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An alternative, faster and simpler method for the
formation of hierarchically porous ZnO particles
and their thermoelectric performancet
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and Takao Mori {0 *2

We devised an alternative, faster and simple method to prepare hierarchically nanoporous ZnO powders
(NZnO) via a quick interfacial reaction (double emulsion) from the mixtures of zinc nitrate hexahydrate
(solution, Zn(NOsz),-6H,0), n-hexane (CgHi4), ammonium bicarbonate (NH4HCOs3), Tween 80
(Ce4H124026) and Span 80 (C,4H4406), which was calcined at 450 °C. Due to the micro/nanopore
structures, the obtained NZnO powders had a larger surface area (~69.7 m? g™%) than the commercial
ZnO powders. For the thermoelectric evaluation, the textured NZnO pellets (T-NZnOP) were prepared
by low pressure spark plasma sintering (SPS) using the newly synthesized NZnO powders (NZnO). In this
study, the synthesized NZnO powders that were made into T-NZnOP (sample pellets) showed
a significantly lower thermal conductivity with distinctive electrical properties when compared to the
bulk commercial ZnO powders. The thermoelectric enhancement can be attributed to the nanopore
distribution found in the porous T-NZnOP material which demonstrates the potential usefulness of this
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Introduction

Thermoelectric (TE) materials offer a good solution for energy
problems by directly converting waste-heat to electric energy
and vice versa. In general, the TE performance of the materials
are evaluated by the dimensionless figure of merit ZT = ¢S*T/k,
where S is the Seebeck coefficient (thermopower), o is the
electrical conductivity, T is the absolute temperature and x =
Kph t Ker is the thermal conductivity (k) composed of electronic
(xe) and phonon contributions (kp,).*> Some well-known TE
materials for refrigeration or power generation are Bi,Tez, PbTe,
Si; _,Ge, (ZT = 1 or better). However, the disadvantages of using
these materials are their toxicity (Te based elements), expensive
synthesis techniques and poor stability in air or at high
temperature.®®

Oxide-TE materials offer a potential solution to the chal-
lenges faced by the conventional TE materials. Furthermore,
there are several promising high temperature TE applications®
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method for other porous oxide thermoelectric (TE) materials.

which require high temperature stable materials, such as,
borides' and oxides. Some notable examples of oxide-TE
materials are Na,Co,0, and SrTiO;.>”°** We believe that
these oxide-based materials could provide an inexpensive,
environmentally-friendly viable high temperature thermoelec-
tric material. The progress in developing n-type oxide TE
materials with comparable ZT is still lacking, which calls for
more research efforts in this area. Using ZnO-based thermo-
electric materials can be one of the good examples in this
strategy.>7>7¢

ZnO is a promising n-type semiconductor due to its good
Seebeck coefficient (~200 pV K ') and substantial stability at
elevated temperatures (up to 1000 °C).*” The Zn-O bond has
a covalent character because of the small electronegativity
difference which leads to a relatively large carrier mobility.”
However, the simple wurtzite crystal structure and light Zn and O
elements result in thermal conductivity as high as ~100 W m ™"
K ' (ref. 17-19) at RT (for example in ref. 17-19). The reduction of
k becomes a primary (associated with phonon selective scat-
tering®”?***) and essential task towards improving the ZT of
ZnO. A low-resistance n-type ZnO sintered body is usually ob-
tained by doping (~0.5-5 mol%) Al,O; followed by burning at
a high temperature of ~1673 K (~1400 °C).”*¢

Recently, the porous/textured oxide-TE materials (e.g. nano
inclusion in bulk ZnO) were found to reduce « and play a major
role in improving the TE. The reduction of « was attributed to
nanograin, grain boundary, point defects, and porosity (~90%
relative density).>*'***** As a consequence, research efforts have

This journal is © The Royal Society of Chemistry 2017
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mostly been focused on synthesizing/producing hierarchically
micro/nanoporous oxide powders (e.g. ZnO) for thermoelectric
applications. Therefore, we addressed this issue by developing
a simple, faster and eco-friendly method in producing a nano-
porous ZnO powders (NZnO). In this study, we used a unique
NZnO powder that was synthesized via a simple double emul-
sion (interfacial reaction) method. Then a low pressured spark
plasma sintering (SPS under Ar) was done to establish a nano-
structured oxide-based TE material. Low-pressured SPS sinter-
ing can fabricate the porous TE sample and at the same time
porous nanostructures can generate enhanced TE results.>*®

