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Abstract

Nanopowders of holmium zirconate (Ho2Zr>07) synthesised through carbon neutral sol-gel
method were pressed into pellets and individually sintered for 2h in a single step sintering
(SSS) process from 1100°C to 1500°C at 100°C interval and in a two step sintering (TSS)
process at (I) -1500°C for Smin followed by (II) - 1300°C for 96h. Relative density of each of
the sintered pellet was determined using the Archimedes’ technique and the theoretical density
was calculated from crystal structure data. Grain size was obtained from SEM micrographs
using ImagelJ. Pellets processed by TSS have been found to be denser (98%) with less grain
growth (1.29um) as compared to the pellets processed using SSS process. Ionic conductivity
of Ho2Zr,07 pellets sintered by two different processes was measured using ac impedance
spectroscopy technique over the temperature range of 350°C to 750°C in the frequency range
of 100 mHz to 100 MHz for both heating and cooling cycles. The temperature dependence of
bulk (2.67x10 S.cm™) and grain boundary (2.50x102 S.cm™') conductivities of Ho2Zr>07
prepared by TSS process are greater than those processed by SSS process suggesting the strong
influence of processing conditions and grain size. Results of this study, indicates that the TSS
is the preferable route for processing the holmium zirconate as it can be sintered to
exceptionally high densities at lower temperature, exhibits less grain growth and enhanced
ionic conductivity compared with the samples processed by SSS process. Hence, holmium
zirconate can be considered as a promising new oxide ion conducting solid electrolyte for

intermediate temperature SOFC applications between 350°C to 750°C temperature range.

Keywords: Sintering, densification, two step sintering, impedance spectroscopy, ionic conductivity,

activation energy, holmium zirconate
Introduction

Lanthanide based binary oxides crystallising in pyrochlore structure have received significant

attention in recent years due to their diverse applications. Their properties such as semi-

[2, 3]

conducting behaviour ! jonic conductivity , ferromagnetism #| luminescence 1 ¢,
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radiation stability !> ® have been explored in their respective fields of applications. Oxide
pyrochlores found their applications as antireflective/protective coatings and refractory
matrices for optical devices, dielectric ceramics for microwave wireless communication
devices, nuclear waste-storage materials, catalysts and oxygen conductors in fuel cells !,
Oxide pyrochlores have been recently considered as potential materials for applications as solid

electrolytes ['% in the intermediate temperature solid oxide fuel cells (IT-SOFC).

A2B207 type lanthanide zirconates occur as one of two closely related isometric structures at
ambient conditions, such as pyrochlore and disordered fluorite-type structure. Relative
structural stability between pyrochlore and fluorite can be predicted by the tolerance factor
which is related to the ionic radius ratio of cations in A and B sites (ra/rg). For lanthanide
pyrochlores the disordered phase forms at equilibrium when ra/rg < 1.46 ', The disordered
structure is similar to the mineral fluorite (CaF,), with a single cation and anion site %!,
Pyrochlore zirconates with defect fluorite structure possess important potential applications
[13]

such as catalyst and oxygen ion conductors in fuel cells

(14]

Ho02Zr20O7 previously prepared by Polymerized-Complex Method (PCM) and gel

[15]

combustion technique followed by high temperature sintering '">'. These methods involve

milling and high temperature processing to obtain nanopowders.

Leeds Alginate Process (LAP) is an environmental friendly carbon neutral sol-gel technique
developed and researched by Kale and co-workers 1> 17! for the formation of single phase
multicomponent oxide nanoparticles of functional ceramics at temperature below 600°C. This
process is known to yield reproducibly and consistently a pure single phase materials ['* " and
good control over homogeneity and stoichiometry of multicomponent metal oxide
nanoparticles '8!, As part of larger research programme, we have recently synthesised for the
first time holmium zirconate (Ho>Zr,O7) nanoparticles having cubic defect-fluorite structure
below 600°C through LAP and reported its thermal, decomposition and crystal structure

properties [°],

In this research article we report for the first time our results of optimisation of the densification
of nanopowder compacts of Ho,Zr>O7 by single step sintering (SSS) and two step sintering
(TSS) processes, determination of microstructure and the grain growth in sintered compacts
between 1100°C to 1500°C and, investigate the influence of processing and microstructure on
the bulk and grain boundary conductivity of sintered Ho2Zr>O7 compacts using ac impedance

spectroscopy over a range of temperature between 350°C to 750°C.



