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SPECIAL TOPIC — Organic and hybrid thermoelectrics
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With the growing need on distributed power supply for portable electronics, energy harvesting from environment be-
comes a promising solution. Organic thermoelectric (TE) materials have advantages in intrinsic flexibility and low thermal
conductivity, thus hold great prospect in applications as a flexible power generator from dissipated heat. Nevertheless, the
weak electrical transport behaviors of organic TE materials have severely impeded their development. Moreover, com-
pared with p-type organic TE materials, stable and high-performance n-type counterparts are more difficult to obtain. Here,
we developed a n-type polyaniline-based hybrid with core-shell heterostructured Bi2S3@Bi nanorods as fillers, showing a
Seebeck coefficient −159.4 µV/K at room temperature. Further, a couple of n/p legs from the PANI-based hybrids were
integrated into an elastomer substrate forming a stretchable thermoelectric generator (TEG), whose function to output stable
voltages responding to temperature differences has been demonstrated. The in situ output performance of the TEG under
stretching could withstand up to 75% elongation, and stability test showed little degradation over a one-month period in the
air. This study provides a promising strategy to develop stable and high thermopower organic TEGs harvesting heat from
environment as long-term power supply.

Keywords: polyaniline-based hybrids, thermoelectric properties, n-type, stretchable electronics

PACS: 82.35.Cd, 84.60.Rb, 84.60.Bk, 85.80.Fi DOI: 10.1088/1674-1056/ac272e

1. Introduction
Rapid development of flexible electronics brings a new

era of technologically immersive world, and an everincreasing
need for portable, distributed and long-term power source has
thus been raised. Thermoelectric (TE) materials can realize di-
rect energy conversion between thermal energy and electricity,
thus provide a promising solution to harvest heat energy from
environment for power generation. The performances of TE
materials are evaluated via figure of merit ZT = σS2/κ , where
σ is electrical conductivity, S is Seebeck coefficient, and κ is
thermal conductivity. Organic thermoelectric materials, such
as conducting polymers,[1–4] organic semiconductors,[5,6] or-
ganic/inorganic hybrids[7–11] have emerged recently as suc-
cessful candidates. Despite their relatively low electrical trans-
port properties compared with the inorganic counterparts, they
have significant advantages in easy processing and low cost;
moreover, recent progress has shown a catching up trend in
both materials properties and device performances.[12–15]

Nevertheless, the scarcity of high-performance of n-type
flexible TE materials is still a big challenge due to the less-
efficient hopping transport mechanism and low electron affin-
ity caused chemical instability, which has significantly im-

peded the development of flexible thermoelectric generators
(TEGs) assembled from matched p/n pairs of TE legs. Sev-
eral studies show that the organic/inorganic hybrids are of
particular potential to realize high-performance n-type TE
materials. For instance, via incorporating n-type inorganic
fillers into polymer matrix, Wan et al. reported a high power
factor (PF = σS2) of 0.45 mW/m·K2 and ZT of 0.28 at
373 K for a hybrid superlattice of alternating inorganic TiS2

monolayers and organic cations.[6] Cai et al. designed n-type
Ag2Se/Ag/CuAgSe thermoelectric composite film supported
by a porous nylon membrane presenting an ultrahigh power
factor of 2231.5 µW/m·K2 at 300 K.[13] In practice, when flex-
ible TEGs applied as wearable electronics, these devices gen-
erally suffer nonuniform strain, thus mechanical compliance
and stability are highly required. The TEGs assembled from
organic TE materials are generally flexible, yet their stretcha-
bility has been addressed to less extent.

Based on our previous studies, a heat treatment strategy
is effective in transforming p-type polyaniline (PANI)-based
hybrids into n-type, where after high temperature treatment,
the concentration of the major hole carrier from p-type PANI
quickly falls, and the electrons from n-type Bi2S3 gradually
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dominate the hybrid film.[16] Due to intrinsically weak elec-
trical transport behaviors of Bi2S3,[17] the power factor of
the n-type Bi2S3/PANI is still magnitude lower than that of
PANI-based p-type hybrids. Herein, core-shell heterostruc-
tured Bi2S3@Bi nanorods were constructed to increase the
electrical conductivity of fillers via introducing a high conduc-
tivity Bi coating layer. The same heat treatment strategy has
been employed to transform p-type PANI-based hybrids into
stable n-type at room temperature. Further, a stretchable TEG
has been integrated from n-type Bi2S3@Bi/PANI and p-type
Te-MWCNT/PANI hybrids with elastomer substrate, and the
function as power generator has been demonstrated.

