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Abstract: A thermoelectric generator (TEG) is one of the important energy harvesting sources for
wearable electronic devices, which converts waste heat into electrical energy without any external
stimuli, such as light or mechanical motion. However, the poor flexibility of traditional TEGs
(e.g., Si-based TE devices) causes the limitations in practical applications. Flexible paper substrates
are becoming increasingly attractive in wearable electronic technology owing to their usability,
environmental friendliness (disposable, biodegradable, and renewable materials), and foldability.
The high water-absorbing quality of paper restricts its scope of application due to water failure.
Therefore, we propose a high-performance flexible waterproof paper-based thermoelectric generator
(WPTEG). A modification method that infiltrates TE materials into cellulose paper through vacuum
filtration is used to prepare the TE modules. By connecting the TE-modified paper with Al tape, as
well as a superhydrophobic layer encapsulation, the WPTEG is fabricated. The WPTEG with three
P-N modules can generate an output voltage of up to 235 mV at a temperature difference of 50 K,
which can provide power to portable electronic devices such as diodes, clocks, and calculators in
hot water. With the waterproof property, the WPTEG paves the way for achieving multi-scenario
applications in humid environments on human skin.

Keywords: flexible thermoelectric generator; modified paper; superhydrophobic layer encapsulation;
humidity environment; underwater environment

1. Introduction

Wearable electronics are growing rapidly because of emerging applications in different
scenarios, especially in human health monitoring, intelligent robots, and human-machine
interaction [1-3]. As an energy source, conventional power modules have serious defects
such as frequent charging, replacement, and maintenance. For example, micro batteries
with limited power cannot provide long-lasting energy for wearable electronic devices, and
the environmental pollution and unexpected explosions also need to be addressed [4,5].

Flexible generators with wearability, sustainability, and eco-friendliness can effec-
tively convert various ambient energies to electricity. At present, the common power
supply devices used for energy collection and conversion include flexible solar cells [6,7],
piezoelectric generators [8,9], triboelectric nanogenerators, and thermoelectric generators
(TEGs) [10-13]. Solar energy is the most abundant renewable resource, but solar cells are
subjected to weather conditions in practical applications. Piezoelectric generators and
triboelectric nanogenerators often require continuous motions of the human body. As a
constant temperature heat source, the human body can continuously provide a constant
temperature for TEGs. TEGs can collect low-grade heat through the temperature difference
between the human body and the surrounding environment [14,15]. In order to develop
flexible TEGs, various types of substrates (e.g., textiles, PDMS, and hydrogels) have been
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proposed [16-18]. Paper-based flexible thermoelectric generators (PTEGs) have attracted
great interest due to their flexibility, low cost, abundant resources, biocompatibility, and
environmental friendliness. For example, Li et al. designed a paper-based TEG based on
multi-walled carbon nanotubes/carboxylated nanocellulose, which has excellent mechani-
cal flexibility and thermoelectric performance [19]. Kim et al. developed a foldable TEG
based on the solution-processed carbon nanotube buckypapers with high power generation
efficiency and high-level integration [20]. These paper-based TEGs have high flexibility and
efficient energy collection. However, once applied to the skin for a long time, paper-based
TEGs often experience power generation performance degradation owing to the inevitable
sweaty penetration. Therefore, there is an urgent need to address the issue of unavoidable
liquid effects. Many additional materials (e.g., PDMS, PI, and PTFE) are proposed to pack-
age paper devices [21-23]. Nevertheless, this packaging can also restrain the thermoelectric
performance of the devices to a certain extent. Consequently, it is necessary to develop
more efficient preparation techniques to solve the problems of sweaty penetration and
water failure for paper-based flexible thermoelectric generators.

