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bstract

n1−xNixO dense ceramics were prepared from Zn1−xNixO nanoparticles with x varying from 0 to 0.06. These nanoparticles were synthesized by
iquid route. In the sintered samples, the solubility limit of Ni in the Zn1−xNixO wurtzite structure was found to be 0.03. The increase of x until 0.03
ed to a significant raise in both electrical conductivity (σ) and absolute value of Seebeck coefficient (|S|). Ni-richer samples (x > 0.03) contained in
ddition a small amount of Ni rich secondary phase (ZnyNizO) with a cubic structure similar to NiO. The thermoelectric properties of all samples

ere investigated from room temperature to 1000 K. All doped samples showed a n-type semiconducting conductivity. For Ni contents higher than
= 0.03, the increase of the secondary phase content induced a decrease in σ and |S|. The highest power factor (0.6 mW m−1 K−2) and ZT (0.09)
ere found for Zn0.97Ni0.03O at 1000 K.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric energy conversion is a promising technol-
gy for both electrical power generation, in terms of waste
eat recovery, and various electronic cooling devices. The effi-
iency of thermoelectric devices depends on material properties
hrough the dimensionless figure of merit ZT where T is the
orking temperature. Z is defined as the ratio σS2/κ with σ is

he electrical conductivity, S is the Seebeck coefficient and κ is
he thermal conductivity. The intermetallic materials like Bi2Te3
ossess high thermoelectric performances.1,2 But, they are eas-
ly decomposed or oxidized in air at high temperatures, thus
pplications are greatly limited. On the contrary, oxide materi-
ls are relatively stable at high temperatures. That is why they
eceive recent attention in the fields of energy conversion.3

Among the thermoelectric oxides, zinc oxide presents a
arge Seebeck coefficient and a high thermal stability and is
n addition non-toxic.4 It is a n-type semiconducting oxide
ith a wide band gap of 3.3 eV and crystallizes in a wurtzite

˚ ˚ 5
tructure with a = 3.2488 A and c = 5.2054 A. Recent investiga-
ions on ZnO ceramics show that their thermoelectric properties
an be improved by substitution with aluminum,6–8 titanium,9
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ntimony10 or nickel.11 Up to now, only Park et al.11 have studied
i-doped ZnO ceramics for thermoelectric applications. Their

eramics were prepared by solid-state reaction, using ZnO and
iO as starting materials. Their best sample shows a power factor

PF) of 1.8 mW m−1 K−2 where the PF is defined as: PF = σS2.
owever, this conventional method of elaboration usually leads

o heterogeneous distribution of the doping element. In addition,
relatively long sintering dwell time is often required. Indeed,

he powder reactivity is low because of a quite large grain size
istribution. In this work, we prepared Ni–ZnO powders by a
iquid route, using inexpensive zinc and nickel acetate as start-
ng materials. The liquid route is the optimal method to obtain
owders with nanometer grain size. It usually leads to a homoge-
eous distribution of Ni through the ZnO lattice and to a decrease
f both sintering time and temperature. The thermoelectric prop-
rties of the Ni–ZnO ceramics, synthesized by this procedure,
ere studied and discussed.

. Experimental procedure

The Zn1−xNixO nanoparticles for thermoelectric applications

ere prepared by liquid route synthesis, as described in previous
ork.12 The zinc nickel acetate solution was obtained by the dis-

olution of zinc acetate dihydrate powder (Chempur 99.5%) in
ot ethanol solution, followed by the dissolution of nickel acetate

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.006
mailto:heloise.colder@ensicaen.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.006
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Fig. 1. The thermal analysis curves of Zn oxalate (straight line) and Zn–Ni
oxalates for the following atomic fractions of Ni: x = 0.01 (�), x = 0.03 (�) and
x = 0.06 (�).
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Fig. 2. X-ray diffraction patterns of Zn1−xNixO nanoparticles with x varying
from 0 to 0.06.

