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Abstract

Nanocrystalline scandia (Sc2O3) doped zirconia was prepared by dissolution and co-precipitation method. The formation of the nanostructured

nearly cubic phase has been observed from transmission electron microscope and X-ray diffraction studies. Spark plasma sintering retains the

nano/submicrograin structure. The frequency dependent conductivities were measured in the frequency range from 100 Hz to 1 MHz and at

temperatures 300–800 K. The impedance diagram shows the grain interior and grain boundary resistance contributions. The frequency dependent

conductance spectra show the DC plateau (at low frequency region) and dispersive region suggesting the correlated hopping motion of ions. The

dielectric-loss spectra suggest the presence dielectric relaxation, which is related to enthalpy of ion hopping. Characteristic hopping frequencies

were calculated and appear to be related to the thermally activated ion hoping process.
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1. Introduction

ZrO2-based solid electrolytes, which are good oxygen-ion

conductors are of particular interest for application in high-

temperature solid oxide fuel cells, oxygen separation mem-

branes and sensors [1–6]. At high temperatures, pure ZrO2

reveals the cubic fluorite structure and provides high oxide ion

conductivity leading to development of solid oxide fuel cell

(SOFC) electrolyte materials. At present, the most advanced

SOFCs are based on yttria stabilized zirconia (YSZ) electro-

lytes, Ni–YSZ cermets as anode and LSM (strontium doped

lanthanum manganate) as cathode material [5]. Several studies

have been carried out to improve the performance of the

electrolyte by using ceria doped with rare earth oxides as an

electrolyte, or replacing yttria with scandia (Sc2O3) or alkali

rare earth oxides for stabilizing zirconia electrolyte. Apart from

materials aspect, process parameters and routes were also major

concern for the researchers to improve the overall performance

of the fuel cells. Torrens et al. [7] explored the effects of

synthesis routes including solid-state reaction and co-pre-

cipitation on sinterability and electrical properties of poly-
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crystalline CGO (gadolinium oxide doped ceria) and reported a

remarkable improvement in performance of the electrolyte

produced through the wet chemical method. However, only

limited amount of activities concerning the influence of various

synthesis processes on sintering and electrical behaviour of the

ceramic electrolytes have been done so far. In fact, the studies

to-date, have mostly confined in SOFCs based on YSZ as the

electrolyte. Recently, it is suggested that the efficiency of ionic

conduction and chemical/thermal stability of the electrolyte

could be significantly enhanced if scandia stabilized zirconia in

the nanocrystalline state is used instead of conventional YSZ.

The conductivity enhancement in the scandia stabilized

zirconia (SSZ) material is attributed to the minimal difference

in ionic radii of the host Zr and dopant Sc [8]. The activation

energy for the transport of oxygen ions in the SSZ materials is

also reduced as compared to the YSZ material [8]. There is a

strong interest in the SSZ materials, primarily motivated by

improved conductivity, and a number of groups, specifically in

Japan, are pursuing active research efforts [1,9,10]. A number

of different approaches can be employed to enhance

conductivity of the bulk electrolyte [11]. The aforementioned

SSZ materials were developed by the technique of homo-

geneous doping in which the host zirconium sites are replaced

by scandium sites. Thus, the present investigation will aim on
d.
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Table 1

Characteristics of the starting powder.

Powder Manufacturer Chemical analysis (wt%)

ZrOCl2�8H2O LOBA Chemicals, India Purity, 99.95%; Ti–0.01%

Sc2O3 STERM Chemicals, USA Purity, 99.9% (Sc)
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synthesis of nanocrystalline scandia stabilized zirconia

electrolyte by a novel wet chemical route, consolidating by

spark plasma sintering process and study the ion dynamics on

this system. The AC impedance spectroscopy technique is an

excellent tool to analyze the ionic conduction, since it gives the

microscopic view of ion transport mechanisms.