Here, we proposed a waterproof paper-based thermoelectric generator (WPTEG) with
high power generation performance, excellent stability, and water resistance. Such a device
is fabricated by infiltrating thermoelectric materials (Bi,Tes doped with Se and Sb,Tes
doped with Bi) into a cellulose paper matrix through vacuum filtration. After a superhy-
drophobic layer encapsulation, it possesses excellent resistance to water permeability as
well as environmental disturbances, as shown in Figure 1a. In addition, the water resistance
property enables the device to operate in various operational environments, such as a
sweating body or wet weather, as depicted in Figure 1b,c. Moreover, the device composed
of strip-shaped TE papers and an Al electrode can form a woven structure to apply to the
human body (Figure 1d) [24]. The obtained WPTEG with three P-N modules can generate
235.76 mV at a temperature difference of 50 K. Furthermore, owing to the superhydrophobic
layer encapsulation, the device can provide stable power for various portable electronics
in a water environment. Constructing a waterproofing thermoelectric generator based on
cellulose paper substrate provides a facile and practical approach to solving the failure
problem of thermoelectric generators when in contact with water and sweat.
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Figure 1. (a) Structure diagram of WPTEG and the anti-environment disturbance ability in high
temperature and humidity environments. (b) Picture of a woven WPTEG applied on a sweating arm.
(c) A wearable WPTEG in a rainy environment. (d) Schematic of the woven structure of WPTEG.
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2. Experimental Section
2.1. Materials

Se (powder, >99.99%), BiyTes (powder, 99.99%), Bi (powder, 99.99%), Sb,Tes (powder,
99.96%), and Carboxymethylcellulose sodium (CMC-Na) (viscosity 3000-5000 mpa-s) were
purchased from Macklin (Shanghai, China). The medium speed qualitative filter papers
with a diameter of 9 cm were purchased from Aladdin (Shanghai, China). Al tape was
purchased from Youyigu E-Commerce Co., Ltd. (Tianjin, China). The superhydrophobic
coating was purchased from Rust-Oleum Corporation (Vernon Hills, IL, USA).

2.2. Preparation of TE-Modified Papers

The N-type material is Bi;Tez doped with Se, while the P—type material is Sb,Tes
doped with Bi. Firstly, N-type TE powder and Carboxymethylcellulose sodium (CMC-Na)
were dispersed in 30 mL of deionized water at a mass ratio of 12:1, and then the mixture
was stirred for 15 min to form the N-type TE dispersion. The CMC-Na acts as a stabilizer
in the TE dispersion. Then, the dispersion was subjected to ultrasonic treatment for 40 min
to allow it to fully disperse. After pouring the dispersion into a vacuum bottle, the filter
paper was placed at the bottle mouth, and the pump was connected to the suction bottle
for suction filtration. Finally, the N-type TE-modified paper was prepared after 7-8 h of
filtration and heating the modified paper at 60 °C for 2 h. The P-type TE-modified paper
was prepared with the same procedure. In this work, we prepared three different ratios of
modified paper: 45%, 56%, and 67%, respectively.

2.3. Preparation of PTEGs and WPTEGs

The N-type- and P-type-modified papers were cut into strips with a size of 4 mm x 30 mm,
which were served as TE legs. Then, these TE legs were alternately connected to Al foils in
the order of “N-P-N-P”, forming a conductive path. After connecting the wires to both
ends of the TE legs, a flexible PTEG was fabricated. On this basis, a superhydrophobic
layer encapsulation is performed on a PTEG to obtain the WPTEG.

2.4. Characterization and Testing

The morphologies of the paper and thermoelectric materials were obtained by us-
ing a Supra 55 scanning electron microscope (Carl Zeiss Inc., Aalen, Germany). Energy
Dispersive Spectrometer (EDS) elemental mappings and results were carried out by the
JEM-ARMB300F (JEOL Ltd., Tokyo, Japan). The mechanical flexibility of the device was
conducted on an FT2000 flexible tester (Shanghai Mifang Electronic Technology Co., Ltd.,
Shanghai, China). The start angle was set to 0°, the end angle was set to 120°, the bend-
ing speed was set to 5°/s, and the bending cycle was 500 times. The voltage tests were
conducted on the UT61E digital multimeter (UNI-T, Dongguan, China), and the current
was measured by using the DMM 6500 (Keithley, Cleveland, OH, USA). The humidity test
was conducted by using a humidity generator (FD-HG, Suzhou Furande Experimental
Equipment Co., Ltd., Suzhou, China).

