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Triboelectric nanogenerators (TENGs) have demonstrated great prospects in energy harvesting and self-powered
sensing. However, the surface triboelectric charges are very easy to dissipate in the air atmosphere, especially
after the contact electrification stops. Here, we propose ordered mesoporous SiO5 (OMS) nanoparticles with a
large specific surface area (SSA) as effective body charge storage sites inside polydimethylsiloxane (OMS-PDMS)
to enhance the output performance of TENGs. With the addition of 1 wt% OMS nanoparticles, the transferred
charges of the TENG showed a sharp enhancement, rising from 21 nC to 60 nC. The enhancement effect of OMS
nanoparticles on the output increased linearly with SSA. In addition, the OMS-PDMS also demonstrated a su-
perior charge retention ability, with 68 % of the voltage being retained over a long time after the contact sep-
aration motion stopped, while that of the pure PDMS quickly dropped to near zero. The instantaneous output
power density of the TENG with OMS-PDMS reached 5.26 W/m?, which is a 25-fold enhancement. This work
proposed OMS nanoparticles with a large SSA as effective charge storage sites to enhance the output performance

of TENGs.

1. Introduction

There are many types of ambient energy, including wind, vibration,
raindrops, water waves and even body motion, which are typically
random, low-frequency and microscale and are usually wasted due to
the lack of effective technologies for harvesting these types of energy.
Fortunately, the invention of the triboelectric nanogenerator (TENG)
has enabled the efficient utilization of these energies by converting them
into electricity based on the working principle of contact electrification
and electrostatic induction [1-3]. By virtue of the advantages of various
working modes, high efficiency, high output, universal material choice
and easy fabrication, TENGs have demonstrated giant prospects not only
in energy harvesting as power sources [4-7] for electronics and sensor
nodes but also in self-powered sensing [8-14] as active sensing com-
ponents for wearables and industrial monitoring. Whether for energy
harvesting and self-powered sensing, the output performance of the
TENG must always be as high as possible for practical applications. The
output performance of the TENG is mainly dependent on the surface
charge density of the triboelectric material [15], which relies on the
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intrinsic contact electrification performance between the triboelectric
materials. For two certain materials, the maximum number of charges
that can be transferred to each other in the atmosphere is limited [16].
To further improve the surface charge density, many strategies have
been proposed, such as surface micropatterning [17], chemical modifi-
cation [18], and charge injection [19]. Charge injection, specifically, is
considered to be one of the most efficient ways to largely improve the
surface charge density. However, surface charges tend to quickly dissi-
pate, especially in high humidity and high temperature environments;
therefore, the enhanced surface charge density will gradually decline,
and the output of the TNEG will accordingly decrease.

Compared to surface charges, body charges inside triboelectric ma-
terials have a much slower dissipation speed and can stay for quite a
long time [20,21]. Under a high electric field and large charge con-
centration gradient, a portion of surface charges can penetrate into the
interior of triboelectric materials due to charge drift and diffusion [22].
However, if there are no effective charge traps or storage sites inside the
material, the penetrated body charges will eventually either recombine
with opposite charges induced on the electrodes or dissipate into the
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atmosphere. Incorporating nanomaterials that have strong electron
capture or storage ability into triboelectric materials has been proven to
be an effective approach to retain body charges and finally improve the
total charge density [20]. The amount of charges that can be trapped or
stored inside the material depends not only on the inherent electron
attracting ability but also on the specific surface area (SSA) of the
nanomaterials. Therefore, some nanomaterials featuring a high specific
surface area, such as 2D materials [22-26] and porous materials
[27-29], are particularly popularly applied as fillers in polymer matrices
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to maximize the amount of stored charges. Very recently, Baik and co-
workers achieved the highest transferred charge density of TENGs
fabricated with various triboelectric materials by adding a SiO2 nano-
particle layer between the MoS; triboelectric layer and Ni electrode
[30]. The transferred charge density increased from 338.7 to 1072
uC/m?, and the charge retention ability was also enhanced from 60 % to
81 %. In addition, SiO; is also a well-known electret material that has
been widely applied in microelectromechanical system (MEMS) energy
harvesting devices due to its high charge storage and retention ability
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Fig. 1. (a) Synthesis procedure of OMS nanoparticles. (b) SEM image of OMS_700 nanoparticles. TEM image of (c) cross-section view and (d) lateral view of
OMS_700 nanoparticles. () XRD pattern of the OMS nanoparticles with different sizes. (f) Schematic structure and (g) photo of the TENG composed of the OMS-
nanoparticle/PDMS composite. (h) Photo of the transparent OMS-PDMS triboelectric layer. (i) Working principle of the TENG with OMS nanoparticles acting as
body charge trappers. (j) Electrical potential distribution simulation of the TENG at contacted, separating, and separated states.
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[31-33].

