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Featured Application: A paper-based triboelectric nanogenerator using carbon nanotube composite
papers, as developed in this study, has the potential to be used as an energy harvester in fields
such as the Internet of Things (IoT).

Abstract: A unique triboelectric nanogenerator (TENG) using carbon nanotube (CNT) composite
papers is proposed in this work. CNT composite papers can be fabricated easily using a method based
on the production of Japanese washi paper. To obtain and evaluate the proposed TENGs, several
types of CNT composite papers and aluminum plates were prepared. As the CNT composite paper
contained many paper fibers, it was expected to be negatively charged, and the aluminum plate was
expected to be positively charged across the triboelectric series. Through various experiments, it was
confirmed that CNT composite papers could be used as TENGs. In addition, it was found that when
a CNT composite paper was used, it contributed to triboelectricity generation, and the contained
CNTs efficiently transferred the generated charge to the electrodes. Furthermore, output voltages
approaching a maximum RMS value of 300 mV could be obtained. The results of this study will aid
in the practical application of paper-based TENGs in the near future.

Keywords: carbon nanotube; triboelectric nanogenerator (TENG); paper; carbon nanotube composite
paper; energy harvester

1. Introduction

Renewable energy, such as solar, wind, and geothermal energy, is gaining considerable
attention as a solution to the energy and environmental problems that have arisen in
recent years. These types of renewable energy are continuously regenerated in nature and
can be used indefinitely. This is especially promising for devices used in IoT and other
applications because there are cases in which batteries are difficult to replace. Moreover,
there are increasing demands for energy harvesters that can acquire energy from nature.
Among these energy harvesters, triboelectric nanogenerator (TENG) devices, which are
extremely simple in structure and use frictional charging, have been the most actively
studied in recent years [1-6]. In this study, carbon nanotubes (CNTs) are considered to
develop new types of TENGs.

A TENG is a generator that can effectively convert low-frequency mechanical energy
that is wasted in the outside world into electrical energy. For example, TENGs are being
developed that use wave energy from the ocean as their energy source. This can be achieved
independently or in combination with a conventional generator. In the last few years, the
operating principle of TENGs has been developed, enabling them to harness power from
dynamic blue energy (ocean and river waves) [7-11]. The operating principle of TENGs
involves the repetition of contact and separation between two materials (sheets) with
opposite frictional charges, resulting in a periodic change in the potential difference, which
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is extracted to generate electricity. Generally, a material that tends to carry a positive
frictional charge and a material that tends to carry a negative frictional charge are prepared
for TENGs [1,2].

CNTs, which were discovered in 1991 [12], are known for their high chemical stability,
mechanical strength, high electrical and thermal conductivity, and metallic and semicon-
ducting nature [13-18]. Due to the various beneficial characteristics described above, there
are great expectations for the practical application of various devices using CNTs [19].
However, because CNTs are generally nanoscale materials with a diameter of only a few
nm and a length of only a few pm, and because most commercial products on the market
are in powder form or in water dispersions, they are difficult to handle. This makes it
challenging to develop applications for them. Therefore, research is being conducted not
only on methods that use CNTs alone but also on their application to devices in the form of
composite materials in combination with other materials. Such solutions are referred to
as “CNT composite materials”. By creating a composite material, their handling becomes
easier, and the functions of CNTs can be exploited in this form [20-23].

CNT composite papers [24], which can be easily handled as they are “familiar materi-
als” with the various features of CNTs, are currently being developed. These composite
papers have attracted much attention as new, unique materials because they have the same
processability and deformability as paper while maintaining the various functions of CNTs.
Various applications based on the CNT composite papers have already been investigated,
including paper dye-sensitized solar cells [25], paper actuators [26], and thermoelectric
power-generating papers [27].