2. Experimental procedure

The starting materials used to fabricate green pellets of

8 mol% Sc2O3 stabilized zirconia (8-SSZ) are commercially

available ZrOCl2�8H2O and Sc2O3 powders. The characteristics

of these powders and their specifications are tabulated in

Table 1.

In order to prepare the powder premixes, ZrOCl2�8H2O was

dissolved in distilled water at room temperature. Sc2O3 was

dissolved in hot concentrated HCl. The formula mass ratios will

be determined by weighing the resulting oxides mass obtained

after calcinations of a known amount of precursor. Precipitation

of the powder was done using aqueous 5% NH4OH solution

(maintaining pH value within 9–10) as the hydrolyzing agent.

This wet chemical method was adopted to achieve atomistic

mixing of ZrO2 and Sc2O3 powders. The precipitate was rinsed

thoroughly with distilled water and dried overnight in an oven

at 110 8C. The resultant agglomerates were ground into powder

using the mortar and pestle. The powders were then calcined at

900 8C for 2 h in air. After calcinations, the powders were

ground. Sintering was done in a spark plasma sintering furnace

at 1350 8C for 5 min under vacuum at a pressure of 60 MPa

keeping heating rate at 500 8C/min. In order to estimate the

exact temperature profile inside the graphite die and specimen,

some small numerical calculations was done using ABAQUS

and MATLAB software based on linear steady state thermo-

electrical couple approach.
Fig. 1. Transmission electron micrographs of 8-SSZ nanocry
Microstructures of the calcined powder and sintered

specimens were examined with scanning electron microscope

(ZEOL, Japan) and transmission electron microscope (CM-12,

Phillips, Holland). The qualitative phase analysis was done by

X-ray diffraction (PW 1840 diffractometer control, Phillips,

Holland) using filtered Cu Ka radiation with a wavelength of

l = 1.54 Å and then by comparing the X-ray diffraction

patterns with the JCPDS standards. The calcined and sintered

specimens are ground to fine powders in order to avoid any

texturing effects. The particle size (D) was also estimated from

XRD plots using the Debye Scherrer’s formula:

D ¼ 0:94l

cos uBðB2 � b2Þ1=2
(1)

where l is the wavelength of the characteristic X-ray, B and b

are the full-width at half-maximum of the corresponding XRD

peak of strain free and sintered/calcined sample, respectively.

For electrical characterization, sample pellet was contacted

by first sputtering of �50 nm Pt layer followed by coating with

platinum paste and heat-treated at 1100 8C for 1 h to burn out

the binder of the platinum paste. AC impedance measurement

was performed using HIOKI 3532 LCR, HiTester, Japan in the

temperature range of 50–500 8C at various frequency level

(from 100 Hz to 1 MHz).

3. Results and discussion

3.1. Microstructure and phase analysis

Transmission electron microscopic (TEM) image of the 8-

SSZ nano-particles, as shown in Fig. 1, shows that the particles

are highly crystalline and have a uniform size distribution with

a mean particle size of �17 nm. The selected area diffraction

patterns (inset) also corroborate the existence of nanocrystal-

line powder. Fig. 2 shows the XRD patterns obtained from the

calcined and sintered specimen. It is noted that in the 8-SSZ

specimen, all peaks can be assigned on the basis of a cubic

structure. As the tetragonal (P42/nmc) phase is slightly distorted

from the cubic phase ðFm3̄mÞ and peaks are broadened from the

nano-particle size, it is very difficult to differentiate between
stals showing the selected area diffraction pattern (inset).



Fig. 4. Complex impedance spectrum and equivalent circuit of nanocrystalline

sintered 8-SSZ at 350 8C. The numbers indicate the logarithm of measuring

frequencies.

Fig. 2. X-ray diffraction pattern of 8-SSZ powders after calcinations and

sintering.
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these two crystal phases using the X-ray diffraction pattern.

