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Abstract: Organic-inorganic nanojunction can result in a selective scattering of charge carrier depending on their energy, which

leads to a simultaneous increase in Seebeck coefficient S and power factor PF when the Fermi levels of the constituent materials are

aligned appropriately. In this work, the nanojunction was employed at the organic-inorganic semiconductor interface of

polyparaphenylene (PPP) and Zn,;..Co,O nanoparticles through a sol-gel method. The resulting Zng 925C00,0750/9wt% PPP hybrids

exhibit a high power factor due to the largest electrical conductivity and higher Seebeck coefficient. Moreover, organic-inorganic

nano-interface effectively reduces the thermal conductivity by interface scattering of phonons. All these effects finally lead to a

thermoelectric figure of merit, Z7 up to 0.22 in these inorganic-organic nanocomposites, which corresponds to a 5-fold enhancement

compared to that of the Zng,5C000750 matrix. This work demonstrates the effectiveness of nanojunctions and provides a rational

route to high performance thermoelectrics in a bulk material.
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Approximately 90% of the world’s electricity is
generated by heat energy, typically operating at 30%~40%
efficiency, losing roughly 15 terawatts of power in the form
of heat to the environment''!. How to recover this waste
heat becomes a subject of great interest. In this regard,
thermoelectric (TE) materials attract a lot of attention due
to their unique capacity to directly convert heat into
electricity. However, the application of TE devices, to date,
was severely restricted since the conversion efficiency is
lower>*!. The performance of TE materials was determined
by the dimensionless figure-of-merit Z7, defined as
ZT=S’cT/x, where o is the electrical conductivity, S is the
Seebeck coefficient (oS is referred as power factor), « is
the thermal conductivity, and T is the absolute temperature.
A high-performance TE material requires a low thermal
conductivity to maintain temperature difference, a high
electrical conductivity to reduce joule heating, and a large
Seebeck coefficient to promote energy conversion of heat to
electricity™®!. But the strong interdependence of these three
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parameters impose restrictions on improving Z7 value!’.
Recently, inorganic nano-structured TE materials have
improved ZT value by phonon scattering to reduce thermal
conductivity without losing of power factor'®), or by energy
filtering to independently enhance Seebeck coefficient
without greatly suppressing electrical conductivity”). For
example, high ZT values were achieved in P-type BiSbTe
(ZT=1.4)"" and P-type PbTe (ZT=1.8)!"1. However, the
problems of these inorganic compounds are as follows: (a)
the shortage of raw materials; (b) the toxicity of some
element; (c) the instability of these compounds under high

U2 1n such a case, ZnO-based TE material

temperature
becomes a promising candidate due to its large Seebeck
coefficient and high charge mobility!*"*\. Moreover, a lot
of studies about ZnO TE materials have been done to
enhance ZT value through reducing thermal conductivity,
but most of the results are lower (27<0.2)!"*'"!. Therefore,
we need to find other methods in order to further improve

TE performance.
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More recently, an increasing number of researches have
demonstrated that organic-inorganic nanojunctions can
result in a selective scattering of charge carriers, depending
on their energy, which leads to a simultaneous increase in
both Seebeck coefficient S and power factor PF when the
Fermi levels of the constituent materials are aligned
appropriately!'®!. Furthermore, See et al'’”. fabricated
PEDOT-Te hybrid TE materials and gained a better result of
ZT=0.1 at room temperature. He et al.”® prepared
poly(3-hexylthiophene)-Bi,Te; nanocomposites and
enhanced power factor. Inspired by those previous results,
we focus on rationally engineering the organic-inorganic
interface to improve the Seebeck coefficient and power
factor. The organic-inorganic interface was created by
mixed conducting polymer nanoparticles into inorganic
matrix through sol-gel route. On the other hand, we also
expect that the hybridizing of organic and inorganic can
lower thermal conductivity due to the drastic mismatch in
characteristic vibrational spectra between organic and
inorganic moieties.

Among various conducting polymer, polyparaphenylene
(PPP) is one of the most widely studied organic
semiconductors and possesses excellent chemical stability
and electrical property>"**. Therefore, in this paper, we
synthesized a series of Zn; Co,O/PPP powders, and then
compressed the powders into bulk pellets through spark
sintering (SPS). The microstructure and
properties of hybrid
investigated in detail. All these effects finally lead to a
thermoelectric figure of merit, ZT up to 0.22 in these
inorganic-organic nanocomposites, which are orders of
magnitude enhancement compared to the pure Zn, ,Co,O

plasma

thermoelectric samples were

matrix.

1 Experiment

The PPP was synthesized by polymerization of benzene
in the presence of a catalyst, mixture of aluminum chloride
(AICl;) and cuprous chloride dihydrous (CuCl,-2H,0).
Appropriate amounts of benzene, AlCI;-CuCl,:2H,0 were
weighed and loaded into a three-necked, round-bottomed
flask. The mixture was stirred and heated up to 313 K for 2
h in an oil bath, and then cooled to room temperature. After
the reaction was complete, the slurry was filtered and
washed some times, and dried at 363 K for 200 min in a
drying oven.