Experimental Section

Nanopowders of holmium zirconate prepared using LAP described in our earlier work ' were
pressed into twenty five pellets of 13mm diameter and 1.5mm thickness at SkN load in a steel
die using a uniaxial press. First, fifteen pellets were sintered in ambient atmosphere using a
single step sintering (SSS) process over the temperature range of 1100°C to 1500°C at an
interval of 100°C for 2h at each temperature with the heating and cooling rate of 3 °C/min.
The remaining pellets were sintered using a two step sintering (TSS) process in which pellets
were heated at 3°C /min to 1500°C for 5min in first step and then cooled to 1300°C,
corresponding to 75% of theoretical density and held at that temperature for further 96h in the
second step to achieve further densification without further grain growth. Different
temperatures and time intervals were studied for TSS process to find out the conditions to

achieve maximum relative density and minimum grain growth.

Bulk density measurement of Ho2Zr,O7 pellets sintered by SSS and TSS was measured using
the Archimedes’ principle and relative density was calculated with the help of theoretical

density obtained from the powder X-ray crystallography data.

Microstructure of holmium zirconate pellets sintered by two different processes were examined
by scanning electron microscopy (SEM) using a Hitachi SU8230 and grain growth was
analysed using ImagelJ software. Sintered pellets were ground, polished finely using standard
metallography techniques and thermally etched before performing SEM analysis. Pellets were
ground to remove the top layer and then polished with 3um diamond paste to achieve the
smooth surface finish. Thermal etching of all the sintered and polished pellets was carried out
by heating individual pellet for 1 hr at the temperature 50°C below their respective sintering

temperature i.e. if sintering is at 1300°C then thermal etching is at 1250°C.

Samples for ac impedance spectroscopy were prepared by carefully coating, opposite faces of
each of the sintered pellet with conductive silver paste and fired at 800°C for 1h to remove any
binder present in it to metallise the contact surfaces in order to minimise interfacial impedance
between the sample surface and platinum measuring leads. The frequency range of 100 mHz
to 100 MHz with an excitation voltage of 10 mV, using a Solartron SI11260 impedance analyser,
was employed for the impedance measurements as a function of temperature between 350°C
to 750°C. During the impedance measurements the pellets were spring loaded in a bespoke
quartz rig to provide firm contact between the sample surface and measuring leads. The quartz

rig was housed in the Faraday cage within a horizontal tube furnace in order to prevent electric



field from the furnace wire windings affecting impedance measurements. The impedance
analyser was controlled using Z-plot whereas the data was analysed using Z-view (Scribner

Associates) and plotted in Origin Pro software.

Results and Discussion

Density and Microstructure

Pellets of holmium zirconate (Ho2Zr,O7) were sintered using single step sintering (SSS) and
two step sintering (TSS) processes. The variation of percentage relative density and percentage
residual porosity of the sintered pellets as a function of sintering temperature using SSS and
TSS is shown in Fig. 1. It can be clearly seen in Fig. 1 that the relative density of Ho2Zr,07
pellets sintered using SSS process is increasing systematically and correspondingly the
porosity is decreasing with increase in sintering temperature. The relative density of samples
sintered at 1500°C using SSS process was found to be 92 (£0.4)% and corresponding porosity
decrease to 8 (£0.6) %. Furthermore, the relative density appears to be stabilising at around

92% as seen in Fig. 1 in a SSS process.

