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Abstract: Photothermal conversion is an environmentally friendly process that harvests energy from
the sun and has been attracting growing research interest in recent years. However, nanostructured
strategies to improve light capture performance deserve further development, and the application of
solar heating effects for clean energy needs to be explored. Herein, a multiscale nanomaterial was
prepared by in situ polymerizing the polyaniline (PANI) nanoparticles into porous anodic aluminum
oxide (AAO) membrane. As a result, the as-prepared PANI-AAO shows broadband solar absorption
and provides a platform for efficient photothermal conversion. What is more, we introduced a
typical thermoelectricity generator (TEG) with excellent output performance and combined it with
PANI-AAO to prepare a solar thermoelectric generator (s-TEG). The s-TEG harvests solar energy and
converts it into electricity, showing an outstanding power generation capability in outdoor conditions.
Thus, the nanostructured broadband solar absorber and the integrated solar thermoelectric generator
offer a promising candidate for a sustainable and green energy source in the future.

Keywords: polyaniline nanoparticles; anodic aluminum oxide; solar absorber; thermoelectricity generator

1. Introduction

With industrial development and population growth, energy shortages and environ-
mental degradation have become common issues all over the world [1]. Recently, mankind
has gradually reduced its dependence on fossil fuels and developed renewable and clean
energy [2,3]. Non-fossil energy such as wind energy, solar energy, hydro energy, biomass
energy and geothermal energy is of great significance for protecting the ecological en-
vironment, coping with climate change and realizing sustainable economic and social
development. For example, wind energy is the kinetic energy generated by air flow, which
is renewable and widely distributed, and can be converted into heat energy and/or electric
energy through comprehensive engineering technology. However, it has low energy den-
sity, instability and great technical difficulty. Hydro energy is mainly used for hydropower,
which has the advantages of low cost, renewable and pollution-free, but it will be limited
by natural conditions such as hydrology, the climate and landform. Therefore, there are
still great challenges in the development of new green energy [1].

Since the birth of life on earth, it has mainly lived and multiplied with the thermal
radiation energy provided by the sun. It is worth noting that most of the energy required
by human beings comes directly or indirectly from the sun, including fossil energy, wind
energy and hydropower. With the decrease in fossil fuels, solar energy has become an

Energies 2022, 15, 1354. https://doi.org/10.3390/en15041354 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15041354
https://doi.org/10.3390/en15041354
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5527-0310
https://orcid.org/0000-0003-1114-052X
https://doi.org/10.3390/en15041354
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15041354?type=check_update&version=1


Energies 2022, 15, 1354 2 of 11

important part of human energy and has been developing continuously. Solar energy is
inexhaustible green energy with properties of intrinsically abundant and global sustainabil-
ity, and has been widely used in photovoltaic [4], photochemistry [5], photocatalysis [6,7],
photothermal [8–10] and other fields. Using the photovoltaic effect, scientists have created
photovoltaic cells to directly convert solar radiation into electrical energy. Photovoltaic
cells have a wide range of applications, such as solar power plants and distributed roof
photovoltaic [4]. Benefiting from technological progress, economies of scale and open
market competition, photovoltaic power generation has developed rapidly in the past
decade. However, due to the wavelength selectivity of the photovoltaic effect, photovoltaic
cells can only use the visible part of solar radiation, which cannot be effectively used for
the infrared region that accounts for most of the solar energy [8,9]. Therefore, among the
various energy conversion pathways from solar illumination, solar-to-heat conversion is the
most direct and efficient [11]. To take advantage of the free and green solar energy, studies
investigating the mechanism, structural design and preparation methods of photothermal
materials are urgently needed.

Generally speaking, photothermal conversion technology is a way that absorbs the
electromagnetic energy in solar radiation and converts it into non-radiant heat to raise the
temperature of the object [12]. An ideal photothermal material is a perfect blackbody that
needs to completely absorb the incident sunlight with no reflection or transmission [13].
Towards the advanced photothermal conversion process, multiscale nanostructures are
necessary to improve the absorption of incident sunlight with different wavelengths from
all directions [14,15]. Multiscale micro/nano structures can form optical traps to trap pho-
tons in materials. Additionally, photons oscillate repeatedly between multiple interfaces
and are gradually absorbed. Recently, significant efforts have been focused on multiscale
nanophotonic materials, such as carbon nanotubes [16], graphene [17], MXene [18], semi-
conductor nanocrystals [19] and metal nanoparticles [20], due to their highly intriguing
optical absorption and photothermal properties. Carbon-based materials often have large
specific surface areas, unique electronic structures and optical properties. Efficient pho-
tothermal conversion can be realized through surface modification, skeleton structure
design and assembly processing [16,17]. Metal materials have strong local surface plasmon
resonance (LSPR) effects, adjustable sizes and morphologies, which make them typical
representatives of solar absorbers [20]. However, there are several challenges associated
with the design and fabrication of a nanostructured broadband solar absorber, such as
reducing cost, regulating morphology and expanding production.