Recently, to improve their flexibility and power-generating efficiency, a new type of
TENG based on the combination of CNTs and polymers has been proposed [4,5]. Such
TENGs have certain usefulness as energy harvesters, but it has been found that issues
remain regarding their durability and the complexity of their fabrication. In this context,
the CNT composite paper is expected to represent a candidate for new TENG devices.
Therefore, the development of a unique TENG device using CNT composite papers is
considered in this study. A CNT composite paper can be produced easily using a method
derived from the traditional Japanese method of washi paper production [24]. In addition,
unlike other typical plain materials, this paper has a unique structure in which the CNT
network is embedded in a network of paper fibers. Moreover, because it is paper, it is
expected to have higher mechanical strength compared to gel- or polymer-based TENGs.
The most widely used materials for TENGs are cellulose gels [28], ion gels [28], and
polydimethylsiloxane (PDMS) [5]. According to reports, cellulose gels have a tensile
strength of 13.8 MPa [29], ionic gels have a tensile strength of approximately 1.5 MPa [30],
depending on the ions used, and PDMS has a tensile strength of 10.8 MPa [31]. In contrast,
the strength of the paper (cellulose material) is reported to be in the order of GPa [32].
In addition to this, it has been reported that papers containing CNTs (CNT composite
papers) become even stiffer than regular papers as the amount of CNTs increases [33].
Therefore, even if CNTs are not included, there would be a strength advantage when using
such papers. Thus, CNT composite papers could represent a strong candidate for the next
generation of TENGs containing CNTs and could be used, for example, in the IoT field as
energy harvesters in the near future.

2. Materials and Methods
2.1. Fabrication of CNT Composite Paper

The purpose of this work is to explore the conditions for the use of CNT composite
papers as TENGs and to evaluate the performance of these papers in TENGs, rather than
to develop a fabrication method. The procedure for the fabrication of the CNT composite
paper is based on the traditional Japanese method of washi paper making [24,27]. The
method of preparing CNT composite papers adopted in this study, based on the method
reported in Ref. [27], is described below.

(1) Mix the CNTs and dispersant in pure water.
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Prepare the CNT dispersion by dispersing the mixture obtained in (1) with an ultra-
sonic homogenizer for 1 h.

Mix pulp material in pure water.

Prepare a pulp (raw material of paper, derived from eucalyptus) dispersion by stirring
the mixture obtained in (3) with an agitator for 1 h.

Mix and stir the CNT dispersion prepared in (2) with the pulp dispersion prepared in
(4) to prepare a mixture.

Pour the mixture prepared in (5) into the paper-making apparatus to dehydrate it.
Remove the dehydrated raw ingredients prepared in (6) from the apparatus and
subject them to heat pressing to enable drying and forming, resulting in the CNT
composite paper.

A schematic of the fabrication method is shown in Figure 1. Figure 2 shows the

fabricated CNT composite paper obtained in this study. The evaluation of CNT composite
papers through SEM, Raman scattering measurements, etc. has been performed in previous
studies [24,26,27]. As the fabrication method is the same in this study;, it is assumed that
the physical properties are similar.

pulp dispersion CNT dispersion
&4
fine net

()

heat pressing

Q%)

mixture

(d)

Figure 1. Schematic of the CNT composite paper-making method: (a) preparation of mixture,

(b) dehydration, and (c) heat pressing. (d) Completed samples (color differences were caused by the
number of CNTs that they contained) (from Ref. [27] under License CC BY 4.0).

Figure 2. Fabricated CNT composite paper (3 cm x 3 cm).
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2.2. Construction of and Experiments on TENG Based on CNT Composite Papers

In this section, the fabrication of and experimental methods using the proposed TENG
are described. As explained in the Introduction, a TENG requires two materials. In this
study, the TENG is constructed using the CNT composite paper, as described in Section 2.1,
as well as aluminum plates. The proposed TENG generates electricity by periodically
creating contact and separation between the aluminum electrode and the CNT composite
paper. In order to quantitatively evaluate the output voltage, an apparatus (Figure 3) that
can create such contact and separation at a constant speed is used in this study. A schematic
of the experimental setup used is shown in Figure 4. In the apparatus, the rotation of a
motor placed at the top is converted into linear (up-and-down) motion by a crank. One end
of the crank is connected to an aluminum electrode plate, which periodically establishes
contact with and separates from the CNT composite paper. By controlling the voltage
applied to the motor, the rotational speed of the motor can be controlled, resulting in a
change in the speed of contact and separation. To supply a DC voltage to the motor, we use
a DC stabilized power supply (Agilent, E3630A, Agilent Technologies, Inc., Santa Clara,
CA, USA).

Contacting and
separating

Stage for

sample
Figure 3. Apparatus for demonstration of the proposed TENG.
T Al electrode
£ o |
©
- —
00 5
g e = oscilloscope
1] -
% o CNT-composite paper O
)
§ s Al electrode t

Figure 4. Schematic of the experimental system.