The Zn,; .Co,O/PPP nanopowder was prepared by a
sol-gel process. Appropriate amounts of zinc acetate
[Zn(CH5COO0),] and cobalt acetate [Co(CH;COO),] (For
71 .9,5C00 9750 sample: 6.32 g of Zn(CH;COO), and 0.48 g
of Co(CH;COO),) were weighed and dissolved in
diethylene glycol (C4H;0O;3) solution. The proportion of
cobalt acetate was

adjusted to obtain Co atomic

concentration x = 0, and 0.075. The mixture was stirred

vigorously and heated to 438 K. The PPP powder then was
added into the mixture solution slowly and kept at 438 K
for 2 h. After gelation, rinsing, filtration and drying, the
nanocomposites powder was gained. Finally, the sample
was annealed at 870 K for 5 h in an annealing furnace.

To study the thermoelectric properties, the powder with
different content Co and PPP was compressed by spark
plasma sintering equipment (SPS-2040). All the samples
were sintered at 850 K under a pressure of 40 MPa in
vacuum for 10 min. Then, 2 mmx2 mmx10 mm bars and &
6 mmx1.5 mm plates were cut to measure their
thermoelectric properties. Both electrical conductivity and
Seebeck coefficient were measured simultaneously using
ZEM-3 system; the thermal conductivity was calculated
from the value of the thermal diffusivity (1), density (p) and
specific heat (C,) using the relationship x=ApC,, in which 4
was measured using a laser flash system (FL-4100). The
phase and composition of the products were characterized
by X-ray diffraction (XRD) using a Rigaku D/max 2500
diffractometer at a voltage of 40 kV and a current of 200
mA with Cu-Ka radiation (1=0.15406 nm), employing a
scanning rate 0.02°/s in the 26 ranging from 30° to 80°.
Their microstructures were investigated by transmission
electron microscope (TEM).

2 Results and Discussion

The X-ray diffraction patterns of inorganic Zn;,Co,O
samples and Zn, ,Co,O/PPP hybrids are shown in Fig.1.
The diffraction peaks and relative intensities of all patterns
match well with the hexagonal wurtzite structure of ZnO
(JCPDS 80-0075), and no extra peaks of impurity phase are
observed in the patterns, because Co-doped concentration is
less than the solubility and the PPP is an amorphous nature
without showing obvious diffraction peaks. Fig.2a shows
the TEM micrograph of the Zng¢,5C00,0750/9wt% PPP
sample prepared by spark plasma sintering. It can be seen
that many of the white nanoinclusions are embedded in the
matrix’s surface, and their diameter varies from 5 nm to 50
nm except for very few large particles. The energy
dispersive spectrum (EDX) analysis of white nanoinclu-
sions exhibits a very strong peak of C in addition to a small
number of Zn and O. This result indicates that the white
nanoinclusions are PPP. While the matrixes exhibit a very
strong peak of Zn and O, and a small amount of Co
(Zn:Co:0 = 45.5:3.7:51). HRTEM image of Zn 75C0¢ 9250/
9wt% PPP (Fig.2b) shows that the lattice spacing of the
matrix is 0.522 nm. The results are consistent with the
lattice spacing of the (001) plane of ZnO crystal along the ¢
axis. Above 873 K, carbonization of PPP would take place
because the decline of H/C ratio was observed. In our
experiments, the composite powders were annealed at 870
K for 5 h in order to obtain chemical-composition-stable
samples. Because the amount of the included PPP is very
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Fig.1 XRD patterns of Zn;_,Co,O samples (x=0, 0.075)

small and the measurement of H element in the composite is
a nontrivial task, the identification of H/C ratio and
backbone structure of the annealed PPP is not successful till
now. Further studies are needed to clarify the possible
effects the
properties of the nanocomposites.

The electrical conductivity and Seebeck coefficient of all
prepared hybrids are shown in Fig.3a and 3b, respectively.

of PPP carbonization on thermoelectric

The Co/Zn ratio results in variation of electrical
conductivity. The electrical conductivity increases with the
increasing of Co concentration. Besides, addition of PPP
nanoinclusions in Zn;_,Co,O results in an increase in carrier
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Fig.2 Microstructure images of the Zng975C00.0250/9wt% PPP
sample: (a) TEM image and (b) HRTEM image

concentration and subsequent increase in electrical

(23.24] ' The carrier concentration of the

nanocomposites obtained by the Hall effect is 7.6 X 10'%cm™,

conductivity
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/K

Fig.3 Temperature dependence of thermoelectric transport properties for all the samples: (a) electrical conductivity (o), (b) Seebeck

