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To improve the electrical properties of an 8 mol% yttria-stabilized zirconia (8YSZ) electrolyte,
nanocrystalline (10-100 nm) 8YSZ powders were synthesized via a hydrothermal method followed by
heat treatment at temperatures ranging from 800 °C to 1200 °C. Note that all the powders maintained
the single-cubic phase structure, as observed via the results of the XRD and Raman spectra. Moreover,
the annealing procedure of the powders caused the yttrium concentration of the surface to slightly
increase, as observed via X-ray photoelectron spectroscopy (XPS). Moreover, according to the
morphology shown in the SEM images and the electrochemical impedance spectroscopy (EIS), the
powder grain size had an effect on the microstructure of the electrolytes fabricated via the conventional
sintering method. In addition, it further influenced the relative density and conductivity of the
electrolytes, which both first increased and then decreased with the increase in the powder grain size in
the range of 10—-100 nm. This showed that the powders with 50-80 nm grain size exhibited the best
performance since it was not easy to induce grain coarsening in ceramics. The electrolyte sintered by

these powders showed uniform and hexagonal grains with a mean size of 0.97 pm and a relative density
Received 16th June 2017

Accepted 25th July 2017 of over 99%. Because of a large sum of grain boundaries and point defects, the electrolyte had a good

conductivity of 174.1 mS cm™* at 1000 °C measured by the four-probe DC method. In addition, the
DOI: 10.1039/c7ra06710k activation energy (0.955 eV) is lower than that for other samples; this suggests that 8 mol%

rsc.li/rsc-advances Y,Os-stabilized ZrO, has more advantages at lower working temperatures for SOFCs.

phase diagram of ZrO,-Y,0;,'>** the phase structure of 8YSZ
should be the cubic phase. However, a small amount of

1. Introduction

(cc)

Nowadays, Y,0s-stabilized ZrO, (YSZ) has been regarded as the
most reliable system of oxide-ion electrolytes for solid-oxide fuel
cells (SOFCs),"® gas sensors," and oxygen pumps.® Although
electrolytes with various doping amounts of Y,O; have been
studied for different applications, the electrolyte with an
8 mol% doping amount of Y,0; has the highest conductivity
among them, which is an established electrolyte in SOFCs at
high working temperatures (~800-1000 °C).*” Currently,
considerable efforts have been made in the fabrication of the
8YSZ electrolyte to enhance its ionic conductivity and
mechanical properties. Although many researchers®® have
investigated the influence of the electrolyte grain size on the
microstructure and properties of the electrolyte in detail, lower
attention has been paid to the effect of the initial powder grain
size. Some recent results have indicated that a change in the
initial powder grain size can change not only the microstructure
of the YSZ electrolyte but also its properties.'®** According to the

General Research Institute for Nonferrous Metals, State Key Lab of Nonferrous Metals
& Processes, No. 2 Xinjiekou Wai Str., 100088, Beijing, China. E-mail: hxw0129@126.
com; wils1657@163.com

This journal is © The Royal Society of Chemistry 2017

monoclinic phase structure of ZrO, is frequently detected after
the 8YSZ powders are sintered. The monoclinic phase nano-
powder shows a more difficult densification, coarser micro-
structure, and lower electrical conductivity as compared to the
tetragonal and cubic phase YSZ nanopowders."***> Hence, it is
essential to investigate the effect of the grain size of the powders
with a single-cubic phase structure on the microstructure and
electrical properties of the 8YSZ electrolytes.

In this study, the single-cubic phase structured 8YSZ
powders were prepared via the hydrothermal method. More-
over, the powder grain size was controlled by an additional heat
treatment at different temperatures. Furthermore, in this study,
we systematically investigated the effect of the powder grain size
on the microstructure and electrical properties of the 8YSZ
electrolyte sintered through conventional sintering.