Organic materials with inherently conjugated structures have been gradually de-
veloped as emerging solar absorbers because of the lower manufacturing costs, better
processability and broader chemical functionalization capabilities [21]. In addition, regulat-
ing the polymerization process and using templating agents could control the morphology
of nanostructured polymers, such as nanofibers, nanospheres, nanoflowers, nanoribbons
and nanotubes [22,23]. Recently, the optically active nanomaterials with degradable possi-
bilities, such as polyaniline (PANI), polypyrrole (PPy) and polyaniline (PAN), have been
prepared with different nanostructure morphologies and are widely used in biomedical
application [24,25], solar-driven water evaporation [26], soft actuator [27] and solar energy
storage [28]. Solar-driven water evaporation technology has attracted more and more atten-
tion because of its advantages of no consumption of conventional energy, no pollution and
high purity of fresh water. The development of an efficient solar collector and desalination
process is the key of solar-driven water evaporation technology. The nano-solar absorber
can effectively realize the conversion of light-to-heat, and provides a channel for the trans-
portation and removal of salt ions, which is an ideal platform for water evaporation and
seawater desalination [26]. Although considerable efforts have been developed to realize
nanostructured broadband solar absorbers, the direct conversion of solar energy into usable
electric energy still requires additional efforts for practical and industrial applications.

Herein, we apply the nanostructured strategy to polymerize PANI nanoparticles in
the AAO pores to improve the ability of light trap and photothermal conversion. The
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as-prepared solar absorber shows excellent broadband absorption across the full solar
spectrum, especially in the ultraviolet-visible region with an absorptivity of more than
95%. When irradiated by sunlight, the temperature of PANI-AAO can increase from 28
to 62 ◦C within 300 s, showing the potential for effective solar heating. In addition, we
combined the solar absorber with a typical thermoelectricity generator (TEG) to prepare a
solar thermoelectric generator (s-TEG), which harvests energy from the sun and converts
it directly into usable electric energy. In a word, the nanostructured broadband solar
absorber and the integrated solar thermoelectric generator have the competitive potential
for practical large-scale solar energy harvesting and power generation.

2. Materials and Methods
2.1. Materials

Aniline, Ammonium persulfate, Phytic acid (50%) were provided by Aladdin Chem-
istry Co., Ltd., Shanghai, China. Anodic aluminum oxide (AAO) with a honeycomb-like
structure was purchased from Shenzhen Topmembranes Technology Co., Ltd., Shenzhen,
China. All reagents were of analytical grade and used directly without any purification.

2.2. Measurements

Scanning electron microscopy (SEM) images were taken with a Zeiss ULTRA55. Opti-
cal performance was measured by Ultraviolet-visible-NIR (UV-vis-NIR) absorption spec-
troscopy (Lamda 950, PerkinElmer Inc, Massachusetts, USA.). Thermal gravimetric analysis
(TGA) was characterized by a thermogravimetric analyzer (TGA 8000, PerkinElmer Inc,
Massachusetts, USA.) under N2 atmosphere. Simulated solar irradiation was provided by a
xenon lamp (PL-X300DF) equipped with an AM 1.5 filter. The temperature was monitored
by K-type thermocouples (TT-K, Omega Engineering Inc, Shanghai, China.) connected to a
digital data acquisition system (DAQ 6510, Tektronix Inc, Shanghai, China.).

2.3. Preparation of the Solar Absorber

Prepared 50 mL mixed solution of ethanol and water according to the volume ratio
of 1:4, added 5 mL phytic acid solution, 0.48 g ammonium persulfate, and mixed evenly.
Added clean AAO film to the above solution with the porous side facing up. After soaking
in an ice bath for ten minutes, 2.5 mL aniline monomer was added and ultrasonically
mixed for about 10 s to obtain a homogenous solution, and then sealed and placed in the
refrigerator at 5 ◦C for 24 h.

2.4. Preparation of the Solar Thermoelectric Generator

Cut the prepared solar absorber to a size of 4 × 4 cm, and connected its back to the
surface of the clean thermoelectric generator (TEG) with thermal conductive adhesive, so
that the porous side attached with polyaniline faces the sky.