2. Experimental details
2.1. Materials

Bismuth chloride (BiCl3) and hydrazine hydrate (N2H4)
were supplied by Shanghai Macklin Biochemical Co., Ltd.,
China. Sodium sulfide nonahydrate (Na2S·9H2O) with pu-
rity higher than 98.0% was purchased from Xilong Chemical
Reagent Co. Ltd., China. All the raw chemicals, including
ethylene glycol, C6H7N, HCl, (NH)2S2O8, LiCl, NaOH, m-
cresol, and camphorsulfonic acid were used as received with-
out further purification.

2.2. Fabrication of Bi2S3@Bi nanorods

The synthesis of Bi2S3@Bi core-shell structure is based
on an in situ reduction reaction that Bi element could be re-
duced from Bi2S3 by a strong reductant in alkaline solution.
Thus, the surface of Bi2S3 nanorod would transform to Bi via
controlling the reaction time. Here, the following reaction was
employed:[18]

Bi2S3 +NH2NH2→ Bi+N2 +H2S. (1)

Here 5.7 g BiCl3 was added to 24 ml distilled water with
stirring, and then 6 ml HCl (36 wt%) was added dropwise
until the white precipitate (BiOCl) was dissolved completely.
10.5 g Na2S·9H2O was dissolved in 15 ml deionized water
completely. The solutions were then mixed and stirred for
30 min. Next, the mixed solution was transferred to a teflon-
lined autoclave and maintained at 180 ◦C for 12 h. After the
reaction, the product was washed with deionized water and
alcohol and dried in an oven at 353 K to obtain clean Bi2S3

nanorods. Afterwards, 1 g NaOH was added to 100 ml dis-
tilled water with stirring, and 10 ml of N2H4 dropped at a con-
stant speed was added. 1 g Bi2S3 nanorods were added into the
solution and stirred for 30 min forming a brown-black suspen-
sion. After ultrasonic dispersing the suspension for 20 min, it
was transferred to a teflon-lined autoclave and was maintained
at 180 ◦C for 1 h, 2 h and 3 h, respectively. After the reaction,
the product was washed with deionized water and alcohol and
dried in an oven at 80 ◦C.

2.3. Fabrication of Bi2S3@Bi/PANI hybrid films

The processing has been carried out according to our
previous study on PANI-based hybrid films[19] and n-type
Bi2S3/PANI.[16] The procedures are illustrated in Scheme 1.
The as-prepared Bi2S3@Bi nanorods with different weight
fractions from 50 wt% to 90 wt% were first ultrasonically dis-
persed in m-cresol, and then mixed with PANI solution ultra-
sonically. The obtained Bi2S3@Bi /PANI solution was cast on
glass substrates and dried at 60 ◦C to form a dense film. After
the films were completely dried, they were rapidly heat treated
at 210 ◦C in vacuum for 10 min, followed by cooling to room
temperature.

Scheme 1. Schematic illustration on the processing procedures of n-type Bi2S3@Bi/PANI hybrid films.

2.4. Integration of n/p polyaniline-based hybrids to
stretchable TEG

The p-type TE material used here is TeMWCNT/PANI
hybrid film with Te nanorod around 60 wt% and MWCNT
around 10 wt%, with TE parameters of S = 40±3 µV/K, σ =

196 S/cm based on our previous work.[20] The PANI-based

hybrid films were first hot-pressed at 160 ◦C and 0.35 MPa
to form TE legs with size 1 mm× 1 mm× 1.3 mm. The il-
lustration on a pair of p/n TEG integration flow is shown in
Scheme 2. PDMS was employed as elastomer substrate film,
two cubes (1 mm× 1 mm) with a spacing of 1 mm were hol-
lowed out. Next, Ag fabrics were used as flexible intercon-
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nects, and TE legs were filled in the hollows with silver paste
adhering the TE legs and Ag fabrics. Finally, a few drops of
PDMS solution were added to encapsulate the device.

n
p

Scheme 2. Schematic illustration on integration steps of stretchable TEG.