However several authors have reported the presence of both

tetragonal and cubic phases [8,10]. The phase diagram in the

ZrO2–Sc2O3 system [12] predicts the existence of a monoclinic

phase if the specimen is cooled under equilibrium conditions.

However, the 8-SSZ specimen processed under similar

conditions does not show the presence of the monoclinic

phase. The average crystallite and the grain sizes for calcined

and sintered samples were also determined using Scherrer’s

formula (Eq. (1)) and they are found to be 38.5 � 4.3 nm and

83.6 � 9.2 nm, respectively. The SEM image of sintered 8-SSZ

(Fig. 3) shows the presence homogeneously distributed faceted

grains with an average grain size <�100 nm.

3.2. Electrical characterizations

3.2.1. Impedance analysis

Fig. 4 shows the impedance plot of 8-SSZ sample measured

at 350 8C. The equivalent electric circuit (shown in Fig. 4) for a

complex impedance plot is a parallel resistor and a constant
Fig. 3. Scanning electron micrographs of 8-SSZ sintered at 1200 8C for 1 h.
phase element (CPE) circuit [13]. The impedance Z (or

admittance Y = 1/Z) of such an equivalent circuit is given by

Z ¼ R0 1þ ðvtRÞn cos
np

2

� �
þ jðvtRÞn sin

np

2

� �h i
(2)

where tR (=1/fR (relaxation frequency)) is the time constant and

R0 is the resistance of the circuit. The parameter n is related to

the depression angle u of the impedance semicircle and can be

estimated by 1 � 2u/p. The circular fitting of the complex

impedance plot by using the program EQ developed by Bou-

kamp [14,15] yields the grain interior resistance (Rgi) and grain

boundary resistance (Rgb)(blocking effect) due to internal

interfaces (grain boundaries and porosity). The high-frequency

semicircle has been attributed to the grain interior resistance

and the low-frequency semicircle is due to grain boundary

resistance. The large difference in time constants allows the

grain interior resistance semicircle to be clearly separated from

that of the grain boundary curve. The associated capacitance

values are calculated using the relation 2pfR RC = 1 and they

are found to be in the order of pF and nF, which indicates the

nature of the semicircles as grain interior and grain boundary

[16]. The depression angle for the bulk semicircle was always

lower than 58 indicating a good homogeneity of the electrical

properties of the grains and therefore of their composition. The

blocking process depressions were found to vary between 108
and 128, which were at the lower side, demonstrating a small

broadening of the blocking characteristics [16]. The value of n

calculated for the 8-SSZ specimen within the temperature range

of 300–400 8C is about 0.88 � 0.04. For different temperatures,

the bulk, DC and the blocking conductivities were estimated

using admittance plane (Fig. 5). The temperature dependence

of the conductivity follows an Arrhenius type of behaviour and

the activation enthalpy for conduction was found to be

128.5 � 2 kJ/mol. Activation energies corresponding to block-

ing effect and DC conduction were also obtained and high-

lighted in Fig. 6. The observed activation energies are almost

similar found by other researchers [9,17–19].



Fig. 6. Arrhenius plot of bulk, block and dc conductance of 8-SSZ showing the

different activation energies.

Fig. 7. Frequency dependent conductivity spectra at various temperatures for 8-

SSZ. Arrows indicate the grain boundary relaxation frequencies.

Fig. 5. Admittance diagram of sintered 8-SSZ showing the bulk, dc and the

blocking conductance at different temperatures. The numbers indicate the

logarithm of measuring frequencies.
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3.2.2. Characteristic hopping frequencies