The effect of porosity on TE properties of textured NZnO
pellets (T-NZnOP) upon increasing the SPS sintering tempera-
ture was investigated. This improvement might be counter-
balanced by a decrease in electrical conductivity (¢) which has
previously been reported.”> To fully investigate this new
approach in producing NZnO powders for TE application,
doping was not included in this paper. This investigation is
expected to understand and maximize the advantages of exist-
ing nanostructure/porous oxide-TE materials in application for
TE applications. This also leads to energy saving because the
effective nanostructuring of thermoelectric materials is ex-
pected to lead to a better efficiency.

Experimental
Chemicals/materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), ammonium bicar-
bonate (NH,HCOj3;, >99%), hexane (C¢Hi4, >99%), Tween 80
(C64H124026, My, ~ 1310), Span 80 (Cy4H 4406, My, ~ 428.62), ZnO
commercial powders (ZnO-Com, as reference sample) were ob-
tained from Sigma-Aldrich Company. Ethanol (C,HsOH, >99%)
was purchased from Wako Pure Chemical Industries. Ultrapure
water was generated by the Milli-Q integral purification system.

Synthesis and formation of nanoporous ZnO (NZnO) powders

NZnO was prepared by interfacial reaction at room temperature
(RT) similar to the previous report.>** NZnO was done as
follows: the total volume of the zinc nitrate hexahydrate solu-
tion (26.8 g, Zn(NOs),-6H,0, 90 mmol)} was fixed to 36 mL as
water phase 1 (WP1). The WP1 was added to the oil phase (OP)
consisting of hexane solution (72 mL) with Tween 80 (1.00 g)
and Span 80 (0.50 g). The resulting two-phase solution (WP1/
OP) was emulsified by a homogenizer for 1 min. The WP1/OP
emulsion was immediately poured into the (precipitant)
ammonium bicarbonate aqueous solution (2 mol L™"; 250 mL,
with stirring) as water phase 2 (WP2). After stirring for 4 h, the
WP1/OP/WP2 solution formed a white colloidal suspension.
Then the WP1/OP/WP2 colloidal solution was filtered, washed
with deionized water/ethanol, vacuum dried at 120 °C for 24 h
and then calcined at 450 °C for 4 h aging for the remove the
excess surfactants and then formed NZnO powders (see,

1 Initially, the molar concentrations were varied (4.5 mol L™", 2.5 mol L™" and
1.5 mol L™"). But for simplicity, we focused on 2.5 mol L™" of Zn(NO3), 6H,0
solution.
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Fig. S17). The concentration of the precipitant (WP2) and the
ratio concentration of the surfactants (Tween 80 and Span 80)
were not changed. The volume ratios of WP1 and WP2 were
fixed (WP1/WP2 = 1/7), (see Fig. 1).

Textured NZnO pellet (T-NZnOP) samples sintered using low
pressured spark plasma sintering (SPS)

The textured NZnO pellets (T-NZnOP) samples were prepared by
sintering using a low pressured Spark Plasma Sintering (SPS) at
550 °C, 750 °C and 950 °C.§ Initially, during low pressured SPS,
the pressure was set primarily at 2.8 kN (in RT). Then it was
slowly adjusted to 2.2 kN, wherein the heating rate was ~100 °C
min~" and held for 5 min in an argon atmosphere, followed by
cooling at RT.

For comparison, the ZnO-Com pellets (T-CZnO-Com) were
also prepared by Spark Plasma Sintering (SPS) techniques at
550 °C, 950 °C and 1200 °C as our actual experimental reference
datas.q During SPS, the pressure was set primarily at ~2.8 kN
(in RT). Then it was slowly adjusted to ~3.5 kN, wherein the
heating rate was ~100 °C min~ ' and held for 5 min in an Ar
atmosphere, then cooling at RT.