Herein, we propose ordered mesoporous SiO, (OMS) nanoparticles
with a large specific surface area as effective body charge storage sites
inside polydimethylsiloxane (OMS-PDMS) to enhance the output per-
formance of TENGs. When the concentration of OMS nanoparticles
increased to 1 wt%, the transferred charges of the TENG sharply
increased from 21 nC to 60 nC due to the enhancement from the extra
body charges stored by OMS nanoparticles. With higher concentrations,
the enhancement effect began to decrease due to the reduced effective
contact electrification area of PDMS since OMS nanoparticles appeared
on the surface of the composite. Three different sizes of OMS nano-
particles with varying SSAs were synthesized, and their influence on the
output performance of the TENG was investigated. All three kinds of
OMS nanoparticles contributed an obvious enhancement to the output,
and it was found that the enhancement effect increased linearly with the
SSA of the OMS nanoparticles. Compared to pure PDMS, OMS-PDMS
also demonstrated an enhanced charge retention ability. After the
cease of contact electrification, the open-circuit voltage of the TENG
with OMS-PDMS can retain 68 %, while that of the pure PDMS quickly
dropped to near 0 V. The instantaneous output power density of the
TENG with OMS-PDMS reached 5.26 W/m?, which is 25 times higher
than that of pure PDMS. This work proposed OMS nanoparticles with a
large specific surface area as effective charge storage sites to enhance the
output performance of TENGs.

2. Results and discussion

Fig. 1a shows the synthesis procedure of the OMS nanoparticles,
which involves P123 micelle formation, self-assembly between micelles
and TEOS, crystal growth, and finally the removal of the P123 surfactant
(calcination). During the synthesis procedure, P123 served as the soft
template, glycerol was the cosolvent, TEOS was the silicon feedstock,
and HCl provided the acid environment. The as-synthesized OMS
nanoparticles were first characterized with scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM). Uniform rod-
like nanoparticles were observed in the SEM image (Fig. 1b), which also
demonstrates that the OMS nanoparticles have an average length of 700
nm. Consequently, the OMS nanoparticles were coded according to their
average length, such as OMS_700, OMS_950 and OMS_1500, where the
numbers represent the average length of OMS nanoparticles in nm. The
TEM image in Fig. 1c shows the transverse cross-section of the OMS
nanoparticle, clearly revealing a hexagon outline. In addition, it can be
seen that regular parallel pore channels run along the long axis of the
OMS nanoparticles from the TEM image of side view (Fig. 1d), which
confirms the typical two-dimensional hexagonal mesoporous structures
(Pémm) [34]. The small angle X-ray diffraction (XRD) patterns of OMS
nanoparticles all exhibit a sharp peak at 2-theta of approximately 1° and
two weaker peaks between 1.5° and 2°, corresponding to (100), (110),
and (200) diffractions associated with pémm hexagonal symmetry
(Fig. 1e) [35].

