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Here, we demonstrate an approach for improving the triboelectric
charge in contact-separation of identical PDMS contact layers by
three orders of magnitude. This is achieved by functionalization
with self-assembled monolayers (SAMs) and combining rough and
smooth surfaces. SAM-modified PDMS shows more stable surface
charge in comparison to pristine PDMS.

Introduction

The rapid development of the Internet of Things (IoT) will
increase the use of microelectronic devices. Therefore, the
importance of sustainable and remote energy sources as alter-
natives to batteries is increasing. In the last decade, polymer-
based triboelectric generator (TEG) devices have attracted
attention for powering microdevices. TEG devices are capable
of producing high output power density - up to 50 mW ¢cm ™ >*?
and are attractive due to their low weight and large arsenal of
available materials, as well as simple and low-cost fabrication
process.>* Devices can be prepared in many designs that allow
for flexible integration in wearables.”” TEGs harvest energy
using the triboelectric effect: the charge formation happens
when two distinct material surfaces are contact-separated
against each other. Generally, the contact layers in TEGs are
made from different polymer materials that are coated onto
conductive electrodes. Upon contact-separation, the static sur-
face charge is formed, which in turn induces an opposite
charge on the underlying electrodes that are connected by the
outer circuit. During the electrode movement the electric
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potential of the TEG device changes and causes a displacement
current between the electrodes.

Different approaches have been used to maximize the out-
put power of the TEGs to fulfil the requirements set forward for
self-powered electronics.® Modification of the polymer surface
morphology can increase the generated charge.”* An increase
can also be achieved by optimising the architectures of the
devices,"™° doing chemical functionalization of the surfaces,*
or adjusting the electronic and physicochemical properties of
the contacting polymer materials.>* >’

Chemical surface functionalization by self-assembled mono-
layers (SAMs) has been previously reported as an effective
strategy for increasing the magnitude of triboelectric surface
charge.”’®*° SAMs are ordered assemblies of organic molecules
which can be covalently linked to various oxide, metal and
polymer surfaces. Different polymers have been employed as
substrates for SAM functionalization, such as polydimethylsi-
loxane (PDMS)*°*? and polyethylene terephthalate (PET).>273*
Most often TENGs are constructed using both PDMS and
metallic electrodes modified by SAMs as contact layers. Chang
et al. demonstrated that functionalization of PDMS with a
fluorine-terminated SAM and an Al electrode with an amino-
terminated SAM increased the generated current 4 times.*’
Similarly, it has been shown that PDMS with fluorine-
terminated SAMs reaches 60 times higher power density in
comparison to pristine PDMS.** Notably, fluorine-terminated
SAMs on PDMS in combination with an ammonium bromide
terminated SAM on a Ag electrode reached a power density of
39.4 W m 2°° Regarding TENGs using polymers as both
contact layers, Shin et al. demonstrated that a TENG reaching
a power density of 55 W m™> can be constructed using two
differently modified PET contact layers — one with an amine-
based SAM and the other with a halogen-based SAM.**

Here we show that the charge generated during contact
separation of PDMS vs PDMS can be increased by three orders
of magnitude by combining different SAMs on opposite PDMS.
Furthermore, the generated charge density can be further
enhanced or diminished if the contacted PDMS films have
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different surface roughness, thus showing that the influence of
surface morphology and SAM-type must be combined. The
reason for the higher charge density when contacting SAM
functionalized PDMS might be the formation of more stable
charge species as confirmed by charge stability measurements.

Experimental and methods
Fabrication of PDMS samples

Flat PDMS samples were made by mixing PDMS precursor and
curing agent (DOW, Sylgard™ 184) in ratio 10:1 and spin-
coated on the ITO at 2500 rpm for 10 s. Then, the PDMS
samples were cured at 80 °C for 3 h. The coating procedure
was repeated two times to obtain the desired thickness. Sam-
ples with a rough surface were prepared in two steps. First, the
primary PDMS layer was prepared as described above. Then
caster sugar was added to PDMS before cross-linking for
deposition of the secondary layer. The PDMS mixture contain-
ing sugar was spin-coated on top of a flat primary PDMS layer
and cured under the same conditions at 80 °C for 12 h. After
crosslinking, the sugar was dissolved by immersion in water.
Finally, the obtained PDMS samples were dried in air at 60 °C
for 24 hours. The size of the obtained sample films was 5 cm?*
while the thickness of the samples was 100 pm.