The sintered sample pellets had a density of ~91% of the
theoretical density after low pressured SPS sintering, especially
when sintered at 750 °C and 950 °C. However, a lower density
(~78% of the theoretical density, porous pellets) was made
particularly when sintering at the relatively low temperature of
550 °C. Two different pellets from the same sample powders
(NZnO) were sintered. After polishing/cleaning all the surfaces
of the two different sample pellets, the 1** pellet was used to
measure the thermal conductivity («) analysis, while the 2™
pellet was cut by a diamond cutter for electrical resistivity (p = 1/
o) and Seebeck coefficient (S) measurements simultaneously.

Characterization

Scanning electron microscopy (SEM). The surface
morphology of calcined ZnO-commercial powders (CZnO-Com),
NZnO powders and textured-NZnO pellets (T-NZnOP) were
analyzed by SEM and equipped with energy dispersive X-ray
spectroscopy (EDX) using JSM-7001F (JEOL Corp.), S-4800-EDX
(Hitachi Corp.) and SU-8000 (Hitachi Corp.). The working
voltage was 15 kV.

High resolution-transmission electron microscopy (HR-
TEM). The in depth morphology and microstructure of porous
particles were examined using HR-TEM equipped with EDX

§ After using the low pressured SPS, the sample pellets (T-NZnOP) were labelled
according to their different sintering temperatures for 550 °C = T-NZnOP-500C,
750 °C = T-NZnOP-750C and 950 °C = T-NZnOP-950C. Samples labelled
T-NZnOP-550C and T-NZnOP-550C* are the same. They are labelled slightly
different for the purpose of discussion and to accentuate as the porous pellets.
The sintered sample pellets (series of T-NZnOP) had a density of ~78%, ~91%
and ~89% of the theoretical density after low pressured SPS sintering especially
when sintered at 550 °C, 750 °C and 950 °C, respectively.

9 All the ZnO commercial powders (ZnO-Com) after SPS, the ZnO-Com sample
pellets (T-CZnO-Com) were labelled according to their different sintering
temperatures for 550 °C = T-CZnO-Com-500C, 950 °C = T-CZnO-Com-950C and
1200 °C = T-CZnO-Com-1200C, see, Fig. S5 and S7-S9.

RSC Adv., 2017, 7, 31960-31968 | 31961
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Fig.1 Schematic illustration for the formation of nanoporous ZnO (NZnO) powders prepared by double emulsion method (interfacial reaction)
then low pressured Spark Plasma Sintering (SPS) for thermoelectric (TE) investigation.

using JEM-2100F (JEOL Corp.). The usual working voltage was
200 kV. Prior to the examination of SEM and TEM observation,
the samples were first dispersed in ethanol ultrasonically and
a drop of this suspension was applied to the copper grid coated
with carbon film.

X-ray diffraction (XRD). The calcined ZnO-commercial
powders (CZnO-Com), NZnO powders and T-NZnOP pellets
were characterized by XRD (New D8 ADVANCE, Bruker and
Ultima3, Rigaku) with Cu Ko, radiation (1 = 1.54056 A), and at
a scanning rate (26) of 0.02° s, an operating voltage of 40 kV
and an emission current 40 mA.

Thermogravimetric/differential thermal analysis (TG/DTA).
The thermal analysis of the ZnO-Com and NZnO powders were
investigated using the automatic TG/DTA (DTG-60, Shimadzu
Corp.). The temperature profile involves a heat rate of about
10 °C min " from 22 °C up to 700 °C in air atmosphere.

Differential scanning calorimeter (DSC). The heat capacity
(Cp) of the sample powders was measured using DSC Hitachi
HT-Seiko Instrument SII Exster X-DSC7000 and DSC-8231,
Thermo Plus Evo2, Rigaku.

Particle size distribution (PSD). The average PSD of NZnO
and CZnO-Com were determined by nano-sizer-Delsa instru-
ments (Delsa-NanoC, Beckman Coulter and Malvern Zetasizer,
Malvern Instruments).

Ultraviolet-visible and near-infrared (UV-Vis-NIR) spectro-
photometer. The transmittance and reflectance were deter-
mined by UV-Vis-NIR spectrometry (Jasco V-570, JASCO Corp.).
The spectra were acquired over the range of 200-2000 nm.