3. Results and Discussion
3.1. Preparation of PTEGs and WPTEGs

Figure 2a illustrates a simple strategy for preparing the N-type- and P-type-modified
cellulose papers and the PTEG. The TE dispersions of the N-type and P-type are prepared
by dispersing each TE powder and carboxymethylcellulose sodium (CMC-Na) in deionized
water. The N-type material is BipTe; doped with Se, while the P-type material is SbyTe3
doped with Bi. This is achieved by infiltrating TE materials into a cellulose paper matrix to
fabricate N-type- and P-type-modified cellulose papers. By heating and drying at 60 °C for
2 h, the two modified papers are cut into the same strips (4 mm x 30 mm), serving as TE
legs. Subsequently, these legs are alternately connected to the Al foil to form a conductive
path. By now, the paper-based thermoelectric generator (PTEG) is successfully prepared.
After the superhydrophobic layer encapsulation, the flexible WPTEG is finally fabricated.
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Figure 2b shows the pictures of N-type- and P-type-modified cellulose papers after drying.
In addition, the modified papers have excellent flexibility and can get really close contact
with curved surfaces, as shown in Figure 2c. The fabricated WPTEG is revealed in Figure 2d,
which comprised three pairs of N-P modules. Moreover, due to the flexibility and tenacity
of cellulose paper, a complex woven structure can be formed, as shown in Figure 2e.
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Figure 2. (a) Schematic diagram of the preparation process for a WPTEG. Digital photographs of
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(b) N-type- and P-type-modified cellulose papers after drying; (c) the modified paper with high
flexibility; (d) a WPTEG with three units of N-P modules; (e) a WPTEG with woven structure.

3.2. Characterization of Modified Cellulose Papers

Cellulose paper composed of adjacent and interlaced cellulose fibers exhibits lightweight,
flexibility, hydrophily, and porosity and can be used for wearable devices. The surface
morphology of cellulose paper is characterized by scanning electron microscopy (SEM),
as shown in Figure S1. Figure 3a,b show the SEM images of N-type-modified paper.
During the vacuum filtration, part of the N-type TE particles is deposited on the paper’s
surface and adhered to the cellulose fibers, and the others penetrated deep into the gaps
between fibers. The N-type TE particles adhered to the surface of the paper are adjacent
to each other to form conductive pathways, and the particles in the fiber gaps serve as
conductive supplements. As illustrated in Figure 3c—f, Energy Dispersive Spectrometer
(EDS) elemental mappings are performed to further analyze the distributions of N-type
TE particles on cellulose paper. Since the N-type material is BipTez doped with Se, the
distributions of Te and Bi are highly overlapped, as shown in Figure 3d,e, while Se is
distributed discretely in gaps of Bi,Tes. It could be seen that the N-type TE particles are
spread roughly evenly across the cellulose paper. SEM images of P-type-modified paper
are shown in Figure 3g,h. Similarly, P-type TE particles are deposited on the surface and
gaps of cellulose fibers, forming the conductive pathways. Moreover, the EDS elemental
mappings, as shown in Figure 3i-], illustrate the overlapped Te and Sb, as well as relatively
small amounts of Bi. The EDS results of N-type and P-type TE papers are depicted in
Figure 52, implying that the atomic percentage of Bi:Te:Se is approximately 8.34:9.85:31.12
and Sb:Te:Bi is approximately 18.63:26.86:3.04.

Figure 4a—c show the XPS peak-differentiation-imitating results for the Te 3d, Bi 4f, and
Se 3d peaks of N-type-modified paper before superhydrophobic treatment. The binding
energies for Te 3ds5/, and Te 3d3,, are 575 eV and 585.3 eV, and the binding energies for
Bi 4f; /, and Bi 4f5,, are 158.2 eV and 163.5 eV, respectively. The experimental values for
the binding energies are close to the reported value [25,26]. The binding energy of Se 3d
at 54.1 eV is consistent with the data reported in the literature [27]. Figure 4d—f show the
XPS peak-differentiation-imitating results for the Te 3d, Sb 3d, and Bi 4f peaks in P-type-
modified paper before superhydrophobic treatment. The binding energies for Te 3ds,,
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and Te 3d3,, are 576.3 eV and 586.6 eV, and the binding energies for Bi 4f;,, and Bi 4f5/,
are 158.7 eV and 164.4 eV, respectively. The experimental values for the binding energies
are close to the reported values [25,26]. The binding energies for Sb3ds5,, and Sb3d;,, are
530.5 eV and 539.7 eV with a separation of 9.2 eV, and the position and separation of these
two peaks are close to the reported value [28]. Figure S3 shows the XRD images of N-type
and P-type-modified paper, respectively. The XRD peaks of the samples match well with
the peaks of previously published single crystal samples [29-31]. These results confirmed
the existence of the Te, Bi, and Se elements in N-type-modified paper, as well as the Te, Sb,
and Bi elements in P-type-modified paper.
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Figure 3. SEM images of (a) N-type-modified paper; (b) Enlarged view of the region enclosed by
the red dashed rectangle in (a). (c—f) EDS elemental mappings and distributions of N-type-modified
paper. SEM images of (g) P-type-modified paper; (h) an enlarged view of the paper. (i-1) EDS
elemental mappings and distributions of P-type-modified paper.
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Figure 4. XPS spectra of (a) Te 3d, (b) Bi 4f, and (c) Se 3d regions of N-type-modified paper, respectively.
XPS spectra of (d) Te 3d, (e) Sb 3d, and (f) Bi 4f regions of P-type-modified paper, respectively.
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3.3. Performance of the PTEGs