In the experiment, resistance of 1 M() is applied as a load, and the voltage at both
ends of the load resistance is measured with a digital oscilloscope (IWATSU, DS-5105B,
IWATSU Electric Co., Ltd., Tokyo, Japan). As the CNT composite paper contains many
paper fibers, the top surface of the paper is expected to be negatively charged, and the
aluminum plate is expected to be positively charged across the triboelectric series of paper
and aluminum [2]. On the other hand, one side of the CNT composite paper is fixed to
the other aluminum electrode, as shown in Figure 4. In the contact process, the contact
interface of aluminum will be biased positively, and the oscilloscope probe side will be
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biased negatively. Also, the contact interface of the CNT composite paper will be biased
negatively, and the probe side will be biased positively. Therefore, a negative peak will be
seen in the contact process because the negative current will flow to the oscilloscope. In the
separation process, the reverse of the contact process will occur, and the positive current will
flow to the oscilloscope. As a result, a positive peak will be seen in the separation process.
In this experiment, the aluminum electrode on the bottom side is used as a reference, as
shown in Figure 4.

In the experiment, the output data often contain a large amount of noise. To remove
the noise from the obtained output data, a Fourier transform is used. Then, the RMS of the
waveform without the noise is calculated to obtain the output, and it is evaluated.

For the evaluation, the proposed TENG device was constructed. Firstly, four types of
CNT composite paper were prepared using the method described in Section 2.1 to clarify the
role of CNTs in the proposed TENG. Here, the CNTs SG101-CNT (ZEON CORPORATION,
Tokyo, Japan), (6,5)-chirality CNT (CHASM, SG65i), and (7,6)-chirality CNT (CHASM,
5G76, CHASM Advanced Materials, Canton, MA, USA), which are single-walled and have
semiconducting properties, were prepared. In addition, NC7000 (Nanocyl SA, Sambreville,
Belgium), which is multi-walled and has metallic properties, was also used. To prepare
the CNT dispersions as described in step 2 of the method presented in Section 2.1, 15 mg
each of the chosen CNTs, 100 mg of sodium dodecyl sulfate (SDS, Nacalai Tesque, Inc.,
Kyoto, Japan) as a dispersant, and 20 mL of pure water were used. In addition, to prepare
the pulp dispersion for step 4 of the method given in Section 2.1, 100 mg of pulp material
and 100 mL of pure water were used. The pulp material used for the fabrication of the
CNT composite paper in this study was derived from eucalyptus and was provided by
Mitsubishi Paper Mills, Ltd., Tokyo, Japan. The CNT composite papers were prepared
following the method described in Section 2.1. Finally, they were cut into squares with
a length of 3 cm on each side. The resistance was then measured with a four-terminal
resistance meter (HIOKI, RM3544-01, Hioki E.E. Corporation, Nagano, Japan) to evaluate
the electrical properties. The sheet resistance was calculated from the measured values and
used as an index of the performance of the CNT composite paper. Then, using conductive
tape, the CNT composite papers, cut into 3 cm squares, were fixed to aluminum plates cut
into 5 cm squares. These were placed at the bottom of the device, as shown in Figure 3, for
each measurement, with the CNT composite paper on the upper side. The CNT composite
paper was applied as a TENG by establishing contact with and separating these samples
from the aluminum electrode, which was connected to the clamp of the apparatus. The
stabilized power supply for the motor drive of the apparatus was 2 V.

2.3. Investigation of Performance Changes Due to Changes in CNT Composite
Paper-Making Conditions

2.3.1. Effect of Changing Amount of CNTs

As explained in Section 3.1 below, the results were not dependent on the type of
CNTs, so only SG101-CNTs were used for the investigation and the following experiments.
Here, the effect of changing the amount of CNTs on the output was investigated. For this,
four types of CNT composite paper were prepared with 0, 5, 15, and 30 mg of CNTs. To
prepare the CNT dispersion, 50 mg of SDS and 20 mL of pure water were used. For the
pulp dispersion, 200 mg of pulp material and 100 mL of pure water were used. The above
amounts were used to investigate the effect of reducing the amount of CNTs contained
in relation to the amount of pulp. The original amounts of CNTs and pulp were 15 mg
and 100 mg, respectively. As the pulp content was set to 200 mg for convenience during
production, the ratio of CNTs with 30 mg was the same as the original ratio.