In a TSS process, the sample is first heated to a temperature corresponding to highest relative
density as obtained by the SSS process to attain an intermediate density for short time and then
held at lower temperature corresponding to 75% of the theoretical density for a prolonged
duration Y, In this investigation samples are heated in the first step to 1500°C for Smin to
achieve the intermediate density and in the subsequent step the samples are held at 1300°C,
corresponding to greater than 75% theoretical density for 96h to achieve maximum density. It
can be seen in Fig. 1 that the samples held for 72h in the second step were only 83% dense. It
should be noted that for the second step of TSS process the temperature chosen is 1300°C as
the relative density achieved at this temperature during SSS process is greater than 75%. At
this temperature the pores in the sample became subcritical and unstable against shrinkage 2%

2l hence, as seen in Fig. 1 the relative density achieved in this study is 98 (+0.3)% for Ho2Zr,O7

by TSS process compared with the 92% achieved by SSS process.
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Fig. 1: Effect of sintering temperature on the relative density and porosity of holmium zirconate
pellets. Two step sintering (TSS): (I) - 1500°C for Smin, (II) -1 300°C for 96h.

Micrographs from (a) to (e) in Fig. 2 represent those of the samples sintered using SSS process
and (f) is for the one using TSS process. Thermal etching of all the polished pellets reveal the
clear grain boundary in SEM micrographs. The grain size was calculated from the SEM
micrographs of the thermally etched polished sample using ImagelJ. The average grain size was
measured from three different micrographs using ImagelJ at each temperature and the pictures
shown in the article are best visual images obtained with clear grain boundary and clean
surface. The growth in the grain size has increased with the increase in sintering temperature
from (a) to (e) along with the densification in case of single step sintering (SSS) even the scale
is same for all the micrographs. TSS processed sample (f) shows less grain growth as compared

to the SSS processed samples at higher temperatures; 1400°C and 1500°C.
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Fig. 2: SEM micrographs of sintered Ho2Zr207 pellets. From (a) to (e) are the micrographs of
the pellets after single step sintering (SSS) for 2h at (a) 1100°C (b) 1200°C (c¢) 1300°C (d) 1400°C
(e) 1500°C and (f) after two step sintering (TSS): (I) - 1500°C for Smin, (II) - 1300°C for 96h.

The variation of grain size of thermally etched pellet samples of Ho2Zr>O7 as a function of the
relative density of the samples sintered using SSS and TSS process respectively is shown in
Fig. 3. It can be seen in Fig. 3 that with the increase in relative density there is increase in grain
size for samples sintered from 1100°C to 1500°C using the SSS process. Furthermore, Fig. 3

shows that as the sintering temperature approaches 1300°C the relative density and grain size



increases sharply suggesting that this is the critical temperature for the sudden enhancement in
mass transfer rate in Ho2Zr.O7 which leads to enhanced grain growth. However, interestingly
for samples sintered using the TSS process at 1300°C, the grain size remains almost unchanged
at about 1.29 (£0.1)um whereas the relative density reaches a maximum of 98%, nearly 6%
greater than the samples sintered using SSS process at 1500°C. The variation in density of
Ho02Zr,0O7 samples sintered using SSS and TSS process is in good agreement with the
microstructure of samples shown in Fig. 2. Hence, the TSS process is a favourable approach to
achieve greater densification of nanopowder ceramic samples and supressing the grain growth
as second sintering step proceeds with a frozen microstructure and has slower diffusion kinetics

that is sufficient to achieve maximum density 2/,
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Fig. 3: Variation of grain size and relative density as a function of sintering temperature of

Ho02Z1r207 pellet samples. Sintering temperature increases with 100°C interval from left to right

starting from 1100°C to 1500°C.

Smaller grain size of oxide with higher density is likely to enhance the fracture toughness and
improve the tolerance limit of solid electrolytes against thermal shock in SOFC !, Similar

results were obtained in the earlier investigation of cerium gadolinium oxide (CGO) by Wang

et al 22,
Ac Impedance Spectroscopy

Typical Nyquist plots of Ho2Zr>O7 sintered at 1500°C for 2h using SSS process measured at
350°C and 550°C are shown in Fig. 4 for both heating and cooling cycles. At 350°C only a

single semicircle response was recorded which corresponds to the bulk contribution as shown