N, sorption. The average pore size distribution was deter-
mined by using the density functional theory (DFT) method and
the Barrett-Joyner-Halenda (BJH) method.”” Then the specific
surface area (s.apgr) was calculated by the Brunauer-Emmett-
Teller (BET)* via an automatic surface area analyzer (s.aggr;
Autosorb iQ, Quantachrome instrument) using nitrogen gas
(N,) adsorption and desorption isotherm recorded at 77 K. For
a more detailed pore-size distribution of the nanoporous ZnO

31962 | RSC Adv., 2017, 7, 31960-31968

powders, the DFT method was used. It was noted that the BJH
method slightly underestimates the diameter of pore-size
distribution® of the certain nanoporous powders. The total
pore volume of BJH (V,.gur) and DFT (Vi.ppr) Were approximated
from the amount adsorbed at a relative pressure of ~0.99.?® All
the dried and calcined-(NZnO and ZnO-Com) samples were
degassed at 150 °C and 10~ 2 kPa pressure for 22 h prior to the
surface area measurement.

Thermal diffusivity. All sample pellets were measured with
a Laser Flash ULVAC-TC7000 instrument for thermal diffusivity.
The measurements were carried out parallel to the pressing
direction of the pellets.

Thermal conductivity (k). This was calculated as a product of
thermal diffusivity x density x Cp,. The density was determined
by using sample pellet weight and dimensions.

Electrical resistivity (1/o) and Seebeck coefficient (S). All
sample pellets were cut into rectangular shapes to analyze on an
ULVAC-ZEM-2 apparatus for electrical resistivity (p = 1/¢) and
Seebeck coefficients (S) measurements simultaneously. The
measurements were made perpendicular to the pressing direc-
tion of the pellets.

Results and discussion

In this research, we adopted the systematic method done by the
previous study to maintain the chemical process for the basic
formation of hierarchically nanoporous ZnO (NZnO).2***** The
zinc nitrate hexahydrate solution, precipitant, and surfactants
in WP1, WP2, and OP, respectively, were rapidly mixed, filtered
and dried. Then the NZnO powders were formed after annealing
at 450 °C. These parameters were maintained to achieve the
porous structure orientation and particle size distribution of the
NZnO powders (see Fig. S1, S2a.1 and a.27).

We checked the critical weight loss of the as-synthesized
(dried) zinc hydroxide carbonate (Zns(CO3),(OH)g)*"** powders
by TG/DTA analysis to detect the thermal properties (see Fig. 2a)

This journal is © The Royal Society of Chemistry 2017
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and the minimum calcination temperature to form ZnO. As
shown in Fig. 2a, the prepared Zns(COj;),(OH)s powders
decomposed in one relatively sharp step, with peak decompo-
sition temperature at ~240-250 °C (~25.2%). Initially, the first
percentage weight-loss slightly increased at below 200 °C (~4%)
which was due to the evaporation of physically adsorbed water
(H,O) and residual solvent. The second percentage weight-lost
became faster, occurred at ~200-450 °C (~25.2%). This was
due to the decomposition of carbonates groups and the
remaining organic substances (surfactant).****** From these
results, the endothermic peak and weight loss was attributed to
de-carboxylation and de-hydroxylation.** For this reason, to
satisfy the formation of ZnO structure, calcination was done
only at 450 °C (see Fig. S2b¥).

After calcination, the surface morphology and the stability of
the porous structure of NZnO powders were verified using SEM
and STEM (Fig. 1 and 2b) micrograph. The images indicate
a successful formation of NZnO via a double emulsion and then
calcined at 450 °C, (transmission mode (7), Fig. 1) the nano-size
particles formed a cluster of nanoporous structured particles
(see Fig. 2b and S2d.2-d.4t). The observed surface morphology
of the porous NZnO powders matched the results of average
PSD. The obtained NZnO powders offered a broad size distri-
bution (combined nanopore and particles size) with a diameter
ranging from 200 nm to 700 nm (see, Fig. 2c and S2ct). The
main crystal structure of this powders appears to be similar to
the wurtzite structure of pure ZnO (JCPDS card no. 36-1451),
with lattice constants a = 3.25 A and ¢ = 5.21 A (ref. 31-34) (see,
Fig. S2a.21). The diffuse reflectance spectra of the NZnO was
validated and compared with commercial ZnO powders using
UV-Vis curves as shown in Fig. 2e. The wavelengths at 350 nm
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and 550 nm in reflection curve demonstrated a protection
ability of ultraviolet radiation and a reflection property of visible
radiation respectively. The NZnO powders had a good reflec-
tance at visible radiation (about 95%) at 450 nm. Both ZnO
powders showed a sudden decrease of reflectance intensity at
a wavelength around 445 nm (see Fig. S3c.1 and c.27). In this
case, the observed data is consistent with what has been
previously reported for ZnO nano-powders.

