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ARTICLE INFO ABSTRACT

Keywords: Thermoelectric properties of pure ZnO ceramics were investigated in this study. ZnO powders were sintered
ZnO using spark plasma sintering by varying temperature (600-900 °C) and atmosphere (air and vacuum), thereafter,
Thermoelectricity the ceramics were annealed in air at 600 °C. Relative densities > 98% were determined for all the samples with
Spark plasma sintering grain sizes of the same order of magnitude, hence, thermal conductivity of ~45 W/mK was determined at room
;Z?:];Ziicles temperature. As-sintered ceramics prepared from synthetic powder (CSP) had higher carrier concentration than

ceramics prepared from commercial powder (CCP) by 2.3x10'7 cm ™3, Thus, resistivity and Seebeck Coefficient

of 0.08 Q2 cm and 475 uV/K were determined, respectively, at room temperature for CSP sintered at 900 °C. There
was no significant change on the performance of the ZnO ceramics when the sintering atmosphere and tem-
perature were altered. Annealing did not improve the thermoelectric properties of ZnO ceramics. Maximum ZT
of 8x10 2 was obtained for CSP sintered at 900 °C.

1. Introduction

The rising demand of energy (especially in developing countries
such as South Africa, China and India) is estimated to increase further
to meet the future's global economy [1 5]. However, the consequences
of using fossil fuels make the supply of energy very difficult as it runs a
risk of causing global warming/climate change. Nowadays, government
and private companies both national and international collaborate to
meet the future energy demands by improving research and develop
ment in energy sectors, exploring different energy sources and im
proving and conserving energy efficiency in current operations. Ther
moelectric power generation has interested most researchers for the
past decades; it involves direct conversion of heat to electricity [6 10].
This method can be used without any pollution and be applied in
confined spaces. It is mainly being used to recover wasted heat from
motor vehicles, industries etc ... The performance of the thermoelectric
materials (both n and p type) is being measured by the figure of merit,
ZT, which is defined as ZT = z—iT whereby S is the Seebeck Coefficient,
p is resistivity and k is thermal conductivity [7].

Recently, many research studies have been focused on developing
new materials and exploring new preparation techniques to get higher
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ZT, above 2 [8,11]. Materials such as Si Ge alloys, rare earth chalco
genides and transition metal disilides have been extensively in
vestigated for high temperature thermoelectric applications [12 17].
However, these materials are costly which limits large scale application.
They also require surface protection against oxidation. Metal oxides
were found to be suitable materials for long term application at high
temperatures [18 21]. The n type, zinc oxide (ZnO) has shown appro
priate characteristics for thermoelectricity such as high Seebeck Coef
ficient and could easily be formulated (chemically) in view to improve
electrical properties [21]. Most of all it is environmentally friendly and
contains earth abundant elements.

Extensive research on ZnO ceramics has been performed on the
doping and the dual doping with group 3 elements and transition me
tals [21 28]. However, there is limited literature that focuses on the
thermoelectric properties of pure ZnO ceramics. The performance of
ZnO relies mostly on the concentration of oxygen vacancies [29].
Therefore, it is vital to have better understanding of the electrical
properties of intrinsic ZnO. Other means which have been conducted to
improve thermoelectric properties of ZnO ceramics is applying nanos
tructuring [30,31]. This method reduces thermal conductivity through
phonon scattering at the grain boundaries. The advancements in sin
tering techniques from conventional pressing to spark plasma sintering



have added huge value on the control of grain growth. However, some
reports have indicated that even though reducing the grain size could
assist in lowering the thermal conductivity, it can also lower the elec
trical conductivity due to the scattering of electrons [31].

In this work, efforts were made on the preparation method for ZnO
powder and compare its characteristics with those of commercial
powder. Microstructural studies of the sintered ceramics at various
sintering conditions were investigated in detail. The thermoelectric
properties of the ZnO ceramics were discussed for both as sintered and
annealed in air to have better understanding on the effect of oxygen
vacancies.