2.5. Characterization

The microstructures of the hybrid films were observed
by scanning electron microscopy (SEM, FEI Sirion 200).
X-ray diffraction (XRD, Rigaku D/MAX 2200 PC with
Cu-Kα radiation λ = 1.5406 Å) and Raman spectroscopy
(LabRAMHR800 using an Ar–Kr laser operating at 632.8 nm)
were employed to analyze the phase and chain structures of the
hybrid films. The electrical conductivity and Seebeck coeffi-
cient were measured using a ZEM-3 system (IULVAC-RIKO).
Hall coefficients were measured using a Hall measurement
system (Lakeshore 8400 Series, Model 8404) from room tem-
perature to 200 ◦C.

2.6. Output performance measurement of TEG

To precisely control the temperature gradient applied
across the TEG, a temperature control system has been setup
as shown in Fig. S1. The TEG was placed on a temperature
control stage (TLTP-FW-TEC2410D, Wuhan Talent Century
Technology Co., Ltd.) maintained at a constant temperature,
i.e., 25 ◦C as the cold end. A Peltier device, controlled by a
DC power supply (TPR3005T-3C, Shenzhen Atten Technol-
ogy Co., Ltd.) was employed as a heater to provide tempera-
ture at the hot end. Meanwhile, a thermometer (UT325, UNI-
T Co., Ltd.) was used to monitor the temperature at the hot
end. The output voltage of the TEG was recorded via a digit
multimeter (Keithley, DMM 6500).

3. Results and discussion
3.1. Microstructures of Bi2S3@Bi/PANI hybrid films

The phases of the synthesized Bi2S3@Bi nanorods are
checked by XRD as shown in Fig. 1(a). Since the positions of
main diffraction peaks of Bi are very close to those of Bi2S3

(see the standard PDF cards), and peaks are overlapped due to
the peak broadening, it could hardly differentiate Bi and Bi2S3

phases from these diffraction patterns. Instead, Bi2S3@Bi
nanorods with different reduction reaction time are compared
as shown in Fig. 1(b). Longer reaction time results in higher Bi

content, thus, it could be identified from the increasing inten-
sity of the peak assigned to the (012) plane of Bi that elemental
Bi has been reduced and coexists with Bi2S3.

The microstructures of Bi2S3@Bi nanorods with differ-
ent Bi contents in comparison with Bi2S3 nanorods (Fig. 2(a))
are shown in Figs. 2(b)–2(d). At low Bi content, i.e., with
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Fig. 1. (a) XRD patterns of Bi2S3@Bi core-shell nanorods in comparison
with Bi2S3 nanorods. (b) XRD patterns of Bi2S3@Bi core-shell nanorods
with different reduction reaction time.

1 μm

(b)(a)
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(c)

1 μm

(d)
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Fig. 2. SEM images of (a) Bi2S3 nanorods and Bi2S3@Bi core-shell
nanorods with different reaction time: (b) 1 h, (c) 2 h, and (d) 3 h.
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(a)

10 μm 10 μm 

(c)

(d)

10 μm 

(b)

10 μm 

(e)

10 μm 

(f)

10 μm 

Fig. 3. Cross-sectional SEM images of Bi2S3@Bi/PANI hybrid films with filler content (a) 50%, (b) 60%, (c) 70%, (d) 80%, (e) 90%, (f) 70%
hybrid film after heat treatment.

reaction time 1 h, the core-shell structure almost keeps the
morphology of the Bi2S3 nanorod. As reduction reaction in-
creases, the morphologies of some nanorods begin to collapse,
resulting in shorter nanorods and a small number of nanoparti-
cles (see Figs. 2(c) and 2(d)). Therefore, Bi2S3@Bi nanorods
at reaction time 1 h were employed as fillers for hybrids.

Seen from the cross-sectional SEM images of the
Bi2S3@Bi/PANI hybrid films shown in Figs. 3(a)–3(e) with
filler loading increasing from 50% to 90%, the hybrid films
present compact microstructure. The PANI turns into discon-
tinuity as Bi2S3@Bi filler exceeds 70% weight fraction (see
Fig. 3(c)), and the hybrid film becomes too fragile to be free-
standing as Bi2S3@Bi loading reaches 90%. After heat treat-
ment at 210 ◦C in vacuum, the interfaces between polymer and
inorganic fillers become obscure (see Fig. 3(f)) compared to
the morphology of the as-prepared film shown in Fig. 3(c), in-
dicating slight change on polymer morphologies by heat treat-
ment.

