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Sedimentation-driven one-step fabrication of bifunctional
single-layered triboelectric nanogenerator from sol-state
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(a) Sedimentation-driven one-step fabrication of bifunctional composite film

ABSTRACT: Although the triboelectric nanogenerator
(TENG) has been highlighted as a promising mechanical
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individual layers, contact and conductive layers, has been - By Skt

ball and chain around the ankle of unleashing potential
and an advantage of TENGs in their application expansion
and commercialization. Herein, one-step fabrication of a
single-layered bifunctional composite film-based TENG (BF-
TENG) driven by the sedimentation of a sol-state precursor
is proposed for the extremely facile conversion of various
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(b) Conversion of the ordinary surface into an energy harvester
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ordinary items into energy harvesters. The BF-TENG
consists of the polydimethylsiloxane (PDMS) matrix and a iz
carbon nanopowder filler, and it includes both the I: S| ':i E:": '

dielectric part (DP) and conductive part (CP) in one single (Skin} 2 . T
layer. The electrical percolation threshold of the incorporated concentration of carbon, IC, for CP to act as a passage through which
induced charges move in BF-TENGs is determined to be 1.0 wt%. The degree of carbon sedimentation in developing the proposed
composite can be controlled by the curing speed and the probability of a crosslinking reaction. The maximum peak power is
approximately 0.093 pW when the contact surface area is 78.5 mm? the contact frequency is 8 Hz, and the connected load
resistance is 9 MQ. Based on these results, the electrical performance of BF-TENGs in response to various physical stimuli is
characterized considering the mechanical energy sources available in daily life. Then, converting ordinary surfaces such as desks
and human skin into BF-TENGs through a single coating procedure and harvesting energy to power an electric device are

demonstrated as a proof-of-concept.
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1 Introduction

With the rapid development of portable and wearable electronic
devices, energy harvesting technology has been highlighted as one
of the promising strategies to supply electrical energy to electronic
devices. Among the various energy harvesting technologies,
triboelectric nanogenerators (TENGs) are attracting attention
because of their unique advantages, such as diverse options for
material selection and facile working mechanisms [1-7]. TENGs
can save various types of mechanical energies, which are daily
wasted, and convert them easily into the electrical energy we need
[8-15]. The operation mechanism of TENGs is based on the
sequential contact and separation of two different material
surfaces [16-23]. As the surfaces of two different materials come
in contact with each other, electric charge pairs are spontaneously

generated at the interface by the triboelectric effect. Therefore, the
number of generated charge pairs depends on the difference in the
work functions of the two materials. Then, as the two material
surfaces separate from each other, the charge pairs are broken,
and the net charges remaining on each surface of the materials
create an electric field. If a conductive layer is located beneath the
contact surface and is wired in this step, opposite electric charges
are induced in the conductive layer by the charge induction effect.
This inductive movement of electric charges appears in the form
of a peak-type electric current, and it can be collected, stored, and
utilized to provide electricity to electronic devices [24-27].

As can be assumed from the above-explained working
mechanism, a TENG requires the presence of two essential layers,
the contact layer and the conductive layer [28-31]. The contact
layer comes into contact with the surface of another material and
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produces a triboelectric effect. In this regard, dielectric materials
are widely adopted for the contact layer. The conductive layer
serves as a passage through which induced charges move, and
thus, metal or carbon-based materials are generally used [32-35].
Conventionally, most TENGs employ two individual films, a
dielectric film and a conductive film, which are stacked to
represent each layer. However, the need for stacking processes,
including adhesion and coating multiple films, is an obstacle
preventing TENGs from unleashing their potential and
advantages, including diverse material choices. Moreover, the
traditional method inevitably entails process complexity and is a
hurdle that limits the utilization of TENG (30, 36]. Given that, an
approach from a different perspective is needed to address these
issues.