2.3.2. Effect of Changes in Pulp Amount in CNT Composite Paper

The effect of changing the amount of pulp material included in the CNT composite
paper on the output was also investigated. The CNTs used were as follows: SG101, (6,5)-
chirality, and (7,6)-chirality CNTs. For comparison, a pulp-only paper without CNTs was
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also prepared. Table 1 shows the conditions during the sample preparation. The amount of
each CNT used was fixed at 15 mg. Regarding the amount of pulp, 100 mg and 200 mg
were used for each CNT. As a result, a total of 8 types were prepared.

Table 1. Conditions for sample preparation.

Sample No. 1 2 3 4 5 6 7 8
CNT SG101 (6,5) (7,6) - 5G101 (6,5) (7,6) -
Pulp [mg] 200 200 200 200 100 100 100 100
3. Results

3.1. Performance Evaluation of TENG Using CNT Composite Paper

After the CNT composite papers were prepared by following the methods described in
Sections 2.1 and 2.2, they were configured as TENGs. Table 2 shows the typical properties
of the fabricated CNT composite papers. In the table, a variation in the thickness of the
resulting CNT composite paper can be seen. However, the thickness was not deliberately
changed. Sample preparation is a manual process, which inevitably results in variations.
Due to the use of paper, there were also many surface irregularities. The amount of pulp
used in the sample preparation was set at a fixed value, as described in Section 2, so the ratio
of CNTs to pulp was also set at a fixed value. Therefore, this variation was considered to be
generally acceptable. If the process of CNT composite paper production is mechanized in
the future, it is expected that the thickness variation will be resolved.

Table 2. Measured properties of fabricated CNT composite papers.

Contained CNTs SG101 (6,5) (7,6) NC7000
Sheet resistance [()/sq.] 2.88 16.54 75.12 42.20
Thickness [mm] 0.081 0.099 0.098 0.063

Figure 5 shows the results regarding power generation with the TENGs placed in
the apparatus, as shown in Figure 3. Here, the potential change in the load resistance
was observed with an oscilloscope. From the output results, positive and negative peak
voltages appeared alternately in a constant rhythm for all CNT composite papers. These
represent distinctive waveforms in triboelectric power generation. In other words, it was
confirmed that CNT composite papers can be used as TENGs. Figure 6 shows the RMS
values calculated based on the oscilloscope measurements. Triboelectricity generation
was observed for the SG101, (6,5)-chirality, and (7,6)-chirality CNTs with semiconducting
properties and NC7000 CNTs with metallic properties. There was no significant difference
in the magnitude of the output. These results suggest that, in triboelectricity generation
using CNT composite papers, the CNTs may not serve to increase the output but rather
assist in charge transfer within the composite paper. As described in the Introduction,
unlike other typical plain materials, the CNT composite paper has a unique structure in
which the CNT network is embedded in a network of paper fibers. According to Table 1,
each CNT composite paper showed low resistivity. Generally, low-resistance materials
are not preferred as TENG materials. However, it is considered that the low resistivity is
not necessarily a disadvantage when using CNT composite papers because they have a
mixture of surfaces that are advantageous for triboelectricity generation (pulp area) and
surfaces that can easily collect the generated charge (CNT network area) if viewed locally.
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Figure 5. Triboelectricity generation results for four types of CNT composite paper. (a) SG101,
(b) (6,5)-chirality, (c) (7,6)-chirality, and (d) NC7000.
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Figure 6. RMS values of output derived from Figure 5.



Appl. Sci. 2024, 14, 10030

8 of 16

3.2. Investigation of Performance Changes Due to Changes in CNT Composite
Paper-Making Conditions

3.2.1. Effect of Changing Amount of CNTs

In this subsection, it is considered how the triboelectricity generation performance
changes with the changing amount of CNTs in the samples prepared via the methods
described in Section 2.3.1. Table 3 shows the typical properties of the fabricated CNT
composite papers. In the table, a variation in the thickness of the resulting samples can be
seen. The reason for this is the same as that described in Section 3.1.

Table 3. Measured properties of fabricated CNT composite papers. For the sample without CNTs
(0 mg of CNT), the resistance value cannot be measured because it exceeded the measurement limit
of the resistance meter.