in Fig. 4(a) suggesting that grain boundary contribution is negligible. On the contrary two
semicircles were recorded at 550°C as shown in Fig. 4(b) which correspond to the bulk
contribution at higher frequency and grain boundary effects at lower frequency. The radius of
semicircles decreases with the increase in temperature indicating the presence of thermally
activated bulk conduction process [**!. The results of heating and cooling cycles have been
found to be almost identical throughout the temperature range of measurement from 350°C to
750°C akin to those shown in Fig. 4(a and b) at 350°C and 550°C. This indicates that the
Ho,Zr>07 solid electrolyte respond reversibly in the temperature range of measurement, which
is an important behaviour of solid electrolytes as they are subject to temperature variation when

used in an electrochemical device 4.
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Fig. 4: Complex impedance plots for Ho>Zr,O7 sintered at 1500°C for 2h measured in heating
cycle at (a) 350°C and (b) 550°C, (c-350°C and ¢-550°C for cooling cycle).



The temperature dependence of the electrical conductivity (¢T) was analysed using an
Arrhenius expression of the form
or= 0o exp (—Ea/kT) (D)

where gy is pre-exponential factor related to the effective number of mobile charge carriers, T
is the absolute temperature, k is Boltzmann constant and Ea is the activation energy for oxide
ion migration. The value of activation energy for ionic conduction in Ho2Zr,O7 has been
obtained by plotting Inor against 1/T as shown in Fig. 5 for bulk and grain boundary of single
step sintered HoZr>O7 pellet measured over the temperature range of 350°C to 750°C and
frequency range of 100 mHz to 100 MHz for both heating and cooling cycles.

The ionic conductivity of Ho2Zr>O7 has been found to increase with increase in temperature
following the Arrhenius behaviour thereby confirming that ionic diffusion in the material is
thermally activated. The average value of activation energy for bulk ionic conduction has been
found to be 0.99 (+0.01)eV by combining data for both heating and cooling cycles. This value
i1s comparable with activation energy (0.9 eV) of ionic conductivity of CGO pellets prepared
by SSS 22 process. The magnitude of activation energy for ionic conduction of Ho2Zr,O7 has
been found to be slightly lower than that for the conventional solid electrolytes Yttria Stabilized
Zirconia-YSZ (1.01 eV) and comparable with Gadolinium Doped Ceria (GDC) (0.9 eV) (251,
Fig. 5 compares the Arrhenius plot of grain boundary conductivity for both heating and cooling
cycles with that of the bulk. The effect of grain boundary started appearing at temperature
greater than 527°C. The combined average value of activation energy for grain boundary
conductivity for both heating and cooling cycles has been found to be 1.54 (+0.02)eV. The
grain boundary conductivity in samples prepared by SSS process has been 1.66x10* S.cm’
which is lower than that of bulk 1.46x107 S.cm™ at 750°C as shown in Table 1. Lower grain
boundary conductivity over the entire temperature range reflecting the defective nature of grain

boundary compared with the bulk of grains.
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Fig. 5: Temperature dependence Arrhenius plots of bulk and grain boundary conductivity in
heating and cooling cycles of holmium zirconate pellets sintered at 1500°C for 2h using SSS
process.

Figs. 6 shows the results of the impedance spectroscopy measurements at 350°C and 550°C of
holmium zirconate pellets sintered using the two step sintering (TSS) process. Unlike in the
samples prepared using SSS process complex impedance of bulk Ho2Zr,0O7 measured at 350°C
and 550°C for both heating and cooling cycles shown in Fig. 6 (a and b) is in good agreement
with each other whereas that for the grain boundary component is in reasonable agreement. At
350°C the conductivity of the sample is entirely due to the bulk contribution and there is no
sign of grain boundary contribution as shown in Fig. 6(a). With the increase in temperature
there appears two semicircles which suggests that there is a noticeable contribution of both

bulk and grain boundary towards the conductivity as shown in Fig. 6(b).
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Fig. 6: Complex impedance plots for Ho,Zr,O7 with two step sintering; ( I) - 1500°C for Smin, (II)
- 1300°C for 96h measured in heating cycle at (a) 350°C and (b) 550°C, (c-350°C and ¢-550°C for
cooling cycle).