Table 1
Lattice parameters of the main wurtzite structure in the Zn1−xNixO (x = 0, 0.03,
0.06) powders deduced from the XRD refinement.

Name a (Å) c (Å) V (Å3)
958 H. Colder et al. / Journal of the Europ

etrahydrate. The proportion of nickel acetate was adjusted to
btain Ni atomic concentration from x = 0 to x = 0.06. Oxalic
cid was added to precipitate the Zn–Ni oxalate. The dried pow-
ers were calcined in air at 450 ◦C for 2 h. The calcined powders
ere subsequently mixed by attrition in ethanol during 1 h 30.
n organic binder (Rhodoviol 4%, Prolabo) was manually added

o the dried powders. Finally, disks (diameter of 6 mm, thickness
round 2 mm) and bars (12 mm × 3.3 mm × 3 mm) were shaped
y using a 30.6 kN uniaxial load, before sintering.

The crystallized phases were identified by X-ray diffraction
XRD) using the Cu K� radiation (Philips X’Pert diffractometer)
nd the crystalline parameters were determined by refinement
ith the least squares method using the JANA 2006 software.13

he specific surface area of the powders was determined by
he N2 adsorption method using the Brunauer–Emmett–Teller
BET) equation. The crystallite size and morphology were char-
cterized by transmission electron microscopy (TEM, Jeol).
hermo mechanical analysis (TMA, Setaram) was realized with
5 K/min heating rate in air. Scanning electron microscopy

SEM) observations were done using a Zeiss Supra 55 and
ationic composition was determined by electron dispersive
pectroscopy (EDS) analysis (EDAX). Thermogravimetry (TG)
nd differential scanning calorimetry (DSC) measurements were
erformed on Setaram TGA92 system. Electrical conductiv-
ty (σ) and Seebeck coefficient (S) were measured by ZEM 3
ULVAC-Riko) in order to determine the power factor (PF). Hall
easurements were done to get the carrier concentration. Ther-
al conductivity (κ) was calculated from thermal diffusivity (λ)

LFA 457 Micro Flash) and specific heat capacity (Cp) (STA
49 F3 Jupiter). Finally, the merit factor (ZT) was deduced in the
emperature range [300 K, 1000 K] by the relation: ZT = σS2 T/κ.

. Results and discussion

.1. ZnNiO nanoparticles

The DSC and TG curves of the oxalate precursors are shown
n Fig. 1. From 100 ◦C to 250 ◦C, the weight loss and the
ndothermic peaks highlight the dehydration and the forma-
ion of the anhydrous oxalate. Beyond 400 ◦C, the exothermic
eaks associated to a second weight loss suggest the decom-
osition of the anhydrous oxalate in mixed oxides as reported
lsewhere.14–16 In consequence, oxalate precursors were cal-
ined at 450 ◦C for 2 h in air, with heating and cooling rates of
20 ◦C/h.

Fig. 2 shows the XRD patterns of the Zn1−xNixO particles
fter calcination. All peaks are indexed in the wurtzite struc-
ure of ZnO (space group P63mc, JCPDF #89-0510). The broad
eaks suggest that crystallites are nano-sized. This is confirmed
y HRTEM observations that show spherical grains of 20 nm
nd a very narrow grain size distribution (Fig. 3). With spherical
hape particles, the specific surface area measurements12 give

n average grain size of 28 nm for ZnO powder and 26 nm for
n0.97Ni0.03O powder. The crystallographic parameters a and c,
educed from XRD pattern simulation, do not show a signifi-
ant dependence with the Ni content (Table 1). Hence, no clear

ZnO 3.250 ± 0.003 5.211 ± 0.004 47.655 ± 0.006
Zn0.97Ni0.03O 3.250 ± 0.003 5.211 ± 0.005 47.657 ± 0.006
Zn0.94Ni0.06O 3.248 ± 0.003 5.209 ± 0.004 47.598 ± 0.006
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Fig. 5. X-ray diffraction pattern of Zn1−xNixO samples with x varying from 0
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SEM micrographs of ZnO, Zn0.97Ni0.03O and Zn0.94Ni0.06O
ig. 3. Typical shape and size distribution of ZnO dispersed nanoparticles.

nfluence of Ni content on the powder characteristics has been
bserved.

