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Photo-Thermoelectric Generation in MoS,/Pyroelectric Polymer
Nanocomposites for Collection of Near-Infrared Light Energy

QI Yu-Cong® SHEN Xiao-Quan* LIU Jia-Hao XIAO Xuan-Zhong SHEN Qun-Dong*
(Department of Polymer Science and Engineering, Key Laboratory of High Performance Polymer Materials and
Technology of MOE, School of Chemisiry & Chemical Engineering, Nanjing University, Nanjing 210023, China)

Abstract: We design a photo-thermoelectric nanogenerator (PTENG) based on a flexible film of molybdenum
disulfide (MoS,) dispersed in a pyroelectric polymer. The transition-metal dichalcogenide as thin-layered
nanosheets can harvest the incident near-infrared (NIR) light and convert it into thermal energy. The pyroelectric
polymer subsequently transduced the thermal energy collected by the inorganic nanosheets into electric energy.
Under NIR irradiation, the PTENG can generate voltage and photocurrent instantly, and the output kept at high
level for a long time. High thermoelectric conversion coefficient was obtained, which arised from efficient
coupling between photothermal and pyroelectric effects. Theoretical simulation distinguished the contribution of
MoS, in the polymer nanocomposite. MoS, significantly increased the temperature change rate in pyroelectric

polymer films, leading to enhanced photoelectric response in the device.
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0 Introduction

Molybdenum disulfide  (MoS,) as one of the
transition-metal dichalcogenides and two-dimensional
layer materials has recently shown promising potential
for modern electronics and optoelectronics. Due to
high carrier mobility and low power consumption,
such semiconducting material could be fabricated into
field-effect
length in atomically thin integrated circuitry . MoS,

transistors with  sub-5-nanometer gate
presents two-dimensional Ising superconductivity, as
well as tunable resistance states in multi-terminal
memtransis-tors for data storage and neuromorphic
computing purpose . Optoelectronic performance of
MoS, is also attractive, which enable it for building
block and high-

sensitive picosecond-responsive photodetectors in the

of electroluminescence device

visible to near-infrared wavelength rang™?.

Energy collection is of vital importance for
wearable or implantable electronics. Single-layer MoS,
with nanoscale pore has been utilized as power
generator based on osmotic pressure of electrolyte
solution™, thus has the capability of operating in the
MoS, has

strong piezoelectricity, i.e., generation electric energy

physiological ~environment. Single-layer
in response to applied mechanical energy that is readily
available during our physical movement. A power
density of 2 mW m ™ and a 5% energy conversion
efficiency is found when the MoS, sheets undergo

14 Thermoelectric power generators by

cyclic bending
single-layer or few-layer MoS, are also demons-
trated™'®. Tt provides a way of utilizing thermal
energy, which is abundant in our living environment.
Most recently, MoS, nanosheet as narrow bandgap
semiconductor can efficiently convert near-infrared
(NIR) light energy into thermal energy, and is
promising photothermal materials for cancer therapy.

The MoS, sheet has

17-19]

efficiency up to 60%!""".

a photothermal conversion

For portable or implantable electronics, polymer
materials that are flexible in nature and biocompatible
with biological tissue is attracting great attention. Poly

(vinylidene fluoride) (PVDF) and its copolymers are

versatile  functional —materials that have both
piezoelectricity and pyroelectricity™. These properties
make them exporter in harvesting electric energy from
physiological environment®#, Here we design a photo-
(PTENG) based on a
flexible film of the MoS, sheets dispersed in a
pyroelectric polymer (PEP), P(VDF-TrFE-CFE), i.e. a
(VDF),

and chlorofluoroethylene

thermoelectric nanogenerator

copolymer of vinylidene fluoride
(TrFE),
(CFE). The polymer has weak absorption in the visible
and NIR

conversion of light energy into thermal energy. The

ternary
trifluoroethylene
regions, thereby preventing effective
MoS, thin-layered nanosheets in the polymer matrix
can harvest the incident NIR light and convert it into
thermal energy. The pyroelectric polymer subsequently
can transduce the thermal energy collected by the

