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1. Introduction

High performance flexible triboelectric
nanogenerators using bio-derived films made of
siloxane-modified castor oilf

Kishore K. Jena, © 12 Bushara Fatma, i Sagar S. Arya,1? Saeed M. Alhassan, ©°
Vincent Chan,® Anna Maria Pappa 29 and Charalampos Pitsalidis & *<

Triboelectric nanogenerators (TENGs), capable of converting mechanical energy into electricity, are sought
to enable self-powered devices reducing reliance on traditional power sources. However, traditional
triboelectric materials fall short of meeting the urgent need for sustainable and environmentally friendly
energy solutions. Emerging bio-derived triboelectric materials promise a lower environmental footprint
than their traditional counterparts, yet predominantly exhibit tribopositive characteristics. This results in
a diminished surface potential difference in bio-derived layers, leading to reduced energy output and
hindering the development of fully bio-derived TENGs (bio-TENGs). Here we introduce a novel material
based on castor oil (CO), synthesized by integrating CO with silane coupling agents through processes
like esterification, Michael addition, and free radical polymerization. This synthesis produces a siloxane—
CO complex, resulting in bio-derived films with high negative surface potential, ideally suited as
a tribonegative layer in bio-TENGs. To estimate their position in the triboelectric series, the CO-based
films are paired with a polyimide tribolayer to form a dual-layer TENG. In this configuration, the CO-
hybrid film manifests a maximum peak output voltage of approximately 330 V and a power density as
high as 450 mW m~2. Further investigation revealed that increasing the VTES concentration in the CO
shifts its position in the triboelectric series downwards, enhancing its tribonegative properties. This
adjustment allows for the development of a flexible, entirely CO-based TENG (All-CO TENG) capable of
generating voltages up to 55 V and a power density of 18 mW m~2. Furthermore, the CO-based TENGs
are operated in single electrode mode against various surfaces, highlighting their versatility and applicability.

affinity and ionization energy. This discrepancy allows for
sufficient charge transfer, resulting in an efficient triboelec-

Triboelectric nanogenerators (TENGs) are energy harvesting
devices that use electrostatic charge generation and contact
electrification to harness mechanical energy in the form of
electricity." TENGs have come a long way since their inception
in 2012, being widely explored for energy harvesting and self-
powered devices as well as for human-machine interfaces.”
For effective generation of triboelectric charges during contact
and separation, it is essential for the materials/surfaces
involved to possess a significant disparity in their electron
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tricity generation. Additionally, materials with high surface
energy tend to exhibit superior charge transfer capabilities,
further enhancing their triboelectric performance. This char-
acteristic is observed in a range of high-performing triboelectric
materials, including nylon (polyamide), hair, cellulose, poly-
vinylidene fluoride (PVDF), polydimethylsiloxane (PDMS), pol-
ytetrafluoroethylene (PTFE), and many more. As such, these
materials have demonstrated their effectiveness in various
applications involving TENGs.

Conventional TENGS, albeit exhibiting high performance, do
not align with the growing demand for sustainability and eco-
friendly energy harvesting technologies. Further, they cannot
fulfill the requirements of self-powered autonomous bio-
devices, notably implantables, as they do not exhibit biocom-
patibility and biodegradability. Biopolymers or bio-derived
triboelectric materials have come to the fore to fill this gap
offering reduced environmental impact compared to conven-
tional materials, as well as biocompatibility and biodegrad-
ability owing to their polymeric nature.** However, the
production of a fully degradable bio-TENG is limited by the

This journal is © The Royal Society of Chemistry 2024
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availability of biopolymer based tribonegative materials. Owing
to the positive surface potential of polysaccharides and protein
based-biopolymers, those materials are typically classified as
tribo-positive layers.” Biopolymers have been used both as tri-
bopositive and tribonegative layers aiming to achieve an all-bio
TENG, resulting however in small surface potential differences
and hence low-performance devices given their positive surface
charge.® The most explored tribonegative materials are PVDF,
PDMS, PTFE and fluorinated ethylene propylene (FEP), all
synthetic non-degradable and non-recyclable polymers.®'* The
tribonegative nature of all these polymers is associated with the
functional groups present at their surface, i.e., halogen con-
taining groups in the case of PVDF, PTFE and FEP and the
siloxane group for PDMS. As such, to create a biopolymer-based
tribonegative layer, surface chemistry can be used to modify the
surface of the biopolymer and introduce negative groups, for
example halogens.""**