2.5. Outdoor Performance of the Solar Thermoelectric Generator

A power generation device was built on the roof of an outdoor building in Shanghai
(31◦1′50” N, 121◦26′26” E) to demonstrate the practical application potential of the prepared
solar thermoelectric generator. The power generation device was placed at a height of half a
meter from the ground, and there was no additional windshield to simplify the installation.
The solar absorber was exposed to sunlight as much as possible, and an aluminum radiator
was connected to the bottom of the power generation device to enhance the effect of outdoor
power generation.

3. Results and Discussion

Polyaniline (PANI) is an excellent photothermal polymer that is characterized by
π-conjugated backbones of contiguous sp2-hybridized carbon atoms and has been widely
used in solar-to-heat conversion due to its advantages of cheap and easy to obtain, simple
synthesis, good environmental stability and excellent broadband absorption properties [29].
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In this work, we proposed a simple route to load polyaniline (PANI) nanoparticles on the
surface of a commercial porous anodic aluminum oxide (AAO) membrane to design a new
solar absorber with wideband absorption and high photothermal conversion efficiency.
Porous AAO has adjustable pore size, large specific surface area and reformability, which
provides a reliable template for the growth of PANI nanoparticles. As shown in Figure 1a,
by solution polymerization, a large number of PANI nanoparticles were grown on the
surface of AAO and formed dense clusters. In this case, the mixture of ethanol and water is
used to improve the wettability of the AAO surface and facilitate the in situ polymerization
of PANI. Ammonium persulfate realizes the oxidative doping of PANI to improve the
mobility of the charge carrier and broaden the absorption bandwidth. Phytic acid, as
a small molecule hydrogen bond donor–acceptor, contributes to the formation of the
nanostructured PANI [30–32]. As a result, aniline forms polyaniline through oxidative
polymerization, and under the regulation of phytic acid, polyaniline gradually evolves and
aggregates into nanoparticles to fill the surface of AAO. In addition, phytic acid can also
form coordination bonds with alumina surface, thus providing a site for the anchoring of
polyaniline nanoparticles [25].
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Figure 1. The preparation and structure of the solar absorber. (a) Schematic illustration of the
preparation of photothermal materials PANI on a porous substrate. The SEM images of (b) AAO and
(c) PANI-AAO.

The as-prepared PANI-AAO consists of a secondary structure, with PANI nanoparti-
cles filled on the 3D skeleton of the porous AAO membrane, which is important for light
capture and photothermal conversion. The top-view SEM images of the AAO membrane
as shown in Figure 1b. It is clear to observe that the pore size distribution of the original
AAO membrane is relatively uniform, and the pore diameter is about 200 nm. As a result,
this suitable scale of the nanopores will facilitate the embedding of PANI nanoparticles.
As shown in Figure 1c, the PANI nanoparticles with a diameter of ~20 nm are successfully
“planted” on the surface of the AAO membrane with random orientations, similar to “pot-
ted plants”. Here, the AAO membrane as a container provides a carrier for the growth of
PANI nanoparticles. PANI gradually polymerizes in the solution, similar to how plants
germinate and grow in the soil, and oxidant and phytic acid are the best nutrients.

With the development of nanomaterials and nanotechnology, multiscale hybrid ma-
terials have been proposed for efficient solar energy absorption due to their multiscale
electromagnetic wave reflection/absorption interface. PANI is well known as an optically
active conjugated polymer, which shows strong absorption in the solar spectral range and
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excellent photothermal conversion efficiency. Alumina can enhance the overall photother-
mal conversion ability due to its plasma resonance effect. At the same time, porous AAO
can provide a template for the growth of polyaniline nanoparticles to form a multilevel
structure. In our work, the PANI-AAO with a multiscale structure was developed as
a sunlight collector, which could reduce the reflection and transmission of the incident
light and could improve the absorption of sunlight by repeated oscillation to extend the
optical path. As a result, the “planted” PANI nanoparticles enhanced their ability to absorb
incident solar irradiation, showing efficient photothermal conversion under solar irradi-
ation (Figure 2a). In addition, the ordered porous AAO membrane is conducive to the
uniform diffusion of heat and improves the stability of the solar heating effect of the solar
absorber (PANI-AAO). As shown in Figure 2b, the original AAO membrane has a poor
light absorption ability in the infrared radiation region (blue curve), because of its highly
reflective surface and intrinsic wide bandgap. Remarkably, the AAO template-assisted
solar absorber (PANI-AAO) (red curve) shows much higher optical absorption within the
whole solar radiation spectrum from 300~2500 nm, and even almost saturated absorption
in the visible range. The result indicates that the incident sunlight may be “trapped” by the
compound material and absorbed completely. The excellent light-trapping capability may
stem from the randomly distributed PANI nanoparticles in the AAO membrane and is one
of the key factors for highly efficient solar-to-heat conversion.
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(d) TGA curves of PANI-AAO.