Further, Raman spectra were used to study the chemical
bonds change brought by incorporation of Bi2S3@Bi fillers
and heat treatment. As shown in Fig. 4, the typical vibrat-
ing modes of pure PANI occur at 1191 cm−1, 1507 cm−1,
and 1563 cm−1 assigned to C–H bending vibration of the
quinoid or benzenoid ring, N–H stretching vibration of the
benzenoid ring, and C–C stretching vibration of the benzenoid
ring, respectively.[21] Peaks at 1334 cm−1 are assigned to
the C–N+ vibration of the quinoid ring and 1403 cm−1 and
1638 cm−1 to the delocalized polarons in the expanded poly-
meric conformation. Incorporating Bi2S3@Bi generally re-
serves the expanded polymeric conformation as seen from the
existence of the 1638 cm−1 mode in all the as-prepared hybrid
films. Intensity increase of vibrating mode 1403 cm−1 is an in-
dication that cross-linking of PANI polymer has occurred,[16]

which becomes more intense in hybrids after heat treatment
with Bi2S3@Bi loading exceeding 70%, in consistent with the
microstructure change.
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Fig. 4. Raman spectra of Bi2S3@Bi/PANI hybrid films with various
Bi2S3@Bi contents before and after the heat treatment.

3.2. Thermoelectric properties of Bi2S3@Bi/PANI hybrid
films

The temperature-dependent TE performances of the as-
prepared hybrid films are shown in Figs. 5(a)–5(c). The elec-
trical conductivity of the hybrid films, as shown in Fig. 5(a),
decreases with increasing Bi2S3@Bi core-shell nanorods load-
ing. This is due to their low electrical conductivity compared
to PANI and the discontinuity of the conducting PANI poly-
mer at high filler loading, which leads to sharp drop in the
conductivity from 4700 S/m for 50% to 1057.8 S/m for 80%
loading at room temperature. The significant decrease in the
electrical conductivity of the hybrid films with increasing tem-
perature is attributed to the decrease in crystallinity and loss
of the emeraldine sequence due to chain scission, crosslink-
ing of the PANI matrix as well as the partial loss of CSA. The
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carrier in the as-prepared hybrid films at room temperature is
still p-type, and due to the opposite carrier types of PANI and
Bi2S3@Bi, the competition between carriers results in very
low Seebeck coefficients as shown in Fig. 5(b), i.e., about
15 µV/K for 50% hybrid film and decreasing to 7.6 µV/K for
80% hybrid film. With increasing temperature to higher than
200 ◦C, a transition from p-type to n-type is observed, and the
maximum Seebeck coefficient−150 µV/K is obtained in 80%
hybrid film at 230 ◦C. Meanwhile, the power factor calculated
for these Bi2S3@Bi/PANI hybrid films reaches the maximum
value 5.24 µW/m·K2 for 80% hybrid film at 230 ◦C shown in
Fig. 5(c).

Temperature-dependent Hall effect measurement was car-
ried out to study the transport behavior of the carriers of the
Bi2S3@Bi/PANI hybrids. As shown in Fig. 5(d), the carrier
concentration increases as the temperature rises, while the mo-
bility decreases quickly, suggesting that the hopping of carri-
ers in the polymer chains has been obstructed. As the temper-
ature continues to increase exceeding 160 ◦C, the carrier con-
centration drops abruptly and the mobility turns its sign from
positive to negative, originated from the change in Hall coeffi-
cient (RH) according to µ = RH/ρ , where ρ is the resistivity.
The observation thus reflects a change in major carrier from
holes contributed from PANI to the electrons from Bi2S3@Bi,
confirming that n-type material has been obtained at 200 ◦C.

To support the idea that Bi2S3@Bi core-shell heterostruc-
ture is more effective in enhancing the electrical conductiv-
ity of PANI-based hybrids so as to further optimize the n-
type TE properties, TE properties of Bi2S3@Bi/PANI have
been compared with those of Bi2S3/PANI hybrid films. As