In order to achieve a PTEG with a high voltage output, we investigated the weight per-
centages of TE materials in cellulose paper and the numbers of N-P modules, respectively.
As shown in Figure 5a—c, for one unit of the N-P module, the open circuit voltage of PTEGs
constantly increases with a rise in the weight percentages of TE materials (45% to 67%)
and temperature differences (AT). When the weight percentages are the same, the open
circuit voltage of PTEGs increases with the number of N-P modules. Thus, the performance
of a PTEG is determined by the weight percentages of TE materials and the number of
N-P modules, and the open circuit voltage of a PTEG reaches ~235.76 mV with a weight
percentage of 67% and AT of 50 K. A TEG using similar materials can also achieve an output
voltage of 200 mV [32]. We have attached a video showing a voltage above 200 mV. The
open circuit voltages of PTEGs with different units and weight percentages at a AT of 30 K
are extracted, as shown in Figure 5d. When the weight percentages are 45%, 56%, and 67%,
PTEGs with three N-P modules generate open circuit voltages of 125.79 mV, 152.12 mV,
and 166.83 mV, respectively. The large weight percentage allows more active materials to
participate in power generation, thereby increasing the generated voltage. The Seebeck
coefficient (S), which is defined as the change rate of the thermoelectric potential with
temperature variation, is the key parameter that influences the thermoelectric performance.
The S can be defined by Equation (1):

L dv

5= &)

where V is the open circuit voltage and T is the temperature. The S of PTEGs with different
weight percentages and units can be calculated using the slope of a dV versus dT plot
by linear fitting [33]. The Seebeck coefficients of the flexible PTEGs are summarized in
Figure 5e. When the weight percentages of modified paper are 45%, 56%, and 67%, the
S value is 4.03 mV-K~1, 49 mV-K~!, and 5.14 mV-K 1, respectively. In addition, we
also tested the Seebeck coefficient values of individual N-type and P-type thermoelectric
materials using a self-made heating and signal acquisition system, as shown in Figure 54.
As shown in Figure S5, the maximum Seebeck coefficient for a single N-type TE leg and a
single P-type TE are —789 uV-K~! and 798 uV-K~!, respectively. In order to observe the
thickness of the deposited thermoelectric materials, we measured the height of the different
content of thermoelectric materials deposited on cellulose paper using a step gauge. The
thickness variation of the TE materials with different weight percentages is shown in Figure
56. The thickness of the deposited layer of modified paper also increases with the weight
of the thermoelectric materials. As shown in Figures 5d and S12, as the thickness of the
thermoelectric materials increases, more active materials participate in power generation,
resulting in a higher voltage output and an increase in the Seebeck coefficient. Figure S7
shows SEM images of the cross-section of N-type- and P-type-modified cellulose paper.
We use a microtome to cut the modified paper to observe the cross-section, and the cutting
process causes the modified paper to deform and thin. However, it can still be observed
from the cross-sectional SEM images that the mass percentage of the TE material increases,
and the thickness of the modified paper also increases. As it turns out, the obtained S value
is impressive by comparing with the previous reports [34]. Figure 5f shows the variations
of the external circuit voltage and output power of a PTEG with three modules as the
current changes. The value of output power is the product of an external circuit voltage
and current, and can be defined by Equation (2):

