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Low temperature synthesis of nanocrystalline scandia-stabilized zirconia
by aqueous combustion method and its characterizations
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Abstract. Zirconia stabilized with 11 mol% scandia (11ScSZ) has been successfully synthesized by novel alanineassisted soft chemical aqueous combustion method. The reaction kinetics during combustion synthesis has been
studied in detail by analysing thermal behaviour of different metal–alanine complexes. A single phase 11ScSZ powder is achieved at significantly low calcination temperature of 500◦ C. Field emission scanning electron micrograph
reveals an agglomerated morphology with particle size ranging from 80 to 100 nm. The thermal expansion coefficient is found to be 11.03 × 10−6 ◦ C−1 in the temperature range between room temperature and 1000◦ C. Optical
bandgap of 5.19 eV has been determined using UV–Vis spectroscopy and results are compared with the help of theoretical density of states. The total electrical conductivity of sintered pellet is found to be 7.3 × 10−3 S cm−1 at 700◦ C
as measured by impedance spectroscopy.
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Introduction

Long-term cell stability and low temperature operation are
the two major challenges now to achieve techno-economic
viability of solid oxide fuel cell (SOFC) technology.1–12 Till
date, yttria-stabilized zirconia (YSZ) is the leading choice as
electrolyte, preferably for HT SOFC (operational temperature >900◦ C). However, structural degradation of YSZ on
long-term exposure during SOFC operation rapidly increases
the demand of alternative electrolyte. In this context, scandiastabilized zirconia (ScSZ) has been considered as one of
the most promising electrolyte component for low temperature solid oxide fuel cell (LT-SOFC). Earlier reports suggest
that ScSZ shows a good ionic conductivity comparatively
at lower temperature and adequate structural stability in
long-term operation.1,3–9
So far various synthesis methodologies have been explored to produce ultrafine zirconia-based compositions.13–17
Nevertheless, the synthesis of single-phase material with
high crystallinity at lower temperature is still a challenge.
The traditional method of preparation of multicomponent zirconium oxides is solid state reactions. However, such type of
high temperature synthesis technique may results in uncontrolled grain growth, deep segregation of dopant, possible
loss of stoichiometry etc. In the present study, 11 mol%
scandia-stabilized zirconia (11ScSZ) powder has been synthesized by a novel aqueous combustion method using alanine, a common amino acid as a chelating agent. Lee et al18
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recently synthesized similar composition using another
amino acid glycine. However, in several reports it has been
observed that alanine has definite advantages over glycine to
use as chelating ligands.19–21
The aim of this work is to develop a low temperature aqueous-based synthesis methodology for producing
nanocrystalline ScSZ and to study its physico-chemical properties in detail.
2.

Experimental

Eleven mol% scandia-stabilized zirconia (11ScSZ) powder
has been synthesized by a single-step combustion process
using alanine as fuel. Sc(NO3 )3 ·xH2 O (Alfa Aesar, anhydrous, 99.9%), ZrO(NO3 )2 ·xH2 O (ACROS Organics, anhydrous, 99.5%) and alanine (SRL, 99%) are used as the starting materials. First, a clear aqueous solution of Sc(NO3 )3
and ZrO(NO3 )3 has been prepared on a hot plate with constant stirring followed by addition of required amount of alanine. Thereafter, the solution is stirred on a hot plate maintained at temperature in the range between 150◦ and 170◦ C.
Continuous stirring and heating result in a highly viscous
colourless gel. Upon further heating, auto-ignition starts,
producing ultrafine brownish powder (as-synthesized). The
as-synthesized powder has been calcined at several temperatures from 500 to 800◦ C in air to achieve preferred cubicfluorite structure of 11ScSZ powder. Thermal analysis (TG
and DTA) has been carried out by a Simultaneous Thermal
Analyzer (STA 409C, Netzsch, Germany) from room temperature to 1000◦ C in air at a heating rate of 5◦ C min−1 .
X-ray diffractograms are recorded by a Philips X’pert