2. Materials and methods
2.1. Materials

ZnO nanopowders synthesized using co precipitation method fol
lowed by calcination was used in this study. The powders labelled as
C500, C600 and C700 have grain sizes of 78 + 19, 177 + 61 and
289 =+ 154 nm, respectively. The surface area of the powders is 14.5,
5.9 and 3.3 m?/g for C500, C600 and C700, respectively. The synthesized
ZnO powder was compared with those of commercially available zinc
oxide (Com ZnO) of high purity (99.99%) which had a grain size and
surface area of 193 + 111 nm and 5.8 m?*/g.

2.2. Densification of ZnO by spark plasma sintering (SPS)

The commercial and synthesized ZnO powders were densified using
SPS already descrbed in the previously published paper [32] using 8
and 20 mm inner diameter tungsten carbide and graphite dies. The
molds were lined with 0.2 mm thick graphite foil (PERMA FOIL®Toyo
Tanso). Sintering parameters (such as temperature (600 900 °C) and
atmosphere (air and vacuum)) were investigated with the aim to have
fully dense pellets with minimal grain growth. Samples sintered in
vacuum were current isolated to avoid the influences of electric field on
the ZnO grains; which can affect the reactivity and diffusion during
sintering [33,34].

The uniaxial pressure up to 250 MPa was applied at room tem
perature for the samples sintered at 600 and 700 °C, using tungsten
carbide tool for 2 min. On the other hand, the conventional graphite
mould has been used under vacuum. The pressure of 100 MPa was
applied for samples sintering at 900 °C on last the 2 min of heating stage
to improve mobility of grains. The temperature increase was at a ramp
up speed of 100 °C/min, though for samples sintered at 900 °C the ramp
up speed was reduced by 50% on the last 2min of heating stage to
avoid temperature overshoot. The isothermal time was kept for 6 min.

Table 1

The temperature was cooled at a rate of 100 °C/min simultaneously
with pressure release.

2.3. Characterization of ZnO ceramics

The microstructure analysis of the ZnO ceramics were done using
Scanning Electron Microscopy (MEB JEOL JSM65 10LV) while an X ray
diffractometer (XRD Bruker D4) was used to analyze the phase struc
ture. A combination of Differential Thermal Analysis (DTA) and ther
mogravimetric analysis (DAT GTA) (Setaram, TAG16) was used to
study the thermal behaviour of the sintered ceramics at a heating rate of
3°C/min up to 1000 °C.

2.4. Electrical measurements

The electrical measurements were conducted at Laboratoire de
Cristallographie et Sciences des Matériaux (CRISMAT). Seebeck
Coefficient and resistivity of the dense ceramics were simultaneously
measured using ZEM 3 (Ulvac Riko). The dense ceramics were cut into
9x3x3 mm bars and coated with gold to ensure electrical ohmic contact.
Graphite foil was inserted on both sides of heaters to have a good
electrical and thermal contact with the sample. The thermal con
ductivity was determined by measuring separately thermal diffusivity
(o), ceramic density (d) and heat capacity (Cp) (Eq. (1)). The samples
were cut to dimensions of 6 X 6 X 1 mm.

k = a(T)Cp(T)d(T) ®

The band gap was determined through the photovoltaic route using
Bentham PVE 300PV, 20 mm diameter ceramics with a thickness of
0.5 mm. The hall effect measurements were done using physical prop
erty measurement system (Model 7100 AC transport controller,
Quantum system), by measuring 3 X 3 mm square samples.

3. Results and discussions
3.1. Spark plasma sintering of pure ZnO ceramics

This section discusses the spark plasma sintering of commercial and
synthetic ZnO powder in order to compare the influence of the starting
powder characteristics on densification and microstructural evolution
of ZnO ceramics. The effect of sintering temperature and atmosphere
are investigated, the summary of the relative density and grain size
evolution of the ceramics are presented in Table 1. The ZnO ceramics
prepared from synthetic and commercial powder are abbreviated as
CSP and CCP, respectively.

Relative density and grain size of ceramics prepared from com-ZnO and synthetic ZnO powder for different sintering conditions [Symbols: CCP is ceramics
prepared from commercial ZnO powder, CSP is ceramics prepared from synthetic ZnO powder, SC is sintering cycle and RT is room temperature] .