The TMA curves of Zn1−xNixO for x = 0, 0.01, 0.03 and 0.06
re shown in Fig. 4. After sintering, the total shrinkage values
ange from 16 to 18%. For all samples, the shrinkage curves
xhibit two steps. The first one (up to 1000 ◦C) corresponds to
he rearrangement of the nanoparticles and the decrease of inter-
articles distance. The second one corresponds to the sintering
tself at high temperature. Therefore, all Zn1−xNixO samples
ere sintered in air at 1400 ◦C during 2 h, with heating and

ooling rates of 150 ◦C/h to ensure good densification.

.2. Zn1−xNixO ceramics

XRD patterns of Zn1−xNixO sintered samples are shown in
ig. 5. The diffraction peaks can be indexed as the ZnO wurtzite
hase with no impurity phase, except for x = 0.05 and x = 0.06
see Fig. 5 inset). This impurity phase can be attributed either
o NiO or to ZnyNizO with cubic structure.17–21 The lattice
arameters a and c of the wurtzite phase have also been refined

nd are shown in Fig. 6. From x = 0 to x = 0.03, the increase
n the a cell parameter is correlated to the decrease in the c
ell parameter. The ratio c/a, estimated as 1.6016 for pure ZnO,
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ig. 4. Shrinkage curves of the pellets of Zn1−xNixO for x = 0, x = 0.01 (�),
= 0.03 (�) and x = 0.06 (�).
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o 0.06. The peaks of secondary phase is noted by * and an inset present a zoom
n this particular zone.

alls down to 1.5995 for the Zn0.97Ni0.03O composition. This
ehavior, already reported,22–24 is explained by the partial occu-
ation of Zn2+ sites by smaller Ni2+ ions, since the ionic radii
f Zn2+ and Ni2+ are respectively 0.74 Å and 0.63 Å in tetra-
edral coordination.25 Beyond x = 0.04, no significant change
s observed, indicating a solubility limit of Ni in ZnO close to
= 0.03. The solubility limit was also studied by the estimation
f the Ni/Zn ratio determined by EDS. As shown in Fig. 7, for low
i contents (x ≤ 0.03), the ratio slightly changes from the theo-

etical ratio, and the most part of nickel substitutes Zn into the
urtzite structure. Beyond x = 0.03, the Ni/Zn ratio inside grain

s almost stable, confirming a solubility limit around x = 0.03.
amples (see Fig. 8) evidence high densities and average grain
ize (estimated by the Mendelson approach26), of 30.5 �m,
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ig. 6. Evolution of the lattice parameters (a and c) of the wurtzite structure in
he Zn1−xNixO sintered samples with x varying from 0 to 0.06.
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9 �m and 21 �m for x = 0, 0.03 and 0.06, respectively. For con-
ents higher than 0.03, the grain size decrease may be explained
y the presence of an intergranular secondary phase. This sec-
ndary phase limits the grain growth during sintering. Indeed,
recipitates, which are localized at grain boundaries, often
nhibit grain growth by decreasing the grain boundary mobil-
ty. EDS measurements performed by SEM and by TEM (not
hown here) on this secondary phase reveal the presence of both
i and Zn cations. Consequently, this phase is identified as a Ni

ich secondary phase (ZnyNizO) with a cubic structure similar
o NiO.

