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Flexible photothermoelectric (PTE) devices possess
great application prospects in the field of light energy and
thermoelectric energy harvesting which are some of the corner-
stones of modern green renewable energy power generation.
However, the low efficiency of PTE materials and lack of suitable
manufacturing processes remain an impediment to restrict its rapid
development. Here, we designed a flexible PTE device by printing a
highly integrated single-walled carbon nanotubes (SWCNTs) array
at intervals that were surface-functionalized with poly(acrylic acid)
and poly(ethylene imine) as p—n heterofilms. After the
introduction of a mask to give a selective light illumination and
taking advantage of the photothermal effect of SWCNTs, a remarkable temperature gradient along the printed SWCNTSs and a
considerable power density of 1.3 #W/cm® can be achieved. Meanwhile, both experimental data and COMSOL theoretical
simulations were adopted to optimize the performance of our device, showing new opportunities for new generation flexible PTE

devices.

thermoelectric materials, extrusion printing, single-walled carbon nanotubes, photothermoelectric devices, nanotube arrays

Light energy and thermoelectric energy harvesting are some of
the cornerstones of modern green renewable energy power
generation.l_9 Unfortunately, conventional inorganic semi-
conductor thermoelectric generators have the disadvantages of
being expensive, rigid, and prone to failure.'””'* Converting
environmental energy into electrical energy through flexible,
wearable, stretchable, and expandable devices has always been
one of the research hotspots of modern energy science.”~"” In
recent years, many new semiconductor materials have been
developed to achieve this goal, and combining these materials
with modern manufacturing technologies can also pave the way
for cost-effective and scalable thermoelectric power generation.
Printing strategies were frequently used to manufacture
thermoelectric materials for scalable and flexible photothermo-
electric (PTE) devices, such as screen printing, inkjet printing,
and extrusion printing which have many advantages because of
their ability to directly convert nanomaterial inks to the
micrometer/millimeter scale with greatly reduced cost.'®™*’
Bismuth telluride was often used as a thermoelectric material
for printable inorganic ink. Although having a certain degree of
flexibility, it still requires a sintering process up to 500 °C to
achieve high performance, which limits the choice of flexible
substrates.”* *° The conductive polymer is also a printable
thermoelectric material that was widely studied.”” ' However,
due to the lack of an n-type material that is insensitive to
humidity under normal environmental conditions, conductive
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polymers are limited in practical applications. As another
option, carbon nanotubes (CNTs) have good mechanical
properties, such as strength and flexibility, and therefore have
great potential in printed thermoelectric materials.”*~>°
Mehmood et al. designed a bracelet-type thermoelectric
structure in which the carbon nanotube ink was printed in
the in-plane direction of the flexible tube, and the device was
operated in the out-of-plane direction of the heat source.’* To
print carbon nanotube inks on curved surfaces, basic research
has been conducted on the viscosity, dispersibility, and
thermoelectric properties of carbon nanotube inks.’® However,
the output power of this research is low, it is difficult to apply
to practice, the printing process is more complicated due to the
device structure, and it is difficult to mass produce.

Herein, we used low-cost single-walled carbon nanotubes
(SWCNTs) as inks to highly integrate SWCNT arrays at
intervals for PTE devices which can first absorb light energy
into heat energy and then convert it into electrical energy.
First, SWCNTSs were surface-functionalized with poly(acrylic
acid) and poly(ethylene imine) as p—n thermoelectric
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Figure 1. Schematic illustration of the photothermoelectric device printed with SWCNT inks.

materials. A silver reflective mask was introduced to achieve a
considerable temperature difference under light radiation, and
the maximum power density of our device can reach 1.3 yW/
cm?® COMSOL theoretical simulation was adopted to optimize
the performance of our device. Finally, a new type of flexible
photothermoelectric device structure was designed via a simple
extrusion printing method and can be prepared continuously
to achieve large-scale printing of highly integrated flexible
photothermoelectric devices.

Polyacrylic acid (PAA) (MW-2000) and poly(ethylenimine) (PEI)
(MW-1000) were purchased from Aldrich. SWCNTs and surfactants
were purchased from Best Materials.