Die diameter Atmosphere Sintering cycle Insulation Temperature Pressure & when applied Relative density Grain size (Image J)
mm - - - °C MPa % um
Powder calcined at 500 °C (C500)

8 Air SCI Without 600 250,RT 100 2,2 = 0.6
8 Air SCI Without 700 250,RT 99.4 = 0.2 6+ 2
Powder calcined at 600 °C (C600)

8 Air SCI Without 600 250,RT 99.3 + 0.1 2,4 + 0.6
8 Air SCI Without 700 250,RT 99.5 + 0.2 54 = 1.3
20 Air SCI Without 700 250,RT 100 5=+ 2
20 Vacuum SC2 With 900 100, Last 2min of heating stage 989 + 0.4 4 =2
Powder calcined at 700 °C (C700)

8 Air SCI Normal 600 250,RT 99.3 = 0.2 3=x1

8 Air SCI Normal 700 250,RT 100 42 + 1,6
Commercial ZnO (Com-ZnO)

8 Air SCI Without 700 250,RT 97,8 = 1,2 53 =23
20 Air SCI Without 700 250,RT 99,1 = 0,5 54 = 21
20 Vacuum SC2 With 900 100, Last 2min of heating stage 98,7 + 0,4 3,6 + 1,3
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Fig. 1. Displacement ratio and displacement during heating of pure commercial
and synthetic ZnO powder in air (700 °C).

3.1.1. Sintering behaviour of commercial and synthetic pure ZnO in air and
vacuum

3.1.1.1. Sintering in air atmosphere. The sintering behaviour of the
commercial and synthetic ZnO powders was studied in air up to a
temperature of 700 °C (the temperature limit of the tungsten carbide
tools) while keeping a constant axial pressure of 250 MPa, without
current isolation. Synthetic powder calcined at 600 °C was used as it has
almost the same average grain size as the commercial powder:
177 = 61nm (synthetic powder) and 193 = 111nm (commercial
powder). The punch displacement and displacement ratio,
representing respectively the shrinkage and shrinkage speed of the
powder, are given in Fig. 1 as a function of sintering time. The
displacement ratio of both samples showed two peaks: sharp peaks at
100 300s (room temperature) and broad peaks at 600 1000s
(300 600 °C). The first peak could be attributed to the rearrangement
of grains by rolling due to applied pressure at room temperature
[32,35,36]. The second peak could be due to the densification of the
ceramics at high temperature, with grains diffusing with neighbouring
grains. The influence of sintering temperature on ceramics prepared
through commercial powder (CCP) has been published [32].

During the heating stage, the displacement of both samples gradu
ally increases with temperature and tend to reach a constant state after
900s. The ceramics prepared from synthetic ZnO powder (CSP) reach
higher displacement of about 3mm as compared to the commercial
powder (CCP) (2 mm). This could be due to the smaller particles size
distribution and homogenous morphology, leading to better mobility of
grains [37 39]. It was also observed that CSP finished sintering earlier
than the CCP with a difference of ~40 °C. This indicates the importance
of working with nano sized grains that can be sintered at lower tem
perature. The sintering mechanism of pure ZnO in air could be con
trolled by the lattice and grain boundary diffusion of interstitial Zn ions
(Zn;) [40 44]. ZnO being a non stoichiometric material, it is sensitive to
sintering atmosphere, which could affect the densification of the ZnO
ceramics. This discussion is detailed in section 3.1.1.2.

The CSP and CCP ceramics were sintered at a dwell time of 6 min.

S N=32
Mean=4,7 um
\ D=2 pm

n

Count
7
o

N

8 10 12 14 16 18

6
Grain Size (um)

N=27
Mean=5,4 um
SD=2,1 um

\

Count

7777/

N
2 4 6 8 10 12 14 16 18

Grain Size (um)

Fig. 2. SEM micrograph of fractured surfaces and grain size distribution (Image J) (a) CSP ceramic (b) CCP ceramic (700°C-250 MPa).