Castor oil (CO) is a vegetable oil obtained from the seeds of
the castor oil plant (Ricinus communis). While not traditionally
used as a triboelectric material, its properties and versatility in
synthesis and modification make it a good candidate for the
development of an all bio-TENG. Several studies have reported
organic-inorganic hybrid materials based on CO," for example
castor oil-modified isophorone diisocyanate and hybrid diols
(based on 3-amino propyl trimethoxy silane and 3-glycidoxy
propyl trimethoxy silane) with direct modification of its back-
bone."** Increasing the siloxane concentration in the hybrid
materials results in enhanced mechanical and thermal prop-
erties, as well as antibacterial activity, and in vitro hydrolytic
degradation. An organosilicon hybrid polyurethane from silane
grafted isocyanate and castor oil was reported in another
study,'® wherein the silica component in the hybrid material
significantly improved the thermal and mechanical properties.
A non-leachable antibacterial gelatin film based on silane-
functionalized castor oil, wherein the inorganic silicon
domain in the organic framework improved the mechanical
properties of the hybrid material, has been also recently devel-
oped" highlighting the crucial role of the siloxane group in
improving the properties of bio-based hybrid materials.

In this study, we present a new approach for the develop-
ment of a CO-based TENG using reactive silane modification.
Our approach follows a relatively easy synthetic route and is
cost-effective and environmentally friendly compared to
previous studies abstaining from the use of hazardous chem-
icals such as isocyanate and sulfur. We perform an in-depth
study investigating the impact of silane modification on the
films' surface and mechanical characteristics, as well as on their
antibacterial properties when tested with Gram-negative and
Gram-positive bacterial models. The resulting bio-derived films
display a negative surface potential, making them ideal tribo-
negative layers for use in bio-TENGs. The concentration of the
siloxane network in the films is shown to affect the triboelectric
performance of the TENGs in line with the change in the surface
potential of the CO-films. By precisely adjusting the concen-
tration of the siloxane network, the film's surface potential can
be tailored, enabling the fabrication of a bio-TENG made
entirely of CO films. Notably, the resulting All-CO TENGs exhibit
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high performance when operating as double or single-electrode
TENGS, thus underlining their potential for applications in
wearable or implantable electronic devices.

2. Materials and methods
2.1 Materials

Castor oil, para-aminobenzoic acid (PABA), 3-(trimethoxysilyl)
propyl methacrylate (TMSPM), 1,6-hexanediol dimethacrylate
(HDM), photo-initiator (2-hydroxy 2-methyl phenyl propane 1-
one), p-toluenesulfonic acid (PTSA), boron trifluoride etherate
(BF;0Et,) and vinyltriethoxysilane (VTES) were purchased from
Aldrich Chemical Co. (Milwaukee, WI, USA). All chemicals were
analytical grade and used without further purification.

2.2. Synthesis of castor oil-amine-TMSPM

The castor oil-amine-TMSPM hybrid (COAmT) is synthesized in
a 100 ml round bottom flask. The synthesis process is carried out
by using a magnetic stirrer, a thermometer to maintain the inside
temperature of the reaction mixture and a reflux condenser to
maintain the reaction mixture content till end of the reaction.
Initially, castor oil (0.0021 mol, 2 g) and para-aminobenzoic acid
(0.0064 mol, 0.88 g) are charged into a flask and the reaction is
maintained in an oil bath at 100 °C for 8 h in the presence of
0.5 wt% (0.014 g) of p-TSA as a catalyst. The mole ratio for castor
oil and para-aminobenzoic acid was 1:3. After 8 h of reaction,
calculated amounts of 3-(trimethoxysilyl)propyl methacrylate
(TMSPM) and boron trifluoride etherate (BF;0Et,) are added to
the above mixture and the reaction is continued for 24 h at 50 °C.
The mole ratio of castor oil-amine and TMSPM is 1:6. The
molecular weight is calculated theoretically and then the amount
of TMSPM (0.0169 mol, 4.22 g) required to enable the reaction is
calculated. A 0.5 wt% (0.021 g) BF;OEt, catalyst is used to enable
the Michael addition reaction between the primary amine group
and conjugated double bond in TMSPM. This novel material
synthesized from castor oil, para-aminobenzoic acid and 3-(tri-
methoxysilyl)propyl methacrylate is named COAmT. The castor
oil-amine-TMSPM synthesis process is presented in Scheme S1.}

2.3 Synthesis of castor oil-amine-TMSPM-VTES

The synthesis of COAmT is carried out in a round bottom flask
and then 1 wt% VTES was added dropwise to the solution at 50 ©
C under constant stirring at 200 rpm. After completing the
addition, the reaction is continued for 2 h at 200 rpm to get
a clear solution without any phase separation. The hybrid
solution is then transferred to a beaker and stored for the UV
curing process. Hybrid samples with 3 wt% and 5 wt% VTES
were prepared by the same procedure.