The SWCNT ink was prepared by adding SWCNTSs and surfactants
in water and then fully dispersing them through an ultrasonic cell
crusher (JY98-IIN, Xinzhi Biotech Co., Ltd., Ningbo, China) for 2 h.
The ultrasonic power was 300 W, and the working time of the
ultrasonic treatment was 2 s while the interval was 2 s. The ink was
kept in the ice water bath to prevent overheating. To prepare n- and
p-doping inks, PEI and PAA were added into the homogeneously
distributed SWCNT ink with a concentration of 0.5 and 100 mg
mL™}, respectively. The concentration of the final doped SWCNT
solutions was fixed at 5 mg mL™", and the mixtures were stirred for 12
h to obtain uniformly dispersed n- and p-type SWCNT inks.

We used a pneumatic extrusion type flexible electronics printer
(MP1100, Prtronic, Shanghai, China) to perform device printing,
which included programmable control of temperature and pressure.
The n-type and p-type SWCNT inks were placed in S mL syringe
barrels. The syringe had a nozzle with an inner diameter of 750 ym.
The n-type SWCNT ink was printed on a polyimide film first. And
then, the n-type SWCNT ink was printed on the same polyimide film.
The printed pattern was designed by the drawing software that came
with the flexible electronics printer. The printing pressure of n- and p-
type inks were 12 and 10 KPa, respectively. The temperature of the
printer platen that holds the polyimide film was set to 50 °C during
printing. To reduce resistance, the n- and p-type circuits were printed
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five times each. Next, the silver conductive paint (SPI supplies, USA:
SPI#05002-AB) was printed as electrodes and wires connecting the n-
and p-type circuits. Finally, the reflective silver film was cut to a
specific size and pasted on the printed circuit at a certain interval.

Scanning electron microscopy (SEM) images were obtained by using
a field emission scanning electron microanalyzer (Zeiss Supra 40
scanning electron microscope at an acceleration voltage of § kV).
Transmission electron microscopy (TEM) was performed on a H-
7650 instrument (Hitachi, Japan) operated at an acceleration voltage
of 100 kV. The Raman spectra were measured using a LabRAM HR
instrument (HORIBA Jobin Yvon Inc.). The in-plane electrical
conductivity of the n- and p-type SWCNT inks were measured by
using an M-3 portable four-point probe test meter (Suzhou lattice
electron Limited company, China). The Seebeck coefficients of the n-
and p-type inks were acquired using the Seebeck coefficient measuring
instrument (SBA 458, NETZSCH, German). The resistance and
voltage were measured using a Keithley 7510 multimeter which was
controlled by KickStart software on a computer. The thickness of the
printed circuit was tested by using a surface profiler (KLA-Tencor,
P17).

To design a new type of flexible photothermoelectric device
structure, we used two kinds of doped SWCNT's to construct a
continuous p—n junction structure by integrated printing. At
the same time, a local silver reflective layer was introduced to
shield the light absorption under the reflective layer. In this
way, the temperature of the exposed part of the carbon
nanotube nodes increases due to light absorption, and the
carbon nanotubes under the reflective layer have no temper-
ature change. Therefore, we introduced a temperature gradient
on the plane and converted the temperature gradient into
electrical energy through the carbon nanotube p—n junction
thermopile. This extrusion printing method is very simple and
can be prepared continuously to achieve large-scale printing of
highly integrated flexible photothermoelectric devices (Figure

1).
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Figure 2. Performance of photothermoelectric devices. (a) Infrared thermal imaging of one end of the printed circuit irradiated with a laser. (b)
Histogram of the temperature distribution of the printed circuit after being irradiated by the laser for 1 and 20 s. (c) Temperature change curve of
laser irradiation point. (d) Volt—ampere characteristic curve and (e) relationship between the output voltage and the number of printed p—n
junctions. (f) Power curve of the device under different light intensity.

Compared with other thermoelectric materials such as
bismuth telluride, carbon nanotubes can achieve ideal
thermoelectric performance without high temperature and
high-pressure processing, so they are very suitable for printing
thermoelectric devices on flexible substrates that are not
resistant to high temperatures.’”—*” At the same time, the high
absorbance of the single-walled carbon nanotube itself can
make it absorb light energy and convert it into heat energy for
power generation. In addition, it does not require expensive
raw materials and complicated preparation processes and can
be obtained at a lower cost, which greatly reduces the
preparation process and cost of the device. Finally, due to the
high conductivity of single-walled carbon nanotubes, the
internal resistance of the device is reduced to a certain extent,
and the output power is increased.