2. Experimental
2.1. Preparation

Zirconium oxychloride (ZrOCl,-8H,0, A.R., Tianyao Chemical
Plant, China) and yttrium chloride hexahydrate (YCl;-6H,0,
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A.R., Beijing Chemical Plant, China) were used as the starting
materials. In accordance with the stoichiometric composition
of (Zr05)0.02(Y203)0.0s, Zr*" and Y** were coprecipitated at pH =
9 by sodium hydroxide in an aqueous solution at 60 °C. The
precipitate was filtered and washed with distilled water until no
Cl™ ion could be detected by the AgNO; solution. The filter cake
was adequately stirred in an appropriate amount of distilled
water and transferred into a polytetrafluoroethylene (PTFE)
autoclave for a hydrothermal treatment at 200 °C for 20 h. After
being cooled down to room temperature, the specimen was
washed with ethyl alcohol and dried at 80 °C for 12 h. The
powders were pretreated at different temperatures (800 °C,
900 °C, 1000 °C, 1100 °C, and 1200 °C) for 2 h in air followed by
ball milling in water to improve the agglomeration caused by
high temperatures. The green compacts were fabricated in rods
with 60 mm x 6 mm x ~4 mm size for the four-probe DC
method and pellets with a diameter of 13 mm size (~2 mm
thick) for the two-probe AC impedance method by uniaxially
pressing the milled powders under a pressure of 160 MPa in
a closed die. Finally, 8YSZ ceramics were obtained via sintering
at 1400 °C for 4 h in motionless air with gradual heating and
cooling to minimize the thermal shock and cracking. Platinum
lead wire and platinum paste were chosen as electrode mate-
rials. Before the investigation of the electrical properties, spec-
imens with electrodes were first calcined at 900 °C for 1 h to
remove the polymeric components and strengthen the combi-
nation of specimens and electrodes.

2.2. Apparatus and methods

The crystal structure was identified by a powder X-ray diffrac-
tometer (XRD, X-Pert-MRD, PANalytical) with Cu-Ko radiation
(A = 1.5418) and Raman spectrometer (LabRAM Aramis,
HORIBA Jobin Yvon). The mean grain size (Dmean) Of the
powders was estimated according to the Scherrer equation:

Duean = % (1)
where K is the crystallite shape factor (K = 0.89), 8 is the full
width at half the maximum (FWHM) in radians of the X-ray
diffraction peak, and @ is the Braggs' angle (deg.)

The elemental composition of the powder particle surface
was analysed by X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250Xi). The spectra were obtained using the Al Ko
(1486.6 eV) X-ray source. The apparent solid densities of the
green compacts and the as-sintered ceramics were evaluated
using an analytical balance (NewClassic MF, Mettler Toledo)
according to the Archimedean method and compared with the
theoretical density (pea = 5.95 g cm ™) from the lattice param-
eters obtained via XRD measurements. The specific surface
areas of the powders were measured by BET-N, (ST-8, Beijing
Beifen Huapu Analysis Equipment Technology Co., Ltd, China),
which could also be compared with the theoretical external
surface area calculated from the mean particle size (Dyean) and
YSZ density according to the following equation:

6 x 10°

Sl = ———— 2
o p X Dmean ( )
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The morphology of the as-prepared powders was character-
ized by transmission electron microscopy (TEM, G2 F20/FEI,
TECNAI), and scanning electron microscopy (SEM, Hitachi
S-4800) was employed to observe the morphology of the as-
sintered ceramics. The average grain size of the ceramics was
the average value of more than 100 grains measured via image
analysis using the SEM images. The electrical properties of the
YSZ ceramics were determined in air by the four-probe DC
method (Bloom Energy Co. Ltd, USA) and the electrochemical
two-probe AC impedance method in a VSP electrochemical
workstation (Bio-Logic, France) over the frequency range from
0.1 Hz to 800 KHz with a potential of 10 mV. The dependence of
ionic conductivity (o) on temperature (7) can be represented by
the Arrhenius relationship as follows:

oT = A exp (7If}> (3)

where A, K, and E, are the pre-exponential factor, Boltzmann
constant (0.86 x 10~ * eV K '), and activation energy for ionic
conduction, respectively.

