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Thermoelectric oxides can provide the advantage of high-temperature stabil-
ity in oxygen-containing atmospheres. It is known that the incorporation of
multiwalled carbon nanotubes (mw-CNT) can change the thermoelectric as
well as the structural properties of oxides. Here, we report the influence of
mw-CNT on the thermoelectric properties of Al-doped ZnO (AZO). The
preparation of the mw-CNT-added AZO was done using an ultrasonic mixing
of the starting materials followed by a spark plasma sintering process under
vacuum. The Seebeck coefficient S, thermal conductivity k and electrical
conductivity r were determined in the temperature range between 300 K and
900 K. It was observed that the thermal conductivity is significantly reduced
by the incorporation of the mw-CNT. At the same time, the electrical con-
ductivity is increased by a factor of 21 from 8700 S/m to 190,000 S/m. The
Power factor PF ¼ S2r indicates that the addition of mw-CNT improves the
thermoelectric properties of Al doped ZnO in comparison to the reference
sample prepared with same process but without mw-CNT.
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INTRODUCTION

Thermoelectric generators (TEG) are capable of
converting heat directly into electrical energy. The
energy conversion efficiency of thermoelectric
materials depends on the material properties. It can
be described by the dimensionless figure-of-merit
(ZT):

ZT ¼ S2 � r
k

T (1)

where S is the Seebeck coefficient, r the electrical
conductivity, k the thermal conductivity and T the
absolute temperature. It is obvious that the Seebeck
coefficient and electrical conductivity need to be
large and the thermal conductivity must be small to

allow good thermoelectric properties. Typically,
semiconductor materials such as Sb2Te3 (p-type) or
Bi2Te3 (n-type) show good thermoelectric properties:
Snyder et al.1 reported a ZT value of about 1 for
Sb2Te3 and Bi2Te3 at 373 K. Nevertheless, these
materials show a limited stability at high tempera-
tures in ambient conditions containing oxygen. In
contrast, ceramic oxide materials have advantages,
such as high chemical and temperature stability,
long-term reliability and low production costs.

A series of interesting p-type ceramics such as
Bi2Sr2Co2Oy or Ca3Co4O9 with ZT values of about
0.4 have already been reported.2,3 In comparison,
n-type ceramics usually do not reach such high ZT
values. However, zinc oxide is a promising n-type
ceramic with a high Seebeck coefficient (300–
400 lV/K from room temperature to 1273 K)4,5 but
it also shows low electrical and high thermal con-
ductivity. It has been reported that the substitution
of Zn by Al in ZnO improves the ZT. However, the
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literature also shows a large variation of the ther-
moelectric properties for the Al-doped ZnO
(AZO).4–10 For example a ZT value of 0.3 was ob-
tained after conventional sintering at 1673 K in
air.4,5 Hot-pressed samples show a significantly
lower ZT of about 0.02–0.035 at 1223 K,6,7 whereas
spark plasma sintered samples vary from 0.25
(973 K)8 to 0.08 (673 K).9 Al-doped nanostructured
ZnO is one of the best n-type thermoelectric oxides
reported to date with a ZT value of 0.44 at 1000 K.10

In the case of ZnO, the limitation of the ZT values
are mostly related to the rather high thermal con-
ductivity which is originated by the wurtzite crystal
structure of ZnO.11,12 One approach to enhance
thermoelectric properties, particularly k, is nanos-
tructuring or the implementation of nanoinclu-
sions.13–15 This leads to an increase of phonon
scattering at the grain boundaries, hence a reduc-
tion of k. For the modification of thermoelectric
materials on the nanoscale, carbon nanotubes
(CNT) have recently been used. It was shown that
CNT have a good thermoelectric performance which
strongly depends on the type of CNT.16–21 For multi-
walled carbon nanotubes (mw-CNT), Kim et al.21

reported an exceptionally high k (3000 W/mK) and a
Seebeck-coefficient of 80 lV/K at room temperature.
For bulk mw-CNT samples, Yang et al.22 reported a
significantly lower thermal conductivity of 15 W/
mK than the individual CNT. In conjunction with
semiconductors13,14 and ceramics,23–25 CNT influ-
ence the thermoelectric23 and structural proper-
ties.26–30 It was shown that CNT have a significant
influence on the sintering and grain growth behav-
ior of ceramics.27,31,32 Low contents of CNT (<2
vol.%) enhances the densification process by a better
initial packing, whereas the grain growth is inhib-
ited by Zener pinning effect.33 Similar effects have
been observed by other authors, i.e. Inam et al.27

reported a significant grain growth inhibition on
alumina pellets by addition of 5 wt.% mw-CNT. On
the other hand, an increase of electrical conductivity
of the compacts by the addition of CNTs is not ex-
pected to substantially affect the sintering behavior
due to the high electrical conductivity of the gra-
phite system in comparison with the sample.33

In this work, we investigate the influence of the
incorporation of mw-CNT into Al-doped ZnO. We
sintered a composite consisting of Al-doped ZnO
with an addition of 0.1 wt.% mw-CNT by field-as-
sisted sintering technique/spark plasma sintering
(FAST/SPS).34 The thermal and electrical properties
of the pressed sample with mw-CNT were compared
with those of pure AZO.