shown in Fig. 6, taking filler loading at 80% as an example,
the as-prepared Bi2S3@Bi/PANI has higher electrical conduc-
tivity at room temperature (1057.8 S/m for Bi2S3@Bi filler
vs. 718.6 S/m for Bi2S3 filler). Since Bi2S3@Bi filler could
endure higher temperature up to 220 ◦C, the carrier concen-
tration is adjusted to a more favorable value, thus the Seebeck
coefficient continues to increase. PF is 5.24 µW/m·K2 for
Bi2S3@Bi/PANI and 0.97 µW/m·K2 for Bi2S3/PANI, more
than 4 times increment. It is worth noting that, Bi2S3@Bi het-
erostructure promotes not only electrical conductivity, but also
leads to slightly higher Seebeck coefficient compared with
Bi2S3, which probably comes from the energy filtering ef-
fect enabled by the Bi2S3/Bi/PANI multiple interfaces. The
work function of Bi, ΦBi, is about 4.22 eV,[22,23] while the
conduction band of Bi2S3 is around −4.27 eV,[24] the low-
est unoccupied molecular orbital (LUMO) energy in PANI is
−4.15 eV,[20] to equilibrate the Fermi levels, energy barriers
would be formed at Bi2S3/Bi and Bi/PANI interfaces, permit-
ting electrons with higher energy to pass through so as to give
rise to the Seebeck coefficient of the Bi2S3@Bi/PANI hybrid
film.

After the heat treatment, the room temperature TE proper-
ties of the hybrid films with different filler loadings are shown
in Fig. 6(d). For all the hybrid films, the n-type is retained,
and the higher content of Bi2S3@Bi filler, the higher Seebeck
coefficient, showing a maximum value of−159.4 µV/K. How-
ever, due to the crosslink of polymer chains as well as the loss
of partial dopant, the electrical conductivity is low. Finally, the
optimal stable n-type Bi2S3@Bi/PANI has been obtained in
70% Bi2S3@Bi/PANI hybrid film with PF = 0.246 µW/m·K2.
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Fig. 6. Comparison on thermoelectric properties between Bi2S3@Bi/PANI and Bi2S3/PANI hybrid films at 80% filler loading. (a) Electrical
conductivity, (b) Seebeck coefficient, (c) power factor. (d) Thermoelectric properties measured at room temperature of heat-treated Bi2S3@Bi/PANI
films with different Bi2S3@Bi loadings.

3.3. Performances of stretchable TEG

The thermal energy harvesting functions of the integrated
stretchable TEG from n-type Bi2S3@Bi/PANI and p-type Te-
MWCNT/PANI hybrids are demonstrated in Fig. 7. Fig-
ure 7(a) presents the steady voltage responses to different ∆T .
The output voltages with ∆T conform to a linear relationship,
i.e., V = |S| × ∆T , where the slope is the sensitivity of the
TE sensor. As shown in Fig. 7(b), the sensitivity of the as-
fabricated device is about 84±3 µV/K, and when placed in the

atmosphere, the slope decreases about 15% to 71± 4 µV/K.
The mechanical stability of the stretchable TEG was measured
under a fixed temperature difference of 10 K with in situ ex-
ternal tensile strain loaded. As shown in Fig. 7(c), the output
voltage decreases as the TEG elongation increases, due to in-
crease in internal resistance from geometry variation and the
gradually destruction at the joints where the electrodes inter-
connect the TE legs and encapsulated PDMS. The TEG could
be stretched to 75% before broken, suggesting its good me-
chanical compliance.
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Fig. 7. (a) Steady responses of TEG to various temperature differences. (b) Comparison on the output voltages changing with ∆T of the as-
fabricated TEG and stored one month later. (c) The in situ output performance measurement of the TEG with increasing stretching strain at a fixed
temperature difference of 10 K.

4. Conclusion and perspectives
Core-shell heterostructured n-type Bi2S3@Bi nanorods

have been incorporated into PANI to transform an intrinsic
p-type polymer into n-type TE materials via carrier adjust-
ment strategy in combination of a proper heat treatment pro-
cessing. Heterostructured Bi2S3@Bi nanorods are more ef-

fective in improving the power factor of the hybrids than the
Bi2S3 nanorods due to higher electrical conductivity brought
by the Bi. Further, a pair of n/p bulk TE legs made from the
PANI-based hybrids were integrated with elastomer substrate
into stretchable TEG. Its function as thermal energy harvester
showing stable output with thermopower 84±3 µV/K for one
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pair and little degradation over a one-month period in the air
was demonstrated. The mechanical stability test showed that
the TEG could withstand up to 75% elongation. This study has
therefore provided a promising strategy to develop stretchable
TEGs harvesting heat from environment with stable and high
thermopower performances as long-term power supply.
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