The aggregation of these nanoparticles leads to the forma-
tion of the micro/nanoporous structure of ZnO. In order to
confirm the distinct property of the porosity of the NZnO
powders, N, adsorption-desorption isotherms at 77 K using the
BET method for surface area (s.aggr) and DFT method for pore
(space)-size distribution (inset, PD) were carried out as shown in
Fig. 2d.

The characteristic feature of the curves can be identified as
the type IV, indicating the presence of micro/mesopores of the
NZnO powders.””** The micro/mesoporosity was further indi-
cated by the pore size distribution curve using DFT method as
shown in the inset of Fig. 2d. The analysis shows one peak at
~1.38 nm and most of the pore sizes are located between 2 and
14 nm, indicating that the material has a narrower pore size
distribution with an average pore diameter ~15 nm. The surface

33,35,36

area for the nanoporous NZnO powders is ~69.7 m> g~ " based
on the BET model and the pore volume was 0.15 cm® g~ * (DFT
method but for BJH method, the pore volume was 0.196 cm?
g~ '). The surface area of the NZnO powders is significantly
greater than that of commercial ZnO powders (surface area of 10
m” g ' to 16 m*> g ',* see Fig. S3a.1, a.2 and S3bt). We indi-
cated that the pores are attributed to the interparticle spacing
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(a) Typical TG/DTA analysis of as-synthesized Zns(CO3),(OH)g powder. (b) SEM image of NZnO particles after calcination at 450 °C. (c)

Average particle size distribution of NZnO particles after calcination at 450 °C. (d) Typical X-ray diffraction pattern of NZnO powder (wurtzite
structure) after calcination at 450 °C. (e) UV-vis diffuse reflectance spectra of NZnO and ZnO commercial powder (ZnO-Com). (f) N, adsorption—
desorption isotherm for the NZnO particles (inset is the pore size distribution using DFT method).
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from the self-aggregation of the individual ZnO nanoparticles
and the surfactant that helps form micro/mesoporosity.>*>¢3%37

In addition, the two surfactants, Tween 80 (Cg4H1240,6) and
Span 80 (C,,H4406), are not only aiding the aggregation of
nanoparticles into micro/nanoporous but may also act as
a capping ligand to limit further growth of ZnO nano-
particles.>®** As a result, the NZnO powders was formed by the
assistance of porous metal-organic frameworks that provide
a void foster for the formation of micro/nanoporous structure
and the surfactants that aid the self-aggregation of ZnO nano-
particles. However, the specific growth mechanism still need
further observation.

The nanostructure of the prepared nanoporous ZnO powder
(NZnO) was further characterized by Transmission Electron
Microscopy (TEM), High Resolution-Transmission Electron
Microscopy (HR-TEM) and Fast Fourier Transformation (FFT)
image. Fig. 3 shows the TEM image (a), HR-TEM image (b) and
FFT pattern (c) of a single NZnO particle (see, Fig. S61). The TEM
image confirms the nanostructured porous structure of the
prepared ZnO powder (see Fig. S67). The HR-TEM image shows
clear and parallel lattice fringes. The lattice spacing is
~0.261 nm, corresponding to (002) planes of the hexagonal
phase of ZnO. The FFT pattern shows that the spots arrange in
neat rows, which can be ascribed to wurtzite ZnO and is
consistent with the XRD pattern. The HR-TEM and FFT patterns
indicate that the prepared porous ZnO particles are single-
crystalline, which is similar to the single-crystalline porous
ZnO reported in the literature.?***-**

To investigate the TE performance, the NZnO powders was
sintered using low pressured (~2.2 kN) SPS with different sin-
tering temperatures of 550 °C (T-NZnOP-500C), 750 °C

Fig.3 (a, b) HR-TEM micrograph of NZnO particles after calcination at
450 °C; (c) enlarged HR-TEM image of selected region marked yellow
square from (b) and (d) fast Fourier transformation (FFT) image of the
individual NZnO particles.