Chemical surface functionalization

Before surface functionalization, the PDMS samples were
treated with O, plasma for 5 min to develop hydroxyl groups
on the PDMS surface.’® After plasma treatment, the samples
were immediately immersed in ethanol-based solutions of
(3-aminopropyl)triethoxysilane (APTES), 3-(trimethoxysilyl)pro-
pyl methacrylate (TMSPMA) and vinyltrimethoxysilane (VIMS)
for an hour. The concentration of the solutions was 20 g L.
After treatment, the samples were left to dry in ambient air for
30 min.

Characterization

SEM images were obtained using a Hitachi TM3000 Table Top
Scanning Electron Microscope. Attenuated total reflection
Fourier-transform infrared spectra (ATR-FTIR) were obtained
using a Vertex 70 (Bruker) spectrometer. Spectra were recorded
at a resolution of 1 ecm ™" in the range from 600 to 4000 cm ™.
For each specimen, 25 consequential scans were performed to
obtain the average spectrum. The X-ray Photoelectron Spectro-
scopy (XPS) spectra of these samples were collected with an
ESCALAB Xi*+ (Thermo Scientific). The transmittance of the
TENG device was measured by a UV-vis spectroscopy method
with a Genesys 10S spectrophotometer, Thermo Scientific.

Triboelectric measurements

Measurements were performed under controlled conditions - a
separation distance of 5 mm, a pressing force of 10 N, and a
contact-separation frequency of 1 Hz. To ensure repeatability,
contact-separation was carried out using an Instron E1000
material testing machine. The generated current signals were
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measured using a Keithley 6514 electrometer connected to a
Picoscope 5444B PC oscilloscope system. The charge generated
by individual PDMS films was determined after contact-
separation with ITO, which was connected to an electrometer
and the current was measured against the ground. This
measurement setup was used as a Faraday cup mode to
determine the magnitude and polarity of triboelectric charges
formed on the PDMS samples (ESIt Fig. S1). The setup was
verified by comparison of charge measurements using a
custom-made Faraday cup. Measurements were done using
the charge Q function of the Keithley 6514 electrometer (ESIT
Fig. S2). The charge measured in Q mode was also compared to
the charge calculated from current measurements of the PDMS
sample to rule out the impact of Johnson noise on the charge
values calculated from the current peaks (ESIT Fig. S3). The
PDMS films were next used to prepare TENG devices (ESIt
Fig. S4). In this case, both electrodes were connected to an
electrometer. Surface charges, Q (nC), were calculated from the
measured current peaks using the equation Q = [idz, where i is
the instantaneous current (nA) and dt is the differential of time
(s). Integration was done for the high, narrow peaks which
correspond to the separation stage. A detailed description of
contact-separation test stages is given in the ESI{ Fig. S5.

Instantaneous power was calculated using P = V*’R™" from
the data obtained in voltage measurements at the corres-
ponding load resistance R. Next, the instantaneous power was
plotted as a function of time. Integration of the peak area
allowed the calculation of the energy generated during separa-
tion. The peak duration was also determined from the plot and
used to calculate the average power during the separation step
using P = E x At '. Energy density and power density were
calculated by dividing the energy and power with the sample
contact area.

Charge stability measurements

The stability of the charges generated after contact-separation
was evaluated in contactless mode. Initially, PDMS and SAM-
PDMS layers were contacted against ITO for 1000 contact-
separation. Next, current was observed using contactless
measurement by oscillating the PDMS or SAM-PDMS layer
against an ITO connected to an electrometer and measuring
current against ground. The oscillation frequency was 1 Hz and
amplitude —5 mm.

Results and discussion

Four other electrodes (Al, Ni, Cu and Ti) besides the ITO were
tested as substrates for the PDMS. It has been shown that the
substrate can greatly influence the triboelectric performance.®
The order of chosen additional electrodes and ITO in the
triboelectric series is the following: ITO > Cu > Ni > Ti >
AL*7° The results indicate that the highest charge density was
observed when ITO was used as the substrate (0.7 nC cm™>) and
charge density generally follows the order of material place-
ment in the triboelectric series with Ni as an exception (Fig. S6,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of SAM-PDMS samples chemically functionalized by
(A) APTES, (B) TMSPMA and (C) VTMS. (D) FTIR spectra of PDMS and SAM-
PDMS.

ESIt). Placement of metals in the reported triboelectric series
often varies, however, Cu and Ni in the triboelectric series often
are placed close to each other; however, they show the highest
disparity in the measured charge. The discrepancy from the
expected tendency might be due to the presence of metal oxide
passivation layers before the electrodes were coated with PDMS.