Herein, we propose sedimentation-driven one-step fabrication
of a bifunctional composite film-based TENG (BF-TENG). The
proposed  bifunctional ~ composite  film  consists  of
polydimethylsiloxane (PDMS) as a matrix and carbon
nanopowders as fillers. Through the carbon concentration
difference caused by natural sedimentation during the curing
process, a single sol-state precursor coating procedure on the
substrate enables the spontaneous embodiment of both the
dielectric and conductive layers of the TENG in the composite
without any intentional postprocessing. Moreover, the degree of
difference in carbon concentration can be controlled by varying
the curing temperature and curing agent since the sedimentation
effect, which is the core in the suggested process, occurs during
the PDMS curing process. Given the ease with which BF-TENGs
can be generated as a film in a single step using a single precursor,
the surface of everyday items can be easily turned into a
BF-TENG as long as the precursor can be securely cured.
Consequently, the BF-TENG produced using a process that
effectively reduces inconvenience in the existing manufacturing
process is expected to play a significant role in broadening its
practical application.

2 Materials and methods

2.1 Fabrication of BE-TENG

To fabricate the single-layered TENG, a PDMS elastomer
(SYLGARD™ 184 Silicone Elastomer, Sigma-Aldrich, USA),
curing agent, and carbon nanopowder (CARB-BLK, Graphene
Supermarket, USA) were prepared. The sol-state composite
precursor of the BE-TENG was made up by mixing the PDMS
elastomer and the curing agent at a mass ratio of 10:1, and carbon
nanopowder was incorporated at a 1.0 wt% concentration. Then,
the homogeneous precursor was coated on an electrically
connected substrate and cured for one day. The bar coating
method was applied to make the film-like BF-TENG, and the
thickness of the BF-TENG was approximately 170 pm. The size of
the BF-TENG fabricated for the parametric study was 40 mm x
40 mm.

2.2 Flemental analysis of BF-TENG

The mass ratio was measured via cross-sectional surface element
mapping by scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). The elemental ratio of carbon to
silicon was characterized by a color extraction method using EDS
mapping images.

2.3 Measurement of electrical output performance

A mechanical shaker (ET-139, Labworks Inc., USA) with a
connected amplifier (PA-138, Labworks Inc., USA) and function
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generator (DZ1022Z, Rigol, USA) was used for uniform vibration
to operate BF-TENG systematically and for conducting
parametric studies, including electrical output characterization.
The voltage was measured by a directly connecting oscilloscope
(DS1074z, Rigol, USA; internal resistance = 1 MQ). A low-noise
current preamplifier (SR570, Stanford Research Systems, USA)
was applied to measure the output current. All experiments
related to electrical energy output were conducted at a
temperature of 24+0.5 °C and a relative humidity of 50%.

3 Results and discussion

3.1 One-step fabrication of bifunctional composite films as
TENGs via sedimentation effect

The proposed bifunctional composite film with the gradient of
carbon concentration is schematically shown in Fig. 1(a). One
side of the film with the low carbon concentration (as shown in
Fig. 1(a)(i)) can act as the dielectric part (DP) due to the relatively
insufficient presence of conductive carbon particles in the
dielectric PDMS matrix. On the other hand, the high carbon
concentration side can have a sufficient conductive network to
serve as the conductive part (CP), as shown in Fig. 1(a)(ii). In this
regard, at once, the developed film possesses a dielectric contact
layer and a beneath-located conductive layer, which are the above-
explained two essential layers for the realization of operable
TENGs. The operation mechanism of the BF-TENG using the
proposed bifunctional composite film is shown in Fig. 1(b). When
the surface of the DP comes in contact with the surface of another
material (counter layer), electric charge pairs are spontaneously
generated at the interface by the triboelectric effect. Then, as the
counter layer separates, the charge pairs are broken, and opposite
electric charges are induced on the CP by the net charges
remaining on the DP. Consequently, through the repeated contact
and separation of the counter layer and DP, the movement of the
induced charges is measured as a form of alternative current. The
proposed bifunctional composite film is basically fabricated by a
single coating procedure of the sol-state precursor, which is a
homogeneous mixture of the PDMS elastomer, curing agent, and
carbon nanopowder. After coating the sol-state precursor on a
surface, the gradient of carbon concentration can be
spontaneously formed by gravitational force-driven sedimentation
of the carbon nanopowder fillers in an uncured PDMS matrix.
Over time, the sedimentation of the carbon nanopowder fillers
increases the electrical conductivity of the lower part of the film,
and at the same time, the sparse presence of nanopowders in the
upper part of the film increases the electrical resistance. As a
result, both the DP and CP are spontaneously embodied when the
curing of the PDMS is complete in the composite film without
any intentional postprocessing. The detailed fabrication process is
shown in Fig. 1(c).