.3. Thermoelectric properties of ceramics

Fig. 9 shows the temperature dependence of (a) the electrical
onductivity, (b) the Seebeck coefficient, (c) the power factor
nd (d) the thermal conductivity of Zn1−xNixO compounds. For
ll the samples, the temperature dependence of the electrical
onductivity exhibits a semiconducting behavior. The addition
f Ni, up to x = 0.03, increases the conductivity by more than one
rder of magnitude at room temperature. The carrier concentra-
ion determined by Hall measurements is 1.6 × 1018 cm−3 for
nO and 2.8 × 1019 cm−3 for Zn0.97Ni0.03O. The increase of σ

an hence be mainly attributed to an increase in electron car-
ier concentration. As the presence of Ni3+ is unlikely,21,27,28

he Ni2+ for Zn2+ homovalence substitution mainly occurs. But,
n this configuration, the carrier concentration should not be
hanged. To explain this increase, we suggest that the Ni for Zn
ubstitution may slightly change the ZnO band structure and add
n impurity level in the bandgap. Indeed, a recent work of Singh
t al.29 proposes an explanation based on the impurity d-band
plitting model induced by the crystal field and the Jahn–Teller
ffect. In ZnO, the Zn atoms are tetrahedral coordinated at four
xygen atoms. Under the influence of the field induced by oxy-

en, the d-states can be split into lower eg states and higher

2g states (see Fig. 10). The Jahn–Teller effect does not occur
or pure ZnO as the Zn2+ d-states are full (d10). However, in

t
e
3

ig. 8. SEM images of the sintered Zn1−xNixO samples with x = 0 (a), x = 0.03
b) and x = 0.06 (c).

he case of Ni2+, the number of electron occupying the d-states
s 8 (d8). Therefore, when the Ni2+ is in tetrahedral environ-

ent, the Jahn–Teller effect may occur and the Ni-t2g states are
plit into antibonding and bonding states. The t2g antibonding
tates induce new energy levels, just below the conduction band.
hus, when temperature increases, the electrons of these states
an jump to the conduction band and participate to the electrical
onduction. This mechanism completely fits the experimental
(T) curves and the previously determined carrier concentra-
ion. When the Ni addition increases from x = 0.03 to x = 0.06,
lectrical conductivity decreases, as shown in Fig. 11. In Section
.2, it has been shown that, for these Ni contents, a secondary
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electronic structure under the crystal field of 4 oxygens and under Jahn–Teller
effect. (c) Bands structure of ZnO and Ni-doped ZnO.

p
s
e
i
s

t
w
t
a
c
p

F
1

fficient S (b), the power factor PF (c) and the thermal conductivity κ (d) of Ni

hase appears in the vicinity of the grain boundary and that grain
ize decreases. These microstructural changes could explain the
lectrical conductivity decrease. Indeed, the grain size decrease
nvolves the increase of the high resistive grain boundary
urface.

In Fig. 9b, the Seebeck coefficient is negative over the whole
emperature range for all the samples, which is in agreement
ith a conduction dominated by electron carriers. At room
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According to a simplified broadband model, S of the extrinsic
-type semiconductor with negligible holes conduction can be
xpressed as follows (Eq. (1))31:

= −kB

q

(
ln

(
Nc

n

)
+ A

)
(1)

here kB is Boltzmann constant, q is the electron charge, Nc
efers to the density of state, n denotes carrier concentration and
is a transport constant. According to this equation, the increase

n the carrier concentration could lead to a lowered |S|. In our
ase, it has been clearly seen that the Ni-additions (up to x = 0.03)
nduces a slight n increasing. Because of that, a decrease in |S|
s expected with Ni content increase. Actually, we observe the
pposite (Fig. 11). This unusual evolution of S and σ has been
lready observed in Sb doped ZnO10 and in Ca doped CuAlO2.32

When the Ni content increases from x = 0.03 to x = 0.06, |S|
ecreases. This is in agreement with the appearance of the sec-
ndary phase, usually exhibiting positive Seebeck coefficient of
100 �V K−1.33