1000 ——4——————7——7——7—+—T1 71 +—T1 7 7 +7 T 1,2

9001 ___ cCP ZnO ceramic
800 ] — CSP ZnO ceramic

700 4
600 -
500 4
400 4

300 4

Temperature (°C)

200 4

Displacement ratio (V/sec)

100

0

.
0 100 200 300 400 500 600 700 800 900 100011001200 1300
35

3,0

2,5 4

2,0 4

1,5 -

1,0 4

Displacement (mm)

0,5 4

0,0

0 100 200 300 400 500 600 700 800 900 1000110012001300
Time (s)

Fig. 3. Displacement ratio and displacement during heating of pure commercial
and synthetic ZnO powder in air (900 °C).

(b)

Fig. 4. SEM micrograph of fractured surfaces and grain size distribution (Image J) (a) CSP ceramics (b) CCP ceramic (900 °C

The relative densities are given in Table 1. No significance difference
was observed for both powders sintering at 700 °C, the relative density
of CSP and CCP was 100% and 99%, respectively. The SEM micrographs
of CSP and CCP ceramics are given in Fig. 2. The same grain size dis
tribution for both ceramics is evidenced. The grain size increased from
177 nm to 4.7 um for CSP and from 193nm to 5.4um for CCP, in
dicating samples present same growth rate. The grain size distribution
of both samples indicated to be similar. XRD patterns indicated no
phase change after sintering.

3.1.1.2. Sintering in vacuum atmosphere. Commercial and synthetic ZnO
powders were further sintered in vacuum to evaluate the sintering
behaviour of the ZnO ceramics up to a temperature of 900 °C, applying
axial pressure of 100 MPa on the last 2min of heating stage, with
current isolation. Insulation was used in this section to avoid the
influence of electric field on the ZnO grains because sintering ZnO at
high temperature creates more oxygen vacancies which could affect the
consistency of current flow. The punch displacement and displacement
ratio, representing respectively the shrinkage and shrinkage speed of
the powder, are given in Fig. 3 as a function of sintering time. The
displacement ratio of both samples showed two broad peaks at
400 900s (200 600 °C) and 1000 1250s (800 900 °C). The first peak
could be caused by the softening of the grains during the heating stage,
as a result the grains easily rearrange [35 37]. It was observed that CSP
ceramics shrinks at 400 °C, 300s earlier than CCP ceramics. This could
have occurred because of differences in particle size distribution and
morphology in the starting powders. Han et al. [45] reported about the
sintering of Al doped ZnO ceramics prepared from nanoparticles, rods
and platelets powders. Similar relative densities of 90% were reported,
though it was observed that the rods and platelets ceramics have
preferential orientation on miller impedance, < 001 >, direction while
for the nanoparticles it was prohibited. Whereas, Zhang et al. [46]
reported on Al doped ZnO ceramics with hybrid micro/nano structure
powders. In this case, low relative density of 80% was achieved with
non preferential grain growth. These findings could support the
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observed unique sintering behavior of CCP and CSP ceramics due to the
differences in powder quality.

The second peak (Fig .3) could be caused by applied pressure. It was
observed that during the heating stage, the displacement of both sam
ples gradually increases with temperature and tend to reach a constant
state after 1200s. The CSP and CCP ceramics reached displacement of
about 3 and 2.5 mm, respectively. As previously stated, the difference
could be due to smaller particle size distribution and morphology of
CSP powder which leads to higher mobility of grains.

The powders were sintered under dwell period of 6 min and the
relative densities are presented in Table 1. The relative density of CSP
slightly decreased to 98.9% when sintering in vacuum at 900°C, this
could have resulted from the presence of pores in the ceramic [37].
Similar relative density was achieved for CCP. The microstructure given
in Fig. 4 revealed that there is no significant change in the grain size as
well between CSP and CCP, an average mean grain size of 3.9 um and
3.6 um were determined, respectively. Comparing the two sintering
temperatures (700°C and 900°C), CSP grain size remained at a mean of
4 um when sintering at 700°C and 900°C. While a slight decrease in the
grain size was observed in CCP, from 5.4 pum (700°C) to 3.6 um (900°C).
Smaller grain sizes were obtained at 900 °C because of axial pressure
was applied on the last minutes of heating stage; this delayed the dif
fusion of grains at the grain boundaries.