3.2 Effect of processing parameters on the carbon
proportion of each layer in the bifunctional composite film

The photograph of the fabricated bifunctional composite film is
shown in Fig. 2(a). Figures 2(b)(i) and 2(b)(ii) show the carbon
and silicon element mapping images of the cross-sectional
surfaces of DP and CP, respectively, as analyzed by SEM and EDS.
Because of the sedimentation effect, the upper and lower parts of
the film have relatively sparse and dense carbon, respectively. The
carbon concentrations of DP and CP in the proposed bifunctional
composite film are supposed to be different depending on the
incorporated concentration of carbon (ICc). In this regard, the
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Fig.1 (a) Schematic of proposed bifunctional composite film with gradient of carbon concentration, including (i) DP and (ii) CP. (b) Operation mechanism of BF-
TENG using proposed bifunctional composite film. (c) One-step fabrication process of bifunctional composite film with sedimentation-driven gradient of carbon

concentration.

carbon mass ratio of each layer was analyzed by varying the IC¢
using EDS, and the results are plotted in Fig. 2(c). As IC
increases, the amount of carbon in both DP and CP increases, and
more importantly, the difference in the carbon mass ratio, which
directly indicates the carbon concentration of each layer, between
DP and CP also gradually increases. To act as CP, the carbon in
the lower part of the film must be electrically connected,
necessitating research into the corresponding lower limit of
carbon concentration, which is called the electrical percolation
threshold. In this regard, we tested whether each composite film
operates as a TENG for samples with various IC.. As a result, the
electrical percolation threshold for CP to act as a passage through
which induced charges move is determined to be 1.0 wt% of the
IC.. Interestingly, at higher IC, the bifunctional composite film
does not function as a TENG since the carbon concentration in
the upper part of the film also increases, as plotted in Fig. 2(c),
preventing the DP from functioning as a dielectric. In this regard,
the optimum ICy is determined to be 1.0 wt% for further analyses.
Since the sedimentation effect, which is the core of the
proposed process, works only when the PDMS is in its uncured
state, the degree of difference in carbon concentration between DP
and CP in the proposed bifunctional composite film can be varied
by controlling the curing temperature and the concentration of
the curing agent: The carbon concentrations in DP and CP are
investigated by varying the curing temperature and concentration
of the curing agent. Figures 2(d) and 2(e) show the carbon and
silicon element mapping images of the cross-sectional surfaces of
DP and CP, respectively, as analyzed by EDS when the curing
temperatures are 85 and 20 °C, respectively. The figures labeled
with (i) and (ii) are the mapping images of DP and CP,
respectively. The analysis results of the carbon ratio (CR) based on
the element mapping results obtained by varying the curing
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temperature are shown in Fig. 2(f). The difference in CR between
DP and CP is defined as d in this study for quantitative analysis.
deg indicates the difference in carbon content and electrical
conductivity of DP and CP. A high d, means that the DP and CP
have a large difference in electrical conductivity. Based on the dp,
the degree of sedimentation of carbon can be investigated. When
the degree of sedimentation is large, the difference in carbon
concentration between DP and CP appears large, and thus, the dcy
also increases. As shown in Fig. 2(f), the dc is 0.94% in the
composite film when the curing temperature is 85 °C. On the
other hand, when the curing temperature is 20 °C, the d; reaches
22.69%. When the precursor is cured under high-temperature
conditions, the curing rate is fast, and the curing process is
completed before the sedimentation effect occurs sufficiently. On
the other hand, the sedimentation effect proceeds excessively
under low-temperature conditions. Furthermore, the carbon and
silicon element mapping images of DP and CP depending on the
concentration of the curing agent were also analyzed. Figures 2(g)
and 2(h) show the mapping results for each case in which the
ratios of the PDMS elastomer to the curing agent (PDMS mixing
ratio) are 5:1 and 20:1, respectively. The figures labeled with (i)
and (ii) are the mapping images of DP and CP, respectively. The
analysis results of the CR based on the element mapping results
obtained by varying the PDMS mixing ratio are shown in Fig. 2(i).
When the PDMS mixing ratios are 5:1 and 20:1, the dy, are 8.92%
and 33.41%, respectively. Since the high proportion of curing
agent results in a high probability of a crosslinking reaction in the
PDMS, the sedimentation of carbon may not be sufficient.
However, excessive sedimentation occurs when the amount of
incorporated curing agent is insufficient. Consequently, these
results indicate that the curing speed and the probability of a
crosslinking reaction are important factors that affect the material
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Fig.2 (a) Photograph of fabncated bifunctional composite film and (b) EDS element mapping images of (i) DP and (i) CP. (c) Carbon mass ratio of each layer with
varying IC. (d, e) EDS element mapping images of (i) DP and (ii) CP when curing temperatures are 85 and 20 °C, respectively. (f) Analysis of CR depending on curing
temperature. (g, h) EDS element mapping images of (i) DP and (ii) CP when ratios of PDMS elastomer to curing agent are 5:1 and 20:1, respectively. (i) Analysis of CR