The power factor, expressed by PF = σS2, is plotted in Fig. 9c.
n the whole temperature range, the PF is improved by the Ni-
ddition up to x = 0.03, since both σ and |S| increase. Beyond
= 0.03, PF decreases with the Ni addition mainly due to the
resence of the secondary phase that induces a decrease in
oth σ and |S|. In consequence, the highest value of the PF
s 0.56 mW m−1 K−2 at 900 K, for Zn0.97Ni0.03O. This sam-
le is composed of a (Ni,Zn)O solid solution single phase.
his PF value is of the same order of magnitude than the
F reported by Park,11 concerning samples with the same
omposition, but sintered 8 times longer. Moreover, at this
orking temperature, Ni seems to be more efficient than Ti

PF ≤ 0.4 mW m−1 K−2),9 Sb (PF ≤ 0.175 mW m−1 K−2)10 or
l (PF ≤ 0.35 mW m−1 K−2).6

The variation of thermal conductivity κ with temperature for
he various samples is shown in Fig. 9d. The wurtzite ZnO has

high intrinsic thermal conductivity. In single crystal, the κ

alue can be as high as 100 W m−1 K−1.6 For x = 0, the room
emperature thermal conductivity is estimated in the present
ork around 37 W m−1 K−1, a value which is similar to other

eported results.6,7,30 With x from 0.01 to 0.03, κ goes down to
7 W m−1 K−1. For x ≥ 0.03, it remains stable, being indepen-
ent on nickel content.

As observed in Fig. 9d, increase in temperature steadily
educes the thermal conductivity for all samples. As shown on
he inset, a linear relationship can be found in the κ (103/T)
urve indicating that κ is dominated by phonon transfer.6 It is
lso noted that, at low temperature, the κ values of Ni-added
nO samples are lower than the κ of ZnO sample. This agrees
ith the theoretical prediction that, at low temperature, grain
oundary and impurity scattering dominate phonon transfer and
etermine the final thermal conductivity.

The dimensionless figure of merit ZT has been calculated,
2
ith the formula ZT = σS T/κ. The temperature dependence of

T is plotted in Fig. 12. The results show that Ni addition helps
o improve the ZT of ZnO material, especially at high tempera-
ures. The highest value of 0.09 is obtained for the composition
ig. 12. Temperature dependence of the figure of merit ZT of ZnO and Ni-doped
nO samples.

n0.97Ni0.03O, at 1000 K. This value is lower than the 0.2 value
f the ZT reported by Otaki et al.8 concerning Zn0.98Al0.02O at
073 K and higher than ∼0.035, at 1000 K, reported by Cheng et
l.6 about Zn0.99Al0.01O. Moreover, at 700 K, Cai et al. referred
f values of ZT of 0.024 and 0.015 about the TiB2–ZnO com-
osites and Al-doped ZnO, respectively7,30 whereas Ni doped
nO exhibits a better ZT of 0.03 at this temperature. Hence,

he Zn0.97Ni0.03O ceramics elaborated by liquid route seem to
e good candidate for TE applications, in high working tem-
erature range. Furthermore, the thermoelectric properties can
e improved by introducing a co-doping with Al, which should
ncreased the conductivity as in Al and Ni co-doped ZnO films.34

. Conclusions

The Zn1−xNixO (x ≤ 0.06) oxide ceramics were prepared by
iquid route and conventional sintering. The samples with x val-
es below 0.03 show a dense microstructure of a single phase
ith wurtzite ZnO structure, whereas the other samples present
secondary phase identified as cubic (ZnyNizO). It is found

hat the substitution of Zn by Ni in ZnO until 3 at.% increases
igher x values, the opposite behavior was observed. There-
ore, the PF was optimized for x = 0.03 reaching a value of
.56 mW m−1 K−2 at 900 K. It also shows that the doped ele-
ent is effective in reducing the thermal conductivity at room

emperature. Finally, the enhanced ZT values were obtained in
he composition Zn0.97Ni0.03O (0.09 at 1000 K).
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