1473

1474

Quazi Arif Islam et al

X-ray diffractometer with a CuKα radiation at 40 kV and
30 mA. The X-ray data are collected in the 2θ range 20◦ –
80◦ . The calcined powder is pressed uniaxially in the form
of pellets (diameter: 15 mm and thickness: 1–2 mm) under
an applied pressure of 250 MPa followed by sintering at
a temperature of 1200–1400◦ C/6h. The density of the sintered specimens is measured by Archimedes principle using
xylene as the immersion liquid. Raman spectra of 11ScSZ
powder calcined at 800◦ C in the wavenumber range of 200–
800 cm−1 have been obtained using a Laser Raman system (RenishawinVia Raman) with an Ar ion laser (488 nm).
UV–Visible spectroscopy (Shimadzu UV3100) has been carried out to determine the bandgap of 11ScSZ powder calcined at 800◦ C/10h. The bandgap has been calculated using
E = hc/λ formula, where E = energy between conduction
and valence band, h = Planck’s constant, c = velocity of
light and λ = wavelength. Morphology of the calcined powder (800◦ C/10 h) has been studied by field emission scanning electron micrograph (FESEM, Gemini Supra 35). To
investigate the microstructure of polished surface of the sintered 11ScSZ pellet (1400◦ C/6 h), FESEMs (Gemini Supra
35) have been used extensively. The electrical conductivity
of the sintered samples (1400◦ C/6 h) is measured by complex plane AC impedance spectroscopy using a Frequency
Response Analyzer (ModuLab, Solartron, UK) in the
frequency range of 10 µHz to 1 MHz. A symmetric cell
configuration of Pt-ScSZ-Pt has been used for all the measurements. For this purpose, the electrodes (in the form of
thick films) are prepared by screen printing technique of
pure platinum paste on the both sides of the sintered specimens (fully dense) followed by curing of thick films at
950◦ C/2 h in air. The electrical conductivity is measured in
the temperature range between 400 and 700◦ C in air.
3.

Figure 1. Thermal analysis of precursor gels: (a) 11ScSZ and
(b) metal–alanine complexes.

Results and discussion

The plausible stoichiometric reaction during combustion
synthesis between precursors and the fuel alanine is given
below:
0.78 ZrO(NO3 )2 + 0.22 Sc(NO3 )3
+ 0.8 NH2 CH3 CHCOOH(aq) → Zr0.78 Sc0.22 O1.89
+ 2.4 CO2 + 1.51 N2 + 2.8 H2 O.

(1)

Figure 1a shows the TG–DTA curve of 11ScSZ precursor
gel in the temperature range between room temperature and
1000◦ C. An initial mass loss of about 34% is observed up to
241◦ C and its corresponding DTA peak is found at 218◦ C.
This mass loss may be due to the removal of moisture and
structural water from the precursor gel. Another mass loss
of ∼22% is observed till the temperature reaches to 359◦ C.
This has also been manifested in the corresponding DTA
peak at 332◦ C which is attributed to the decomposition of
nitrates and generation of gases like N2 , CO2 etc. from the
reaction mixture. Further weight loss of 15% is observed
up to 617◦ C which also reflected in the DTA curve with an
exothermic peak at 458◦ C. This may be attributed as decomposition of metal–alanine complexes present in the precursor

gel. No further weight loss is observed with the increase of
temperature till 1000◦ C.
It has been studied that alanine undergoes chelation
with most of the metal ions when taken together in aqueous medium prior to combustion.19,20,22 To understand the
decomposition phenomenon of alanine with Sc and Zr ions,
individual metal–alanine complexes have been prepared.
Scandium being a trivalent metal ion requires 3 moles of
alanine to make Sc–alanine complex. Similarly, zirconium
needs 4 moles of alanine to make Zr–alanine complex. The
thermal behaviour of individual metal–alanine complex gels
is shown in figure 1b. The TGA curve of different metal–
alanine complex gels indicates that the decomposition of
all these complexes occurs mainly in three distinct temperature regions: (a) 35–255◦ C, (b) 255–385◦ C and (c) 385–
725◦ C. The weight loss between 35 and 255◦ C is due to
the removal of moisture from the precursor gel. The decomposition of nitrates and metal–alanine complex results in
the temperature range (b) and (c), respectively. It is found
that Zr–alanine decomposes at lower temperature (208◦ C)
than that of Sc–alanine complex (240◦ C). On the other
hand, 11ScSZ gel undergoes decomposition mainly in the
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temperature range of 200–600◦ C (figure 1a). This study
reveals that Zr–alanine complex is mainly triggering the
auto-ignition process in 11ScSZ gel. The exothermic heat
produced during the decomposition of Zr–alanine complex is
allowing other metal complexes to undergo further decomposition. The gaseous evolution with the exothermic heat
produced during these decompositions results in an ultrafine
product powder.
In our previous studies, it has been observed that metal
ion chelation with alanine and its decomposition at lower
temperature have considerable effect in obtaining homogeneity in the as-synthesized powder.19,20 Higher the decomposition temperature chances of producing hard agglomerates
increase, which in turn affect the powder morphology as
well as crystallinity of the product powders. On the other
hand, soft agglomerates produce narrow particle distribution as well as good crystallinity of the product powder.
At lower decomposition temperature, the substantial risk of
local sintering may be avoided. Therefore, low decomposition temperature obtained by the present synthesis method