depending on ratio of PDMS elastomer to curing agent.

characteristics of sedimentation-based composite fabrication. In
this respect, the characteristics of bifunctional composites, such as
the gradient of carbon content, carbon concentration, dielectricity,
and conductivity of each layer, can be controlled on demand by
simple modifications of the curing temperature and curing agent
concentration.

3.3 Electrical output performance of BF-TENG

Figure 3(a) shows the output voltage of the BF-TENG. As
explained above, the electrical output is measured as a peak-type
alternative current, which is converted into a voltage value for
quantitative investigation in this study when the contact and
counter layers come in contact and separate from each other. The
amount of generated output depends on the difference in the
work function between the materials of the contact and counter
layers. In this regard, the output obtained by varying the material
of the counter layer is shown in Fig. 3(b). Since the material of the
BE-TENG contact layer is fixed as the composited PDMS, the
output behavior follows the trend of the well-known triboelectric
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series, which is based on the electronegativity properties of various
materials, as shown in Table S1 in the Electronic Supplementary
Material (ESM) [10, 19, 37, 38]. The materials used in this study
are marked in red letters. The slight difference between the
experimental results and the triboelectric series can be attributed
to the carbon contained in the composite. The output current of
the BF-TENG, when it comes into contact and is separated from
the abovementioned materials with an f of 8 Hz, is shown in
Fig. S1(a) in the ESM. Figure S1(b) in the ESM shows the
transferred charges when contact occurs only once. Based on these
results, the rest of the experiments were conducted using nylon as
the counter layer. Although the amount of generated charges on
the contact surface, Q, depends on the contact materials in the
TENG, the output voltage varies in accordance with the frequency
of sequential contact and separation, f, as shown in Eqgs. (1)-(3):

V=IR (1)
I1=dQ/dt (2)

Friction, 2025, 13(2): 9440918
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Fig.3 (a) Output voltage of the BE-TENG. Average and standard deviation of the output voltage depending on (b) material of counter layer, (c) f, and (d) D. (e) Peak
power generated from BF-TENG by varying the external load resistance. The inset schematic is a circuit diagram of the connection of BF-TENG, variable load resistance,

and oscilloscope. (f) Durability test of BF-TENG.

toc f (3)

where V, I, R, and ¢ are the output voltage, current, load resistance
of the oscilloscope, and time that the material surfaces are in
contact with each other, respectively. In this respect, the output
behavior of the BF-TENG exhibits a linear tendency with f, as
shown in Fig. 3(c). Moreover, since Q is directly dependent on the
area of the contact surface, the output performance increases in
proportion to the square of the diameter, D, of the circular contact
area, as shown in Fig. 3(d), according to Eq. (4):

A=nD*/4 (4)

where A and m are the area of the contact surface and the circular
constant, respectively. Figure 3(e) shows the changing behavior of
the peak power with varying external load resistance. Given that
the fundamental principle of TENGs is based on the methodology
of their capacitor-like structure and charge movement, it is
necessary to investigate the output performance depending on the
connected external load resistance and impedance matching
phenomenon. The inset circuit diagram in Fig. 3(e) shows the
measurement method using a variable external load resistance.
The maximum peak power is approximately 0.093 uW when the
connected load resistance is 9 M. The user can estimate the
ability of the BF-TENG to supply electrical power via an
impedance-matching process based on the experimental results.
The BF-TENG fabricated in this study can work for at least 10 h
with an f of 8 Hz without performance degradation, as depicted in
Fig. 3(f).