3. Results and discussion

3.1. Crystal growth and evaluation of YSZ powders

The hydrothermal method is a more preferable method because
it leads to highly homogeneous distribution of the chemical
constituents in crystals and weak agglomeration of the parti-
cles.'® Typical XRD patterns of the powders obtained by hydro-
thermal and an additional treatment at different temperatures
are presented in Fig. 1(a). All diffraction peaks appearing in the
patterns can be well indexed as the cubic structure of yttria-
stabilized zirconia. However, the cubic structure of YSZ is
difficult to be distinguished from the tetragonal phase only via
the XRD patterns. Because the X-ray scattering factor of oxygen
is smaller than that of zirconium, X-ray diffraction is insensitive
to the tetragonal-cubic structural change in
compounds. However, Raman scattering is a powerful tool that
can be used to further confirm the crystal structure. As can be
seen from Fig. 1(b), only a broad peak at near 628 cm™ " was
clearly observed, which was the typical peak of the cubic
phase.”*® In addition, sharper diffraction peaks of the XRD
patterns indicate grain growth with an increase in the temper-
ature of heat treatment. According to the Scherrer equation, the
mean grain sizes of the as-prepared powders were calculated.
The mean grain size of the powders directly prepared via the
hydrothermal method is about 10 nm. After an additional heat
treatment at different temperatures from 800 °C to 1200 °C, the
average grain sizes increased from 18 to 99 nm (Fig. 1(d)).

The XPS survey spectra of the YSZ powders exhibit the peaks
associated with Zr, Y, and O (Fig. 1(c)). The main peaks of Zr
(zr 3d) and Y (Y 3d) were chosen for quantification of the
composition of the powder surface. The Y/Zr composition ratios
slightly increased with the increase in the annealing tempera-
ture (Fig. 1(d)); this implies that not only the crystal growth but
also a trace amount of surface segregation of yttrium occurred
during the annealing procedure. Especially, in the temperature
range from 800 to 1000 °C, the Y/Zr composition ratios

zirconia
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Fig.1 X-ray diffraction powder patterns (a), Raman spectra (b), and X-ray photoelectron spectroscopy spectra (c) of the powders obtained by
hydrothermal and heat treatment at different temperatures. The average grain sizes by XRD and the Y/Zr composition ratios of the powder

surface by XPS were calculated (d).

increased apparently, whereas the yttrium segregation tended
to attain equilibrium at temperatures higher than 1000 °C. The
segregation phenomenon of yttrium is bound to cause signifi-
cant changes in the chemical composition and defect disorder
of the YSZ surface layer. However, the difference in the segre-
gation should be miniscule after all the powders were sintered
at 1400 °C because of the yttrium equilibrium segregation.
For directly comparing the effect of 8YSZ powders with
different grain sizes on the microstructure and electrical prop-
erties of the electrolyte, it is necessary to have not only the
single-phase structure but also the same soft agglomerates in
the powders. However, a very high temperature of heat treat-
ment may lead to the formation of a strong bond between fine
crystallites and makes some soft agglomerates of powders
strengthen to form hard agglomerates.'**° The BET surface area
of the powders formed by the hydrothermal method at 200 °C
was 100.4 m? g !, and it gradually decreased from 70.1 to
4.4 m® ¢~ with an increase in temperature of heat treatment
from 800 to 1200 °C (Fig. 2). Taking further advantage of the
grain sizes obtained from the XRD patterns, the theoretical
external surface areas Sgr,in Of the powders were calculated,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Grain size dependence of specific surface area of the powders.
Sgrain is calculated by the grain size and Sget is measured by the BET
method.
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which could be compared to the specific surface areas Sggr
measured by the BET method. As can be seen from the graph,
both curves are extremely close; this suggests that to some
extent, the particles are very well spherical and weekly
agglomerated.

Fig. 3 shows the TEM images of the powders. Apparently, it
was observed that the 8YSZ powders synthesized by the hydro-
thermal method were composed of homogeneous and weakly
agglomerated spherical nanocrystals with an ultrafine primary
particle size of about 10 nm. Moreover, it was also clear that the
crystals grew larger with an increase in the temperature of heat
treatment, and the sizes of the crystals are in agreement with
the results of the XRD data. However, it is inevitable that some
agglomerates are still present because of the high temperature.
Moreover, as can be seen from the selected area electron
diffraction (SAED), the powders are all very well crystallized and
present a cubic phase.

