from the bottom electrode to the top electrode, re-
sulting in a reverse current pulse. In this way, the performance
of various films as friction layers in HSC-TENGs can be evaluated
with their electrical signals.

To investigate the effects of the stellate structure on the elec-
trical output of the cellulose-based TENG, two cellulose films
(PHSC & HEC) with different surface structures were tested as
positive friction layers. The output of the corresponding PHSC-
TENG and HEC-TENG were generated by pressing the cellulose
films onto a vertically aligned negative triboelectric surface of ran-
dom electrospun PVDF films. Their open-circuit voltages (Vy),
short-circuit currents (I5.) and short-circuit transferred charges
(Qsc) under varying forces with a working frequency of 0.5 Hz
are compared in Figure 5.

Generally, the electrical outputs of the PHSC-TENG and HEC-
TENG presented a similar increasing trend with increasing con-
tact forces, which was attributed to the increased effective con-
tact areas of the friction layers with enhanced contact forces.[?¢!
However, when the applied external forces increased from 70 to
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Figure 4. Schematic illustration of the working principle of HSC-TENGs.

80 N, the corresponding electrical output of the PHSC-TENG
and HEC-TENG demonstrated obviously different degrees of
increase. For instance, the V. of the PHSC-TENG increased
significantly from 81 (70 N) to 98 V (80 N), while that of the
HEC-TENG remained the same (39 V) as shown in Figure 5a.
This implied that the output saturation of the HEC-TENG oc-
curred within ~60-70 N, suggesting that the PHSC-TENG may
have the potential to harvest mechanical energy under a wider
range of forces. Moreover, the PHSC-TENG contained rela-
tively higher electrical outputs, which were above twice as high
as those of the flatter cellulose film-based HEC-TENG under
all varied forces. Therefore, the electrical performance of tra-
ditional flat cellulose-based TENGs can be improved with the
rougher surface of HSCUs.*®) When compared with the V. of
the reported TENG (60 V) based on similar-structured cellulose
(TEMPO-oxidized cellulose aerogel) and PVDF (random electro-
spun PVDF) films,[%! the Vg of the PHSC-TENG (67 V) was
also 12% higher under the same external force of 10 N. This sim-
ilar electrical output enhancement can also be found in the re-

=+

www.a

m-journal.de

W AcNWs electrode 4 Positive charge
W nHsc

@ Negative charge
Nl FHsc

ported TENG with optimized fiber porosity design,3¢! where the
fabricated nanoscale inner pores within each electrospun fiber
served as induced charge traps for the higher surface charge den-
sity. Thus, the higher electrical output performance of the PHSC-
TENG here can be attributed to the hollow stellate structure and
the nanoporous surface of HSCUs.[**] HSCU structure-derived
porosity and delignification caused by nanopores can largely en-
hance the surface roughness on the friction surface, resulting in
an increased effective contact area. On the other hand, the in-
ner pores of PHSC films were considered to be advantageous
for the accumulation of induced charges for further promotion
of surface charge density.[*®] Hence, this PHSC film derived
from biomass offers great potential as an alternative material for
constructing cellulose-based TENGs. Its distinctive structure not
only enhances surface roughness and porosity but also provides
a lightweight and flexible cellulosic substrate for the friction lay-
ers in TENGs. Therefore, in order to realize the all-in-one hollow
stellate cellulose-based TENGs (HSC-TENGs) meanwhile avoid
using petroleum-based, nonrecyclable organic friction materials,
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Figure 5. Comparisons of the essential electrical characteristics between the HEC-TENG and PHSC-TENG. a) Open-circuit voltage, b) short-circuit
current, and c) short-circuit transferred charges under different forces (10 to 80 N) with a working frequency of 0.5 Hz.
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Figure 6. Open-circuit voltages of a) Cu-N,HSC TENGs, b) Cu-F,HSC TENGs and c) N,HSC-F,HSC TENGs. d-f) Open-circuit voltages, short-circuit
current and short-circuit transferred charges of the PHSC-PHSC TENG and N3HSC-F21HSC TENG.

PHSC films were further silanized as both positive (N,HSC) and
negative friction layers (F,HSC). The utilization of silane cou-
pling agents in natural fiber modification is widely used due to
their cost-effectiveness, simplicity, competitive specific mechani-
cal properties, and environmental friendliness.[®? By incorporat-
ing drop-casted AgNWs electrode, N,HSC and F HSC can simul-
taneously serve as the triboelectric layer, inductive electrode and
substrate at the same time, thereby ensuring a more sustainable
cellulosed-based TENG.