The high-SSA OMS nanoparticles were blended into PDMS to fabri-
cate a high-performance TENG. The structure of the TENG is schemat-
ically illustrated in Fig. 1f, which works in the contact-separation mode.
A layer of OMS-PDMS was spin-coated on a Cu electrode-coated acrylic
substrate and served as the negative triboelectric layer. The positive
triboelectric layer is another Cu layer that simultaneously acts as
another electrode, which is also deposited on an acrylic substrate.
Fig. 1g and 1h show the photo of the assembled TENG (5 x 5 cm?) and
of the transparent OMS-PDMS triboelectric layer (thickness: ~100 um),
respectively. A photo of the structure of the TENG before assemblage is
shown in Fig. S1 (of the supporting information). The working principle
of the TENG is based on contact electrification and electrostatic induc-
tion, as illustrated in Fig. 1i. When the Cu layer and OMS-PDMS layer
contact each other, electrons begin to transfer from the surface of the Cu
layer to the surface of OMS-PDMS due to their difference in electron
affinity. The separation of the two charged surfaces can result in a
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potential difference between the two electrodes, which consequently
drives electron flow from the left Cu electrode to the right Cu electrode.
Similarly, electrons will flow back from the right electrode to the left
electrode when the Cu layer and OMS-PDMS layer are in contact again.
It is worth noting that during reciprocating contact-separation, surface
electrons can penetrate into the interior of the PDMS due to electron
drift caused by the high electric field and electron diffusion resulting
from the electron concentration gradient. These electrons can be
captured and stored by the OMS nanoparticles until reaching the satu-
ration state. Then, the TENG works in a stable state with saturated
charge transfer in each cycle. The electric potential distributions of the
TENG in fully contacted (I), separating or contacting (II) and fully
separated (III) states are simulated, as demonstrated in Fig. 1j.

The influence of the OMS concentration on the output performance
of the TENG was first studied. The surface morphologies of the OMS-
PDMS with different concentrations (0, 0.6, 1, 1.5 and 2 wt%) of
OMS_950 nanoparticles were investigated through 3D surface profil-
ometry and are shown in Fig. 2a. The pure PDMS showed a smooth
surface morphology, while those mixed with OMS_950 nanoparticles
featured apparent rough surfaces. Fig. 2b summarizes the measured
average surface roughness (Ra) of the OMS-PDMS with varying con-
centrations of OMS nanoparticles. The pure PDMS had a very low Ra of
1.88 nm. With the increase in the concentration of OMS_ 950 nano-
particles, the Ra of the OMS-PDMS first increased and reached a
maximum (33.07 nm) at an OMS concentration of 1.5 wt% and then
decreased when the OMS concentration further increased to 2 wt%. The
decrease in the roughness at high OMS concentrations is likely due to the
aggregation of OMS nanoparticles. Fig. 2c and 2d show SEM images of
the surface of the pure PDMS and 1 wt% OMS-PDMS, respectively,
which reveal that the rough surface of OMS-PDMS is because some OMS
nanoparticles appear at the surface of the PDMS. SEM images of the
surfaces of OMS-PDMS with different concentrations are also demon-
strated in Fig. S2.