Temperature dependence of bulk and grain boundary conductivity of Ho,Zr>O7 pellets sintered
using TSS process in both heating and cooling cycles, calculated from the data of impedance
measurement are shown in Fig. 7 as Arrhenius plots. The average values of activation energy
for bulk and grain boundary conductivity is 0.99 (£0.009)eV and 1.40 (£0.004)eV obtained

from the combined data of heating and cooling cycles, respectively.
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Fig. 7: Temperature dependence Arrhenius plots of bulk and grain boundary (Gb) conductivity
for both heating and cooling cycles of holmium zirconate prepared using TSS process.

Table 1: Corresponding activation energies and conductivity values of SSS and TSS processed
Ho,Zr,07

Sample Activation R? value Conductivity at Conductivity at
Energy (eV) 550°C 750°C
S.cm! S.cm!
SSS-Bulk 0.99 0.99448 1.94%10* 1.46x107
SSS-Gb 1.54 0.98864 4.28%10° 1.66x10*
TSS-Bulk 0.99 0.99048 1.76x10* 2.67x107
TSS-Gb 1.40 0.99433 5.99x107 2.50%107

The values of bulk conductivity of Ho,ZrO7 samples sintered using TSS process 2.67x1073
S.cm’! has been found to be greater than Ho,Zr,O7 prepared using SSS process 1.46x 107 S.cm’
I'at 750°C as shown in Table 1. Similar comparison with grain boundary conductivity revealed
that the grain boundary conductivity of samples sintered by TSS process is greater than that of
SSS process sample by nearly 3 order of magnitude. This is clearly seen in Fig. 8 (a and b),
respectively. This clearly suggests that the samples of Ho2Zr,O7 prepared by TSS process has

significantly fewer grain boundary defects compared to those processed by SSS process.

12




Clearly, TSS process is capable of producing nearly perfect sample for further applications in

solid state devices. Similar results were reported by Wang et al [** for CGO.
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using SSS and TSS processes.

Conclusions
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In this article, the nanopowders of holmium zirconate (Ho.Zr.07) ') were compacted into
pellets and sintered through conventional (SSS) and unconventional (TSS) sintering routes and
impact of processing conditions on microstructure and ionic conductivity were studied. High
density Ho2Zr,O7 ceramic was successfully obtained through TSS process with lower grain
growth. TSS process has been found to be a better route for processing of ceramics as the
relative density of the pellet reaches to 98% at lower temperature (1300°C) with less grain
growth as compared to the densification achieved through SSS process at higher temperature
(1500°C) with pronounced grain growth 2.2 (£0.05)um. The bulk and grain boundary
conductivity of Ho2Zr,O7 processed using SSS and TSS processes were measured over the
temperature range of 350°C to 750°C for both heating and cooling cycles using AC impedance
spectroscopy in the frequency range of 100 mHz to 100 MHz. The complex impedance plots
for SSS and TSS Ho2Zr,O7 exhibit the consistent results for both heating and cooling cycles
indicates that solid electrolyte respond reversibly throughout the temperature range of
measurement which is an important behaviour of solid electrolyte. The values of bulk
(2.67x107 S.cm™) and grain boundary (2.50x 10 S.cm™) conductivities of Ho,Zr,O7 pellets
prepared using TSS process are higher than that processed using SSS process (Table 1). For
SSS Ho2Zr>07 the activation energy value (0.99eV) of ionic conductivity is comparable with
that of SSS CGO 22, The magnitudes of oxide ion conductivity and activation energy for ionic
conduction of Ho02Zr.O7 are better than conventional solid electrolytes yttria stabilized
zirconia-YSZ (1.01eV) and comparable with gadolinium doped ceria-GDC (0.9 eV) !, Low
sintering temperature, more densification, less grain growth and high ionic conductivity makes
the TSS process more preferable route for the processing of solid electrolytes. Holmium
zirconate proves to be a promising solid electrolyte by exhibiting excellent and consistent
results of ionic conductivity over a wide temperature range with reversible behaviour as solid
electrolytes are constantly subject to temperature variation in a practical electrochemical discs

such as SOFC or high temperature sensors.
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