To confirm the photothermal potential of PANI-AAO, the solar heating effect was
measured under the solar radiation power of 1000 W/m2 in ambient conditions. Obviously,
under one sun illumination, the PANI-AAO shows a significant increase within 300 s and
eventually heated up to an equilibrium temperature at 62 ◦C, suggesting the excellent
solar-to-heat conversion ability and short optical response time (Figure 2c). In contrast,
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the surface temperature of AAO could only reach 45 ◦C from 30 ◦C. This improvement
in the photothermal conversion performance promotes PANI-AAO to become a potential
solar heating medium. However, the potential for practical application puts forward higher
requirements for service life and environmental adaptability. Furthermore, the thermal
stability of PANI-AAO is an important index to evaluate its potential applications under the
complex environments in the future. As shown in Figure 2d, the thermogravimetric analysis
(TGA) data of PANI-AAO show high thermal stability without weight loss from 25 to 300 ◦C
under a nitrogen atmosphere. This composite material with wide-spectrum absorption,
efficient solar heating effect and thermal stability will provide an ideal candidate for the
capture and utilization of solar energy. Furthermore, the solar absorber is composed of
degradable polymers and biocompatible alumina, which is a potential environmentally
friendly energy conversion system.

A thermoelectric generator (TEG) is a solid-state power device, which has the capa-
bility of directly converting thermal energy to electricity without any noise, vibration or
gas emission [33,34]. A typical module of TEG mainly includes a p-type thermoelectric leg
and an n-type thermoelectric leg connected electrically in series and thermally in parallel,
in which the p-type has surplus holes and the n-type has surplus electrons to carry the
electrical current. Based on the Seebeck effect, the temperature difference between the two
sides of the TEG leads to the diffusion of the free charges (electrons or holes) along the
heat flow driven by thermal excitation and generates an induced electrostatic potential
(Figure 3a) [35,36]. At present, TEG is widely used in the fields of intelligent Internet of
Things (IOT), wearable electronic devices, integrated power generation and waste heat re-
covery. With the development of new thermoelectric materials and the optimization design
of power devices, TEG will gradually be applied to all aspects of industrial production and
residents’ life.
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Figure 3. The output performance of TEG. (a) Schematic diagram of working principle of TEG.
Output voltage of TEG as a function of temperature difference (b) and load (c). The output voltage
(d), current (e) and power (f) of TEG under different temperature difference.

Herein, we chose a commercial TEG with a size of 4 × 4 cm to understand its power
generation capacity. As shown in Figure 3b, the open voltage values of TEG were measured
as a function of the temperature difference. It is obvious that the open-circuit voltage
increases as the temperature difference increases from 5 to 100 ◦C and shows a good linear
relationship. Moreover, the generated voltage can reach up to a value of 2 V, when the
temperature difference is in the range of 100 ◦C. To characterize the power generation
capabilities of the TEG, the output voltage was acquired at various external load resistors
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from 1 to 60 Ω at a fixed temperature difference of 40 ◦C. This measurement is carried out
by clamping the TEG between the hot plate and the cold plate. As shown in Figure 3c, the
output voltage of TEG varies with the stepped load resistor and can reach 0.8 V at a load of
60 Ω.

We explore the relationship between output performance of the TEG and temperature
difference and load resistance. It can be seen from Figure 3d,e that under the same tem-
perature difference, with the increase of the external load resistor, the output voltage of
TEG increases gradually, but the output current decreases gradually. Under the same load
resistance condition, the increase of temperature difference results in the increase of output
voltage and output current. When the load resistance is equal to the internal resistance of
TEG, the output power of TEG is maximum. At the same time, as the temperature differ-
ence increases, the output power of TEG also increases, and we experimentally measured
a high output power up to 0.27 W at a fixed temperature difference of 100 ◦C and a load
resistance of 10 Ω (Figure 3f).