The open-circuit voltage (Voc), short-circuit current (Isc) and short-
circuit transferred charge (Qsc) of the TENG tested under a working load
of 20 N and a frequency of 0.5 Hz with different OMS_950 concentra-
tions are shown in Fig. 2e-g, respectively. With pure PDMS, the Vg, Isc
and Qgc of the TENG were 51 V, 3.5 pA and 21 nC, respectively. After
adding OMS nanoparticles, the output of the TENG first obviously
increased due to the charge storage ability of the OMS nanoparticles.
The best output performance was reached at a 1 wt% concentration of
OMS nanoparticles with V¢, Isc and Qgc values of 156 V, 10.5 pA and
55.4 nC, respectively. When the OMS concentration further increased to
over 1 wt%, the output of the TENG showed a decreasing trend. At an
OMS concentration of 1.5 wt%, the output of the TENG slightly
decreased, and the Voc, Isc and Qsc were 125V, 7.8 pA and 38 nC,
respectively. As the OMS concentration continued to increase to 2 wt%,
the Voc, Isc and Qgc of the TENG further dropped to 99 V, 6.2 pA and 29
nC, respectively. To determine the reason behind the output change over
OMS concentrations, the hydrophobicity of OMS-PDMS with different
OMS_950 concentrations was first investigated since SiO3 has a hydro-
philic property, which may affect the surface hydrophobicity of OMS-
PDMS and decrease the output performance when the OMS concentra-
tion is sufficiently high. As shown in Fig. S3, all OMS-PDMS demon-
strated similar water contact angles (WCAs), so the hydrophilic property
of OMS nanoparticles could be excluded from the possible causes for the
output decrease at higher OMS concentrations. Then the dielectric
constant of the OMS-PDMS films was measured and the result is shown
in Fig. S4, from which one can see that the dielectric properties of OMS-
PDMS did not show obvious change after adding OMS nanoparticles.
The surface potential of the pure PDMS and OMS-PDMS with 1 wt%
OMS nanoparticles before and after contact were also measured with
kelvin probe force microscopy (KPFM). As shown in Figs. 2h and 2i, the
OMS-PDMS had a similar surface potential (—0.42 V) to that of the pure
PDMS (—0.41 V) before contact because no charge is stored in OMS
before contact. After contact, the surface potential of pure PDMS
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Fig. 2. (a) Surface morphology of OMS-PDMS with different concentrations of OMS nanoparticles. (b) Average surface roughness of the OMS-PDMS with different
OMS concentrations. SEM image of (¢) pure PDMS and (d) OMS-PDMS with 1 wt% OMS_950. (e) Vo, (f) Isc and (g) Qsc of the TENG with different concentrations of
OMS nanoparticles. KPFM surface potential measurements of (h) pure PDMS and (i) OMS-PDMS with 1 wt% OMS_950 before and after contact.

increased to — 0.75 V due to the generation of negative tribo-charges,
while that of the OMS-PDMS increased to — 1.46 V because of the
additional charges stored by OMS. The decrease in the output when the
OMS concentration exceeds 1 wt% can be attributed to the decrease in
the effective electrification area of PDMS because OMS nanoparticles
tended to appear on the surface, as can be seen from Fig. S2 [36]. As a
result, the competition between the increase in charge storage sites and
decrease in the effective PDMS area at high OMS concentrations led to
the final decrease in the output of the TENG. To further prove that, an
additional thin PDMS layer was added onto the surface of OMS-PDMS
(2 wt%) to check if the output can be further increased since the influ-
ence of OMS nanoparticles on the effective PDMS area could be elimi-
nated by this pure PDMS layer. As shown in Fig. S5, the V¢, Isc and Qsc
increased to 207 V, 15.7 pA and 81 nC, respectively, which are larger

than those of 1 wt%, revealing the charge storage ability of OMS and
importance of effective PDMS contact area. In addition, the stretch-
ability of OMS-PDMS was also investigated, and the results are shown in
Fig. S6, which reveal that the influence of adding OMS nanoparticles on
the stretchability and tensile strength is negligible when the concen-
tration of OMS is less than 1 wt%.

In addition to the concentration, the specific surface area (SSA) of
OMS nanoparticles can also affect the output enhancement of the TENG
since more charges are expected to be captured and stored with a larger
SSA. To study the influence of the SSA on the output enhancement of the
TENG, OMS nanoparticles of three different sizes were synthesized.
Fig. 3a-c shows the SEM images of the three kinds of OMS nanoparticles
with average lengths of 700 nm (OMS_700), 950 nm (OMS_950), and
1500 nm (OMS_1500). As seen from the TEM images of the side view in
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Fig. 3. SEM images of OMS_700 (a), OMS_950 (b) and OMS_1500 (c). TEM image of the lateral surface of OMS_700 (d), OMS_950 (e) and OMS_1500 (f). (g) Nitrogen
adsorption-desorption isotherms of three kinds of OMS nanoparticles. (h) Pore size distributions of three kinds of OMS nanoparticles. (i) Specific surface areas of the
OMS nanoparticles with different sizes. Voc (§), Isc (k) and Qsc (1) of the TENG with different sizes of OMS nanoparticles (1 wt%).