2.4 Processing COAMTMS and COAMTMS-VT

During the UV curing process, the hybrid samples are trans-
ferred to a small glass vial and then 2 wt% photo-initiator (2-
hydroxy 2-methyl phenyl propane 1-one) and 1 wt% 1,6-hex-
anediol dimethacrylate crosslinker are added. The solutions are
then stirred at room temperature for 10 min and subsequently
cast on a glass slide of approximately 0.2 mm thickness using
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(@) Chemical structures showing the different reaction steps and the synthesis route of the COAMTMS-VT solutions. Inset photographs

show the resulting solutions (in a beaker) during the different processing steps. (b) Photographs of self-standing COAMTMS films with different
amounts of VTES prepared via blade coating (COAMTMS, COAMTMS-VT-1, COAMTMS-VT-3, and COAMTMS-VT-5). (c) Photograph of a flexible

COAMTMS film.

the doctor blade technique. The resulting coated films are left to
dry for 30 min followed by UV exposure for 1 min. For the UV
process, a medium pressure mercury vapor lamp (2.66 W cm ™ ?)
is used (Lab cure Unit-Wallace Knight, UK). Samples prepared
from 1 wt% VTES, 3 wt% VTES and 5 wt% VTES are named
COAMTMS-VT-1, COAmMTMS-VT-3 and COAmMTMS-VT-5.
Samples prepared without VTES via UV curing using 2 wt%
photo-initiator (2-hydroxy 2-methyl phenyl propane 1-one) and
1 wt% 1,6-hexanediol dimethacrylate crosslinker are named
COAmMTMS. The curing process involved both thermal and UV
treatment. The unreacted unsaturated bonds are then inter-
crosslinked via a free radical mechanism, hydrolysis, and
condensation reactions inside the UV chamber. Fig. 1(a) and (b)
show the structural design and the process steps involved in the
synthesis of the COAmMTMS-VT material and films. Initially, OH
groups in the CO react with the acid group of PABA, resulting in
the formation of an ester bond. Then, NH, terminated groups
react with the unsaturated silane coupling agent (TMSPM) and
in the last step VTES reacts with the silane groups and unsat-
urated bonds of the core molecules during UV and moisture
curing processes. Two repeating units are possible during this
synthetic route. (a) Unsaturated bonds (-CH=CH-, =C=CH,
and CH,=CH-) to saturated crosslink (CH-CH,- and -CH,-
CH,-) and (b) Si-O-Si siloxane groups. The complete synthetic
parts are shown in Schemes S1 and S2.f The instrumental
material/film characterization techniques are reported in the
ESI (Section S1.1).F

2.5 Bacteria and culture conditions

Pseudomonas aeruginosa and Staphylococcus aureus are used as
Gram-negative and Gram-positive bacteria, respectively. Bacteria
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are inoculated from - 20 °C glycerol stocks and grown overnight
in Luria Bertani (LB) broth. Next day, the monocultures and co-
culture of P. aeruginosa and S. aureus are prepared separately
by centrifuging overnight grown bacteria at 3000 g for 5 min at 4 °©
C." The bacteria cell pellets are resuspended in 1 mL of LB and
the OD at 600 nm is adjust to 0.1 (+0.05; equivalent to the
McFarland standard, i.e., 1 x 10° CFU mL™") for biofilm assay.
For co-culture, the bacterial cultures adjusted to 0.1 OD are
mixed in a 1:1 ratio and used for biofilm assay.

2.6 Biofilm assays

Discs of 6 mm are obtained by punching holes in the films. The
discs are sterilized via incubation in 70% ethanol for 15 min
and subsequently washed with sterile PBS. Then they are placed
in a 96-well plate horizontally and vertically, followed by the
addition of 250 uL bacterial cultures adjusted to 0.1 OD to each
well. The plates are incubated overnight at 37 °C. Following
incubation, media and non-adherent cells are removed and the
discs are gently washed with PBS. The bacterial biomass
adhered to the discs is determined by staining with 0.5% crystal
violet (v/v), which is re-solubilized with 7% acetic acid (v/v) and
its concentration is determined by recording the absorbance at
595 nm. Scanning electron microscopy (SEM) is performed by
fixing the bacteria on the discs with 2% glutaraldehyde for 1 h,
followed by sequential dehydration with 60%, 70%, 80% 90%
and 100% ethanol for 10 min each. The discs are then observed
under a SEM.