EXPERIMENTAL

For the fabrication of Zn0.98Al0.02O (AZO) pow-
ders, a commercially available ZnO (Norzinco; BET
<1 lm) was mixed in stoichiometric ratio with
nanosized 6 wt.% Al-doped ZnO (Sigma Aldrich,
BET <100 nm). Afterwards, 0.1 wt.% mw-CNT

(Sigma Aldrich) with a diameter of 6 nm to 9 nm
and a length of 10 nm up to 5 lm were added. To get
a homogeneous, well-dispersed mixture of AZO and
mw-CNT, the powders were mixed dispersed in a
solvent (2-propanol) for 15 min in an ultrasonic
bath, then mixed by an ultrasonic finger for 4 min
and stirred again for 15 min in an ultrasonic bath.
Finally, the solvent was evaporated slowly on a
heating plate at 348 K. The dried powders were
mechanically milled in an agate ball mill for 30 min.

For the densification of the Zn0.98Al0.02O/CNT
composite, a spark plasma sintering (SPS) appara-
tus was used. One gram of homogeneous mix of AZO
and mw-CNT was filled in a graphite die of 10 mm
inner diameter and prepressed at 50 MPa. Besides,
a graphite foil was located between the powders and
the graphite die and punches in order to ensure the
thermal and the electrical contacts. Temperature
was controlled by a thermocouple placed in a drilled
hole in the middle of the graphite die and located
10 mm from the powder. The graphite die was sur-
rounded by a carbon felt in order to reduce the
heating loss. The sintering was done under vacuum
(40 Pa) to avoid combustion of the mw-CNT. The
composites were densified at a heating rate of
373 K/min from room temperature to 873 K and
323 K/min from 873 K to 1173 K. Isothermal hold-
ing time at 1173 K was maintained for 10 min. A
constant pressure of 50 MPa was applied during the
whole sintering process. The diameter of the sam-
ples after sintering was 10 mm.

The crystalline phase analysis was done using a
x-ray diffractometer (D8 Discover, Bruker). The
microstructure of the Zn0.98Al0.02O/CNT composites
was analyzed by a field emission scanning electron
microscope (Ultra 55, Zeiss). An image analysis
using the intercept procedure (ASTM E112) with a
correction factor of 1.56 was performed to determine
the grain size. The thermal conductivity k was cal-
culated by k ¼ a � cp �D. The thermal diffusivity a
(LFA 1000, Linseis) was measured from 298 K to
873 K in He atmosphere. For a better laser coupling
into the samples, a carbon coating was required.
The heat capacity cp (STA PT1600, Linseis) was
measured from 298 K to 873 K in Ar atmosphere
and the density D was determined by the Archi-
medes method. The Seebeck coefficient S and elec-
trical conductivity r of cylindrical-shaped samples
were measured with a commercial setup (LSR-3,
Linseis) in He atmosphere. The measuring temper-
ature was changed from room temperature to
873 K.

RESULTS AND DISCUSSION

All SPS sintered composites showed a high den-
sity of 94 ± 2%. For pure AZO, the theoretical
density of ZnO (5.61 g/cm3) was used. The calcula-
tion of theoretical density of Zn0.98Al0.02O with
0.1 wt.% mw-CNT (5.606 g/cm3) was also done
using the theoretical density of the CNT (2.0 g/cm3).
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All reflexes in the x-ray diffraction pattern of the
Zn0.98Al0.02O/CNT composite (Fig. 1) could be at-
tributed to ZnO. No indication of the occurrence of
the spinel phase ZnAl2O4

5,7,8 could be found within
the XRD detection limits. The doping of Al into the
ZnO lattice is indicated by a small shift of the XRD
patterns to larger 2h values compared to the refer-
ence of pure ZnO.11