Solar absorber (PANI-AAO) is the platform of solar-to-heat conversion, and TEG is
the platform of thermo-to-electric conversion. The combination of the two parts will realize
solar-to-electric conversion and put forward a reliable solution for the development of green
and clean energy in the future. In this work, we adhered the homemade solar absorber
(PANI-AAO) to the above TEG with a high thermal conductivity adhesive to prepare a
solar thermoelectric generator (s-TEG), to develop the potential of the solar absorber in
the field of green energy. As shown in Figure 2a, the PANI-AAO absorbs the sunlight
and converts it into heat energy. At this time, the temperature difference between the
upper and lower surfaces of the TEG can be established to drive the directional diffusion of
carriers, thus generating voltage. If the strategy of optical concentration of solar radiation is
implemented, the heat flux will increase and lead to a larger temperature difference in the
actual environment. Figure 4b shows the output performance of the s-TEG under different
sun irradiation from 1, 1.5, and 2 kW/m2. The steady-state output voltage increases with
the increased solar intensity. Moreover, the s-TEG can achieve a high output voltage of
180 mV, 230 mV, and 270 mV at 1, 1.5, and 2 sun radiation, respectively, suggesting that
high solar intensity leads to an increased output performance. We can see that if the
effective solar radiation received on the surface of the solar absorber is improved through
engineering and technical means, such as optical lens array to realize optical concentration,
the comprehensive output performance of the generator will be greatly increased. The
thermal stability of the solar absorber provides a reliable basis for this technical scheme
(Figure 2d). What is more, the reversible voltage change against on–off light illumination
under one sun irradiation shows the remarkable stability for a long working life.

In outdoor environments, solar irradiation is affected by geographical location, atmo-
spheric and ground conditions. Here, we built the power generation device (s-TEG) on the
roof of a building in Shanghai (31◦1′50” N, 121◦26′26” E). The device is 0.5 m away from
the ground, and there is no additional windshield in order to simplify the equipment. Then,
we test the output performance of the s-TEG on a typically sunny and cloudy day and
record the real-time solar irradiation intensity and output voltage. As shown in Figure 4c,
the average solar intensity from 14:00 to 16:00 is 400 W/m2. The output voltage of s-TEG
changes in real time with the solar intensity and presents an average voltage output of
53 mV. However, on a typically clear day, the solar irradiation intensity decreases from
800 to 300 W/m2 from 14:00 to 16:00. The s-TEG exhibits an average output voltage of
100 mV and a peak voltage of nearly 150 mV (Figure 4c). Changes in weather conditions
and environmental factors, such as cloud movement, wind speed, humidity, etc., will
have a significant impact on the effective solar radiation received by the solar absorber
(PANI-AAO) and the conduction of heat at the interface and at both ends of the TEG.
However, the change of output voltage signal also implies the sensitivity of the generator.
In the future, with the optimization of equipment structure and the upgrading of power
management system, the generator (s-TEG) will become a reliable and effective energy
capture and power generation equipment in extreme environments and special fields.
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Figure 4. The output performance of the s-TEG. (a) Schematic illustration of s-TEG setup under
sunlight. (b) The output performance of the s-TEG under different solar irradiation and the stability
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typical (c) cloudy and (d) sunny day.

As shown in Figure 4b, the as-prepared s-TEG can achieve a high output voltage of
180 mV under one sun irradiation. What is more, the output performance under one sun
irradiation compared to the literature in Figure 5 shows the competitive performance and
huge potential for power generation in this work. To sum up, an excellent s-TEG should
have the following characteristics: 1. Solar absorber with wide-spectrum absorption, which
often needs to be designed from the perspective of material and structure; 2. TEG with high
thermoelectric conversion efficiency, which requires the optimization of a thermoelectric
system with high ZT value and device structure; 3. High thermal conductivity and stable
interface connection, because reducing interface thermal resistance will be conducive to the
effective utilization of heat energy; 4. The packaging of the generator can reduce the heat
exchange between the solar heater and the environment, and improve the utilization of heat
energy; and 5. Optical concentration and thermal concentration strategy. Improving the
effective solar energy received by the solar absorber through the optical lens or optimizing
the area ratio between the solar absorber and the TEG can further improve the power
generation effect. These results and strategies indicate that the s-TEG will be more effective
in low latitudes and high altitudes where solar radiation is more intense, and provide an
alternative solution for alleviating power shortages in extreme environments.
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4. Conclusions

In this work, we prepared a multiscale nanostructured solar absorber (PANI-AAO)
with PANI nanoparticles filled on the pores of AAO. The composite structure effectively
harvests the solar energy and converts it into heat energy, notably with a surface temper-
ature of up to 60 ◦C under one solar irradiation. In addition, we applied a commercial
TEG to optimize the output performance by increasing the temperature difference and
matching the external load. Finally, we combine the solar absorber and TEG to fabricate
a solar thermoelectric generator (s-TEG), which shows a good power generation perfor-
mance when tested outdoors. Through optical concentration, the s-TEG will have a wider
application prospect. The demonstrated strong potential of the s-TEG opens up a path
towards alleviating global climate problems and energy shortages.
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