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a  b  s  t  r  a  c  t

The  thermoelectric  properties  of  tungsten  trioxide  (WO3)  ceramics  doped  with  zinc  oxide  (ZnO)  were
investigated  from  473  to  973  K.  The  results  revealed  that  doping  WO3 with  ZnO  could  promote  the  grain
growth  and the  densification.  Moreover,  the  addition  of  ZnO  into  WO3 obviously  raised  the  electrical
conductivity  (�)  of  the  ceramics  by  about  two  orders  of  magnitude  with  only  slightly  decreasing  its
absolute  value  of  the  Seebeck  coefficient  (|s|).  Thus,  the  magnitude  of  the power  factor  (�s2) was  enhanced
eywords:
lectrical conductivity
eebeck coefficient
O3 ceramics

ower factor

tremendously  by adding  ZnO.  In addition,  there  was  a second  phase  (ZnWO4) segregation  at  the  grain
boundaries  in the  samples  containing  more  than  0.5  mol%  ZnO,  which  inhibited  the  further  grain  growth
and reduced  the  � and  |s|.  Therefore,  there  existed  an  optimum  doping  concentration  of  ZnO  in  WO3 for
obtaining  a better  power  factor.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Thermoelectric materials have attracted considerable attention
ue to their ability to produce electric power from waste heat which
an be used as a way of solving the global warming problem. Metal
xides have been exploited as candidates for applications in ther-
oelectric generation due to their better thermal and chemical

tability at high temperatures than alloys. In 1997, Terasaki et al.
1] first reported a discovery of some layered p-type cobalt oxides,
hich have a comparable figure of merit to the conventional mate-

ials. Since then, attention has been focused on the metal oxides,
nd some oxides such as NaCo2O4 [2],  LaCoO3 [3,4] and ZnO [5–9]
ave been widely studied.

In recent years, some other metal oxides have received consider-
ble attention as thermoelectric materials, such as SrTiO3 [10–14],
iO2 [15,16] and SnO2 [17], the utilizations of which in the varistors
nd gas sensors are basically the same as ZnO. Among these novel
hermoelectric oxides, SrTiO3 with a cubic perovskite structure has
een considered as a promising thermoelectric candidate for the
-type metal oxide because of its rather large Seebeck coefficient
14]. WO3 is an n-type metal oxide with a perovskite-like structure
nd usually labeled as WO3−x due to the oxygen deficiency [18]. The
lectronic structures of WO3 are also similar to SrTiO3 [19], and the

pplications of WO3 in varistors and gas sensors usually have the
ame effects as SrTiO3 [20–23].  Therefore, it would be interesting
o investigate the thermoelectric properties of WO3. We  previously

∗ Corresponding author. Tel.: +86 028 87601134; fax: +86 028 87600787.
E-mail address: whq20054692@126.com (H. Wang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.03.022
reported the thermoelectric properties of WO3 doped with CeO2
over the temperature range 323–673 K [24], and it was  found that
the addition of CeO2 could densify the WO3 ceramics to improve the
thermoelectric characteristic. However, the electrical conductivity
of the WO3-based ceramics is quite low and the higher temperature
thermoelectric properties of WO3 have not been reported, and thus
the thermoelectric properties of WO3 require further improvement
and research.

Previous study [24] implied that the densification of the WO3-
based ceramics was attributed to the increasing concentration of
oxygen vacancies in the grain boundary region. The oxygen vacan-
cies can be also introduced in the WO3 ceramics by adding the ZnO
to keep the charge neutrality when substituting the Zn2+ ion for the
W6+. Thus, the ZnO addition would also densify the WO3 ceramics,
and hence enhance the thermoelectric properties. In addition, there
is an advantage using the ZnO instead of the CeO2 that the ZnO is
inexpensive and highly abundant relative to the CeO2. Therefore,
in the present study, we investigated the thermoelectric proper-
ties of WO3 ceramics in a higher temperature range from 473 K to
973 K, and attempted to modify its thermoelectric characteristic by
doping with ZnO.