inorganic nanosheets into electric energy.
1 Materials and methods

1.1 Materials
P(VDF-TrFE-CFE), i.e.
VDF, TrFE, and CFE with molar ratio of 62.6:29.4:8,

was purchased from Arkema Piezotech. Molybdenum

a ternary copolymer of

(IV) sulfide was provided by Energy Chemical. Indium
tin oxide (ITO)-coated glass with sheet resistance less
than 7 ) was obtained from Zhuhai Kaivo Optoelec-
tronic Technology. The glass was cleaned ultrasoni-
cally in acetone, ethanol, and isopropyl alcohol for 10
min sequentially. N,N-dimethylformamide (DMF) was
analytically pure and obtained from Sinopharm
Chemical Reagent. Other reagents were used as
received without further treatment.
1.2 Methods
1.2.1 Preparation of photo-responsive nanocomposite
film

The P(VDF-TrFE-CFE) powder was dissolved in
DMF (40 mg-mL™) by stirring magnetically at room
temperature overnight. The MoS, powder with different
(10% and 25% (w/w)) was mixed with
the P(VDF-TrFE-CFE) solutions by a magnetic stirrer

followed by ultrasonication. Then, the mixed solution

mass fractions

was cast onto a pre-cleaned ITO-coated glass. After

removal of the solvent at 80 °C overnight, the MoSy/
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PEP nanocomposite films were annealed at 120 °C for
4 hours and naturally cooled to room temperature.

The absorption spectroscopy of the PEP and
MoS,/PEP films was measured by using Mapada UV-
1800PC spectrophotometer. The particle size distribu-
tion measurement was performed on a Brookhaven
Nano Brook Omni dynamic light scattering instrument
with a red laser beam at 640 nm. The sample was
dissolved in DMF. The transmission electron micros-
copy (TEM) photograph of the MoS,/PEP nanocom-
posite was obtained by a JEOL JEM-2100 transmiss-
ion electron microscope with the accelerating voltage
of 200 kV. The sample was prepared by dropping the
dispersion onto a carbon film supported by a copper
mesh, followed by naturally drying in the air. The X-
ray diffraction pattern of the pyroelectric polymer and
MoSy/PEP nanocomposite was collected by Bruker D8
Advance X-ray diffractometer using Cu Ka radiation
(A =0.154 nm) with operating voltage of 40 kV and
current of 40 mA. The scan range was 10°~65°. The
film was fabricated by solution-cast on a glass slide,
dried at 80 °C, and then thermal annealed at 120 °C
for 4 hours.

1.2.2  Photothermal measurement and theoretical
simulation

The photothermal response of the MoS,/PEP

nanocomposite films was collected by a Fotric 226S

infrared laser (Beijing Laserwave Optoelectronics) was
used to irradiate the sample. The laser beam oriented
perpendicularly and had a wavelength of 915 nm. The
temperature change was recorded 30 times per
second.

For electrical measurement, the MoS,/PEP nano-
composite film was cast on ITO glass with electrode
area of 2.25 cm’ Then, silver electrode with area of
0.8 cm” was applied to top side of the film by physical
vapor deposition using PVD75 PRO Line EB  (Kurt J.
Lesker Co.) thin film deposition system. The data were
captured by using an electrochemical workstation
(CHI 800B, CH Instruments, Inc.). The infrared light
was incident from the ITO side. Dependence of the
photocurrents on the incident power density was
obtained with fixed irradiation time of 10 s for MoS,
(10%)/PEP and 20 s for MoS,(25%)/PEP.