2.7 TENG device fabrication and characterization

The fabricated CO-based films (COAMTMS, COAMTMS-VT-1,
COAmMTMS-VT-3, and COAmTMS-VT-5) are wused as

This journal is © The Royal Society of Chemistry 2024
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triboelectric layers against a 0.05 mm polyimide film (PI)
(GoodFellow, USA). To construct the triboelectric pair, CO-
based films and PI films are placed on top of aluminium (Al)
and copper (Cu) tape, respectively, serving as electrodes. The
triboelectric components are then attached to PET (poly-
ethylene terephthalate) substrates with the triboelectric layers
facing one another to create a TENG with an active area of 30 x
30 mm® By attaching both triboelectric layers to a self-
automated setup, the open circuit voltage output of the
TENGS is obtained using a digital oscilloscope (Tektronics TBS
1072B) in response to the compressive force with a controlled
frequency of 1 Hz and a spacing of 2 cm between layers. In the
case of the All-CO TENG, COAMTMS and COAMTMS-VT-5 films
along with Al are used as the triboelectric pair.

3. Results and discussion
3.1 Synthetic mechanisms

In this work, esterification, Michael addition, radical polymer-
ization, hydrolysis, and condensation reaction mechanisms are
involved in the development of the modified CO-materials.
Organic and inorganic phases are connected through Michael
addition, sol-gel reaction and radical polymerization. In
Michael addition, the primary amine group of PABA reacts with
the conjugated double bond of TMSPM molecules at 50 °C. The
presence of methoxy groups in TMSPM silane undergoes
hydrolysis to form silanol. With the addition of VTES to the
hybrid COAmT, the silane groups of VTES and TMSPM are
interconnected and condensed forming a siloxane network.
Increasing the concentration of VTES results in a more exten-
sive crosslinking within the siloxane matrix of the hybrid
material, increasing the siloxane concentration. Another
possible free radical reaction is also observed between the vinyl
group of VTES and the unsaturated bonds of TMSPM, which
further increases the organic and inorganic phase compati-
bility, thus forming a unique hybrid phase. O-C=0 (ester), Si—
O-C (from the reaction between the unreacted OH group of CO
and Si-OH/Si-OCH3/Si-OC,H;), and Si-O-Si siloxane networks
(between Si-OH and Si-OH, as well as Si-OH and Si-OCH3/O-
C,H;) are the primary chemical linkages in the hybrid that
enhance the film-forming properties, hydrophobicity, and
strength of the materials. These chemical conformations have
been also confirmed by XPS and FTIR analyses, as illustrated in
Fig. 2.

3.2 COAmMTMS film characterization

Fig. 2(a) shows the XPS survey spectra of COAmMTMS,
COAMTMS-VT-1, COAMTMS-VT-3, and COAMTMS-VT-5 hybrid
materials. The surface bonding state of the COAMTMS-VT
samples reveals the presence of C, N, O and Si elements. A
pronounced peak observed in the XPS of COAmMTMS-VT-1 (~700
eV) is most likely associated with F groups that are present in
the catalyst (BF;—OEt) used during the sol-gel process. The
existence of C-C (282.7 eV, aromatic rings), C=0 (286.2-289.1
eV) and O-C=O0 (291.9 eV) can be seen in Fig. 2(b).**?°
Furthermore, the apparent peaks at 400.1-403.5 eV are

This journal is © The Royal Society of Chemistry 2024
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Fig.2 (a) Full scale XPS survey spectrum of the CO-based films and (b)
the associated Si2p, Cls, N1s, and Ols XPS spectra. (c) Comparative
FTIR spectra of the various CO-based films.

associated with N1s, while the 530.6 eV and 534.4 eV peaks are
assigned to absorbed oxygen, as presented in the O1s graph.
Si2p binding energy peaks are also identified between 103.5 and
107.9 eV.**** The atomic percentage of Si in COAmMTMS,
COAMTMS-VT-1, COAMTMS-VT-3, and COAMTMS-VT-5 is esti-
mated to be 0.92, 1.72, 5.01 and 8.49%, respectively confirming
the successful incorporation of the siloxane network withing
the modified CO materials.