Uy \?
P: -R 2
(Ri+1<z> : @

where U is the open-circuit voltage of the TE device, R; is the internal resistance of the
PTEG, and R; is the load resistance of the circuit. The current in the circuit decreases
and the voltage of the resistance increases as the load increases. The maximum output




Materials 2024, 17, 2338

70f13

power is 1.03 nW, 2.12 nW, and 3.32 nW, when the AT is 20 K, 30 K, and 40 K, respectively.
Also, the TE performance of a PTEG is much higher than that of previously reported
flexible TEGs [35—41] (Figure S8). Therefore, the PTEG at the nanowatt level is a promising
candidate power supply device to be applied to low-power wearable chips in the future [42].
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Figure 5. Open-circuit voltages of PTEGs prepared with (a) 45%, (b) 56%, and (c) 67% modified paper
at temperature differences of 5 to 50 K. (d) Relationship between the open-circuit voltage of the PTEG
and the weight percentage of the TE materials at a temperature difference of 30 K for the PTEGs with
1-3 units. (e) Relationship between the Seebeck coefficient of the PTEGs and the weight percentage of
the TE materials for the PTEGs with 1-3 units. (f) Output voltage and output power curves.

The prepared PTEG can be applied to human skin for power generation by utilizing
the temperature difference between the ambient air and the body. As shown in Figure S9a,
the prepared PTEG attached to the human arm can generate an open-circuit voltage of
~13.85 mV. When encountering rainy days or sweating, the performance of PTEGs is badly
affected due to the super water absorption of cellulose paper, as shown in Figure S9b.

3.4. Characterization and Performance of the WPTEGs

Figure 6a shows the SEM images of P-type-modified paper after superhydrophobic
treatment. The inset suggests that the superhydrophobic coating is compounded from
micrometer-size clusters and aggregates. Figure 6b shows the EDS diagrams of super-
hydrophobic P-type-modified paper. Aside from the Te, Bi, and Sb elements, a small
amount of F element is detected. The content of each element is shown in Figure S10.
It is widely known that cellulose paper is superhydrophilic and has a contact angle of
<5° (Figure S11). The wettability of N— and P-type-modified papers is similar to that of
cellulose paper, as shown in Figure S12a. Meanwhile, the contact angle of the modified
paper turns into ~152.4° after superhydrophobic treatment, indicating the water resistance
of the modified paper. Figure 513 shows that the modified paper, before superhydrophobic
treatment, rapidly absorbs water and curls up in contact with the solution and reaches
saturation, while the modified paper, after superhydrophobic treatment, isolated the water
from the device and maintains the morphology and stiffness after 10 min, reflecting the
waterproof properties and adaptability to humidity or water. Figure S14 shows that the
WPTEG has good flexibility. In Figure S12b, the XPS peak-differentiation-imitating result
for F 1s on superhydrophobic P-type-modified paper also demonstrated the presence of
fluorine groups. To verify the water resistance, the voltage variation rates of the PTEG and
WPTEG in different humidities are measured, as illustrated in Figure 6c. With the increase
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in humidity, the voltage variation of the PTEG is very obvious. When the relative humidity
was close to 100%, the voltage change rate reaches over 50% at AT of 20 K, implying that
the PTEG is highly affected by humidity. Instead, the WPTEG exhibited a relatively stable
voltage output with a change rate of less than 5%, illustrating its excellent water-resisting
property. The inset of Figure 6¢ shows the humidity chamber. Also, after 50 wet—dry
cycles, the changes in the Seebeck coefficient and internal resistance are less than 5% and
4% when the humidity reached ~100%, as shown in Figure S15. The slight changes in
the internal resistance and Seebeck coefficient indicate that the modified paper has high
stability, waterproofing, and durability.
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Figure 6. (a) SEM image of the P-type-modified paper after superhydrophobic treatment. The insert

o
=

shows an enlargement of the superhydrophobic coating in the region enclosed by the red dashed
rectangle. (b) EDS maps of the superhydrophobic P-type-modified paper. (c) Voltage variation rates
of the PTEG and WPTEG with the relative humidity. (d) Voltage change rates and contact angles
at different baking temperatures. (e) Open-circuit voltages of the PTEG and WPTEG with different
numbers of units at different AT. (f) Mechanical stability of the WPTEG.