Fig. 3d-f, all OMS nanoparticles possess regular parallel pore channels.
Fig. 3g shows the nitrogen adsorption-desorption isotherms of the three
kinds of OMS nanoparticles. H1-type hysteresis loops at relative pres-
sures of approximately 0.6-0.7 can be clearly observed for the three
OMS nanoparticles, confirming the existence of typical mesoporous
structures and cylindrical channels. Calculated from the desorption
branch, the pore size distributions can be obtained (Fig. 3h), centering at
5.63nm, 5.63nm, and 5.55nm for OMS_1500, OMS 950, and
OMS_700, respectively. The SSAs of the three kinds of OMS

nanoparticles are summarized in Fig. 3i, among which OMS_1500 pos-
sesses the highest SSA.

The output performance of the TENG with OMS nanoparticles of
different sizes is shown in Fig. 3j-1. Note that the concentration of the
OMS nanoparticles in the OMS_PDMS hereafter is kept the same at 1 wt
%. It is clearly observed that all three sizes of OMS nanoparticles have an
obvious enhancement effect on the output performance of the TENG.
With OMS_700 nanoparticles, which have the smallest SSA among the
three sizes, the Vgc, Isc and Qsc of the TENG were 99V, 6.3 pA and
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33 nC, respectively, which already showed an enhancement of 94 %, 80
% and 57% compared with those of the TENG with pure PDMS. When
the size and SSA of the OMS nanoparticles further increased, the output
of the TENG also showed a corresponding increase. With the OMS_1500
nanoparticles featuring the largest SSA, the Vo, Isc and Qgc of the TENG
increased to 167.2 V, 13.1 pA and 60 nC, respectively, which were 228
%, 274 % and 186 %, respectively, of the outputs of the TENG with pure
PDMS. It was interpreted that larger OMS nanoparticles with a larger
SSA could provide more space to capture and store charges. As a result,
the TENG with the OMS_1500 nanoparticle demonstrated the highest
output performance for its largest SSA. To better understand the rela-
tionship between the SSA and the output enhancement, the SSAs of OMS
nanoparticles of the three sizes and the Qg¢ of the TENGs based on them
were normalized by setting the SSA and Qgc of the OMS_700 as 100 %.
As Fig. S7 shows, the normalized Qgc almost linearly increased with the
increase in the normalized specific surface area.