In the production of ink, we used the purchased SWCNTs
(Figure S1) and a commercial surfactant to be dispersed in
water. Because the single-walled carbon nanotubes are
hydrophobic, the surfactants are needed to help with
dispersion during the dispersion process. In addition, the ink
used for extrusion printing needs a certain viscosity, so the
concentration of single-walled carbon nanotubes in the ink
needs to be relatively high to ensure the stability and integrity
of the ink during extrusion printing and, at the same time,
reduce the resistance of ink. During the dispersion process, we
used an ultrasonic cell crusher to fully disperse the SWCNTs
to prevent the needle from clogging during printing due to
uneven dispersion of the carbon nanotubes.

To construct a p—n junction thermopile, we used organic
small molecule doping to obtain p-type and n-type SWCNTs
(Figure S2). We mainly used PAA and PEI small molecules for
doping. To explore the effect of different doping concen-
trations on the Seebeck coefficient and conductivity of the ink,
we added 0.1%, 0.5%, 5%, 10%, and 20% mass fraction of PAA
and 5%, 10%, 25%, 50%, and 90% mass fraction of PEI to the
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dispersed SWCNTs ink. The results obtained are shown in
Figure S3. When the PAA doped mass fraction is about 10%,
the Seebeck coefficient of the p-type ink reaches the maximum
(Figure S3a). When the PEI doping mass fraction is about
0.5%, the Seebeck coeflicient of the n-type ink reaches the
maximum value (Figure S3b), and the conductivity of the two
inks does not change much under different doping
concentrations.

After obtaining the ideal doping concentration, PAA and
PEI were added to the dispersed ink, and p-type and n-type
single-walled carbon nanotubes were obtained after long-term
stirring. If the stirring time is insufficient, PAA and PEI are not
sufficiently doped on the surface of the carbon nanotubes, and
the Seebeck coefficient of the resulting ink will be lower. The
PAA is an effective moisture absorbing material because it has
many carboxylic acid groups, which makes it hydrophilic. The
water and oxygen molecules are adsorbed on the surface of the
SWCNTSs, and this leads to p-doping, which has been reported
in the previous literature.””*>*" And PEI is an excellent n-
dopant because it has electron-donating amine groups. When
PEI is wrapped on the SWCNT surface, the majority of carriers
are changed from holes to electrons, which changes the
SWCNTSs from p- to n-type.””**** From the SEM image and
TEM image of the ink (Figure S4), it can be seen that, after
mixing and doping, the morphology of the single-walled
carbon nanotubes does not change significantly, and they are
still uniformly dispersed. This provided the foundation for the
next printing process. Moreover, we made a comparison of
normalized Raman spectra of doped and undoped SWCNTs
that were excited with a 514 nm laser (Figure SS). After being
doped with PAA and PE], the ratio of the G band and D* band
changed, because the degree of defect affects the D* band and
G band.*

Considering that when the photothermoelectric device
works under sunlight, the surface of the device will rise to a
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Figure 3. Adjustment of device performance. (a) Schematic diagram of three adjustment parameters. Test results for different sizes of (b) substrate
thickness, (c) p—n junction length, and (d) slit width. The COMSOL simulation for different sizes of substrate thickness and slit width at different
p—n junction lengths at (e) 0.4 cm, (f) 0.6 cm, (g) 0.8 cm, and (h) 1.0 cm.

higher temperature due to the absorption of light energy into
heat energy by the single-walled carbon nanotubes. To verify
that the performance of the device remains stable at different
operating temperatures, we further measured the Seebeck
coefficient of the two inks at 25, 35, 45, 5§, 65, and 75 °C
(Figure S6). As shown by the results, the Seebeck coefficient of
two SWCNT inks does not change much in the operating
temperature range of 25-75 °C.

For the selection of the flexible substrate material, we used a
polyimide film as the flexible substrate. First, the polyimide
film is an insulating material to ensure that the device will not
be short-circuited. Second, because our device is running under
sunlight. The maximum operating temperature can reach 70
°C, so we need a high-temperature resistant film. In addition,
because the polyimide film we purchased is black, the black
substrate can also absorb sunlight and heat up, so that the hot
end of the device can reach a higher temperature which further
improves the output power of the device. In summary, we
purchased a commercial polyimide film as our flexible
substrate. For the choice of reflective film, we magnetron
sputtered a layer of silver film on the PET film, and its
reflectivity remained above 95% in the wavelength range of
400—2500 nm (Figure S7).