To illustrate the stability of the device, the WPTEG is baked in an oven for 30 min at
different temperatures (100 °C, 150 °C, 200 °C, 250 °C). With the increase in the baking
temperature, the voltage variation rate remained basically stable (within 2%), as depicted
in Figure 6d. Meanwhile, the contact angle still maintains over 150°, resulting in excellent
high-temperature resistance (red line in Figure 6d). Figure 6e shows the open-circuit voltage
of the PTEG and WPTEG with different units at different AT. The results illustrate that the
superhydrophobic coating rarely affects the performance of the WPTEG. Additionally, the
mechanical stability of the WPTEG is explored. As shown in Figure 6f, after 500 bending
cycles, the changes in the Seebeck coefficient and internal resistance are less than 10% and
6% with a bending angle of ~120°. This small change in the internal resistance and Seebeck
coefficient indicate that the modified paper has good stability and durability, and has
promising application prospects in various heat source surfaces. Subsequently, the output
voltages of the PTEG and WPTEG attached to dry and wet arms are acquired. As shown
in Figure S12¢, the output voltage of the PTEG on a dry arm is 13.85 mV (PTEG-1), while
the voltage of the PTEG on a wet arm is 2.27 mV (PTEG-2). This means that PTEGs are
unable to maintain a stable and good power supply capability under wet conditions. For
the WPTEG on a dry arm, an output voltage of 12.23 mV is achieved (WPTEG-1). When the
WPTEG is on a wet arm, the output voltage is 11.85 mV (WPTEG-2). The output voltage of
the WPTEG on a wet arm is slightly smaller than that on a dry arm since a small amount of
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water seeped into the paper. Nevertheless, the performance of the WPTEG is demonstrated
to be excellent. The results from what have been discussed above suggest that the WPTEG
has potential applications in energy collection on the human body, particularly on sweat or
humid skin.

3.5. Applications of the WPTEGs

The WPTEGs can not only convert human heat into electrical energy, but also collect
waste heat from hygrothermal or water environments. As shown in Figure 7c, two hot
water droplets placed on one side of the WPTEG generate an output voltage of 12.3 mV.
Moreover, droplets always keep a spherical shape due to the water resistance of the WPTEG,
as depicted in Figure 7b. Figure 7a shows the infrared image of the two droplets with a
maximum temperature difference of ~28 K between the droplet and air. We drip the left
droplet and the right droplet in sequence, resulting in a lower temperature of the left droplet
compared with the right one. Figure 7d illustrates a WPTEG pasted onto the surface of a
beaker filled with hot water, and an output voltage of 39.18 mV is achieved. It indicated that
the WPTEG has excellent mechanical flexibility and is suitable for the energy collection of
various complex curved heat sources. Figure 7e shows the WPTEG and PTEG are immersed
in water at ~100 °C, respectively. The output voltage of the WPTEG is 33.31 mV, while that
of the PTEG is 0 mV. Many devices lose performance in an underwater environment. To
verify that the WPTEG can harvest thermal energy from underwater environments, we
simulate a scenario where thermal energy is harvested in an underwater environment.
As shown in Figure S16a, we stick the WPTEG to our wrist and insert it into cold water
(25 degrees, 40 s). The output voltage of the WPTEG is 4.94 mV. Also, we stick the WPTEG
onto a hose filled with hot water (100 °C) and immerse the hose deep into cold water. The
output voltage of the WPTEG is 10.33 mV, as shown in Figure S16b. The results show that
the WPTEG is still able to harvest thermal energy from the human body, water pipes, and
other heat sources in underwater environments. Prior to application, the interface is tightly
encapsulated so that the WPTEG is not affected by short circuits in the water. Accordingly,
the WPTEG as a wearable power source has huge potential in practical applications, such
as underwater use. Furthermore, a woven WPTEG can be obtained owing to the pliability
of the paper. Figure 7f shows an intersectant woven structure with three N-P modules that
are set on the arm on a rainy day. Meanwhile, an output voltage of 5.97 mV is obtained,
illustrating the applicability of the WPTEG in various weather environments.