3.1.2. Effect of sintering temperature on synthetic ZnO powder

Synthetic powders were prepared through the co precipitation
process followed by calcination. Then, the samples were sintered at
600 °C and 700 °C for comparison using 8 mm die. The ceramics were
labelled as C500, C600 and C700 for the starting powders calcined at
500 °C, 600 °C and 700 °C, respectively. The relative densities given in
Table 1 showed that fully dense ceramics above 99% are obtained for
the ceramics prepared from synthetic powder. It was noted that the
behaviour of densification differs for each powder; C500 reach 100%
densification at 600 °C while increasing the temperature to 700 °C leads
to a decrease of 0.6%. Whereas, increasing the temperature from 600 °C
to 700 °C in C700 ceramics resulted an increase in the relative density
from 99.3 100%. The difference could have been caused by the differ
ence in powder surface area; C500 had higher surface area of reaction
as compared to C700. Similar results were reported by Aimable et al.
[47] on comparative study of sintering synthesized and commercial
powder. The relative density of C600 ceramics did not change much
when the temperature was increased.

The XRD analyses of the ceramics presented in Fig. 5 indicated no
change in the phase structure. It is a hexagonal wurzite structure of
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Fig. 5. XRD patterns of ZnO ceramics from synthesized powder sintered at
600 °C.

ZnO; similar characteristic signature was observed for all the para
meters. The SEM micrographs of the fractured surfaces of the ceramics
sintered at 600 °C and 700 °C are reported in Fig. 6. It was observed
that, at both temperatures, sintering leads to homogenous morphology
and an increase in the grain size for C500, C600 and C700 ceramics. At
a temperature of 600 °C, grain size of 2.2, 2.4 and 3pm were de
termined for C500, C600 and C700 ceramics, respectively. Further in
crease in the temperature to 700 °C caused a decrease in the grains from
6, to 5.4 and 4.2 um for C500, C600 and C700 ceramics, respectively.
The sample C500 showed bigger grains as compared to C600 and C700,
probably because of the high surface area of reaction which results in
surrounding grain boundaries easily diffuse with each other as ex
plained earlier [28,47].

3.1.3. Influence of annealing treatment on the microstructure of ZnO
ceramics

The ZnO ceramics sintered at 700 °C prepared from commercial
powder (Com ZnO) were used to study the influence of annealing on
the microstructural properties. The as sintered ZnO ceramics were an
nealed in air to oxidise the ceramic to have stable electrical measure
ments. Annealing in oxygen environment fills the available oxygen
vacancies and breaks the donor complex, this improves the resistivity
measurements [29]. The thermogravimetric analysis of the as sintered
ZnO ceramic shown in Fig. 7 indicated a logarithmic increase in mass
from O to about 0.24% when the temperature was increased. This in
dicates that the oxygen from the atmosphere reacts with interstitials
Zn?* to form stable compound ZnO, see Eq (2) [48,49]. The inserted
photographs showed that the ceramic changes colour from greyish to
white when it is annealed in air. Based on the TGA results, the ceramics
were annealed during 24 h at 600 °C in air to stabilize the stoichiometry
in the ceramics. The SEM microstructure of the annealed ceramic after
24 h is presented in Fig. 8; it was observed that grain size difference
between the as sintered and annealed is insignificant. This will be
beneficial in improving the thermal conductivity as small grain size
could be quite useful.