FTIR analysis enables the identification of the characteristic
functional groups of the various components in the CO-based
films. Fig. 2(c) shows the recorded FTIR spectra of the
COAmMTMS, COAMTMS-VT-1, COAMTMS-VT-3 and COAmTMS-
VT-5 films. The broad peak at 3478 cm ™' corresponds to the -
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OH stretching vibration band, which can be attributed to the
silanol group of the silane coupling agents.**** Inter/intra-
molecular hydrogen interaction between the -OH groups of
the silanol and the ester groups of the CO and the TMSPM chain
may influence the width of the -OH peak in all the hybrid
materials. The two strong peaks at 2921 cm " and 2838 cm™*
are attributed to the vibration of axial deformation of -CH of the
methylene group.?® The band at 1761 cm ™' is assigned to the
C=0 stretching of ester compounds, whereas the relatively
small peak at 1632 cm ™' indicates the -C=C- double bond
stretching frequency of long chain fatty acids, VTES, TMSPM
and HDM crosslinker.>® This confirms that almost all the
unsaturated bonds are interconnected during the UV curing
process and Michael addition reaction. The incorporation and
covalent linkage formation of VTES in the modified-CO mate-
rials are confirmed by the disappearance of C=C stretching
vibration at 1632 cm™' and 3019 cm™'. Furthermore, the
apparent peaks within the 1000 to 1200 cm™ " range correspond
to Si-O-C, Si-O-Si, and Si-OH.>>*"° As expected, the Si-O-Si
stretching intensity increases with the concentration of VTES,
most likely due to the formation of a more extensive siloxane
network.

To assess the crystalline structure of the synthesized CO-
based films, we performed X-ray diffraction measurements.
Fig. S11 shows the XRD patterns of COAmTMS, COAMTMS-VT-
1, COAMTMS-VT-3, and COAMTMS-VT-5. As shown, all the
films exhibit two major peaks at 2¢ ~11.2° and ~20.4°,
respectively. The presence of the two hump-like characteristic
profiles in the XRD spectra is indicative of the semicrystalline
nature of the COAmTMS-based films.** Interestingly, the
intensity of these peaks tends to decrease with the VTES content
in the films, suggesting that upon increasing the siloxane
network the amorphous proportion of the siloxane network may
disrupt short range ordering in the COAmTMS-based films.

Surface morphology characteristics are obtained by means of
SEM as shown in Fig. 3(a). The introduction of the siloxane
component imparted a noticeable alteration in the surface
topography and texture of the castor oil films. This effect can be
attributed to the interaction of siloxane molecules with the
castor oil matrix, which promotes the formation of aggregation
domains that increase surface heterogeneity. This is also
consistent with the AFM measurements of the COAmTMS-VT
samples, (Fig. S21) which show an increase in the RMS rough-
ness value of 5.7, 6.9 and 7.4 nm for the COAMTMS-VT-1,
COAMTMS-VT-3 and COAMTMS-VT-5 films, respectively (as re-
ported in Table S17).

The hydrophobic nature of the COAmMTMS-based films is
evaluated by means of contact angle measurements. The
contact angle of the hybrid films is calculated using various
polar and nonpolar solvents, such as water, methanol, acetone
and chloroform (see Fig. 3(b)). Following the same trend, the
films exhibit an increase in the contact angle values when
increasing the VTES content, due to a decrease in the surface
energy. Specifically, the pristine COAMTMS film exhibits
a contact angle of 73° + 18, while the COAmMTMS-VT-1,
COAMTMS-VT-3 and COAMTMS-VT-5 films show values of 86°
=+ 5.3,91° £+ 2.5 and 101° £ 1.6, respectively. Such an increase
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Fig.3 (a) SEMimages (scale bar corresponds to 10 um) and (b) contact
angle values for COAMTMS, COAMTMS-VT-1, COAMTMS-VT-3 and
COAMTMS-VT-5 films in different polar and nonpolar solvents (water,
methanol, acetone and chloroform).

can be attributed to the presence of the Si-O-Si network
structure in the COAmTMS-based films.?”*>3