2. Experimental procedures

Raw materials of analytical grade: WO3 (purity ≥99.9%) and ZnO (purity ≥99.9%)
were used to prepare the compositions of (100−x) mol% WO3 + x mol% ZnO, where
x  = 0.0, 0.1, 0.5, 1.0, 5.0 and 10.0. After milled with agate balls and ethanol for 10 h,

the  powders were then granulated with binder and pressed at 100 MPa to form
discs 10 mm in diameter and 3 mm in thickness. The grain size of the ceramics has
notable effects on its thermoelectric properties [25], and thus the green compacts
were sintered in a new way to get a smaller grain size than our previous work
[20–22].  In order to get a smaller grain size, the discs with the same concentration

dx.doi.org/10.1016/j.jallcom.2012.03.022
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:whq20054692@126.com
dx.doi.org/10.1016/j.jallcom.2012.03.022
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Table 1
Average grain size and porosity of the samples with different ZnO contents.

ZnO (mol%) Grain size (�m) Porosity (%)

0.0 6.3 19.36
0.1  6.9 7.07
0.5  7.8 5.11
1.0  7.3 6.86
2 θ(degree)

Fig. 1. XRD patterns of the (100−x) mol% WO3 + x mol% ZnO samples.

ere sintered at 400 ◦C in air for 30 min, and then were sintered at 1100 ◦C for 2 h.
he heating rate was maintained at 100 ◦C/h.

The microstructure of samples was  examined using scanning electron
icroscopy (FEI QUANTA200 with an energy dispersive spectrometer). As for the

EM and EDX analysis, samples were cleaned in acetone, mounted, and gold-coated
o prevent charging. Average grain sizes of the samples have been estimated by the
ine-intersecting method, given by [26]:

 = 1.56L

MN
(1)

here d is the average grain size, L is the random line length on the micrograph,
 is the magnification of the micrograph and N is the number of the grain bound-

ries intercepted by lines. The porosity of the specimens has been measured by
he  Archimedes principle. The crystalline phases of these sintered samples were
dentified by X-ray diffraction technologies (7602EA ALMELO) under the following
xperimental conditions: �(Cu K�) = 0.15406 nm,  40 kV, 40 mA,  20◦ ≤ 2� ≤ 60◦ . The
lectrical conductivity from 473 K to 973 K was measured by means of a standard
our-probe method using the KEITHLEY 2400. The thermoelectric power from 473 K
o  973 K was calculated from the thermoelectric voltage collected with KEITHLEY
400 and the temperature difference between the two ends of the sample.

. Results and discussion

Fig. 1 illustrates the XRD patterns of the samples with different
mount of ZnO. It is revealed that the major phase of the samples is a
O3 phase, and there is an obvious second phase in the doped sam-

les when the content of ZnO exceeds 0.5 mol%. The second phase
s identified as ZnWO4 (JCPDS file card number 15-0774) through
he XRD analysis. The result is consistent with the previous study
27]. From the XRD patterns, the lattice parameters of the sam-
les shown in Fig. 2 were obtained through the Jade 5.0 software
y the Rietveld method [28]. At room temperature, WO3 is mon-
clinic with lattice parameters a = 7.30 Å, b = 7.53 Å, c = 3.85 Å [19].
he values calculated by the structural refinement differ by no more
han 2% from the theoretical values. The radius of W6+ (0.62 Å) is

maller than that of Zn2+ (0.74 Å) [29]. Thus, it can be observed from
ig. 2 that a-axis, c-axis and the unit cell volume lattice parameters
end to increase and b-axis lattice parameter decreases as the ZnO
oncentration increases to 1.0 mol%. Continuing increasing the ZnO
5.0  7.1 7.16
10.0  6.7 7.35

concentration, the lattice parameters of the samples almost keep
constant. According to the foregoing discussion, it can be concluded
that the solid solutions W1−xZnxO3−y are fabricated and the solu-
bility limit of ZnO in WO3 is between 0.5 and 1.0 mol% because of
the almost unchanged lattice parameters and the formation of the
second phase ZnWO4.