Fig. 1A-C demonstrates the schematics of SAM functiona-
lized PDMS layers (SAM-PDMS), respectively, APTES-PDMS,
TMSPMA-PDMS and VTMS-PDMS.

Successful chemical surface functionalization of PDMS samples
was confirmed using ATR-FTIR spectroscopy. FTIR spectra of
PDMS and SAM-PDMS layers were recorded in the wavenumber
range of 600-4000 cm ™', as shown in Fig. 1D. The main absorp-
tion bands of pristine PDMS are located at 789 ecm ™" (-CHj rocking
and Si-C stretching in Si-CHj3), 1050 cm ™" (Si~O-Si stretching),
1258 em™ ' (CH; bending in Si-CHj), and 2962 cm ™' (asymmetric
CHj stretching in Si-CHj)."® The addition of APTES was observed
as the emergence of a strong peak at 1570 cm ™" (N-H bending)
and a large broadband at 3350 cm ™" (N-H stretching).* However,
TMSPMA-treated PDMS showed additional peaks at 1720 cm ™'
(C=o0 stretching) and 1638 cm ™' (C=C stretching).*” In the case
of PDMS functionalized using VIMS, changes in the spectra were
less apparent; this was evident by the emergence of a rather weak
broadband at 1649 cm™ ' (C=C stretching).**

XPS was also used to confirm the formation of SAM-PDMS.
The formation of SAM from APTES was verified by the appear-
ance of the characteristic N 1s electron peak at 400 eV in
comparison to other SAM-PDMS (ESIt Fig. S7). For TMSPMA-
PDMS, smaller distinct peaks can be observed at 289.2 eV and
286.8 eV in the C 1s spectrum corresponding to C=0 and C-O-
C, respectively.

The influence of PDMS chemical functionalization on the
generated triboelectric charge was tested by contacting pristine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface charge density of PDMS and SAM-PDMS samples in
contact-separation against an ITO electrode connected to an electro-
meter to measure current against ground.

PDMS

PDMS and SAM-PDMS films against the ITO electrode in Fara-
day cup mode, in which current is measured against ground.
This makes it possible to determine the polarity of generated
surface charge. For pristine PDMS, the calculated charge den-
sity was —0.34 nC cm ™ (Fig. 2). In the case of APTES-PDMS the
observed charge was positive, accordingly 1.31 nC cm™?, while
for TMSPMA-PDMS and VTMS-PDMS it was negative:
—2.36 nC cm™ > and —1.47 nC cm 2, respectively. Notably, for
all SAM-PDMS the charge density was higher than for the
pristine PDMS when contacting the ITO electrode. This could
arise due to inductive effects in the SAM molecules. It is a local
change in the electron density due to electron-withdrawing or
electron-donating groups in the molecule, resulting in a per-
manent dipole in a bond. As previously shown, dipoles
(ferroelectric and instantaneous surface dipoles upon separa-
tion) can be matched in TENG devices to obtain higher
performance.** Here, end groups found in SAM molecules,
such as NH, in APTES, and vinyl groups in TMSPMA and VIMS,
create a polarized bond. While the impact of a single dipole on
the electrostatic properties might be negligible, SAM molecules
cover the whole surface resulting in a significant influence.
Contact-separation between two pristine PDMS with identi-
cal crosslinking degree results in a negligible charge density
(0.001-0.002 nC cm2).>*** Since APTES-PDMS film shows a
positive charge density but the highest negative charge was
obtained for TMSPMA-PDMS film, this combination was cho-
sen to assemble a TENG using SAM-PDMS as both contact
layers. The assembled TENG demonstrated charge density of
1.16 nC cm 2 (Fig. 3A), Voc of 70 V and Isc of 700 nA (ESIt
Fig. S8 and S9). The observed charge density is three orders
of magnitude higher than that observed in contact-separation
of two identical pristine PDMS layers. For comparison, TENGs
were also assembled using different SAM-PDMS combinations.
TENG using APTES-PDMS and VIMS-PDMS, which are also

Mater. Adv., 2023, 4, 875-880 | 877
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(A) Charge densities of TENGs based on APTES-PDMS and TMSPMA-PDMS films with various surface roughness. (B) Energy and power density of

the TENG device based on smooth APTES-PDMS and rough TMSPMA-PDMS. (C) Current observed in contactless mode between pristine ITO and PDMS

layers after 1000 contact-separation cycles.

charged negatively, showed the charge density of only
0.49 nC cm > When a TENG was built using both samples
that are charged negatively - VTMS-PDMS and TMSPMA-PDMS,
the charge density was merely 0.29 nC cm 2.