coefficient (S), (c) power factor (Pr), and (d) thermal conductivity (k)
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9.5 X 10"%cm™ for Zngg»sC0g750/5Wt% PPP  and
71 955C00.0750/9wWt% PPP, respectively. Generally, there is a
decrease in Seebeck coefficient with the inclusion of PPP
nanoparticles. However, the tendency is markedly different.
For ZnO/PPP family of samples, the Seebeck coefficient
decreases with the increasing of PPP content; but for
71 955C0097s0/PPP  families of samples, the Seebeck
coefficient decreases firstly and then increases. For
Seebeck
coefficient decreases from —227 uV~K'1 for Zng 9,5C0¢ 750
sample to —110 uV-K'1 for Zng.925C0¢.,0750/5wt% PPP sample,
and then increases to —155 uV~K'1 for Zn 9»5C0¢ 4750/9wWt%
PPP sample at 300 K. The overall effect on the electrical
transport is elucidated in Fig.3c, which shows the power

71 .9,5C0097sO/PPP  family of samples, the

factor of all the samples as a function of temperature. The
highest power factors are achieved for Zn 9,5C0g9750/9wWt%
PPP sample, because they have the largest electrical
conductivity and higher Seebeck
71 9,5C000750 family of samples, the inclusion of PPP
nanoparticles causes an approximate tripling of the

coefficient. In

electrical conductivity with only 40% reduction in Seebeck
coefficient.

It is of key importance to understand the origin of the
and power factor in
Zn,_Co,0 by the mixing of PPP nanoparticles. Mahan and
Sofo have already shown that the best efficiency in

enhanced Seebeck coefficient

thermoelectrics energy conversion can be achieved when
the electronic transport is through a single energy level®).
Coincidentally, at the organic-inorganic interface unique
energy landscapes, materialize as the continuous states in
the inorganic are combined with the discrete molecular
orbitals in the organic. Organic-inorganic interfaces are
ideal in this regard because they can provide charge
transport through discrete molecular orbitals. Malen et al.
have carefully studied the

properties in organic-inorganic junctions by simplifying the

thermoelectric  transport

model. The Seebeck coefficient in organic-inorganic
junctions was expressed as!'®:
_ kiT 2 )
3e E,-E,

where Gg is the junction Seebeck coefficient, kg is the
Boltzmann constant, E; is the Fermi level of the inorganic,
and E; is the chemical potential of organic molecular orbital.
The sign of the Seebeck coefficient discriminates that
thermopower will be dominated by the LUMO or HOMO.
The negative Seebeck coefficient demonstrated that the
LUMO is the dominant transport orbital; oppositely, the
positive Seebeck coefficient demonstrated that the HOMO
is the dominant transport orbital. In this work, the organic
molecular levels are fixed; we mainly adjust the Fermi level
of the inorganic by doping Co into ZnO. For PPP, the band
gap is 3.4 eV between the LUMO and HOMO, while for

ZnO, the band gap is 3.2 eV between the valence band
and conduction band®*?*!. The E; is positioned nearly at the
center of the forbidden band for pure ZnO, but the E; will
move up to valence band with the increase of Co-doped
concentration. Similarly, the E; will be close to the LUMO
with the increase of Co-doped concentration, which leads to
an optimization in Seebeck coefficient for hybrids. Besides,
there are some differences between theoretical results and
our actual results, since this theory were established under
some simple conditions.

The temperature dependence of thermal conductivity for
all prepared-samples is shown in Fig.3d. The thermal
conductivity of hybrids is lower than that of pure inorganic
samples. The increase of PPP nanoparticles concentration
results in an almost uniform decrease in thermal
conductivity over the entire temperature range. For the
Z1n¢.9,5C00 9750 family of samples, the thermal conductivity
is reduced by 45% in the 9 wt% PPP sample at 830 K. The
depression of thermal conductivity can be attributed to the
following reasons: (1) the significant mismatch in acoustic
vibrational spectra between organic polymer PPP and
inorganic Zn;_,Co,O matrix®”); (2) the nanosized inclusion
PPP, whose diameter approaches to the phonon mean free
path (MFP) of inorganic Zn;,Co,0 matrix"", effectively
scatter phonon. Finally, the temperature dependence of the
figure-of-merit (Z7) is shown in Fig.4. It is shown that PPP
addition helps to improve the ZT value, especially at high
temperature. As a result, the highest ZT reaches 0.22 at 870
K for Zng5C00.0750/9wt% PPP sample, which is 5-fold
higher than Zng ¢,5C0g,750 matrix.
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Fig.4  Thermoelectric figure of merit Z7 as a function of

temperature for all as-prepared samples

3 Conclusions

1) Thermoelectric performance can be effectively
resulting  Zng 955C0g,9750/9wWt%PPP
nanocomposite exhibits a 1.4-fold increase in the power
factor, with a great depression in thermal conductivity,
thereby leading to a high ZT value of 0.22 at 870 K, which
is 5-fold higher than that of Zngg,5C000750 matrix
(Z7=0.04).

improved, and the
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