The comparison of the grain structure and grain
size of both samples reveals no major influence of
the mw-CNT on the microstructure (Fig. 2). The
typical grain size was in the range of 0.5–1.0 lm for
both sample types. Figure 3 shows the thermal and
electrical properties of pure Zn0.98Al0.02O and the
mw-CNT-added composite as a function of the
temperature. The electrical conductivity r (Fig. 3a)
increases by adding mw-CNT. The r of pure AZO

was approximately 8700 S/m in the whole temper-
ature range. In the case of 0.1 wt.% mw-CNT-con-
taining AZO, r reaches a maximum of 192,000 S/m
at 373 K. All samples indicate a metallic-like
behavior, i.e. r decreases with temperature. The
considerable increase in r is probably due to the
well-distributed mw-CNT along the grain bound-
aries of AZO. This network of mw-CNT forms a new
electrical pathway through the Zn0.98Al0.02O/CNT
composite which leads to a local change of r at the
grain boundaries. The mw-CNT may offer shortcuts
between the AZO grains as was shown by Cho et al.
in a nanotube–copper matrix composite36

Figure 3b shows the Seebeck-coefficient (S) of the
Zn0.98Al0.02O/CNT composite. The negative values
indicate n-type semiconducting behavior. It is
obvious that with increasing temperature the
absolute value of the Seebeck coefficient also in-
creases. The S of pure AZO ranged from �80 lV/K
at room temperature (RT) up to �145 lV/K at
873 K, which corresponds well to previously pub-
lished data.4 The addition of 0.1 wt.% mw-CNT
leads to a significant decrease in S to �40 lV/K at
room temperature (RT).

The thermal conductivity k of the Zn0.98Al0.02O/
CNT composite decreases with increasing tempera-
ture, as shown in Fig. 3c. As expected, k decreased
with 0.1 wt.% mw-CNT. At room temperature, k
was reduced by about 16%, from 31.2 W/mK (pure
AZO) to 26 W/mK. A similar effect has already been
reported25 and interpreted in terms of an additional
phonon scattering due to the mw-CNT. The level of
the reduction depends on the thermal properties of
the carbon nanotubes used.20,37 With increasing
temperature, the thermal conductivity of pure and
mw-CNT-added AZO converged.

In Fig. 3d, the power-factor PF of the Zn0.98

Al0.02O/CNT is shown. The PF determines the per-
formance of thermoelectric power generators and
was calculated by the formula PF ¼ S2 � r. The

Fig. 1. X-ray diffraction pattern of SPS sintered Zn0.98Al0.02O/CNT
composites with (a) 0.0 wt.%, (b) 0.1 wt.% and reference phase ZnO
(PDF-Nr. 01-070-8070).35

Fig. 2. SEM micrographs of (a) pure and (b) 0.1 wt.% mw-CNT added Zn0.98Al0.02O.
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maximum value of 7.2 9 10�4 W/mK2, is obtained
for a content of 0.1 wt.% mw-CNT at 873 K.

The results for the Zn0.98Al0.02O with mw-CNT
show an improvement of the electrical and thermal
conductivity at the same time. These changes
overcompensate the reduction of the Seebeck coef-
ficient resulting in an improved ZT of the composite
with 0.1 wt.% mw-CNT. The ZT ranged from 0.02
(873 K) for pure AZO to 0.08 (873 K) for 0.1 wt.%
mw-CNT-containing AZO, which is an increase of
ZT by a factor of 4 (Fig. 4). The obtained ZT values
are less than the known values from the literature.
Possible causes are due to a short holding time
(10 min) or the sintering temperature of 1173 K.

SUMMARY

In summary, we prepared a composite consisting
of Al-doped ZnO and mw-CNT with SPS. The ther-

Fig. 3. The thermoelectric properties of the Zn0.98Al0.02O/CNT composite versus temperature: (a) electrical conductivity (r) (b) Seebeck coef-
ficient (S) (c) thermal conductivity (k) and (d) power-factor (PF).

Fig. 4. Dimensionless figure of merit (ZT) of the Zn0.98Al0.02O/CNT
composite.
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moelectric properties of pure AZO and mw-CNT-
added AZO have been characterized in detail. It has
been shown that the incorporation of mw-CNT in-
creases the electrical conductivity and decreases the
thermal conductivity. This is achieved by enhancing
the phonon scattering at the grain boundaries
caused by the incorporation of mw-CNT. It was re-
vealed that an amount of 0.1 wt.% mw-CNT, in
comparison to pure AZO, increases the electrical
conductivity by a factor of 21 over the entire tem-
perature range. The thermal conductivity is reduced
by the factor of 1.2 at room temperature. In general,
the results show the enhancement of ZT by the
factor of 4 from 0.02 to 0.08 at 873 K.
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12. U. Özgür, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S.
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