Charge density can be further increased by using rough and
smooth surfaces as contact layers. SEM images of smooth and
rough PDMS are shown in ESIt Fig. S10A and B, respectively. As
shown in Fig. 2 the charge density after smooth PDMS was
contact separated against ITO was 0.34 nC cm™>. Accordingly,
the surface charge of rough PDMS was also determined in
Faraday cup mode after contact-separation against ITO. The
charge density reached —0.6 nC cm ™2, which was more negative
than in the case of smooth PDMS.

Next, both the smooth and rough films were functionalized
by SAM. Since rough PDMS had shown relatively more negative
charge, TMSPMA was introduced on the rough PDMS layer and
accordingly for the smooth PDMS, with the less negative
charge, the APTES SAM was used. Notably, a charge density
of 2.50 nC cm™? was obtained when smooth APTES-PDMS was
contacted against rough TMSPMA-PDMS, as shown in Fig. 3A
(corresponding current peaks are shown in ESIT Fig. S11-S13).
Accordingly, when rough APTES-PDMS was contact-separated
against smooth TMSPMA-PDMS almost 3 times lower charge
density was registered (0.93 nC cm™?). This observation is in
line with our previous results that contact-separation can be
boosted by increasing the difference in surface roughness of
both layers.*” Evidently, the direction of triboelectric dipole
that forms between contact-separated layers is influenced both
by the surface roughness and the type of SAM used for
functionalization. These effects can be combined to obtain
higher surface charge. In future studies this effect could be
combined with other factors that influence the charge
formation®* in contact-separation to achieve even greater tribo-
electric performance.

For the TENG assembled using smooth APTES-PDMS and
rough TMSPMA-PDMS as contacting layers, the highest gener-
ated energy density of 3 mJ m > was observed at 1 GQ load
resistance (Fig. 3B green bars). 1 GQ resistance was also the
optimal load resistance for this TENG device since the highest
power density of 31 mW m > was obtained from voltage

878 | Mater. Adv, 2023, 4, 875-880

measurements at this value (Fig. 3B dark green squares). For
comparison, the TENG which was assembled using smooth
APTES-PDMS and smooth TMSPMA-PDMS layers demonstrated
the energy density of only 0.18 mJ m 2 at 1 GQ and power
density of 2.5 mW m™ > (ESIf Fig. S14). The observed energy and
power densities suggest that the TENG device based on rough
APTES-PDMS and smooth TMSPMA-PDMS layers with coordi-
nated surface roughness values might be sufficient to power
portable electronic devices. Since the TENG is assembled using
PDMS/ITO as an electrode, the whole device is transparent, and
for the TENG based on smooth APTES-PDMS and smooth
TMSPMA-PDMS the visible light transmittance reaches 70%
(ESIt Fig. S15). However, for the TENG based on smooth APTES-
PDMS and rough TMSPMA-PDMS, the transmittance reaches
only 25%. Nevertheless, transparency enables future applica-
tion in optoelectronics or self-powered electronic displays and
touchscreens.

Surface charge density is linked with the presence of
mechanoradicals on the polymer surface and the formation
of stable ion-radical pairs.*® Accordingly, an increase in the
charge density generated during contact-separation for functio-
nalized PDMS can be explained by the formation of relatively
more stable ion-radical pairs. To test whether SAM-PDMS
indeed possesses better charge stability, we performed non-
contact oscillation of the charged films. Charge stability
tests showed that for SAM-PDMS the decrease in charge density
was lower than for non-functionalized PDMS. For non-
functionalized PDMS after 15 min of oscillation the charge
density decreased by 50% of the initial value (Fig. 3C). For SAM-
PDMS layers the charge decrease in the same time period was
much lower - APTES-PDMS decreased by 32%, TMSPMA-PDMS
by 29% and VIMS-PDMS only by 25%.

Conclusions

In summary, the charge density generated in contact-
separation of PDMS contact layers with identical crosslink
degrees is increased by three orders of magnitude when one
PDMS is functionalized by APTES and the other by TMSPMA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Charge density is further increased when contact-separating
smooth and rough surfaces - the greatest charge density is seen
for the combination of smooth APTES-PDMS and rough
TMSPMA-PDMS. The obtained TENGs are transparent, thus
opening pathways to incorporation in optoelectronic systems.
Measurements in non-contact oscillation mode reveal that
SAM-modified PDMS layers show higher charge density stabi-
lity than pristine PDMS.
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