The SEM micrographs of the sintered WO3 ceramics with dif-
ferent amount of ZnO are shown in Fig. 3. It can be seen that the
densification of the doped ceramics are better than the pure one,
and that the grain size of samples increases with the addition of ZnO
in WO3 up to 0.5 mol% and then decreases with more ZnO added.
The rod-shaped structure can be evidently observed at the grain
boundary regions as samples contain more than 1.0 mol% ZnO. As
shown in Fig. 4, the EDX spectra of the rod-shaped structure for
WO3 ceramics doped with 5.0 mol% ZnO indicates that the Zn-rich
phase exists between WO3 grains. On the basis of the XRD anal-
ysis, the rod-shaped structure is a grain of ZnWO4. Our previous
researches suggested that the grain size of WO3-based ceramics
remained almost constant with an average grain size about 10 �m
and that the open porosity was  about 14% [20–24].  The grain size
and the porosity of all samples in this research are given in Table 1.
The grain size and the porosity lie in the range 6.3–7.8 �m and
5.11–19.36%, respectively. The grain size of the samples in this work
is obviously smaller than our previous investigation. Although the
grain size of the samples is a little bit enhanced by adding ZnO
into WO3, the porosity of the doped samples is extremely reduced.
Therefore, doping WO3 with ZnO can improve the mass trans-
fer during sintering process, leading to the grain growth and the
increasing densification.

Previous study [24] implied that the densification of the WO3-
based ceramics might be similar to the one that occurred in the
SnO2-based polycrystalline systems, which was attributed to the
increasing concentration of oxygen vacancies in the grain bound-
ary region [30–32].  The densifying mechanism of the WO3–ZnO
ceramics and the formation of oxygen vacancies could obey the
following reactions:

ZnO
WO3−→Zn

′′′′
W + 2V

••
O + OX

O (2)

ZnO + WO3 → ZnWO4 (3)

Eq. (2) represents that the addition of ZnO into WO3 leads to the
creation of additional oxygen vacancies, which increase the flux of
oxygen ions and promote the grain growth and the densification.
Reaction (3) reveals the formation of the second phase, ZnWO4, by
the reaction of ZnO and WO3 due to the content of ZnO in WO3
above the solubility limit. The second phase ZnWO4 lowers the
grain boundary mobility through the solute drag mechanism dur-
ing sintering process and enables the pores to stay attached to the
moving grain boundaries. Therefore, the proper addition of ZnO can
promote the grain growth and the densification of the WO3-based
ceramics. While the content of ZnO in WO3 exceeds its solubil-
ity limit, the second phase ZnWO4 segregates between the WO3

grains reducing the process of the mass transport, and thus the
densification of samples become worse with more ZnO doped.

As the electrical conductivity of samples is extremely improved
through doping with ZnO, the curves of log10� against T are shown
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Fig. 2. Lattice parameters of the undoped and ZnO-doped WO3, (a) a-axis and b-axis, (b) c-axis and unit cell volume plotted in terms of ZnO additive concentrations.

Fig. 3. SEM images of the samples (100−x) mol% WO3 + x mol% ZnO: (a) x = 0.0; (b) x = 0.1; (c) x = 0.5; (d) x = 1.0; (e) x = 5.0; (f) x = 10.0.



H. Wang et al. / Journal of Alloys and Compounds 527 (2012) 204– 209 207

or WO

i
s
r
s
t
e
o
o
e
b
t
t
w

�

w
W
a
W
s
5
b
T
o
c
i
t
a

F
d

Fig. 4. EDX spectra of grain boundary regions f

n Fig. 5. It can be observed that the electrical conductivity of the
pecimens rises with the increment of ZnO up to 0.5 mol%, and then
educes with adding more ZnO. The electrical conductivity of the
ample with 0.5 mol% ZnO is about two orders of magnitude larger
han that of the undoped WO3 in the whole temperature range, and
ven that of the sample with 10.0 mol% ZnO is still approximately
ne order of magnitude higher than that of the pure WO3. Previ-
us studies [31–33] clarified that the electrical properties involving
lectrical conductivity and thermo-power could not be explained
y a simple defects model except under strongly reduced condi-
ions. The electrical conductivity of semiconductors depends on
heir carrier concentration (n) and mobility (�) in the following
ay [34]:

 = n�e (4)

here e is the electron charge. The free-electron concentration in
O3 is mainly determined by the concentration of defects, such

s oxygen vacancies [35]. The electronic structure of the idealized
O3 indicates [36] that the valence band is dominated by O 2p-like

tates while the conduction band is determined mainly by the W
d-like states. The valence state of W can be calculated using the
ond valence sum formula reported by Brown and Altermatt [37].
he variations of the average W–O  distance and the valence state
f W ion with the content of Zn are shown in Fig. 6. For low Zn

ontents (x ≤ 1.0 mol%), the increase in the average W–O  distance
s correlated to the decrease in the valence state of W cation with
he increasing content of Zn. Beyond x = 1.0 mol%, both of them are
lmost stable. Recent study [38] reveals that the whole range of
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ig. 5. Temperature dependence of the electrical conductivity of the samples with
ifferent amount of ZnO.
3 ceramics doped with 5.0 mol% ZnO content.

W formal oxidation states, from 6+ to 4+, is observed depending
on the –W–O–W– chain direction along which the vacancy is cre-
ated, indicating that the variation in the distance of W–O  and in the
charge state of W ion is associated with the oxygen vacancies. It can
be concluded that the oxygen vacancy increases with the decrease
in the valence state of W cation. For larger oxygen vacancy concen-
trations, the electronic structure is modified [38], and the electrical
conductivity is improved. Besides, the mobility of the carriers is
strongly influenced by the disorder present in the materials and
by impurity doping [34]. The conductivity of WO3 was  reported
to decrease due to an increasing volume of the grain boundaries,
which contributes to more trapping and scattering of free charge
carriers. Therefore, the electrical conductivity of the doped sam-
ples in this work could be illustrated by the following competing
factors: (1) Zn doping leads to an increment of the grain size and the
densification, which increases the relaxation time of electron car-
riers, and thus raises the electrical conductivity; (2) Substitution of
Zn2+ for W6+ leads to a decrement of the electron concentration and
a decrease of the electrical conductivity; (3) The oxygen vacancies
increase the electron carrier density as well the electrical conduc-
tivity. Factor 2 leads to the decrease of the electrical conductivity,
however, factor 1 and factor 3 enhance the electrical conductivity.
Hence, the electrical conductivity of the ceramics is modified by the
addition of ZnO. The second phase ZnWO4 segregates to the grain
boundaries, blocks the migration of the carriers, and thus reduces
the electrical conductivity with adding more ZnO.

Fig. 7 presents the Seebeck coefficients (s) for all samples at dif-
ferent temperatures. The absolute value of the s increases with the

increment of the temperature, and the Seebeck coefficient values
are all negative over the whole temperature range, indicating an
n-type conduction. Moreover, the absolute value of the s of the
pure WO3 is a lot larger than our previous work due to the smaller
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rain size [24]. The Seebeck coefficient of the undoped WO3 in
his research is almost five times larger than the data reported
n our last paper due to the difference of the sintering processes.
ecent paper reported by Bérardan et al. [5] demonstrated that the
hermoelectric properties of ZnO-based thermoelectric materials
ere controversial, even the same material at the same tempera-

ure with a large discrepancy of the reported data from one team
o another, and that their thermoelectric properties appeared to
epend strongly on the synthesis conditions. Therefore, it can be
oncluded that the preparation conditions also have influences on
he thermoelectric properties of WO3-based ceramics, which is
ssential to further investigate in our next work. According to a sim-
lified broadband model [6,8], the Seebeck coefficient of the n-type
emiconductors can be expressed as the following equation:

 = −
(

k

e

)  [
ln

(
Nv

n

)
+ A

]
(5)

here k is the Boltzmann constant, n is the electron concentration,
 is the electric charge of the carrier, Nv is the density of state, and

 is a transport constant, typically 0 ≤ A ≤ 2. In this rule, the See-
eck coefficient decreases with increasing electrical conductivity
ecause of the increment of the electron concentration. Therefore,
he Seebeck coefficient of the doped samples is lower than that of
he undoped one. Nevertheless, it can be also seen in Fig. 7 that
he absolute value of the Seebeck coefficient of the sample with
.5 mol%, which should be the smallest if the sample followed that
ule, is better than that of the sample with 0.1, 5.0 and 10.0 mol%.
oreover, the Seebeck coefficient of the silicon-on-insulator layers