1
2 — A
Zn*t + 202(g) Zno (s) 2

3.2. Thermoelectric properties of pure ZnO ceramics

3.2.1. Influence of microstructure and ZnO defects on thermoelectric
properties
3.2.1.1. Resistivity of ZnO ceramics. The resistivity results of various
ZnO ceramics as a function of temperature are presented in Fig. 9; all
samples showed an increase in the resistivity with an increase in
temperature indicating a typical metallic behaviour. Gautam et al. [23]
observed similar electrical behaviour on pure ZnO, however, the causes
of such behaviour was not reported. Similar behaviour was observed for
Ni doped ZnO ceramics at temperatures between 250 450 °C, the
behaviour was due to thermally induced disconnection of low ohmic
chains of ZnO grains by highly resistive NiO phase [50]. In this report
the ceramic is pure ZnO, therefore the only plausible explanation is that
the metallic behaviour could have been caused by the presence of ZnO
defects formed during sintering and/or grain boundary resistance [51].
The effect of sintering temperature on CCP ceramics sintered in a
vacuum becomes evident in the resistivity behaviour. At RT both the
700°C Vacuum CCP and 900°C Vacuum CCP samples have the same re
sistivity of ~0.12Q cm, shown in Fig. 9. However, when the sample
temperature is raised to 500 °C the resistivity's begin to deviate with
that of 700°C Vacuum CCP sample showing a more rapid increase when
compared to 900°C Vacuum CCP. This behaviour may be attributed to
higher concentration of oxygen vacancies in 900°C Vacuum CCP than in
the 700°C Vacuum CCP resulting in a slow increase in the resistivity in
the former. This idea is further supported by the lower carrier mobility
for the 900°C Vacuum CCP sample when compared to that of 700°C
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Fig. 6. SEM micrograph of fractured surfaces of ZnO ceramics prepared from synthesized powder (P = 250 MPa).
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From the resistivity measurements, Fig. 9, the influence of the sin
tering atmosphere on the electrical behaviour on CCP ceramics is not
very significant. It is noted however that between 150 °C and 400 °Cit s
observed that 700°C Air CCP undergoes some chemical changes due to
oxidation resulting in a lower resistivity as compared to the 700°C
Vacuum CCP. This process ceases above 450°C probably due to sa
turation and the resistivity of the two samples become comparable.

The influence of the synthesis process on the electrical behaviour
was further evaluated by comparing the resistivity behaviour of two
samples; commercial CCP and synthetic CSP, both sintered at 900 °C in
vacuum. It was observed that 900°C Vacuum CSP was the most con
ducting of all the samples i.e. lower resistivity compared to 900°C
Vacuum CCP and all other samples. Although the sample still showed
metallic behaviour with increase in temperature like other samples it
was however always lower than all samples in resistivity. This could be
because of the high carrier concentration of 7.8 x 10*” an™2 and even
though it has low mobility caused, probably by oxygen vacancies and
defects. The reported resistivity values for ZnO are higher than the ones
reported in literature; this could be because of the differencein ceramic
preparation conditions [23,26,28,52). The bandgaps of all the samples
are in the same range and would not have significant influence on the
differences observed in the resistivity data in Fig. 9.

3.2.1.2. Seebeck Coefficient of ZnO ceramics. The variation of the
Seebeck Coefficient (or thermopower) as a function of temperature is
given in Fig. 10; the negative sign indicated n type conductivity. High
absolute Seebeck Coefficient (SI) values of between 550 600 pV/K were
obtained for CCP samples at room temperature. Whilst for the CSP
samples a lower value of [S475 = |uV/K was obtained at room
temperature. Gautum et al. [23) reported even lower [S) value of
280 uV/K at room temperature. The differences in these experimental
values are most likely as a result of differences in carrier concentrations
in the different samples. The Seebeck coefficient is related to the carrier
concentration in semiconductors as given by Mott's formula in Eq. (3)
[21]). It is therefore evident that different material preparation
techniques have the ability to engineer materials with unique and
diverse properties. In this light different sintering technique plays a
huge role on the electrical properties of ceramics, as was observed in
difference in values for both Seebeck Coefficient.