Figure 2. X-ray diffractograms of 11ScSZ: (a) as-synthesized
and calcined powders, and (b) sintered pellet. Inset shows the
magnified version of (220) peak.
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might be helpful in increasing homogeneity, morphology and
crystallinity of the product powders.
X-ray diffractogram of 11ScSZ at different temperatures
(500–800◦ C) is shown in figure 2a. In the as-synthesized
form, the diffractogram reveals that the major peak of
11ScSZ appears and the broad pattern reflects the amorphous nature of the powder. At 500◦ C, all the peaks could be
identified and indexed with cubic ScSZ structure conforming to the JCPDS pattern (PDF No-01-071-1286). However,
to achieve good crystallinity, the powder has been calcined
at 800◦ C. Rietveld refinement of the X-ray diffractogram
of the powder calcined at 800◦ C provides a good fit with
Rprofile , Rweighted profile and goodness of fit values with 12.07,
14.89 and 1.82%, respectively. The analysis reveals a cubic
fluorite structure of 11ScSZ (space group: Fm-3m) with a
lattice parameter of a = 5.086 Å. The value is in excellent
agreement with the value reported in earlier literature.23 To
investigate the effect of sintering temperature on phase transformation, 11ScSZ pellets are prepared and sintered at different temperatures varying between 1200 and 1400◦ C (figures
not shown here). It is found that a small amount of rhombohedral phase appears along with cubic phase when sintered
at 1400◦ C (figure 2b). The inset of figure 2b shows the magnified version of the (220) peak, confirming the formation
of rhombohedral phase in the sintered 11ScSZ pellet. The
crystallite sizes as calculated from XRD by using Scherrer’s
equation are found to be 3.4, 5.1 and 8.6 nm for 500, 700 and
800◦ C calcined powders, respectively. The crystallite size of
the sintered pellet (1400◦ C) is found to be 18.9 nm. This
clearly indicates the grain growth of 11ScSZ during sintering process. However, the effect of grain growth is less than
that it is generally observed for high temperature sintering
of 11ScSZ synthesized by solid state method. The crystallite size in nanoregime may help to retard the grain growth
during high temperature sintering process.24
The cubic phase of 11ScSZ calcined powder has also been
confirmed by Raman spectroscopy (figure 3). A characteristic

Figure 3. Raman spectra of 11ScSZ powder calcined at 800◦ C.
* Indicates stray light.
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Table 1. Relative density of 11ScSZ pellets at different sintering
temperature.
Sintering temperature/time
1200◦ C/6 h
1300◦ C/6 h
1400◦ C/6 h

Figure 4. FESEM image of 11ScSZ: (a) powder calcined at
800◦ C and (b) pellet sintered at 1400◦ C.

peak at 603 cm−1 represents the formation of cubic
phase without any residual tetragonal/rhombohedral phase.
The spectrum also shows few weaker spikes, which
may result due to the absence of long-range order in
the anionic sublattice in 11ScSZ.25–28 The findings of
Raman spectrum corroborates well with the XRD analysis
result.
Figure 4a shows the microstructure of the 11ScSZ powder calcined at 800◦ C/10h. The calcined powder shows an
agglomerated morphology embedded with small particles.
The particles weakly bound together to form large agglomerated structure. The average particle size, measured by ImageJ
1.49q software, was found to be around 70 nm. Figure 4b
shows the FESEM polished surface of 11ScSZ pellet sintered at 1400◦ C/6h. The microstructure shows a dense structure with clear grain boundaries. The average grain size is
measured to be 0.9–1.3 µm. The relative density of sintered
11ScSZ pellet (1400◦ C) is found to be 97%. The density
values at different sintering temperatures are summarized
in table 1. The presence of porosity in the material may
results in molecular transportation of gas across the pellet, which in turn reduces the ionic conductivity of the
material.