The regular channels in OMS nanoparticles enable a large SSA to
maximize the effective interface between PDMS and OMS, allowing
more electrons transfer from PDMS to OMS. To prove that, a sample with
the weight ratio of OMS_1500 to PDMS as 5:1 was prepared and a series
of characterizations were conducted. Fig. 4a and b show the TEM mi-
crographs of pure OMS_1500 and OMS_1500 mixed with a little amount
of PDMS, which reveal that the clear channels of OMS nanoparticles
became blurred, most likely due to the penetration of PDMS molecules
into the channels. Moreover, the XRD pattern of OMS_1500 after mixing
with PDMS showed that the 100 peak shifted to a larger 20 (20=1.015°)
compared with that of the pure OMS_1500 (26=0.929), indicating a
smaller channel size (Fig. 4c). The decreased channel size was further
proved by nitrogen adsorption-desorption measurements, as shown in
Fig. 4d. After adding PDMS, the adsorption capacity and relative pres-
sures both significantly decreased, because the channel size decreased
from 6.52 to 3.69 nm (Fig. 4e). As a result, the pore volume and SSA of
OMS nanoparticles showed a significant decrease, decreasing from 0.85
to 0.44 cm® g~! and 716.6 to 278.6 m? g™}, respectively, as seen in
Fig. 4f.
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Hereafter, the OMS_1500 is used for further electrical characteriza-
tions and device fabrication for its highest output performance. The
optimal concentration of OMS_1500 was firstly checked and the results
are shown in Fig. S8. First, the output performance of the TENG under
different working loads and frequencies was studied since the TENG is
expected to work in a practical environment where the intensity and
frequency of the ambient stimuli, such as vibration, are usually random.
Fig. 5a-c shows the Vg, Isc and Qsc of the TENG under different
working loads (5, 10, 20, 30 and 40 N). When the load was 5 N, the Vg,
Isc and Qsc of the TENG were 93V, 3.6 pA and 38 nC, respectively,
which are even higher than those of the TENG with pure PDMS under
20 N. When the load increased from 5 N to 20 N, the output of the TENG
had a relatively sharp increase due to the obvious increase in the
effective contact area by increasing the load. Hereafter, the maximum
effective contact area almost saturated at 20 N, so when the load further
increased to 40 N, only a slight increase was observed in the output of
the TENG. Specifically, the Voc, Isc and Qgc of the TENG under 40 N
were 177 V, 14.5 pA and 67 nC, respectively. The output performance of
the TENG under different working frequencies is shown in Fig. 5d-f. Voc
and Qgsc remained constant, while Ig¢ increased linearly with increasing
working frequency. This is because under a certain load, the effective
contact area remains stable regardless of the working frequency, but the
charge transfer rate between the two electrodes increases linearly with
increasing frequency.

To further determine the cause behind the output enhancement, the
accumulation of the Vo¢ of the TENG from the beginning of contact-
separation to the stable state and the decay of Voc from the stable
state after stopping contact-separation were investigated. Fig. 6a shows
the dynamic voltage accumulation of the TENGs as a function of time.
The initial Voc of the TENG with pure PDMS was 14 V, while that of the
TENG with OMS-PDMS was 55 V. Such a high initial output of the OMS-
PDMS can be attributed to the increased surface roughness after
blending OMS nanoparticles. The triboelectric charges on the surface of
the PDMS and Cu layers will start to accumulate with reciprocating
contact separation and finally reach the saturation state. In the early

C
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stage (0 ~ 100 s), the TENG with OMS-PDMS has a much faster increase stage, surface charges can quickly penetrate into the interior of the
rate (0.89 V/s) than the one with pure PDMS (0.11 V/s), which means a PDMS due to the large concentration gradient and then be captured by
7-fold enhancement in the increase rate. This is because in the early the OMS nanoparticles. Afterwards, the Voc of the TENG with pure
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PDMS increased slowly and reached its maximum (43 V) after 500 s.
Because of the large SSA of the OMS nanoparticles, the TENG with OMS-
PDMS still showed an obvious increase in the Voc, and finally, its
maximum value reached approximately 184 V. After the V¢ increased
to the maximum and stabilized, the contact-separation movement be-
tween the two triboelectric layers was intentionally halted to observe
the dynamic decay of voltage over time. As shown in Fig. 6b, the Vo of
the TENG with pure PDMS decreases quickly from the maximum to near
zero, which indicates that the generated surface charges can quickly
dissipate. However, with the OMS-PDMS, the Vo¢ of the TENG only
decreased to 121 V after a long time, that is, 66 % of charges can be
stored in the interior of the OMS-PDMS. These results clearly showed
that the total charge accumulation and retention ability were largely
enhanced by the introduction of OMS nanoparticles. The complete
voltage-time curves of accumulation and decay of the TENGs with pure
PDMS and OMS-PDMS are demonstrated in Fig. S9. Moreover, the
charge storage of OMS nanoparticles was also verified by measuring the
surface potential decay of the OMS-PDMS and pure PDMS after contact
electrification with KPFM (Fig. S10). After contact, the surface potential
of OMS-PDMS increased to — 1.46 V, while that of pure PDMS was only
— 0.75V. In the case of pure PDMS, the surface potential gradually
decreased to near the initial value before contact. On the contrary, the
OMS-PDMS showed a slower decay and finally the surface potential was
stabilized at — 0.95 V, which is doubled than its initial value before
contact. The reason is that the surface charges generated by contact
electrification began to dissipate over time, while the body charges
could stay for a long time. With extensive charges trapped by OMS
nanoparticles inside PDMS, the TENG is expected to feature an improved
performance stability on environmental parameters, such as tempera-
ture and humidity. As seen from Fig. S11a and b, with the temperature
increased from 20 °C to 50 °C, the Vg of the TENGs showed a slight
increase, and then decreased with further increasing temperature.
Fig. S11d and e show that the Vo of TENGs decreased with the increase
of relative humidity. The outputs under different temperatures and
relative humidities are normalized by setting the value at 20 °C and
30 % as 100 % (Fig. S11c and f), from which one can see that the TENG
with OMS-TENG clearly showed a much improved performance stability
over the fluctuation of environmental parameters due to the body
trapped charges.