COMSOL multiphysics software was utilized to
theoretically study photothermal effect and spatial
distribution of the temperature change rate, which
employed finite element method (FEM) to analyze heat
absorption and temperature increase. The parameter of
MoS, and the pyroelectric polymer for simulation was
listed in Table 1. The length, width, and thickness of
the film was 100, 100, and 40 pm, respectively. The
incident light power density was 124 mW -cm™ with

irradiation time 10 s. The real part of the refractive

thermal infrared imager. LWIRL-915-1W-F near index was 1.4, and the imaginary part was 0.1.
Table 1 Physical properties of MoS, and PEP
Specific heat / . Thermal conductivity / Pyroelectric coefficient /
Density / (kg-m™)
(J-kg™-K™) (W-m™-K™) (nC-m?-K)
MoS,*! 397.35 5 060 52 0
PEP®! 1172 1938 0.2 40

2 Results and discussion

2.1 MoS,/PEP nanocomposite for light harvesting

We prepared the light-harvesting polymer film by
dispersion of inorganic MoS, sheet into P(VDF-TrFE-
CFE) polymer (Fig.1A). The MoS, sheet has high
photothermal conversion efficiency. P(VDF-TrFE-CFE)

is one of the pyroelectric materials that change their

electric polarization in response to the ambient
temperature change, and then generate temporary
voltage or electric current when connected to an
external circuit. Thus, the pyroelectric polymer (PEP)
can transduce the thermal energy collected by the
MoS, sheet into electric energy. The polymer can be
readily available as optical transparent thin film with

large area and has low thermal conductivity.
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Fig.1 MoS,/PEP nanocomposite for light harvesting: (A) Structure and (B) photograph of the 10%MoSy/PEP film,

where the MoS, sheet is photothermal and PEP film is thermoelectric; (C) Absorbance profiles of the PEP
and 10%MoS,/PEP films in the visible and NIR regions; (D) Size distribution of the MoS, sheet dispersion
with PEP in DMF solution; (E) TEM images of the MoS, sheets in the MoSy/PEP nanocomposite; (F) X-ray
diffraction patterns of the PEP and 25%MoS,/PEP films

The MoS, sheet is evenly dispersed in the
polymer matrix, resulting in a black opaque film (Fig.
1B). The MoS,/PEP nanocomposite film absorbed light
over a wide range, i.e. from 380 to 1 100 nm (Fig.1C).
Thus, it can efficiently collect light energy covering a
large part of the solar spectrum. For comparison, the
PEP film presented rather weak and featureless
absorption curve extending to red and NIR region.
The peak with wavelength of 410 nm was from direct
electron transition through bandgap; and other two
peaks at 630 and 680 nm arised from exciton
transition™. All of them are typical for MoS,. For the
thin film of the nanocomposite, the MoS, sheet led to
remarkably enhanced light absorption, which reached

80%~92% in the visible range and 75%~80% in the

NIR region.

The dispersion of the MoS,/PEP has one major
component with particle size of 150~300 nm and other
minor component with size 700 ~900 nm when
measured by dynamic light scattering (Fig.1D). The
(TEM) observation
shows that the small MoS, particle was thin-layer

transmission electron microscope

nanosheet, while the large one composes of highly
(Fig.1E). The MoS,

nanosheet was thereby arising from ultrasonication-

corrugated and stacked sheet

assisted exfoliation from the large sheet with weak
interlayer forces. Fig.1F shows the X-ray diffraction
pattern of the MoSy/PEP nanocomposite film. The
narrow peak at 18.2° (crystal lattice parameter of 0.487
nm) came from (110) and (200) reflection of PEP. The
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strong peak at 14.5° was assigned to (002) reflection
of the MoS,”. Other peaks above 30° were related to
the diffraction from high-order planes of MoS,.
2.2 Photothermal properties

The MoS, sheets show high absorption of the
visible and near infrared light. We investigated the
MoS, mediated light-to-heat conversion in PEP film
(Fig.2A). After irradiation by 915 nm light, IR thermal
image of the PEP film shows the heat signal almost
identical to the background, indicating its weak
photothermal conversion ability. In contrast, the MoS,
sheet in the polymer could efficiently convert the light
energy into local heat (Fig.2B). Photothermal capacity
of the MoS, was evaluated by temperature change.
When irrdiated by 915 nm light for 7 s, the
temperature of PEP film with 10% (w/w) of MoS,