31964 | RSC Adv., 2017, 7, 31960-31968
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(T-NZnOP-750C) and 950 °C (T-NZnOP-950C) then polished
before the TE analysis. Hereafter, the XRD analyses of all the
sample textured pellets (T-NZnOP) with increasing sintering
temperature (Fig. 4a—c) showed no prominent peaks of impurity
other than ZnO structure which confirms that the phase of the
material was not affected during low-pressured SPS (see,
Fig. S5a and b¥). The Bragg reflections for the T-NZnOP belong
to the hexagonal (ZnO) wurtzite phase®’ (JCPDS#36-1451),
similar to that of NZnO powders. But the intensity of the (002)
reflection is to some extent decreased, especially for the T-
NZnOP-950C sample, while for the (100) reflection, the inten-
sity is slightly increased compared to the T-NZnOP-550C
(Fig. 4a) and NZnO powders (Fig. 2d and S67). This indicates
a favorable growth along the c-axis of the crystals,*>** suggesting
that the externally applied low-pressure and the pulsed current
during sintering can define the texture direction. Hence, we
observed this grain texturing in Fig. 4d-i which shows the SEM
micrographs of the fractured surface (perpendicular to the
pressure direction of the samples) for T-NZnOP-550C (Fig. 4f-i),
T-NZnOP-750C (Fig. 4e-h) and T-NZnOP-950C (Fig. 4d-g) using
low pressured SPS. The images of T-NZnOP-750C (Fig. 4e) and T-
NZnOP-950C (Fig. 4d) showed significant texturing (sintered
grains) compared to T-NZnOP-550C (Fig. 4f-i, S5a and S7a,
macropore orientation exist). The bulk relative density of the
sintered pellet samples is in the range of ~78-91%. The density
of the specimens is clearly affected by the sintering tempera-
ture. But in this case, the NZnO powder had a lower sintering
temperature compared to commercial ZnO powders. The grain
growth was enhanced even at a low sintering temperature as low
as ~750 °C. This can be attributed to the high surface area of the
NZnO powders.**** This observation is quite unique compared
with the previous findings in the literature, wherein their sin-
tering temperature ranges from 1200 to 1400 °C.*%7¢

The impact of the micro/nanoporous ZnO powders on the TE
properties resulted in a distinct enhancement when compared
to the previous reported data.>®” The temperature dependence
of the electrical resistivity (1/0, Fig. 5a) and Seebeck coefficient
(S, Fig. 5b) for this study's T-NZnOP samples sintered at
different temperatures are shown in Fig. 5. As observed in
Fig. 5a, the resistivity of all the samples (T-NZnOP) show
a decreasing trend with increase of sintering temperature.”*®
This can be explained by the larger grain size (Fig. 4e-h and d-g,
higher densities) resulting from increasing the sintering
temperature.>***” The high electrical resistance of T-NZnOP-
550C* can definitely be attributed to the presence of macro-
pores (Fig. 4f-i), which can strongly contribute to electron
scattering. It can be implied that increasing the macro/
nanopore structuring and decreasing the sintering tempera-
ture can drastically increase the electrical resistivity.*® The
temperature dependence of the electrical resistivity of the
samples, T-NZnOP-750C and T-NZnOP-950C, with a larger grain
growth are similar to that of reported ZnO-based materials with
relatively low electrical resistivity, showing small increases as
temperature increases (i.e. metallic dependence)."*™**

The sintering dependence observed for the electrical resis-
tivity is also observed for the Seebeck coefficient (S), as shown in
Fig. 5b. The negative values indicate that the materials have n-

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a—c) XRD pattern of T-NZnOP specimens cut perpendicular to
the pressure direction with increasing SPS temperature at 823 K (a; 550
°C), 1023 K (b; 750 °C) and 1223 K (c; 950 °C). SEM images of T-NZnOP
specimens cut parallel to the pressure direction magnified at 500 x (d—
f) and 5000x (g—i) with increasing SPS temperature at 823 K (f and i;
550 °C), 1023 K (e and h; 750 °C) and 1223 K (d and g; 950 °C).
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Fig. 5 Temperature dependence of (a) resistivity and (b) Seebeck
coefficient of T-NZnOP sample sintered at 823 K (550 °C), 1023 K
(750 °C) and 1223 K (950 °C).