To assess the effects of amine and fluorine content on the tri-
boelectric polarities of modified HSC films, Cu foils were uti-
lized here as the comparison friction material.[') Specifically,
by connecting the electrometer’s negative probe to the AgNWs
back electrodes on various HSCs, their triboelectric polarities
can thus be compared with Cu foils attached on the positive
probe within the corresponding HSC-TENGs (0.5 Hz, 50 N). As
shown in Figure 6a, the negatively charged PHSC can be tuned
to be positively charged after grafting with amino groups. This
phenomenon can be attributed to the strong electron-donating
ability from the lone pairs of electrons presented in -NH, func-
tional groups.®*! Consequently, the tribopositivity of N,HSC
can be further improved by grafting an increased content of
amino groups.® For instance, the V. of the Cu-N;HSC TENG
(—0.68 V) was 1.6 times that of Cu-N;HSC TENG (—0.42 V), in-
dicating its stronger electron donating functionality. In addition,
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the secondary amine (R,NH) in N;HSC further contributed to its
tribopositivity improvement, as the ability to lose electrons is pos-
itively correlated with the alkalinity strength of a compound.[®®]
This change in the tribopositivity was consistent with the re-
ported order of alkalinity for aliphatic amines in the gas phase
(R,N>R,NH > RNH,)."%!

Similarly, the tribonegativity of fluorinated HSC films (F HSC)
can be improved (Figure 6b) by grafting a higher content of
fluorine groups because of the high electronegativity of the F
atoms in the -CF, /-CF3 group.®”! Taking the Cu-F,,HSC TENG
as an example, the V. value (1.18 V) obviously outperformed
that of the Cu-F;;HSC TENG (0.64 V), as F,;HSC contained
denser -CF,/-CF, groups on its surface. In other words, the tri-
boelectric polarities of PHSC films can be successfully tuned
by controlling the amount of amino/fluorine-bearing functional
groups introduced onto their surface, which is consistent with
various characterization results shown in Figure 5. In this sys-
tem, the N;HSC-F, HSC TENG (also marked as N;F,,-TENG
hereafter) achieved the highest V. (4.86 V) in comparison with
other HSC-TENGs (Figure 6¢), as it combined two HSC fric-
tion layers of highest tribopositivity (N;HSC) and tribonegativ-
ity (F,;HSC). Figure 6d—f clearly demonstrate the superior per-
formance of the N;F,;-TENG compared to TENGs using two
pristine HSC films as triboelectric layers (PHSC-TENG). The
N, F,;-TENG exhibited significantly higher values for V., Iy,
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Figure 7. The electrical output performance of N;F,;-TENG under different working frequencies and forces. a—c) Open-circuit voltages, short-circuit
currents and short-circuit transferred charges under different working frequencies. d—f) Open-circuit voltages, short-circuit currents and short-circuit
transferred charges under different load forces. g) Dependence of the output current and voltage of the N;F,;-TENG on the external load resistances.
h) The instantaneous power output of N3F,;-TENG on external load resistances. i) Stability of N3F,;-TENG.

and Qg outputs. In fact, the output V. of the N,F,,-TENG
was enhanced by a factor of 28 compared to the PHSC-TENG.
This great enhancement of N;F,;-TENG can also be attributed
to the inner pores of N;HSC and F,;HSC, which acted as the
induced charge traps,’*! leading to an increased trap density
that can effectively prevent the dissipation of the trapped tri-
boelectric charges into the environment.[”’] These results vali-
date the significant impact of the amine and fluorine content
on the triboelectric polarities of the modified HSC films.[*}] In
addition, N,F,;-TENG also showed a comparable voltage out-
put as the ones compared with other representative works on
all-cellulose-based TENGs (Table S3, Supporting information).
Considering the needs for biodegradability and lightweight of
all materials (triboelectric materials and electrodes) for future
wearable TENGs, the N,F,;-TENG contains none petroleum-
based synthetic polymers, and the used PHSC with natural
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lightweight, porosity and rough surface also makes it a promis-
ing alternative to synthetic cellulose aerogel films. Furthermore,
building upon researchers’ previous explorations of cellulose-
based TENGs, the electrical performance of HSC-TENGs holds
considerable potential to be further enhanced through various
methods as highlighted in Table S3, Supporting Information,
including varying contact friction materials,2633] increasing
contact surface area,®®! optimizing material thickness,[***°! en-
hancing surface roughness,1%191 grafting high-polarity func-
tional groups,'?l incorporating additives,!'-1%] and optimiz-
ing TENG structures.!'%1%7] These corresponding potential op-
timizations awaits researchers’ future explorations. Here, this
N,F,,;-TENG was subsequently tested under different external
conditions to further investigate its output performance.