A

Thermal
Infrared
Imager

quickly rose by 10 °C
irradiation time, the temperature of the nanocomposite
film with 25%(w/w) of MoS, increased by 17 °C, while

the PEP film only experienced a 4 °C increase in

(Fig.2C). During the same

temperature. It is intriguing that the photothermal

effect is dependent on light wavelength. When
irradiated by red light (660 nm), the maximum
photothermal temperature of the MoS, (10% )/PEP
nanocomposite film was 15 °C, 10-fold higher than
that of the PEP film. For comparison, at 915 nm light
irradiation, the maximum photothermal temperature
increased only 2 times when the MoS, sheet was

PEP films. It

conversion efficiency of the nano-

incorporated into suggests  that
photothermal
composite relies on both on electron absorption and

phonon transportation of the MoS, sheet™.

Temperature / K

Light =——— PEP@915 nm
on ——10%MoS /PEP

—— 25%MoS,/PEP

'l
10 20 30 40
Time /s

Fig.2  Photothermal properties: (A) Infrared thermal imaging experimental setup; (B) IR thermal images of the PEP,
10%MoS,/PEP, and 25%MoS,/PEP films under 915 nm laser irradiation with a power density of 124 mW-cm™;

(C) Temperature profiles of PEP and MoSy/PEP nanocomposite films under illumination with a power density of

124 mW:cm™

2.3 Photo-thermoelectric nanogenerator
(PTENG)
We fabricated the PTENG based on the MoS,/
PEP film by solution-cast on ITO glass, followed by

deposition of silver electrode on the film surface. The

device is connected to the probe station by copper
(Fig.3A). When the
surface of the

wires for electrical measurement

infrared light irradiated on the

nanogenerator, a voltage was instantly created across

the 10% MoS,/PEP film sandwiched between two
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electrodes, and increased rapidly within 10 s and
gradually reached saturation after 120 s (Fig.3B). The
peak output voltage could reach 59 millivolts under

light irradiation. The open-circuit voltage of the device

decays after removing the incident light. By fitting the
voltage response curve under infrared irradiation or
removal of light using a single exponential function,

typical rise and decay time (7) were found to be 22

(A) I‘ B)
60 =
> 40
=
]
8
S
20 IR light on
0 'y 4 e i i i 'l
0 100 200 300 400 500
Time /s
© D)
0.8 ok
S 06
§ Light on E 4k
5] -
=1 =}
g 04 g
2 o}
P~ 2k
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0P 4
0.0 i i i i i i i i i
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B) — 9 mW-cm? (F)
e 67 MW -cM 2
.02 =
00 Light on 3
K £
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E 0.00 g
: i
£ E
-0.02 g
_0 04 IS i i 4 'l 'l 'l i
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Incident power density / (mW-cm™2)

Fig.3 PTENG: (A) Experimental setup and the device under infrared light irradiation (Inset: the nanocomposite

film with electrode); (B) Open-circuit voltage and (C) short-circuit photocurrent of the PTENG based on
the 10%MoS,/PEP film (Incident power density was 124 mW-cm™); (D) I-V characteristics of the device;
(E) Photocurrent response of the device based on the 109%9MoS,/PEP film (Irradiation time was 10 s);

(F) Dependence of the maximal photocurrent of the device based on the 25%MoS,/PEP on light power

density (Irradiation time was 20 s)
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and 68 s, respectively. The decay time of MoS,

1 while it takes much time for

phototransistors is 9 s
the response of the PTENG device. It suggests that
pyroelectric  effect, instead of electron-hole pair
generation, is responsible for the observed photo-
electric response.

Considering the temperature rise (10.1 K) in the
10% MoS,/PEP film under infrared light illumination,
the thermoelectric coefficient was estimated to be 5.8
mV K™

induced voltage in response to a temperature gradient

The Seebeck coefficient, which measures

across the hot and cold terminal, of the MoS,/
polyurethane film is found to be 0.042 mV K™,
Other flexible thermoelectric nanogenerators have
Seebeck coefficient of 0.1~0.3 mV!"**3 This result
indicates that the coupling between photothermal and
pyroelectric  effects plays a significant role in
increasing the output voltage of the nanogenerator.
The time-dependence short-circuit current had
the trend as that of output voltage (Fig.3C). By fitting
the photocurrent curves, the characteristic time of
rising and falling part were 26 and 30 s, respectively.
The current-voltage curve of the PTENG displayed an
ohm behavior (Fig.3D). It is noteworthy that, in the