The instantaneous output power density of the TENGs with/without
OMS nanoparticles was also calculated through impedance matching.
The output voltage and current of the TENGs (20 N, 0.5 Hz) under
different external resistors are shown in Fig. S12. The output voltage
first increased with increasing external resistance and then saturated,
while the current demonstrated a reverse trend, that is, first remained
stable and then decreased. Therefore, the instantaneous output power
density was subsequently calculated, as shown in Fig. 6¢. The TENG with
OMS-PDMS has a maximum instantaneous output power density of
5.26 W/m?, which is approximately 26 times that of the TENG with pure
PDMS (0.2 W/m?). The enhanced output performance originating from
the OMS nanoparticles also showed excellent stability over a long-term
test (10,000 cycles), as shown in Fig. 6d. With the enhanced stable
output, a 4.7 pF capacitor was charged to 3 V in 60 s by the TENG with
OMS-PDMS, while it took 162 s for the TENG with pure PDMS to charge
to the same voltage (Fig. 6e). To demonstrate the potential of the TENG
with enhanced output performance as a power source in practical ap-
plications, an electronic watch was shown to be successfully powered by
the TENG (20 N, 1 Hz), as shown in Fig. 6f and Video S1. Finally,
compared to other high-SSA materials, such as 2D MXene and graphene
applied in TENGs, OMS nanoparticles feature the advantages of high
enhancement effect, high material yield and negligible influence on the
transparency and strentchability of polymers, as can be seen from
Table S1.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108539.
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3. Conclusion

In conclusion, we proposed ordered mesoporous SiO3 nanoparticles
with a large SSA as effective body charge storage sites to enhance the
output performance of TENGs. The transferred charge of the TNEG
sharply increased from 21 nC to 60 nC at the optimal OMS nanoparticle
concentration of 1 wt%. A too high concentration of OMS nanoparticles
could result in a decrease in the enhancement effect due to the reduced
effective area of PDMS since OMS nanoparticles appeared on the surface
of the composite. The enhancement effect of the OMS nanoparticles on
the output performance of the TENG increased linearly with its SSA. In
addition, compared with the TENG with pure PDMS, the TENG with
OMS-PDMS demonstrated a superior charge retention ability. After
stopping the contact-separation motion, the Vo of the TENG with OMS-
PDMS was retained at 68 % over a long time, while that of the pure
PDMS quickly dropped to near O V. Finally, the instantaneous output
power density of the TENG with OMS-PDMS was 26 times that of the
TENG with pure PDMS, reaching 5.26 W/m?. This work proposed OMS
nanoparticles with a large specific surface area as effective charge
storage sites to enhance the output performance of TENGs.