Amount of CNTs 5mg 15 mg 30 mg 0 mg
Sheet resistance [()/sq.] 12.05 3.39 2.37 -
Thickness [mm] 0.115 0.108 0.291 0.147

Figure 7 shows the results in terms of power generation for our TENGs with changes in
the CNT amount. Figure 7a—c show the output from samples containing CNTs, confirming
the presence of a waveform that is characteristic of triboelectricity, similar to the results in
Figure 5. Figure 7d is the output from a pulp-only sample without CNTs, which did not
show the characteristics of triboelectricity, in comparison with Figure 7a—c. In addition, this
waveform showed many signals that appeared to be noise. This may have been due to the
fact that this sample did not contain CNTs, so the generated charge could not be collected
properly, resulting in more noise. In addition, in the measurements, some results showed
asymmetric peaks instead of the clearly alternating output peaks that appear in general
TENGs. According to other reports [34,35], depending on the surface shape of the device,
there may not be clearly alternating output peaks. The surface of the CNT composite paper
used in this study was not smooth and had non-uniform flatness. Therefore, no clearly
alternating output peaks could be seen in the output waveform in this study. Figure 8
shows the RMS values calculated based on the oscilloscope measurements. While there
was no significant difference in the output between the samples containing 5 mg and 30 mg
of CNTs, the output of the 15 mg sample was approximately 3.7 times higher than that
of the aforementioned samples. This suggests that there is an optimal amount of CNTs
required to increase the output and that the inclusion of more CNTs will decrease the output.
It is also thought that CNTs do not increase the output; rather, they efficiently transfer
the electric charge generated during triboelectric power generation to the electrodes, as
initially assumed.

£ 0 9.00uV £ @ -8.00nV

(@) (b)

Figure 7. Cont.
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Figure 7. Triboelectricity output results for each CNT amount. (a) 5 mg, (b) 15 mg, (c) 30 mg, and
(d) 0 mg.
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Figure 8. RMS values of output derived from Figure 7.

3.2.2. Effect of Changes in Pulp Amount in CNT Composite Paper

In this subsection, we consider how the triboelectricity generation performance
changes with changing amounts of pulp in the samples obtained via the methods described
in Section 2.3.2. Table 4 shows the typical properties of the fabricated CNT composite
papers. The preparation conditions for each sample are described in Table 1. In the table
below, a variation in the thickness of the resulting samples is again observed. The reason
for this is the same as that described in Sections 3.1 and 3.2.

Table 4. Measured properties of fabricated CNT composite papers. For samples 4 and 8, without CNTs
(0 mg of CNT), the resistance values cannot be measured because they exceeded the measurement
limit of the resistance meter.

Sample No.

1 2 3 4 5 6 7 8

Sheet resistance [(}/sq.]
Thickness [mm]

1.130 7.603 6.617 - 1.357 5.817 8.303 -
0.108 0.166 0.126 0.108 0.083 0.126 0.113 0.034
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Figure 9 shows the results in terms of power generation using eight different types of
CNT composite papers for TENGs with changes in the amount of pulp.
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Figure 9. Cont.
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Figure 9. Comparison of output results from samples with different pulp volumes.

Figure 10 shows the RMS values calculated based on the oscilloscope measurements.
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Figure 10. RMS values of output derived from Figure 9.

In the experiment, it was expected that increasing the amount of pulp from 100 mg
to 200 mg would result in a significant increase in the output; however, contrary to this,
there was no significant difference in the output. There was only a slight trend toward an
increase in the output. This suggests that increasing the amount of pulp will increase the
output, although it is presumed that there is a limit to this increase. In addition, for samples
4 and 8, which were pulp-only samples without CNTs, triboelectricity generation could be
confirmed. While the waveform provided in Section 3.2.1 was dominated by noise, in these
experiments, a waveform characteristic of triboelectricity generation was found. However,
compared to the CNT composite paper examined under the same conditions, there was
more noise. There is a possibility that a small amount of CNTs from other samples was
accidentally incorporated at the time of fabrication. In terms of durability, increasing the
amount of pulp rendered the CNT composite paper harder and stronger, and the output did
not drop, even after repeated tapping over a long period of time. This may have occurred
because the increased strength of the CNT composite paper ensured that the tapped surface
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remained even and stabilized the power generation (we believe that this was a problem
associated with the apparatus).