From Fig. 10; it was observed that when the temperature is in
creased from room temperature to 500 °C there is a transition in IS| that
occurs at ~325 °C for 700°C Air CCP and 700°C Vacuum CCP ceramics.
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Fig. 10. Seebeck Coefficient vs temperature of as-sintered pure ZnO ceramics.
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The IS| Increased from ~ 575 uV/K at room temperature to 500 uV/K
at 325 °C, thereafter decreased again to 575 pV/K at 500 °C this due to
the increase in more electrons (i.e. Charge carriers) being promoted
above the Fermi level into the conduction band because of increase in
temperature and hence more electrons moving from the hot junction to
the cold junction. Above 325°C this promotion reaches a saturation
point and further increase in temperature resuls in electron scattering
instead due to increased lattice vibrations and hence a decrease in IS}
back to —575uV/K again. The increased scattering was further sup
ported by the increase in resistivity at high temperatures which was
explained earlier.

For the 900°C Vacuum CCP samples IS| increased up to 250 °C and
thereafter remained constant with an increase in temperature sug
gesting that after carrier saturation there is no significant scattering to
lattice vibrations, any issue which will be explored when thermal
conductivity is discussed.

The 900°C Vacuum CSP samples did not show significant changes in
ISI with temperature. This is somewhat surprising and this requires
further experimental work not possible at the present moment.
Therefore, further studies need to be done to have better understanding
on the thermoelectric properties of intrinsic ZnO ceramics especially
those which are oxygen deficiency.

3.2.1.3. Thermal conductivity of ZnO ceramics. The temperature
dependence of thermal conductivity is presented in Fig. 11; it is
evident that the thermal conductivity of all samples decreased with
an increase in temperature due to phonon phonon scattering due to
increased lattice vibrations [31]. At room temperature, the initial
thermal conductivity for all samples was ~45W/m.K and these
decreases exponentially to ~12W/m.K at 500°C. The results are
similar to the work reported by Gausam et al. [23]). However, these
values are too high for improved thermoelectric applications and the
reason might be due to the relatively large grain sizes of the samples.
Which are namely 5.3, 5.4, 3.6, 5.4, and 3.9um corresponding to
samples 700°C Air CCP, 700°C Vacuun CCP, 900°C Vacuum
CCP,700°C Air CSP and 900°C Air CSP, respectively. As a result,
nanostructuring is being considered as an option to reduce the
thermal conductivity.

3.2.1.4. RPigure of merit and power factor of ZnO ceramics. The key
thermoelectric performance behaviour of the ceramics as a function
of temperature is shown in Fig. 12 in terms of power factor (Fig. 12 (a))
and figure of merit (Fig. 12 (b)). The power factor measures the
electrical performance of the ceramics by comparing the Seebeck
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Fig. 11. Thermal conductivity vs Temperature of as-sintered pure ZnO cera-
mics.
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Fig. 12. Performance of as-sintered ZnO ceramics with temperature: power factor (a) ZT (b).

Coefficient and resistivity of the ceramics. From Fig. 12 (a) it is
observed that 700°C Air CCP and 900°C Vacuum CSP ceramics gave
the highest power factor of about 2.7x10”*W/m?K at room
temperature due to the lower electrical resistivity resulting from
higher carrier concentration and higher mobility. The overall
decrease in the power factor with temperature could be related to the
increase in the resistivity due to phonon scattering and possibly
additional oxidation of the ceramics.

The figure of merit (ZT) in Fig. 12 (b) shows a general increase in ZT
with an increase in temperature for all the samples. This evolution can
be related to the decrease in the thermal conductivity when the tem
perature is increased and/or alternatively due to an increase in the
Seebeck Coefficient particularly at higher temperatures. A maximum ZT
of 8 x10 ™3 at 500 °C was achieved for 900°C Vacuum CSP ceramic this
is not very far from that reported by Gautam et al. [23] a ZT of 17 x
10 3at the same temperature. Further improvements the thermo
electric properties requires an increase in the carrier concentration of
the ZnO ceramics maybe through doping with donor elements such as
Al, Ga, In etc ... which is in progress.