3.2. Densification and microstructure of YSZ electrolytes

Fig. 4 shows the relative densities of the YSZ green compacts
and the sintered compacts at 1400 °C formed using the powders
with different grain sizes. The homogeneous packing of the fine
powders with a grain size of less than 55 nm appears to be more
difficult because of lack of powder flowability, affected by the
interparticle force, resulting in the inhomogeneous large cavi-
ties. On the other hand, the cavities in the coarse 80 and 99 nm
powder compact may be larger than those of the intermediate
55 nm powder compact, even while speculating homogeneous
initial packing. The change trends of relative densities of both
the YSZ green compact and the sintered compact are shown to
first increase and then decrease with the increase in the powder
grain sizes; this indicates that the density of the final sintered
compact is strongly affected by that of the initial green compact.
The densities of the sintered specimens are over 96% of the
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Fig. 4 Relative densities of the YSZ green compact and the sintered
compact at 1400 °C formed using powders with different grain sizes.

theoretical density, and the densest sample is that sintered
using the 55 nm nanocrystalline powders, which has a relative
density of about 99%.

Moreover, the morphology and the grain size distribution of
YSZ compacts sintered at 1400 °C are shown in Fig. 5. The
grains of the densest sample with a 0.97 pm mean size are
smallest and uniform (Fig. 5(d)). In contrast, the mean grain
diameters of other compacts are slightly larger than 1 um. This
indicates that the grain coarsening of ceramics is detrimental to
the densification of powders, whereas, the densification of
nanocrystalline powders is regularly accompanied by strong
grain growth. Theoretically, the densification of nanocrystalline
powders depends on the discrepancy between the activation

900°C

100 nm

1200°C

Fig.3 TEM images and SAED of the powders formed by the hydrothermal method and an additional heat treatment at different temperatures.

39156 | RSC Adv., 2017, 7, 39153-39159

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06710k

Open Access Article. Published on 10 August 2017. Downloaded on 11/26/2025 3:32:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Dmean=1.28um

0
00 05 1.0 1.5 20 25 3.0
Grain Size (um)

- P

Dmean=0.97pm

0
0.0 05 1.0 1.5 20 25 3.0
Grain Size (um)

o
5.0kV 9. 1mm XZOBK SE(M)

View Article Online

RSC Advances

Dmean=1.22pm

0
00 05 1.0 1.5 2.0 25 3.0
Grain Size (um)

0
00 05 1.0 1.5 20 25 3.0
Grain Size (um)

0
00 05 1.0 1.5 20 25 3.0
Grain Size (um)

; 3 g
5.0kV.9.1im x20.0k SE(M)

Fig.5 SEM images and the grain size distribution of YSZ sintered at 1400 °C using the different powders prepared by the hydrothermal method
(a), and an additional heat treatment at (b) 800 °C, (c) 900 °C, (d) 1000 °C, (e) 1100 °C, and (f) 1200 °C.

energies connected with the dominant densification and
coarsening mechanisms.”* If the activation energy connected
with densification is supposed to be lower than that connected
with coarsening, densification is inferior to coarsening at high
temperatures. On the other hand, grain growth has important
contributions from the grain boundary motion and pore drag.
In the case of the powder grain size from 10 to 55 nm, grain
growth may be mainly dominated by pore drag, which is
controlled by surface diffusion. Hence, the crystal grain grows
faster because of the high surface free energy when the initial
grain size is smaller. In addition, the yttrium surface segrega-
tion of the fine 10, 18, and 29 nm powders, which is against the
crystal growth, is less than that of others, such that the crystal
again grows faster, as shown in Fig. 5(a, b, and c), respectively.
However, when the grain size of the powders becomes large
enough, above 55 nm, the grain growth may be dominated by
the intrinsic grain-boundary mobility. The driving force for
grain boundary migration is mainly the interfacial energy of the
grains.'® Because of the large initial grain size, the final grain
size of the 80 or 99 nm powder compact is larger than that of the
55 nm powder compact, as shown in Fig. 5(d-f). From the
abovementioned findings, the preference for the densification
of 8YSZ is the powders with a grain size of about 55 nm.

3.3. Electrical properties of the YSZ electrolytes

The total conductivities of YSZ electrolytes sintered using the
powders with different grain sizes are shown in Fig. 6, and the
total activation energies are also separately calculated by the
Arrhenius relationship, as shown in Table 1. It is obvious that
the YSZ electrolyte fabricated using the powders with a 55 nm
grain size have higher conductivity (174.1 mS cm ™" at 1000 °C)