In recent years, flexible generators have been considered a promising power source
for wearable electronic devices, overcoming traditional batteries” shortcomings, such as
frequent charging and environmental pollution. A reliable method is to use a power
management circuit to regulate the voltage, and then directly integrate the generator
with functional electronic devices to form a self-powered microsystem. In this work,
the fabricated WPTEG is used to power portable electronic devices (diodes, clocks, and
calculators) to verify their feasibility as wearable power sources (Figure 7g-i). Due to its
output performance at the millivolt level, a PTEG cannot directly drive ordinary electronic
devices. Therefore, we use a power management circuit to boost the output voltage. In
practical applications, the WPTEG is placed in hot water as the power source, and the
output voltage from the WPTEG is amplified to light up the diode and power the clock
and calculator, illustrating the reliability and availability of the power generation of the
WPTEG in an underwater environment.
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Figure 7. (a-c) Power generation from water droplets. (a) Infrared image of two water droplets on
the WPTEG. (b) Photograph of two water droplets on the WPTEG. The temperatures of the two
droplets were 27.1 and 55.1 K. (c) Output voltage of the two water droplets on the WPTEG. (d) Power
generation from a beaker filled with hot water. (e) Comparison of the output voltages of the PTEG
and WPTEG in hot water. (f) Woven WPTEG attached to an arm on a rainy day. Photographs of the
WPTEG powering (g) a diode, (h) a clock, and (i) a calculator by harvesting energy from hot water.

4. Conclusions

In summary, a waterproof paper-based wearable thermoelectric generator (WPTEG)
for collecting low-grade thermal energy from the human body and serving as a power
supply for portable devices has been demonstrated. The paper-based generator is com-
posed of TE-modified paper which was prepared by using a vacuum filtration process
and Al electrode connection. Such a device has a high Seebeck coefficient of 5.14 mV-K~1,
and a WPTEG with three units of N-P modules could obtain a maximum output power
of ~3.32 nW at a AT of 40 K. After the superhydrophobic layer encapsulation, the formed
WPTEG can be used in high humidity and underwater environments, and the performance
is not infected basically. Moreover, the WPTEG presents excellent high-temperature re-
sistance and good stability. Eventually, the device can provide stable power for various
portable electronics in water environments, revealing huge potential in practical applica-
tions, such as underwater use.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mal7102338/s1. Figure S1: SEM images of cellulose paper;
Figure S2: (a) Energy dispersive spectroscopy results and composition element content of N-type
Materials. (b) Energy dispersive spectroscopy results and composition element content of P-type
Materials; Figure S3: (a) XRD pattern of N-type modified paper before superhydrophobic treatment.
(b) XRD pattern of P-type modified paper before superhydrophobic treatment; Figure S4: A self-made
heating and signal acquisition system; Figure S5: The Seebeck coefficients for individual (a) N-type
and (b) P-type thermoelectric materials with different the weight percentages of TE materials (45%
to 67%) and temperature differences (AT); Figure S6: Changes in the thickness of modified paper
film; Figure S7: SEM images of the thickness of the deposited layer of (a—c) N-type and (d—f) P-type
modified cellulose paper increasing with the weight (45% to 67%) of the thermoelectric material;
Figure S8: Comparison of the open-circuit voltage and Seebeck coefficient of previously reported
flexible TEGs and our PTEG; Figure S9: Photographs of human skin generating electricity with
the PTEGs from (a) dry arm; (b) wet arm; Figure S10: Energy Dispersion Spectroscopy results and
composition element content of waterproof P-type modified paper; Figure S11: Contact angle of
cellulose paper; Figure S12: (a) Comparison of the contact angles of the modified paper before and
after superhydrophobic treatment. (b) XPS peak results of F 1s for the superhydrophobic P-type
modified paper. (c) Output voltages of the PTEG and WPTEG attached to a dry arm and a wet arm;
Figure S13: Optical images of modified paper (a) before and (b) after superhydrophobic treatment
submerged in water; Figure S14: Twisted WPTEG. (b) Curved WPTEG; Figure S15: The material
durability of WPTEG after 50 cycles; Figure S16: (a) Photograph of a WPTEG absorbing body heat
from an underwater environment (25 degree, 40 s). (b) Photograph of a WPTEG absorbing thermal
power from a hose filled with hot water (100 °C) in an underwater environment.
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