case of short irradiation time, the photocurrent
increased rapidly, and then decreased in a very short
time (Fig.3E). The photocurrent acquired at different
incident power density is shown in Fig.3F. Nearly
linear response is found at power density lower than
150 mW -cm™ Under high illumination intensity, the
photocurrent showed a increase with the
increase of power density. For 25%MoS,/PEP film, the

maximal photocurrent reached 6.1 nA at light power

steep

density of 400 mW -cm™. Therefore, the output of the
nanocomposite is highly correlate with the light
absorption of the MoS, sheet.
2.4 Theoretical study on photo-thermoelectric
effect
Then, we investigated the mechainsm that
determined the promising photoelectric behavior of the
PTENG. The temperature change rate of the 10%
MoS,/PEP

increase or decrease under infrared irradiation or

nanocomposite film showed dramatic

removal light source (Fig.4A). Correspondingly, the
photocurrent of the device changed instantly when the
light was switched on and off. According to the theory,
the pyroelectric current (/) can be expressed as: =
pAdT/de, where p is the pyroelectric coefficient; A is
the surface area of the sample; d7/dt is the temperature
change rate of the material™. Since both p and A
remained unchanged in our case, the short-circuit
current was proportional to d77dt. In other words, the
change of photocurrent should have the same trend as
the change rate of temperature, which is in good
agreement with the experimental results. Thus, the
coupling between the photothermal and pyroelectric
effect is critical for the observed device behavior.

It is worthwhile to distinguish the contribution of
the photothermal MoS, sheets in the PEP film. It is
difficult to measure the temperature distribution within
the thin films of pyroelectric polymer and its
nanocomposites. Alternatively, we used theoretical
simulation by finite element method to afford the
spatial distribution of temperature change rate (Fig.
4D). The physical parameters of MoS, and PEP are
shown in Table 1.

When the infrared light illuminated from the top
of the film, the temperature gradient quickly built up.
The maximal temperature change rate was found on
the top side due to poor thermal conductivity of the
PEP film. For the MoS,/PEP nanocomposite films, the
rate of temperature change increased significantly.
The calculated temperature change rate of the 10%
MoSy/PEP film was very close to the observed value. It
intuitively ~ supports  the origination of  high
photothermal effect brought about by the MoS, sheets.
The simulated result also showed that maximum
10% MoS,/PEP
nanocomposite decreased with the increase of the film

(Fig.4E). We also find that the electrical

current change of the device during natural cooling to

temperature change rate of the

thickness
room temperature (Fig.4F) resembled photoelectric
response curve when the light was turned off. This

suggests that the photoelectric response is indeed

closely related with the thermal effect.
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Fig.4 (A) Temperature change rate of the 10%MoS,/PEP film and (B) photocurrent of the PTENG (Incident power density was
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direction of the film (Film thickness was 40 pwm); (E) Maximum temperature change rate of the 109%MoS,/PEP film
with different thickness; (F) Shirt-circuit current of the device during natural cooling from 50 °C to room temperature

(22 C)

3 Conclusions

In summary, we fabricated a photothermal pyro-

electric nanogenerator based on the MoS, and a

pyroelectric polymer. The transition-metal dichalcog-
enide as thin layered nanosheet has high efficiency on
conversion of the NIR light energy into the thermal
polymer  subsequently

energy. The pyroelectric
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transduces the thermal energy collected by the
inorganic nanosheet into electric energy. Under light
irradiation, the device can generate voltage and
photocurrent instantly, and the output maintains high
level for a long time. High thermoelectric coefficient
is found, which is ascribed to efficient coupling
between photothermal and pyroelectric effects.
Theoretical simulation distinguishes the contribution
of the photothermal MoS, in the nanocomposite. Our
research provides strategy for developing novel
photoelectric devices and nanogenerators for wear and

implantable electronics.
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