4. Experimental section
4.1. Synthesis of OMS nanoparticles

OMS nanoparticles were synthesized according to the previously
reported soft-template method with some modifications [35,37]. Prep-
aration of OMS_1500 and OMS_950: Pluronic P123 (1.8g,
EO20PO70EO2p, Mw = 5800) and glycerol (1.8 g) were added to 69 g
aqueous acidic solution with different HCI concentrations (Mg = 1.0 M
for OMS_1500, 1.5 M for OMS_950), followed by 6-10 h of stirring at
35 °C until all solutes were dissolved. Then, 3.87 g tetraethyl orthosili-
cate (TEOS, 99.9 %) was added to the above mixture under vigorous
stirring at the same temperature. After 5 min of stirring, the mixture was
aged at 35 °C for 24 h, followed by hydrothermal treatment at 100 °C
for another 24 h. The sediment was collected by centrifugation, washed
with deionized water, and dried at 80 °C overnight. Finally, OMS
nanoparticles were obtained by calcining the above power at 550 °C for
5 h under an air atmosphere. The procedure for synthesizing OMS_700 is
similar to that of OMS_1500, except the HCl concentration was increased
to 2.5 M, and the amounts of other reactants were halved (0.9 g P123,
0.9 g glycerol, and 1.935 g TEOS).

4.2. Fabrication of the TENG

For the TENG with pure PDMS, PDMS (Sylgard 184 silicon elas-
tomer) base and curing agent were mixed in a weight ratio of 10:1 fol-
lowed by degassing in a vacuum chamber until the bubbles disappeared.
Thereafter, the uncured PDMS was spin coated on the Cu-coated acrylic
substrate, after which the curing process was conducted in an oven at
80 °C for 2 h. A Cu electrode deposited on another acrylic substrate was
applied as another triboelectric layer paired with pure PDMS. For the
TENG with OMS-PDMS, OMS nanoparticles were first ultrasonically
dispersed in 10 ml hexane solvent in a 20 ml glass bottle. Then, 2 g of
PDMS (Sylgard 184 silicon elastomer) base was added into the above
mixture. Hereafter, the mixture was magnetically stirred with the bottle
uncapped to allow the hexane to evaporate completely. After the
evaporation of hexane, 0.2 g of PDMS curing agent was added into the
mixture and magnetically stirred for 10 mins. Thereafter, the uncured
OMS-PDMS mixture was spin coated on the Cu-coated acrylic substrate,
followed by 2 hrs of curing at 80 °C. A Cu electrode deposited on another
acrylic substrate was applied as another triboelectric layer paired with
pure PDMS. The two acrylic sheets were packed by a Kapton film
(200 pm) using double-sided tape to form a contact-separation TENG, in
which the copper layer faced the PDMS layer with a gap of 5 mm. The
flexibility, light weight, and high elasticity modulus of the Kapton film
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enables it to serve as a spring, ensuring the contact and separation of the
two triboelectric layers.

4.3. Characterizations

Small-angle X-ray diffraction (XRD) patterns were collected by a D8
Advance diffractometer with a Cu Ka source (A = 1.54 A) operated at
40 kV and 40 mA. The porous features of the OMSs were measured using
a porosimetry system (ASAP 2420, Micromeritics) at — 196 °C. Before
measurements, the samples were degassed at 300 °C for 10 h. Scanning
electron microscopy (SEM) was performed on Lyra, Tescan. Trans-
mission electron microscopy (TEM) was performed on a JEOL JEM-2020
operated at 200 kV. The surface roughness of the OMS-PDMS was
investigated on a 3D surface profilometer (ContourX-200) and an object
lens with a magnification of 50 x. The water contact angles of the OMS-
PDMS coatings were measured using an optical contact angle mea-
surement instrument (Dataphysics 15EC). The electrical output of the
TENG was measured using a Keithley electrometer (model 6514). The
contact-separation process of the TENG was controlled with a contact-
separation distance of 5 mm by a universal testing machine (MTS 810
system) with adjustable applied force and frequency.
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