3.4 Conversion of ordinary surfaces to energy harvesters

Figure 4 shows some examples of practical applications of

https://doi.org/10.26599/FRICT.2025.9440918

BF-TENGs as proof-of-concept demonstrations. The surfaces of
everyday items such as desks, chairs, and floors can be easily
turned into BF-TENGs since BF-TENGs can be made by a single
coating procedure without any intentional postprocessing.
Moreover, BF-TENGs can be formed by coating a bifunctional
composite directly on the surface of another object or forming an
energy harvesting film by coating the bifunctional composite on
an available film. Figure 4(a) is a photograph showing the direct
coating of the sol-state precursor on a desk. A mask is used to
develop the desired area of the desk in the BF-TENG with a
uniform thickness. One day after coating the precursor, the
surface of the desk successfully functions to harvest mechanical
energy with the coated BF-TENG, as shown in Fig. 4(b). Figure 4(c)
shows the generated output power when its surface is tapped by a
finger. The BF-TENG-coated desk can turn on an electrical device
such as a light-emitting diode (LED) just by touching it with one
finger, as shown in Video S1 in the ESM. Furthermore,
BE-TENGs can also be directly fabricated on flexible films and can
be attached to another item even if the surface is bent, as in
human skin, as shown in Fig. 4(d). Then, it can work as an energy
harvester by simply touching it, as shown in Figs. 4(e) and 4(f).
Figure 4(f) shows the output power when touching the BF-TENG
attached to human skin. As shown in Video S2 in the ESM, an
LED can be driven by tapping a BF-TENG attached to human
skin; thus, the LED can be applied to a self-powered outdoor
emergency device to send a distress signal. The scope of the
application of BF-TENGs and the manufacturing scale of the
developed BF-TENGs are not limited to the demonstrated
examples. Based on its facile fabrication process and diverse
functionalities, the BE-TENG can be developed on the surface of
various everyday items on demand of the user and can serve as a
power source for operating electronic devices.
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Fig.4 Examples of practical applications of BE-TENGs. (a) Photograph of the coating of sol-state precursor on desk. (b) Conversion of the surface of desk into energy
harvester and (c) generated power from BF-TENG-coated desk. (d) Photograph of attaching the film-like BF-TENG to human skin. () Energy harvesting by tapping and

(f) generated power from BF-TENG attached to the human body.

4 Conclusions

In this study, a bifunctional composite film-based triboelectric
nanogenerator (BF-TENG), which is a bifunctional composite
film-based TENG with sedimentation-driven one-step fabrication,
is proposed. Bifunctional composite films consisting of
polydimethylsiloxane (PDMS) and carbon nanopowders and BF-
TENGs can be developed through the carbon concentration
difference caused by natural sedimentation during the curing
process of a single sol-state precursor. BF-TENGs contain both
dielectric part (DP) and conductive part (CP), which act as the
dielectric and conductive layers, respectively, in one single layer. In
this regard, the proportions of carbon and silicon in DP and CP
were analyzed. The mass ratio of the carbon contained in each
part was investigated, and strategies to control the carbon ratio
(CR) in each part were studied in terms of the incorporated
concentration of carbon (IC:), curing temperature, and PDMS
mixing ratio. The electrical performance of BF-TENGs was
investigated by varying the various external mechanical stimuli,
including the contact materials, contact frequency, contact area,
external load resistance, and operation time. Then, the conversion
of the surfaces of the desk and human skin into an energy
harvester using the BF-TENG is shown as a proof-of-concept
demonstration.
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