Fig. S31 shows the stress-strain curves of COAmMTMS,
COAMTMS-VT-1, COAMTMS-VT-3 and COAMTMS-VT-5 hybrid
materials. The mechanical strength of the hybrid samples is
reported in Table S2.1 The ultimate tensile strength (UTS) and
elongation at break percentage (%) of COAMTMS, COAmMTMS-
VT-1, COAMTMS-VT-3 and COAmMTMS-VT-5 are measured to
be 12.9 MPa and 57.6%; 14.4 MPa and 46.2%; 15.6 MPa and
45.6 MPa; 17.5 MPa and 35.2%, respectively. A strong defor-
mation and elongation (%) at break point are observed in the
case of pristine COAmMTMS. In the presence of VTES, the tensile
strength follows an increasing trend while the elongation (%) at
break decreases. This can be also attributed to the increase of
the siloxane network, which restricts the polymer chain
mobility, thus making it more rigid.**

3.3 Bacterial adhesion and biofilm development

Given that TENGs are subjected to frequent physical contact
and environmental exposure, they become susceptible to
microbial colonization, leading to device degradation and
potential health risks. Here, to assess the antimicrobial prop-
erties of the fabricated films, a systematic study using P. aeru-
ginosa and S. aureus bacterial models has been carried out.***®
Both bacteria are assessed in mono- and co-cultures with

This journal is © The Royal Society of Chemistry 2024
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respect to their attachment to horizontally and vertically placed
CO-based films, as shown in Fig. 4(a).

The heatmap of Fig. 4(b) summarizes the bacterial attach-
ment and growth under different conditions. S. aureus shows
high biofilm forming potential on the pristine COAmMTMS films
compared to P. aeruginosa, as well as when co-cultured.
However, both S. aureus and P. aeruginosa (and their co-
culture) are found to gradually decrease with the increase in
the VTES concentration and the associated hydrophobicity.
This tendency is apparent under both horizontal and vertical
conditions, although the attachment of the bacterial cultures to
the different samples is more prominent when tested horizon-
tally, as shown in Fig. 4(c). Overall, the bacteria are unable to
form biofilms or cling to the COAmMTMS-VT films. The effect of
the increasing siloxane concentration is more pronounced in P.
aeruginosa versus S. aureus, resulting in attenuated growth or
adhesion of the bacterium to the surface of the COAMTMS-VT

View Article Online
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films. Conversely, the antibacterial effects of the films can be
augmented by the presence of hydroxyl groups alongside
siloxanes, either independently or in synergy with the siloxane
network on the film surface.’® These results are consistent with
previous reports on siloxane-modified films demonstrating that
the increase in the concentration of siloxane improves the
antibacterial properties of films. For instance, Jia et al.*” showed
that increasing 3-(2-aminoethylamino)propyldimethox-
ymethylsilane in cationic waterborne polyurethane films
enhances the antibacterial activity against Escherichia coli and S.
aureus, highlighting the relationship between siloxane content
and the antibacterial activity of the films.

3.4 Castor oil-based films as triboelectric layers for TENGs

In order to benchmark COAMTMS as a triboelectric material and
position it in the triboelectric series, we initially tested it against

Placement
a 2 ! ! 1 b B » s § nl® § Growth
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|7} b S O 55D
© 3 S | S 3
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Fig. 4

(a) lllustration of the biofilm assay setup. For the assessment of the biofilm/bacteria adhesion, the CO-based films are placed horizontally

or vertically. (b) A heatmap graph showing a quantitative estimation of the bacterial growth in both monocultures and co-cultures. (c) SEM
images used for the qualitative assessment of the bacterial attachment/growth on the films as monocultures and co-cultures. Yellow arrows
pointing to P. aeruginosa cells dominated by S. aureus on horizontally placed discs and orange arrows pointing to S. aureus cells dominated by P.
aeruginosa cells on vertically placed discs. (H — horizontal and V — vertical).
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(a) Schematic illustration of the device architecture and photographs of the individual triboelectric layers (COAMTMS vs. PI). (b) Graph

showing the output voltage of the COAMTMS TENG with COAMTMS and Pl as triboelectric layers in response to the intermittent contact and
separation of tribo-layers at 1 Hz frequency. (c) Long term operation of the COAMTMS TENG showing the generated output voltage over a period
of 30 minutes. (d) Variation in the voltage output and (e) power density of TENGs for various load resistance values (between 10 kQ and 2 GQ). (f)
KPFM image showing the surface potential of the pristine COAMTMS film.