To explore the endothermic and thermal conductivity of
carbon nanotubes, we irradiated one end of a printed SWCNT
line with a 365 nm laser and obtained the infrared thermal
image as shown in Figure 2a. We can see that the heat transfer
distance at the hot end is 2—4 mm (Figure 2b) and the
temperature tends to be stable after about 20 s (Figure 2c).
This helps us control the distance between the hot end and
cold end to ensure that the distance is as short as possible to
prevent heat from the hot end from diffusing to the cold end,
and it also can reflect the response speed of the device. We also
carried out thermal infrared imaging of the device, showing the
temperature difference between the hot end and the cold end
during the working process, and more intuitively showing the
diffusion and distribution of temperature in the device and
how the photothermal effect assists to generate the power
(Figure S8). And after printing, the SWCNTs are densely
intertwined (Figure S9).

To further verify that the power generation mechanism of
the device is the photothermoelectric effect, we tested the
volt—ampere characteristic curve of the carbon nanotube
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device (Figure 2d). It can be found that the volt—ampere
characteristic curve shows a straight line regardless of light or
light conditions, which shows that there is no barrier effect
such as the p—n junction barrier. And the curve under the light
environment deviates from the origin, which also shows that
the internal electric potential is generated. This fully
demonstrates that the generator principle of the carbon
nanotube generator prepared in this experiment is the
photothermoelectric effect.

We prepared a generator composed of three pairs of p—n
junctions and used it for testing, and found that the device can
output electrical signals stably under sunlight. Then we keep
increasing the number of p—n junctions printed on the
polyimide film and measured the output voltage (Figure 2e). It
can be found that with the increase in the number of printed
p—n junction pairs, the output voltage also increases, and the
number of p—n junction pairs and the voltage have an obvious
linear relationship, which also illustrates the performance
stability of carbon nanotube printing. The picture of a large
area printed device on a 13*13 cm polyimide film is shown in
Figure S10, and the output power is as high as 64.6 yW. The
schematic diagram of the device performance test is also
provided in Figure SI1. At the same time, we also measured
the output power of the device (Figure 2f). It can be found
that the output power of the device changes with the change of
the external resistance, and its peak value is located near the
position where the external resistance is equal to the internal
resistance of the device. In a sunny day (80—100 mW/cm?)
environment, the total power can reach 85 nW, even in cloudy
weather (40—60 mW/cm?), the total power can reach 45 nW.

During the printing and preparation process of the device,
various printing parameters of the carbon nanotube ink will
affect the device, such as the thickness of the ink, the length of
the p—n junction, and the interval between two stripes (Figure
3a). In addition, the thickness of the flexible substrate and the
width of the reflective film also affect the performance of the
device. After determining the material selection, to obtain the
optimal printing parameters and material parameters, after
analysis, we made a series of adjustments to the three
parameters, namely, the thickness of the polyimide film, the
length of the single p—n junction, and the slit width. For our
photothermoelectric devices, their performance is reflected in
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the output voltage density, that is, the voltage that can be
provided per unit length.

First, to increase the output voltage, we need to increase the
temperature difference between the cold and hot ends of the
p—n junction in the device. For the hot end, that is, the part
that receives sunlight, the polyimide substrate of different
thicknesses absorbs heat differently. The amount of heat
absorbed by the substrate will affect the maximum temperature
that the hot end can eventually reach. In addition, the width of
the slit will affect the area of the device that absorbs sunlight,
which will affect the amount of heat absorbed by the hot end.
Second, to increase the voltage density, the shorter the length
of the p—n junction under a certain voltage, the higher the
voltage density the device can output. However, considering
that the SWCNTs have heat transfer, to realize that the
temperature of the hot end is not transferred to the cold end,
the length of a single p—n junction cannot be less than 2 mm.
Therefore, to adjust the optimal parameters, we tested a series
of data and obtained the data shown in Figure 3b—d. When the
thickness of the polyimide film is 15 um, the length of the
single p—n junction is 0.6 cm, the slit width is 50% of the
length of a pair of p—n junctions, and the output voltage per
unit length reaches the maximum value. It can be seen that the
optimal parameter conditions are consistent with the
experimental results. Then we tested the power density of
the optimized device and found it could reach 1.3 yW/cm*
(Figure S12). We use total area of the thermoelectric leg (i.e.,
width X length X # of legs) to calculate the power density as
previously reported.*’

To ensure the accuracy of the control results, we used the
COMSOL simulation software to simulate the output voltage
per unit length of the device under different parameters and
obtained the results as shown in Figure 3e—h.