type semiconducting behaviour where the major carriers are
electrons.®” The absolute value of the Seebeck coefficient (S)
tends to decrease with higher sintering temperature of the
sample pellets. Furthermore, the magnitude S increases with
increasing temperature range of all the samples. The measured
absolute value of S for T-NZnOP-550C*, T-NZnOP-750C and T-
NZnOP-950C were ~—253 to —278.9 x 107 ° V K™ !, ~—160 to
—204 x 10°° VK ! and ~—91.0 to —135 x 10°° V K ! in
temperature ranges from 325 to 750 K (Fig. 5b), respectively,
which is similar to the reported values.*” But the difference is
that our samples were sintered at a lower temperature. As ex-
pected, we found that the resistivity of T-NZnOP increases (with
decreasing sintering temperature) with the increasing absolute
value of S.

The effect of the macro/nanopore structuring on the thermal
conductivities (x) of different sintered samples is evident. Fig. 6a
illustrates how the RT thermal conductivity (k) of the samples T-
NZnOP-550C*, TNZnOP-750C and T-NZnOP-950C varied upon
increasing the sintering temperature. It rapidly increases with the
increase in the sintering temperature of the samples. The
measured « of T-NZnOP-550C*, T-NZnOP-750C and T-NZnOP-
950C were ~9.65 t0 2.91 Wm * K%, ~46.9 to 856 Wm ' K *

RSC Adv., 2017, 7, 31960-31968 | 31965
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Fig. 6 Temperature dependence of (a) thermal conductivity, (b) power
factor and (c) dimensionless figure of merit of T-NZnOP specimens
sintered at 823 K (550 °C), 1023 K (750 °C) and 1223 K (950 °C).

and ~39.72 t0 7.85 Wm ™' K ' in the temperature range of 325 to
750 K, respectively (Fig. 6a).” This dependence is reasonable
because of the grain growth with higher sintering temperatures,
wherein the T-NZnOP-750C and T-NZnOP-950C contain grains in
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the micrometer range (see Fig. 4e-h and d-g), considerably larger
than the mean free path of ~30 nm for phonons in ZnO.>**** The
(k) thermal conductivity value (especially T-NZnOP-750C and T-
NZnOP-950C) is considerably lower compared with the previous
reported data of normal bulk ZnO-based materials (~100 W m ™"
K™ ' at RT).**""* We also note that for our present T-ZnOP
samples, the sintering temperatures of T-ZnOP were lower
compared to typical bulk ZnO-based material wherein their sin-
tering temperature required to reach as high as 1200-
1400 °C.**>** Generally, the low () thermal conductivity achieved
by the T-ZnOP samples were mainly attributed to the relative
suppression of grain growth due to our low-temperature sintering
and the formation of macro/nanopore structuring owing to our
(synthesized) starting nanoporous ZnO powders. These results
clearly validate that the macro/nanopore structuring and inter-
face scattering of the raw powders (ex: NZnO) are very important
in reducing the total thermal conductivity in fabricating a TE
materials.>*®

From the electrical resistivity (o0 = ¢~ ') and the absolute
value of the Seebeck coefficient (S) we can plot the power factor
(PF = $%0),>° as displayed in Fig. 6b. With the measurement
temperature ranging from 325 to 750 K, the power factor (PF) of
T-NZnOP-550C*, T-NZnOP-750C and T-NZnOP-950C were ~0.59
t01.32 x 10 *Wm 'K % ~6.43t06.33 x 10 *Wm 'K ?and
~6.34t0 8.17 x 10" * W m ™" K 2, respectively (Fig. 6b), which is
similar to the reported values for undoped bulk ZnO®” but done
at a lesser pressure with lower sintering temperature by SPS
when compared to the referred ZnO datas (ref. 17-19). As
observed, with the increase in the sintering temperature of the
samples, the PF increases correlates with the decrease in the
electrical resistivity.