a reference tribolayer, such as PI (see Fig. 5(a)). The fabricated
COAmTMS-based TENGs are operated in contact-separation
mode to generate electricity from mechanical energy. In such
a case, electrons move back and forth between the two electrodes
affixed to the backside of the triboelectric layers, driven by
repeated contact and separation due to contact electrification
and electrostatic induction. In the pressed state, the top and
bottom layers' friction caused by an external force produces
opposing surface charges on the two surfaces. A potential drop
between the two back-electrodes is induced by the separation of
the two surfaces (releasing state), which releases electrons from
one electrode to the other to maintain charge balance. In a fully
released state, the potential drop gradually vanishes before
equilibrium is reached. The electrons that accumulate on the
electrode flow back when the surfaces come back into proximity,
producing an inverted output (pressing). Therefore, a steady AC
electrical voltage emerges because of the persistent contact and
separation between friction layers.

To characterize the electrical performance of the TENGS,
a linear motor with the capability to continuously exert and
release force on the device is used. The open circuit voltage of the
pristine COAMTMS films is found to be ~330 V when PI is used as
the counter triboelectric frictional layer (Fig. 5(b)). To rule out the
possible contribution of parasitic effects on the device perfor-
mance, both forward and reverse connection modes are tested, as
shown in Fig. S4.1 In the forward connection (FC), the oscillo-
scope's positive probe is connected to the COAMTMS film and the
negative probe is connected to the PI film, while in the reverse
connection (RC) the polarity is reversed. Fig. S5f shows the
voltage response of the pristine COAmTMS TENG for a single
cycle of press and release in the FC and RC mode. As can be

8346 | J Mater. Chem. A, 2024, 12, 8340-8349

observed, both cases exhibit similar output voltage values, indi-
cating that the generated signals correspond to valid outputs.®**
The performance stability of the TENG has been assessed by
performing a continuous long-term operation of the device. As
shown in Fig. 5(c) the TENG appears to maintain its maximum
output voltage even after 30 minutes of continuous operation.
Fig. 5(d) shows the variations in output voltage for the COAMTMS
TENG when subjected to different load resistances, from 10 kQ to
2 GQ. This graph demonstrates the rise in the output voltage as
the load resistance in the circuit increases. Subsequently, the
power output in relation to varying load resistance is calculated,
yielding a peak power density of approximately 450 mW m™? for
the COAMTMS TENG, as shown in Fig. 5(e).

Using KPFM we are able to map the 2D surface potential of
the pristine COAMTMS films (see Fig. 5(f)). The corresponding
histogram with the surface potential variations of the COAmTMS
film is presented in Fig. S6.T The film exhibits a negative surface
potential, peaking at around —4.9 V and ranging from approxi-
mately —4.5 V to —5.3 V, indicating its tribonegative character.
Nevertheless, we were unable to obtain a surface potential profile
for the COAMTMS-VT film variations, as their surface potential is
found to exceed the instrument's range.

3.5 Tribonegative surface modification

Surface charge generation upon friction is based on different
factors like the roughness, dielectric properties, and surface
functional group of the material.'****' The negative surface
potential of the COAmTMS film is associated with its chemical
structure. Polydimethylsiloxane (PDMS) is the most prevalent
and extensively studied tribonegative material.**** The PDMS
chemical structure has a siloxane group, which contributes to

This journal is © The Royal Society of Chemistry 2024
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its tribonegative traits,*” similarly to COAMTMS containing
siloxane. Therefore, the difference in the electronegativity
between the two-friction layers (COAMTMS containing siloxane
and PI) determines the triboelectric charge density on the fric-
tional surface, which is a primary factor affecting the voltage
output of the CO-based TENGs.*>*” To enhance the electroneg-
ativity of COAmTMS, we increase the concentrations of VTES.
This results in the growth of the siloxane network, making the
surface more electronegative compared to unmodified
COAmMTMS. To investigate the impact of varying VTES concen-
trations on the triboelectric performance of CO-based TENGs,
the film variants were measured against a reference triboelectric
layer of PI (see Fig. 6(a)). As the VTES content increases, the
electronegativity gap between the COAmMTMS-VT series and PI
narrows, resulting in a decrease in voltage output, as confirmed
in Fig. 6(b). Specifically, the output voltage of COAMTMS drops
from approximately 330 V to around 265 V, 208 V, and 79 V for
VTES concentrations of 1%, 3%, and 5%, respectively. Conse-
quently, the addition of VTES causes COAmMTMS to move closer
to PI in the triboelectric series. This makes COAmMTMS and its
VTES-enriched variants viable alternatives to traditional tribo-
negative materials, such as PDMS and PVDF, with the added
advantage of being bioderived. Overall, the performance of our
devices ranks among the best performing bio-TENGs with
a biopolymer-based negative triboelectric layer (Table S37).
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3.6 Bio-TENG made of an all castor oil-based film (All-CO
TENG)