Relative density (%)
79.8
91.4
97.1

Thermal expansion coefficient (TEC) is a crucial parameter while developing electrolyte component for SOFC applications. TEC incompatibility between electrolyte and electrode components causes severe thermal stresses during
SOFC operation in the intermediate temperature range of
700◦ C–800◦ C. Therefore, the TEC values of the components
have to be quasi similar in nature.29–31 Figure 5 shows the
thermal expansion plot of 11ScSZ sample sintered at 1400◦ C
for 6h. The profile indicates a linear temperature dependence
with a calculated TEC value of 11.03 × 10−6 ◦ C−1 in the
temperature range 30–1000◦ C, which is similar to the TEC
value of commercialized 8 mol% YSZ.32
The electronic structure and bandgap strongly influence
the electronic properties of ceramic materials. In the present
work, UV–Vis spectroscopy has been carried out to determine the optical bandgap of 11ScSZ calcined powder.
Figure 6 shows the absorption spectra and the corresponding
derivative plot of 11ScSZ in the wavelength region 800–200
nm. For comparison, the calculated density of states for ZrO2
by Stapper et al33 is also shown in the insets of figure 6. The
electronic band structure of ZrO2 is strongly influenced by
the hybridization of Zr-4d orbital and O-2p orbital. As seen
in figure 6 inset, the Fermi level (Ef ) lies above the t2g orbital
and the separation between t2g and eg orbitals of Zr-4d leads
to a bandgap value of 5.2 eV as reported by Stapper et al.33
The UV–Vis spectra of 11ScSZ reveal a bandgap value of
5.1 eV, which is comparable with the theoretical value.33–35
This result suggests that the introduction of Sc does not have
any influence of electronic density near the Fermi level in
ZrO2 . The interaction of 4s, 4p, 4d orbitals of Sc with the t2g
level of Zr (4d) is not so effective, which can shift the Fermi
level.
Figure 7 shows the complex impedance spectra of 11ScSZ
sintered at 1400◦ C for 6h. It is observed that at lower temperature, the grain, grain boundary and electrode response
are prominent. The high and intermediate frequency semicircles as observed are related to bulk and grain boundary
resistances, while the low frequency semicircle is attributed
to electrode response. With increase in temperature, the contribution of grain starts decreasing and at above 550◦ C, the
grain and grain boundary coalesce together. Total electrical conductivity of 11ScSZ sintered at 1400◦ C for 10 h
is shown as a function of temperature in figure 8. There is
a sharp change in the slope of the Arrhenius plot in the
low temperature region (550–600◦ C) for 11ScSZ sample,
which causes two different activation energies (figure 8). The
appearance of such type of slope in Arrhenius plot either
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Figure 5. Thermal expansion curve for 11ScSZ pellet sintered at
1400◦ C/6 h.

Figure 6. UV–Vis absorption spectra and differential plot for
11ScSZ powder calcined at 800◦ C. Inset shows the calculated DOS.

may be due to the phase transition from rhombohedral to
cubic phase36,37 or due to the formation of defect association
complex.38 The conductivity of rhombohedral phase is low,
while in cubic phase the conductivity is high. So there is an
increase in conductivity in the Arrhenius plot and the discontinuity appears. The defect association complex formation
can be written as:
/

/

ScZr + V..O → (ScZr V..O ).

(2)

The activation energies of 11ScSZ in the temperature range
400–550◦ C and 600–700◦ C are found to be 1.30 and 1.55 eV,
respectively. The total electrical conductivity value of
11ScSZ at 700◦ C is found to be 7.3 × 10−3 S cm−1 in air
atmosphere.
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Figure 7. Temperature-dependent impedance spectra of 11ScSZ
pellet. Insets show the extended views of spectra at 500◦ and 550◦ C.

Figure 8. Arrhenius plots of the electrical conductivity for
11ScSZ pellet sintered at 1400◦ C/6 h.

4.

Conclusions

The present study describes a cost-effective low-temperature
aqueous-based synthesis method to prepare nanocrystalline
11ScSZ powder. The use of alanine as chelating ligand in
the combustion method results in ultrafine powder and also
helps in decreasing the calcination temperature. The singlephase cubic 11ScSZ powder is formed at 500◦ C as confirmed
by XRD. FESEM image shows an agglomerated morphology
embedded with small spherical particles with average size of
70 nm. The relative density is found to be 97% when sintered at 1400◦ C in air. The TEC value (11.03 × 10−6 ◦ C−1 )
is found to be similar to that of current electrolyte.
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The interaction of Sc in ZrO2 has nominal effect in its band
structure as revealed by UV–Vis spectroscopy.
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