As shown in Figure 7, the output performance of the
N,F,,-TENG was further investigated with respect to the key
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Figure 8. Monitoring results of N;F,;-TENG as a self-powered triboelectric sensor in different body motions of walking, running, jumping, and calf

raising.

influencing factors (e.g., working frequency, applied load force
and external load resistance). In general, the Vi, 5., and Qg
of the N,F,,-TENG (Figure 7a—c) all showed an obvious upward
trend as the working frequency increased from 0.25 to 2 Hz
(50 N). It is worth noting that V. and Qgc in TENGs usually
maintain stable outputs at various frequencies, while V. and
Qgc of N3F,;-TENGs both show an apparent increase under dif-
ferent working frequencies. This obvious output improvement
was contributed by the unique porous structure of HSCUs, as
it might trap and store more charges under a higher excitation
frequency.'%) When the contact frequency remained constant at
0.5 Hz, the output performance of the N,F,;-TENG was tested
by applying different external forces. As output saturation of the
PHSC-TENG was not observed within ~10-80 N (Figure 5), the
PHSC film in the friction layer may have the potential to harvest
mechanical energy under a wider range of forces. In order to
gain a comprehensive understanding of the performance limits
of N,F,;-TENG and to ensure its functionality under various
working conditions, a wider range of forces (1 to 100 N) was
applied. The selection of this force range was also guided by
the peak force we measured (96.5 N) as illustrated in Figure S3,
Supporting Information, as well as the reported peak pressures
observed in the heel regions at varying gait speeds (5, 6.5, and
9 km h™1), ranging from 22.9 + 10.2 t0 38.9 + 6.3 N cm2.[1%8] Ag
shown in Figure 7d, when the applied forces became stronger,
the Ve, I, and Qq. (Figure 7d-f) of the N,F,,-TENG all
responded well with a continuous enhancement accordingly.
For instance, the V. of N,F,-TENG increased dramatically
from 0.43 (1 N) to 6.23 V (100 N), which can be attributed to the
roughness providing an increased contact area with enhanced
forces. This improved friction area of N;HSC and F, HSC
with strengthened contacting force was also in accordance with
previously characterized surface roughness. Furthermore, the
impedance matching of N, F,,-TENG with different external load
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resistances was investigated, as shown in Figure 7g. As the load
resistance increased, the voltage increased gradually and then
remained stable, whereas the current first showed no change
but subsequently decreased. According to Figure 7h, the internal
resistance of the N;F,;-TENG was speculated to be 300 MQ
because its maximum calculated instantaneous output power
density was found under an external resistance of 300 MQ. Over-
all, benefiting from the supportive porous structure and intrinsic
surface roughness, the N;F,;-TENG has a wide range of applica-
ble forces/frequencies and long-term stability over 10 000 cycles
(Figure 7i), which together lay a solid foundation for its further
practical applications as a self-powered triboelectric sensor.

In view of the lightness, flexibility, and long-term stability of
the N;F,,-TENG, the reliability of N;F,;-TENG working as a self-
powered triboelectric sensor (N;F,;-SPTS) for gait analysis was
further evaluated based on its output under different body mo-
tions (e.g., walking, running, jumping, and calf raising) with
the same volunteer. During the test, as shown in Figure 8, the
lightweight wearable N, F,,-SPTS (176.2 mg) was tightly attached
to the shoes under the heel region of the foot. This foot region
was selected due to the reported good repeatability (ICC > 0.9) of
peak pressures observed in the heel regions during different gait
speeds (5, 6.5, and 9 km h™1),l1%] which was speculated to be fa-
vorable for the good repeatability of the output signals.

The signal outputs obtained from N;F,;-SPTS under differ-
ent motion states were presented in Figure 8. Obviously, the
N,F,;-SPTS can be successfully activated and demonstrated a
stable output performance during the process of all activities
including walking, running, jumping, and calf raising. However,
the observed peak V. acquired by different motion showed
significant differences. In comparison, the highest of 47.14 V
was acquired by the jumping activity, while the locomotion of
walking, running, and calf raising generated a lower peak V.
of 11.49, 14.46, and 5.23 V, respectively. This output voltage
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difference can be attributed to the varying forces and frequencies
of the heel pressing on N;F,,;-SPTS during different motions.
Notably, this rising trend of the V. at walking, running, and
jumping was found to align with previous findings on corre-
sponding associated plantar pressures, which was 14.1 + 2.1,
31.8 + 4.1, and 40.3 + 3.3 N cm™2, respectively.l'%] These mon-
itoring results were also consistent with previous investigations
(Figure 7) regarding the high correlation between the output of
N;F,,-SPTS and applied pressures.