Finally, we have engineered a bio-TENG composed entirely of CO-
based tribolayers. Utilizing the data from the previous section, we
were able to determine the relative positions of COAMTMS films
in the triboelectric series. This enabled us to select the pair that
yields the maximum surface potential difference. Specifically, we
combined COAMTMS-VT-5, which falls on the more tribonegative
end of the triboelectric series, with pristine COAmTMS, which lies
on the less tribonegative end. The architecture of the All-CO
TENG is schematically illustrated in Fig. 6(c), along with the
materials' relative positions in the triboelectric series. The
resulting All-CO TENG is found to generate an output voltage of
approximately 55 V, as shown in Fig. 6(d). Fig. 6(e) shows the
variations in output voltage for the All-CO TENG when subjected
to different load resistances, from 10 kQ to 2 GQ. This graph
demonstrates the rise in the output voltage as the load resistance
in the circuit increases. Subsequently, the power output in rela-
tion to varying load resistance is calculated, yielding a peak power
density of approximately 18 mW m ™2,

The COAMTMS-VT films are also used in a single-electrode
(SE) TENG configuration, a particularly interesting architec-
ture for self-powered electronics and wearable technologies.
The COAMTMS-VT-5 film is employed as the active tribolayer
against various positive and negative friction layers, such as
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Fig. 6 (a) Device structure and the triboelectric series for the various COAMTMS-based films versus PI. (b) Voltage output plot of the TENG made
using Pl as one tribolayer and COAMTMS, COAMTMS-VT-1, COAMTMS-VT-3 and COAMTMS-VT-5 as the counter tribolayer to investigate the
effect of different VTES concentrations. (c) Device structure of the All-CO TENG composed of COAMTMS and COAMTMS-VT-5 tribolayers as
highlighted in the triboelectric series. (d) Voltage output plot of the All-CO TENG in the forward and reverse mode. (e) Voltage output and power
density plots of the All-CO-TENG for various load resistance values (between 10 kQ and 2 GQ).
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PET, cCu, PVDF and PI. Fig. S71 shows the generated voltage
output upon contact-separation motion in the SE-TENG opera-
tion mode. The voltage output is found to be highest (75 V)
when PET is used as a friction layer (electrically free of contact)
most likely due to its position in the triboelectric series (towards
less negative) and the interfacial properties. In contrast, the
output voltage is lowest (—17 V) against PI due to a similar
polarity and smaller charge differential versus COAmTMS-VT-5.

It's noteworthy that the overall performance of the All-CO
TENGs is among the highest recorded for biopolymer-based
TENGS in the existing literature, as can be seen in Table S3.f
Given these findings, All-CO TENGs have the potential to
emerge as important candidates for sustainable and eco-
friendly electronic applications.

4. Conclusions

In summary, our work marks the first successful development
of a CO-based TENG enhanced with siloxane group modifica-
tions. These chemical changes are found to impart significant
tribonegative characteristics to the bio-derived CO layer.
Particularly, increasing the VTES concentrations enhances
these properties by expanding the siloxane network, conse-
quently shifting the material closer to the negative spectrum of
the triboelectric series. These modifications were confirmed
through the operation of different COAmMTMS-VT films against
a PI reference layer within a TENG device. Considering the VTES
driven shift in the triboelectric series, a combination of
COAMTMS and COAmMTMS-VT-5 is used to make an All-CO
TENG with a voltage output and power density of 55 V and 18
mW m~? ranking it among the best-performing bio-TENG
devices in the literature. To broaden the versatility of our
materials, COAmTMS-VT based TENGs are employed in a single
electrode mode configuration against various triboelectric
layers, achieving a maximum voltage output of 75 V (for PET).

Overall, our research highlights the promise of chemically
modifying biomaterials to customize triboelectric properties,
thereby broadening the design options for TENGs. Considering
the limited number of tribonegative biopolymers available, our
development represents a significant advancement towards
sustainable and eco-friendly energy harvesting. Moreover, our
materials can be readily applied to tribopositive surfaces,
including skin and textiles, facilitating energy collection for on-
body devices and wearable electronics.
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