eported by Lkeda and Salleh [39] also exhibits unusual behavior
nd increases with the increasing carrier concentration. The same
echanism is also found in the ZnO thermoelectric materials with

he Sb addition [8].  Therefore, the conduction mechanism in the
O3 ceramics doped with ZnO cannot be explained by a conven-

ional model based on band theory. Additionally, the grain size and
he porosity of the ceramics have pronounced effects on the ther-

oelectric properties [24,25]. As described above, the densification
f the sample with 0.5 mol% ZnO is better than other doped speci-
ens, and the Seebeck coefficient of the sample with 0.5 mol% ZnO

s also better than that of the sample with 0.1, 5.0 and 10.0 mol%.
oreover, the appearance of the secondary phase usually exhibits

ositive Seebeck coefficient of ∼100 �V K−1 [40]. With the increase
f the porosity and ZnWO4, the Seebeck coefficient of the doped
amples decreases, and thus the variation of Seebeck coefficient
an be explained by the differences of the grain size and porosity.
The thermoelectric power factor (�s2) of all specimens, calcu-
ated from the data in Figs. 5 and 7, as a function of temperature
s illustrated in Fig. 8. Since the electrical conductivity of the
amples is enhanced enormously, the power factor of WO3-based
Fig. 8. Temperature dependence of the power factor of Zn doped WO3 and WO3

samples.

ceramics is considerably improved by the addition of ZnO and
increases with the temperature rising. As the foregoing discussion,
the addition of Zn to WO3 enhances the electrical conductivity
by two orders of magnitude. The sample containing 0.5 mol% ZnO
obtains the largest power factor, with a value of 1.34 �W m−1 K−2

at 973 K, which is approximately three orders of magnitude larger
than the data reported in our last paper [24]. However, the power
factor of the thermoelectric materials used in current devices
is required to have an order of magnitude of ∼10−4 W m−1 K−2

[41], and the power factor of the WO3-based ceramics is only one
percent of the requirement. The low thermoelectric generation of
the WO3-based ceramics is mainly attributed to the poor electrical
conductivity in comparison with other thermoelectric materials,
and the electrical conductivity of the pure WO3 in this study is
0.01 �−1 cm−1 even at 973 K. Therefore, it is significant to uplift
the electrical conductivity of the WO3 ceramics in order to obtain
better thermoelectric properties. It has been found that the con-
ductivity of WO3 can be enhanced by a factor of 104 through the
addition of Al2O3 [42]. Other metal oxide dopants such as Co3O4,
MnO2, LiO2 [17] and TiO2 [43] have been also observed to elevate
the electrical conductivity of WO3. Hua et al. [22] demonstrated
that the quenched WO3 ceramics exhibited a very low resistivity
with a value of 1.95 � cm at room temperature, that is to say, a very
high conductivity with a value of 0.5 �−1 cm−1 in WO3 materials.
Hence, it is attractive to research the thermoelectric properties
of WO3, because it can be improved by using oxide dopants in
addition to WO3 or by quenching the WO3 based ceramics.

4. Conclusions

The thermoelectric properties of WO3 ceramics with the addi-
tion of ZnO have been investigated. The results demonstrate that
doping ZnO can promote the grain growth and inhibit the porosity.
The addition of Zn into WO3 tremendously improves the electrical
conductivity of the WO3 ceramics by about two  orders of mag-
nitude. The densification mechanism and the enhanced electrical
conductance principle are opposite to some extent. Thus the electri-
cal properties involving electrical conductivity and thermo-power
cannot be explained by a simple defects model. Although the See-
beck coefficient of the samples is slightly reduced, the electrical
conductivity of the ceramics is enormously uplifted by doping ZnO.
Therefore, the power factor of the samples is enhanced by the addi-

tion of ZnO and is about three orders of magnitude higher than our
previous work. The second phase ZnWO4 presents in the samples
when the dopant concentration of Zn exceeds 1.0 mol%, segregating
between the WO3 grains and making the densification worse. The
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