4. Discussion

In this study, several experiments were conducted to investigate the triboelectricity
generation performance achieved with our CNT composite papers.

4.1. Performance Evaluation of TENG Using CNT Composite Paper

First, we investigated whether triboelectricity generation could be achieved using the
CNT composite papers. This was confirmed. For these experiments, SG101, (6,5)-chirality,
and (7,6)-chirality CNTs with semiconducting properties and NC7000 CNT with metallic
properties were used. Triboelectricity generation was observed in both cases. Therefore, it is
considered that CNTs do not serve to increase the output in triboelectric power generation
with these CNT composite papers; rather, they act as a conductive material to assist charge
transfer within the composite papers, regardless of their metallic or semiconducting nature.
As discussed in Section 3.1, this is assumed to be due to the mixture of surfaces that are
advantageous for triboelectricity generation (pulp area) and those that enable the collection
of the generated charge (CNT network area) if viewed locally. This feature can be realized
due to the CNT composite paper. In contrast, many splits and small peaks in the output
peak are observed in addition to noise, as commonly observed in Figures 5, 7 and 9. We
think the reason for these is the surface irregularities of the CNT composite paper. Ideally,
the surfaces of the two materials should make contact and separate at completely the same
timing, and when this is achieved, charge transfer occurs simultaneously and a large output
peak can be obtained. However, the CNT composite paper has surface irregularities on
the order of tens um at the maximum in the height direction depending on the position
within the surface, so the timing of contact and separation can be considered to shift due to
differences in height, even within the same sample. This timing shift is considered to have
led to a shift in the timing of charge transfer during triboelectric generation, resulting in
the generation of a large number of small peaks.

4.2. Effect of Changing Amount of CNTs

It was found that changing the amount of CNTs did not cause a reduction in the
triboelectricity generation performance but did cause a difference in the output intensity.
In this experiment, the amount of CNTs contained in the CNT composite paper was
varied among three different values (5 mg, 15 mg, and 30 mg), and the maximum output
was observed when the CNT composite paper contained 15 mg of CNTs. There was no
significant difference in the output when the amount of CNTs was 5 mg or 30 mg, and an
approximately 3.7 times higher output was acquired when the amount of CNTs was 15 mg
than when the amount of CNTs was 5 mg or 30 mg. This suggests that there is an optimal
amount of CNTs. This is because the CNTs are not fully dispersed in the CNT composite
paper when the amount of CNTs is small. However, when the amount of CNTs is large, the
area of direct contact between the CNTs and the aluminum electrode becomes larger, which
is thought to reduce the output. Based on this, as well as the discussion in Section 4.1,
CNTs are believed to play a role in triboelectricity generation by efficiently transferring the
electric charge generated by the pulp and electrode to the counter electrode.

4.3. Effect of Changes in Pulp Amount in CNT Composite Paper

A significant increase in the output was expected upon increasing the amount of pulp
from 100 mg to 200 mg; however, no significant difference in the output was observed.
Nonetheless, some samples showed a slight increase in the output, suggesting that an
increase in the output can be expected when increasing the amount of pulp, although it is
assumed that there is an upper limit. As discussed in Sections 3.2 and 4.2, the degree of
CNT content may affect the power generation efficiency. In particular, the manner in which
the CNT network in the CNT composite paper is constructed and whether the edges of the
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CNT network that appear on the surface of the composite paper are indeed connected to
the electrodes will be important.

As an additional study on TENG with the CNT composite paper, we also investigated
the change in the output when the load resistance was changed. In particular, we used
Sample 5 as a trial and measured the change in output using four types of load resistance:
1k, 3.3k, 100 k, and 1 M(). The obtained output waveforms and RMS values are summa-
rized in the Supplementary Materials (Figures S1 and S2). The obtained outputs showed a
tendency to increase as the load resistance increased, almost as expected.

4.4. Future Issues

In this study, the feasibility of triboelectricity generation using the CNT composite
paper was confirmed. In addition, the optimal amount of CNTs required to create a CNT
composite paper and the conditions of the pulp material were examined. Although an
effective method to improve the output could not be found, it may be possible to improve
the output by optimizing the amount of CNTs and compositing pulp. According to the
results obtained in this study, the challenge is to establish a more direct and efficient
method of improving the output. The core materials involved in triboelectric power
generation in this study were considered to be the paper (pulp) and aluminum, which are
relatively close in the triboelectric series of the paper. Therefore, the specific optimization
conditions regarding the amount of CNTs, the pulp material, and the mixing ratio of pulp
material required to improve the output will be studied. In addition, although it was
confirmed that the triboelectricity performance of the CNT composite paper did not decline
for approximately 30 min, it is necessary to evaluate how TENGs operate over longer
timescales and with repeated use in the next stage of our research.