Meanwhile, the output signals of N,F,,-SPTS was also valu-
able for monitoring various physical parameters in gait analysis,
such as plantar motion features,[!'%111] step counts,['*?] and mo-
tion speed.l""3] These parameters are essential for assessing ath-
letic performance and guiding training adjustments. Taking the
walking motion as an example, the corresponding signal gen-
erated by N,F,;-SPTS (Figure 8) showed a distinct pattern that
consisted of an initial raising positive peak, corresponding to the
foot condition from “heel contact” to “toe contact,” followed by a
subsequent negative peak representing the transition from “heel
leave” to “toe leave.”!"2] Due to the relatively longer contact time
and gradually increased pressure between heel and N, F,,-SPTS
during the condition from “heel contact” to “toe contact,” the volt-
age output of the N;F,,-SPTS displayed a stepwise rising shape
in its positive peak. In contrast, running entailed shorter con-
tact time between heel and N, F,,-SPTS, resulting in the sharper
positive peaks in the signal.''*l Regarding the voltage output pro-
duced during jumping and calf raising, both activities exhibited
two separate small peaks within their positive peaks. These two
peaks were associated with the impact force during “heel land-
ing” and the subsequent ground reaction force to the sole.l'!]
Based on this, we can further analyze and detect the user’s activ-
ities and gait patterns by extracting features from voltage values
and fluctuation frequencies. Specifically, the number of voltage
peaks can be utilized to represent step counts,[!'! and the time
interval between voltage peaks, representing the frequency of the
signal, can be employed to sense the motion speed. The motion
speed can be calculated from the equation v = S /T, where T rep-
resents the time interval between two positive voltage peaks, and
S, denotes the stride length of a walking cycle.[110112]

Furthermore, in order to elucidate the performance stability
of the N,F,;-SPTS device for gait analysis, a long-duration test
was conducted by placing the device inside a shoe and wear-
ing it continuously for 24 h. Throughout this entire day, various
daily activities such as standing, walking, and cycling were per-
formed, resulting in a total step count of 10 389. Here, each step
corresponds to one contact-separation cycle of the N;F,;-SPTS
device. As shown in Figure S4, Supporting information, N,F,;-
SPTS demonstrated a notable similarity in the output signals be-
fore and after 10 389 cycles (24 h) for various body motions. At
the same time, these signals maintained distinct positive volt-
age peak patterns among different movements, indicating the de-
vice’s ability to accurately distinguish and analyze different mo-
tions during gait analysis. This good responsiveness of voltage
signals to the different motions can be attributed to the porous
structure within the friction layers.[''>] While a decrease of out-
put voltages in the N;F,,-SPTS signals was observed after 24 h
utilization. Since a stable electrical output performance of the
N,F,;-SPTS can be obtained under perpendicular force for 10 000
cycles (Figure 7i), this decrease in output voltage was speculated
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to be caused by the complex environment within the shoe, includ-
ing factors such as moisture, dirt, shear force,['') or compressed
foam tape spacer.

Despite the decrease in voltage output, the signals generated
by N, F,,-SPTS after 24 h still exhibited excellent signal resolution
with clear characteristic positive voltage peaks. This signal reso-
lution is more crucial for precise gait analysis, enabling the ex-
traction of essential parameters such as plantar motion features,
step counts, and motion speed, rather than relying solely on volt-
age output values."'®11L177]1 The findings demonstrated that the
N,F,,-SPTS can sustain recognizable output signals with excel-
lent resolution over 10 000 cycles in practical conditions. These
results highlight its potential for practical implementation in gait
analysis and offer valuable insights and recommendations for the
future of TENG devices’ optimizations for gait analysis in the fu-
ture. Therefore, N, F,;-TENG can not only be applied as a sensor
with sufficient stable voltage output for distinguishing different
body motion states but also be regarded as potential feedback for
personal sports or in-depth analysis for athletes’ daily training
activities. The study was approved by the Research Ethics Review
Committee (CETO) at the Faculty of Arts, University of Gronin-
gen and informed written consent was also obtained from the
volunteer.

3. Conclusion

In conclusion, the hollow stellate cellulose-based TENGs (HSC-
TENGS) proposed in this study demonstrated remarkable perfor-
mance in terms of output voltage and stability. The unique hollow
stellate cellulose units (HSCUs) derived from the aerenchyma of
Juncus effusus L. contributed to the enhanced surface roughness,
porosity and lightness of the HSC films, which resulted in im-
proved triboelectric polarities that could be further controlled by
modification of the amino/fluorine-bearing groups. Specifically,
the N;F, HSC-TENG, modified with amino/fluorine-bearing
groups, achieved a high output voltage of 4.86 V, which was 28
times higher than that of the TENG utilizing two pristine hollow
stellate cellulose films (PHSCs) as triboelectric layers. Moreover,
the lightweight N,F,;-TENG (176.2 mg) was successfully em-
ployed as a wearable self-powered triboelectric sensor for various
different body motion states, such as walking, running, jumping,
and calf raising, with excellent signal resolution over 10 000 cy-
cles in practical conditions for precise gait analysis. Finally, this
cellulose-based TENG not only holds great potential for future
wearable in-depth body locomotion analysis but also presents
opportunities for utilizing various aerenchyma structures from
abundant problematic aquatic or wetland weeds as a promising
structural template in multifunctional cellulose-based applica-
tions.
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