Almond, West and co-workers derived an expression for the

AC conductivity (frequency dependent conductivity) of an

ionic conductor, s(v) [20–23], using Jonscher’s universal

expression [24]:

sðvÞ ¼ K f P 1þ v

f P

� �n� �
(3)

and noted that

DC conductivity ¼ sDC ¼ K f P (4)

where fP is the hopping rate, referred as the ‘Almond–West

hopping frequency’. Barton–Nakjima–Namikawa (BNN) rela-

tion [25] shows that DC conductivity in ionic conductors is

proportional to the hopping rate of the charge carriers. The

hopping of the charge carriers can result in a dielectric loss peak

and the DC conductivity is also proportional to the loss peak
frequency ( fd). Therefore, one can write:

sDC ¼ pe0De f d ¼ A f d ¼ K f P (5)

where p is a factor �1, e0 is the dielectric constant for vacuum

and De is the magnitude of the dielectric loss associated with

ion hopping. It is also noted that, the relaxation frequency ( fR)

frequency has the following relationship with the Almond–

West hopping frequency fP:

f P

f R

� �n

cos
np

2

� �
¼ 1 (6)

So, the three characteristics frequencies ( fR, fP and fd) for

thermally activated ion hopping process are someway related to

each other.

The frequency dependence of the conductivity at different

temperatures was plotted in Fig. 7. According to Eq. (3), the DC

conductivity (sDC), Almond–West hopping frequency ( fP), and

the exponential constant n, can be obtained by universal

conductivity law means of curve fitting. But the frequency

range of applicability of this expression is rather small due to

the influence of the grain boundary relaxation and does not

allow a reliable determination of parameters. However,

excluding the frequency dependent part of the grain boundary

or other extrinsic relaxation effects will lead to somewhat better

accuracy. In Fig. 7, each curve displays a low-frequency

plateau, which corresponds to the DC conductivity of the bulk

material, and a dispersive region at high frequency, which

corresponds to the AC conductivity. The existence of such a

dispersive regime in the conductivity rules out the possibility

that mobile ions perform a random hopping and reveals that the

ionic motion is somehow correlated [26]. The value of n

determined by curve fitting is 0.8 � 0.15, which is fairly close

to the value obtained by semicircular fitting of the impedance

spectra.

The dielectric relaxation frequencies ( fd) were determined

from the dielectric-loss behaviour (Fig. 8). This will be



Fig. 8. Dielectric-loss behaviour of 8-SSZ showing a constant peak height at

x00 = 103.

Fig. 9. Arrhenius plot of the characteristic frequencies: peak (relaxation)

frequency for Z00, Almond–West’s hopping frequency and dielectric loss peak

frequency.
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obtained from the relationship:

Dielectric loss ¼ x00 ¼ sAC � sDC

ve0

(7)

Eq. (7) is expected to be proportional to vn�1 above the

dielectric relaxation frequency ( fd). The peak heights deter-

mined for all temperatures are quite similar, at�103. The value

of n found was quite lower (�0.12) than the value obtained by

earlier two methods. The discrepancy suggests that the curve

fitting carried out earlier was done over the complete frequency

range unlike the dielectric loss graph, where the linear relation-

ship was satisfied only over a limited frequency range. On the

other hand, this kind of anomaly suggests that the complex

impedance plot is not exactly semicircular (following brick-

layer model), and the universal expression is only approxi-

mately satisfied in the present system.
The three characteristic frequencies ( fR, fP and fd) were

plotted in Fig. 9. The activation energy for hopping is found to

be 1.29 eV. The pre-exponential terms for fR and fd are

comparable and these frequencies are attributed to vibration

frequencies in crystals [27]. However, Namikawa [25] assigned

fd to a hopping relaxation mechanism. Several authors

[24,25,27] reported that the relaxation process is closely

related to the hopping behaviour of ionic conductors. As a

consequence, the activation energy for corresponding to the

three frequencies can be attributed to the migration enthalpy of

the charge carriers.

4. Conclusions

Nanometric scandia stabilized zirconia-based electrolyte

materials can be synthesized and sintered up to full

densification without much grain coarsening. Frequency

dependent conductivity can be well described using universal

dielectric response, however anomaly in dielectric behaviour

and discrepancy in exponential factor suggest the limitation of

brick-layer model. The three characteristic frequencies appear

to be related to the thermally activated ion hoping process.
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