This journal is © The Royal Society of Chemistry 2017

and lower activation energy (0.955 eV) than others. The low
activation energy of the electrolyte indicates that it has more
advantages at a lower working temperature. Li Q. et al.*® re-
ported an activation energy of 1.14 eV for the 8YSZ sample
sintered under a high pressure at 1273 K with a small amount of
monoclinic phase. Because of less symmetry, the monoclinic
phase is the less conducting phase as compared to the cubic
phase, leading to a decrease in the electrical conductivity of
8YSZ. In fact, the conductivity of the solid electrolyte consists of
grain conductivity and grain boundary conductivity. However,
the intergranular region holds the key to the total conductivity

—_ —
—_ o
T T

—_
(=1
T

Inc T (mS-cm-l~K)

038 09 10 L1 12 13
1000/T (K ™)

Fig. 6 Temperature dependence of the total conductivity of YSZ
electrolytes sintered using the powders with different grain sizes,
measured via the four-probe DC technique.
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Table 1 Grain size of the powders and electrical properties of the YSZ electrolytes

Samples Hydrothermal 800 °C 900 °C 1000 °C 1100 °C 1200 °C
Grain size (nm) 10 18 29 55 80 99
Conductivity (mS cmfl, 1000 °C) 137.8 139.3 149.8 174.1 169.2 110.5
Activation energy (eV) 0.991 0.992 0.998 0.955 0.973 0.982

of the electrolyte. Generally, low conductivity of the grain
boundary makes the conductivity of the electrolyte undesirable
as well. The conductivity of the grain interior is usually higher
by two or three times that of the grain boundary.>® Electro-
chemical impedance spectroscopy (EIS) is an important and
effective means to determine the conductivity of the grain
boundary.> As shown in Fig. 7, the YSZ electrolytes were also
measured by EIS. There are no significant differences in the
conductivity of the grain interior among the YSZ electrolytes,
whereas the conductivity of the grain boundary changes clearly.
The increased grain boundary volume fraction and altered point
defect thermodynamics of nanocrystalline electrolytes can
cause novel transport properties to some extent.” Therefore, the
grain boundary conductivity of the 8YSZ electrolyte shows
a strong dependence upon the powder grain size of the elec-
trolyte, whereas the grain-size dependence for the grain interior
conductivity is not obvious.

A simple model, such as the brick layer model, was built to
determine the relationship between the microstructure of the
electrolyte and the intergranular conductivity.*® It can be used
to understand the electrical properties of intergranular region
using eqn (4).

4)

Tapp,gb = Osp,gbdpAlOgnS

where 0,55 o1 is the apparent grain boundary conductivity based
on the electrolyte geometrical dimension, oy, o1, is the specific
grain boundary conductivity, d, is the average grain size of the
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Fig. 7 Impedance spectroscopy at 500 °C of the electrolytes sintered

using the powders with different grain sizes.
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electrolyte, d, is the thickness of the grain boundary, A the total
effective conducting area, which is in connection with the grain
boundary area, and S is the total electrode surface area.

Based on this eqn (4), speculating that the grain boundary
thickness dg, and specific intergranular conductivity ogp g
remain constant during sintering, when the grain size dy
increases gradually, the intergranular area decreases accord-
ingly, which can result in the decrease of the total effective
conducting area A. Because A is reduced as the square of the
grain size, but d, is increased as the first power of grain size, the
increase in the rate of d; is much slower than the decrease in the
rate of A. Hence, the grain boundary conductivity would quickly
decrease with the increasing grain size. This explains that grain
coarsening is detrimental to the conductivity of the YSZ
electrolyte.

4. Conclusions

Homogeneous 8YSZ nanopowders with a single-cubic phase
structure were successfully prepared via the hydrothermal
method followed by heat treatment at different temperatures.
The relative densities of the sintered electrolytes first increased
and then decreased with the increasing powder grain sizes in
the range of 10-100 nm, which were between 96% and 99%. The
differences in the density resulted from the significant differ-
ences in the microstructure of the 8YSZ electrolytes. Because of
weakening of the grain coarsening of ceramics, 50-80 nm grain-
sized 8YSZ powders were beneficial to be sintered into uniform
and hexagonal grains with 0.97 pm mean size via the conven-
tional sintering method. Moreover, benefiting from the densi-
fication and the microstructure, a large sum of grain
boundaries and point defects caused higher conductivity and
lower activation energy than those of others; this suggests that 8
mol% Y,0;-stabilized ZrO, has more advantages at lower
working temperatures for SOFCs.
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