In this study, the measured voltages as outputs were also discussed. We should extend
the discussion to the output power for the TENGs with the CNT composite paper. Actually,
the power estimates can be derived by the equation P = V2/R or by the integral formula
corresponding to the time variation of the voltage. For example, using the RMS value
of the voltage obtained from Sample 5 above, 36.21 nW can be derived with 1 MQ of
the load resistance. If we also use the RMS value obtained from Sample 3, which is the
largest voltage obtained, we can derive 83.39 nW (the power estimations based on the
other measured values are given in the Supplementary Materials (Tables S1-53)). As we
have already explained, the CNT composite paper is a non-uniform material, including
locally large variations in resistance (on a fine scale, they have a mixture of surfaces that are
advantageous for triboelectric power generation (pulp area) and surfaces that can easily
collect the generated charge (CNT network area), etc.). Since we considered it necessary to
examine whether it is acceptable to estimate power in the same way as other TENGs using
plain materials, we discussed the results of the actual measured voltages in this study. In
addition to them, there were several samples that did not show clear triboelectric signals
in this study. That is, not only pulse-like outputs but also outputs with some width were
observed (e.g., samples 1 and 5 in Figure 9). To consider the cause of this, we prepared
new CNT composite papers with higher resistivity values by reducing the amount of CNTs
and measuring them. Specifically, two types of the CNT composite papers were prepared
with 3 mg of SG101-CNT and 100 mg and 200 mg of pulp. These are samples with 1/5 the
amount of contained CNTs of samples 1 and 5 in the paper, respectively. The measured
outputs and data are given in the Supplementary Materials (Figures S3 and S4 and Table S4).
As a result, a noise signal with an amplitude of approximately 50 mV was observed. In the
measurement, the signal was observed with the CNT composite paper set in the apparatus
in contact with the electrode and kept stationary without tapping. The amplitude of the
observed noise was approximately the same as the small amplitude signal seen between the
peaks, as shown in Figures 5, 7 and 9. Therefore, the periodic peaks with large amplitude
shown in the figures can be considered to originate from triboelectric generation. Then,
focusing on these large positive and negative peaks that approximately matched the tap
period, we believe that a clear triboelectric peak was observed. In addition, a comparison
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of Figure S4a,b shows that the peaks appear in roughly the same positions, and from this
point of view, it can be concluded that the peaks originate from the tapping apparatus. In
triboelectricity generation, using the CNT composite papers with reduced CNT amounts
to 1/5 of those in samples 1 and 5, pulses particular to triboelectricity generation were
observed, as shown in Figure 54. From these results, there is a possibility that when the
amount of CNTs contained exceeds a certain amount, for example, migration of charge
also occurs within the sample before it reaches the electrode. Namely, considering what we
have already discussed, the surface geometry of the CNT composite paper and the network
condition of the contained CNTs may be the cause of the wide range of peak outputs. Those
points will also be discussed in the next stage of our research.

In summary, although there are still some issues to be addressed, the sample that ob-
tained the maximum output in this study was fabricated using 15 mg of (7,6)-chirality CNTs
and 200 mg of pulp, which resulted in an experimentally obtained output of 288.77 mV. We
consider the results of this research to be significant because we were able to successfully
demonstrate the feasibility of triboelectricity generation using CNT composite papers and
identify the conditions necessary to improve this performance. In the future, it may be
possible to create a “paper TENG” by simply combining composite papers with different
CNT ratios.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app142110030/s1, Figure S1: Measured outputs for each load
resistance; Figure S2: RMS for each load resistance; Figure S3: Obtained output signal; Figure S4:
Observed signal (noise); Table S1: Estimated power based on results presented in Figure 6; Table S2:
Estimated power based on results presented in Figure 8; Table S3: Estimated power based on
results presented in Figure 10; Table S4: Characteristics of CNT composite papers with 3 mg of
CNTs contained.
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