Because printing has the advantages of high repeatability,
high stability, fast printing speed, programmability, etc., to
further improve the power generation performance of carbon
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nanotube photothermoelectric devices, series integration can
be used to print as many p—n junctions per unit area as
possible, which can increase the output power per unit area. To
this end, the thickness of the polyimide film is very small and
the temperature drop in the thickness direction of the film is
zero, which indicates that the temperature on the back of the
film is the same as that on the irradiated surface. We designed a
double-sided printing structure (Figure 4a) to improve the
number of p—n junctions. Due to the high accuracy of the
printing method, the front circuit and the back circuit are
basically at the same position, which ensures that the
temperature distribution of the carbon nanotube network on
the front and back is the same. In this way, we continue to use
the double-sided printing method to continue to increase the
degree of serial integration of the devices. Specifically, the same
ink is printed on the front and back sides of the polyimide film
at the same position, and the front and back circuits are
connected in series. From Figure 4b, it can be determined that
the output voltage and output power of the double-sided
printing are doubled, which can be used to further increase the
output voltage and output power and thus increase the output
power of the carbon nanotube photothermoelectric generator.

Low internal resistance is also one of the necessary
conditions for the photothermoelectric generator. To study
the resistance change of the printed carbon nanotube film, we
printed different layers of the carbon nanotube strip film. It can
be found that, with the increase of the number of printing
layers, the thickness of the film is continuously increasing
(Figure 4c) and shows a linear relationship, which also fully
illustrates the uniformity of carbon nanotube printing. The
resistance and the number of layers show an inverse
relationship, because as the number of layers increases, the
cross-sectional area of the conductive channel increases, and
the resistance decreases. Then we tested the power of devices
with different numbers of layers under different light intensities
(Figure 4d), and we found that the power of the device
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increased with the number of printed layers and the light
intensity. In a subsequent study, we adjusted the number of
layers allowed to be five layers, which can avoid a too long
printing time, greatly reduce the internal resistance of the
device, and increase the output power.

Considering that, in practical applications, the position of the
sun in a day is constantly changing (Figure 4e) and its
elevation angle changes with time, we want to ensure that the
device can generate electrical signals smoothly at any angle of
sun irradiation. Thus, we need to design the shape of the
device to try to make the sunlight intensity received by the
device at any time consistent. To this end, we tested the
changing trend of the output voltage with the light angle of the
device composed of three pairs of p—n structures (total length
is 4 cm) under different bending radii (Figure 4f). From the
figure, we can see that the radius is 15 mm when the output
voltage of the device is the most stable and the output voltage
changes most obviously when the radius is 37 mm. Therefore,
adjusting the bending radius when the device is working
greatly improves the stability of the output power.

For a flexible device, its fatigue resistance is an important
consideration. Therefore, we tested the fatigue resistance of the
device composed of three pairs of p—n structures from three
aspects (Figure S). First, as the working time of the device
gradually increases to 40 min, the output voltage is stable.
Second, in the bending test, when the bending radius is
gradually reduced, the voltage and output power both show a
downward trend. This is because the sunlight received in the
device is irradiated in parallel, whether in the test environment
or the normal working environment. Therefore, when the
device is bent, the area that receives light will decrease, so the
output voltage and output power show a downward trend.
When the bending test returns to a flat surface, the output
voltage and output power of the device change within 5%,
which can be seen in the device having excellent bending
resistance. Finally, in the bending test, the output voltage and
output power changed by 10% after 10 000 bending tests.
Moreover, we also tested the output voltage of 10 devices to
determine the repeatability of the achieved photothermo-
electric performance (Figure S13). All devices used the same
SWCNT inks and consisted of three pairs of p—n junctions,
and during the test the light intensity was 100 mW/cm™

In summary, we present a scalable and low-cost manufacturing
process to construct a new type of flexible photothermoelectric
device structure. We used low-cost and easy-to-obtain
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SWCNTs to obtain n-type and p-type carbon nanotubes
after doping and make them into printable inks. The ink was
printed into a highly integrated array at intervals to design a
device, and this device could first absorb light energy into heat
energy and then convert it into electrical energy for use.
Although this energy conversion seems like it may cause some
energy loss, our photothermoelectric device is actually a kind
of thermoelectronic device. The key point of our research is
how we can use the waste heat in nature to generate useful
electricity. So we use light as a source of waste heat. After
testing, the output per unit length of the p—n junction could be
obtained. Finally, a new type of flexible photothermoelectric
device structure was designed via a simple extrusion printing
method and can be prepared continuously to achieve large-
scale printing of highly integrated flexible photothermoelectric
devices. This research will pave the way for new opportunities
for other nanothermoelectric materials.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00189.
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