3.2.2. Effect of annealing on thermoelectric properties

Prior to attempts on doping, some work was done to try and un
derstand the effect of annealing on the thermoelectric properties of the
ZnO ceramics. CSP ZnO ceramic sintered at 900 °C in Vacuum was
annealed in air for 24 h at 600 °C. The thermoelectric properties of as
sintered and annealed ceramics are indicated in Fig. 13. The annealed
sample expectedly became more resistive, by four orders of magnitude
at 50 °C (Fig. 13(a)). This is probably because of the decrease in the
carrier concentration from 7.8 x 10'” to 5.5 x 10" cm ™2 as a result of
ZnO oxidation when it thermally heated in air. The annealed sample
indicated a semiconducting behaviour with an increase in temperature.
The difference in the conduction mechanism in the samples can be at
tributed to differences on ZnO defects concentrations. A transition at
250 °C was observed which may have been due to the non equilibrium
state of the sample. Zakutayev et al. [53] reported a transition for an
nealed Ga doped ZnO thin films at 500 °C. After 350 °C, the resistivity is
close to that reported by Liang [26] and Sondergaard el al. [27].

The evolution of Seebeck Coefficient with temperature is given in
Fig. 13 (b); the IS| increased from 500V/K to ~ 800 V/K at room tem
perature when annealed because of the decrease in the carrier con
centration. The absolute value of the Seebeck Coefficient decreased
with an increase in temperature, similarly to that of as sintered cera
mics. Liang [26] reported almost constant the [S| with temperature
whilst Sondergaard et al. [27] observed an increase with temperature as
expected by the Mott's equation. The increase in S| in this study has
been explained earlier in section.

The thermal conductivity of the ceramics given in Fig. 13 (c)

indicated that the annealing conditions used in this study do not bring
any significant difference on thermal conductivity. Thermal con

ductivity of 43 W/mK at 75 °C was determined for both as sintered and
annealed ZnO ceramics, which is within previously reported values of
33 48 W/mK at 75 °C [26,27].

The figure of merit vs temperature data is given in Fig. 13 (d) it
reveals that annealing does not improve the performance of the ZnO
ceramics probably because of reduced electrical conductivity. Max
imum ZT of ~2 x 10~ was obtained at 500°C for annealed ZnO
ceramics. The performance of both the as sintered and annealed is in
the range of other reported ZT values in the literature.

4. Conclusions

The influence of sintering atmosphere and temperature on the
densification and microstructure evolution of ZnO ceramics prepared
from commercial and synthesized powder were successfully in
vestigated. Ceramics prepared from synthetic powder could be fully
densified above 99% at temperature as low as 600 °C. At temperatures
around 700 °C the ZnO ceramics indicated to be sensitive to the pow
der's specific surface area, ceramic's grain sizes of 6 * 2um and
4.2 = 1.6 um were obtained for surface areas of 14 mz/g (C500) and
3.3m?/g (C700), respectively. This study has illustrated that SPS can
sinter to high densities irrespective of starting powder. However, to
maintain a nanostructured ceramic it is important to look into low
temperature sintering and/or modification of starting powder.

Annealing at 600 °C did not show any significant change on the
microstructure of ZnO ceramics but changed the oxygen stoichiometry.
And this had an effect on the electrical conduction mechanism as an
nealed samples became semiconducting while the as sintered ceramics
showed metallic behaviour.

A somewhat unique behaviour was observed on Seebeck Coefficient
variation with temperature and attempts to explain this unique beha
viour was given which however might need further work to confirm this
behaviour.

The thermal conductivity of ZnO ceramics was found to be still too
high for more efficient thermoelectric applications. And as such there is
need to look into reducing the thermal conductivity by doping with
donor elements such as Al, Ga, In etc as shall be shown the subsequent
chapters. Annealing did not improve thermoelectric properties of the
ZnO ceramics because it reduced the electrical conductivity sig
nificantly.

In conclusion from this work it became apparent that sample pre
paration technique is important in determining the electrical con
ductivity and thermoelectric properties of materials. Ceramics prepared
from synthetic powder showed higher carrier concentration than the
commercial bought ceramics. As a result, as sintered ceramics prepared
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from synthetic powder gave the best and highest performance with a ZT
of 8 x 102 which is far much better than that from commercial sam
ples.
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