Compared to the ZnO commercial powder (T-CZnO-Com-
1200C, Fig. S8atf) and the previous data on the normal bulk
ZnO material (~100 W m~' K" at RT, for example in ref.
17-19),"”"* our sintered T-NZnOP sample pellets (especially, T-
ZnOP-750C, ~46.9 W m " K " at RT) showed reduction in
thermal conductivity. Understandably, this is due to the defects
and grain boundary scattering found in our sample pellets of T-
NZnOP that can lower the thermal conductivity®”'” as compared
to the normal bulk ZnO samples (Fig. S8at) and referred ZnO
datas.’”*® Thus, this leads to ~15 times (0.07501/0.005; actual
porous ZnO/ZnO commercial powder (T-CZnO-Com-950C),
Fig. S9ct) or ~7.4 times (0.07501/0.0102; actual porous ZnO/
ZnO referred data, ref. 7, Fig. S10t) improvement of ZT when
compared to the actual T-CZnO-Com-1200C, T-ZnO-Com-950C
and previous results of pure ZnO results,” respectively. In
addition, the sintered T-NZnOP (especially, T-NZnOP-750C and
T-ZnOP-950C) obtained results that exhibited an increase in PF
which improved the total ZT values as compared to the previous
nanostructured undoped ZnO samples.*”*3°

Henceforth, the dimensionless figure of merit (Z7) is as
shown in Fig. 6¢. The results indicate that the T-NZnOP (espe-
cially, T-ZnOP-950C) with micro/nanopore structuring using
NZnO powder significantly enhance the TE performance due to
increase PF and a reduction in the thermal conductivity if
compared with bulk ZnO.""*° In our results, this corresponds to
a maximum ZT value of ~0.075 for T-NZnOP-950C at ~750 K. In
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addition, even for the very low-sintering temperature T-NZnOP-
500C* sample with macro/nanopores (Fig. 4f-i) and low power
factor, the ZT value is ~0.03 at ~750 K, which is still slightly
higher compared to actual T-CNZnO-Com-550C (ZT = ~0.011,
Fig. S9ct) and some reported ZT values of based pure ZnO
materials.>”

It is evident that the effect of nanoporous ZnO (NZno)
powders contributed to the unique micro/nanostructuring of
the NZnO pellet (T-NZnOP). A sequence of T-NZnOP micro/
nanopore structuring was achieved by increasing the sintering
temperature which produces an interesting thermoelectric
performance. For instance, the T-NZnOP-550C* samples
showed a significantly reduced thermal conductivity with
comparative or superior high temperature power factor values
as compared to non-nanostructured forms and commercial
ZnO powders (Fig. S5, S7-5S91). This can be attributed to the
alteration produced by micro/nanopore structuring (with high
surface area) of the raw powders (NZnO) and particle-particle
contacts. Regarding sintering temperature dependence, the
samples sintered at 750 °C and 950 °C exhibited higher thermal
conductivity and electrical conductivity compared with the
550 °C sintered sample. This dependence is in accordance with
the variation of the microstructural observation.

Conclusions

In summary, our process in producing a nanostructured porous
ZnO particles has demonstrated advantage for fabricating
a thermoelectric material because of the micro/nanostructured
grains which reduce thermal conductivity when compared with
the reference ZnO commercial powder. The micro/nanoporous
ZnO powders were synthesized via a double emulsion (simple
interfacial reaction) and then by a low-pressure SPS for TE eval-
uation. As a result of the reduced thermal conductivity and
a comparable or superior power factor, the textured micro/
nanostructured ZnO (T-NZnOP) bulk ceramics showed a good
enhancement of ZT up to 750 K, with a maximum ZT = ~0.075
for T-ZnOP-950C. The ZT value is ~15 times that of commercial
powder sintered under the same conditions. To achieve further
higher ZT values, our next plan is to explore doped ZnO samples.
Furthermore, this report can open up new ideas for other
researchers to improve their TE-oxide materials by utilizing this
technique. TE-oxide materials mostly have an advantage because
it does not use costly rare earth or any air sensitive elements. This
makes the material cost low, makes the processing easier, allows
the material to be stored in ambient conditions and still gives
a good ZT. We expect that this report will play an important role
for improving and developing other porous/nanostructured TE
oxide materials and TE devices in the future.
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