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Nanocrystalline 10 mol.% yttria-stabilized zirconia (YSZ) electrolyte was synthesized via the plasma spray technique. The ionic
conductivity was measured using AC impedance spectroscopy within the temperature range 350–600 �C in air. The measured total
ionic conductivity of plasma-sprayed YSZ electrolyte is �2.3 times higher than that of sintered YSZ electrolyte at 600 �C in air. The
improvement in ionic conductivity is ascribed to the nanocrystalline grain size and siliceous free grain boundary with grain-to-grain
contact.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Solid oxide fuel cells (SOFCs) have been attract-
ing attention due to their efficient conversion of electro-
chemical fuel to electricity with negligible pollution
[1–3]. Yttria-stabilized zirconia (YSZ) with a cubic fluo-
rite structure is considered to be the most reliable elec-
trolyte because it exhibits thermal stability, good ionic
conductivity at high-temperature (�1000 �C) and ther-
mal expansion compatibility with electrode materials
[2–3]. From the view of long-term durability and reli-
ability, and cost efficiency, the current developmental
target for SOFCs is to reduce the operating temperature
into the intermediate temperature (IT) range (500–
700 �C), which requires increased electrolyte ionic con-
ductivity and enhanced gas/electrode reaction kinetics
[4]. However, the relatively lower ionic conductivity of
YSZ at intermediate temperatures limits its application
as an electrolyte candidate for IT-SOFCs.

Nanocrystalline YSZ has a high number of atoms
residing at grain boundaries and surfaces that increase
the surface area of the active sites for reactions [5]. It
is reported that nanocrystalline YSZ exhibits an increase

of about 2–3 orders of the magnitude in electrical con-
ductivity as compared to microcrystalline specimen [4].
Activation energy for microcrystalline YSZ is �1.24–
1.30 eV, whereas this reduces to �0.93 eV for nanocrys-
talline YSZ [4]. Therefore, the development of nanocrys-
talline YSZ electrolyte is of considerable interest for IT-
SOFCs. A few researchers have also reported a decrease
in the electrical conductivity with decreasing grain size
(0.2–20 lm) for zirconia and ceria-based electrolytes
[5–10]. These contradictory observations further moti-
vate our present study to understand the effect of grain
size on electrical conductivity.

Plasma spray technique is a versatile process: it can
deposit almost any material as coatings and bulk while
retaining the benefits of rapid solidification, high depo-
sition rate and cost efficiency [9]. Compared with
conventional wet ceramic techniques [10] for SOFC elec-
trolyte fabrication, plasma-sprayed materials usually ex-
hibit porous and lamellar microstructures, subsequently
leading to low open circuit voltage and cell efficiency.
Hence, some post-deposition heat treatments such as
high-temperature sintering and spark plasma sintering
(SPS) are employed to improve the electrolyte density
and alleviate the gas leakage issue [2]. Our research
group has successfully synthesized nanocrystalline metal
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(Al) and ceramic (Al2O3) coatings using the plasma
spray technique with retention of nanocrystalline struc-
ture [11,12]. In the current investigation, nanocrystalline
10 mol.% YSZ electrolyte for IT-SOFCs was synthe-
sized using an atmospheric plasma spray technique.
The total ionic conductivity and microstructure of the
plasma-sprayed electrolyte was evaluated.

Nanoparticles cannot be directly plasma sprayed, be-
cause of their low mass and resultant inability to be car-
ried in a moving gas stream [13]. In addition, they easily
clog the plasma gun nozzle due to interparticle friction.
Hence, powder treatment such as spray drying becomes
essential for consistent powder flow during plasma
spraying. Spray-dried nanocrystalline 10 mol.% YSZ
powder (NanoxTM 4017, Inframat) with spherical agglom-
erates 10–50 lm in diameter (Fig. 1a) was selected as the
powder feedstock. Each agglomerate consists of fine
YSZ particles with a size range of �80–250 nm, as
shown in Figure 1b. Plasma spraying was conducted
using a Praxair SG 100 gun on AISI 1020 steel substrate.
The plasma spray parameters are listed in Table 1. The
YSZ coating (�3.5 mm in thickness) was successfully
deposited for ionic conductivity experiments. In order
to evaluate the ionic conductivity of the plasma-sprayed
electrolyte, the 10 mol.% YSZ pellets were also synthe-
sized via conventional solid-state sintering. Spray-dried

10 mol.% YSZ powder was mixed by ball-milling in
deionized water with 1% dispersant for 24 h and subse-
quently dried in the oven at 120 �C for 16 h. The dried
powder was then sieved using a 212 lm mesh. Dried
powder was uniaxially pressed into disk-shaped pellets
(of �8 mm in diameter and �3 mm in thickness) using
polyvinyl alcohol (�1 wt.%) as a binder under a pressure
of 180 MPa. This was followed by the isostatic pressing
at 200 MPa for 3 min. Finally, the green ceramic pellets
were sintered (solid-state sintering) in air at 1550 �C for
10 h (these pellets are hereafter referred to as sintered
YSZ sample).

Microstructure was characterized by field emission
scanning electron microscopy (JEOL JSM 633OF) and
high-resolution transmission electron microscopy
(TEM; Philips CM 200). X-ray diffraction (XRD) pat-
terns were obtained using a diffractometer (Siemens D-
500) operating at 40 kV and 20 mA with a CuKa peak
of 1.54 Å. Free-standing plasma-sprayed YSZ sample
was obtained by sectioning with low-speed diamond
saw. The relative density of the plasma-sprayed and sin-
tered 10 mol.% YSZ samples was first measured geomet-
rically and then using Archimedes’ principle. Electrolyte
samples were polished to obtain planar surfaces, Pt
paste (CL11-5349, Heraeus) was applied to both sides
of the free-standing plasma-sprayed samples and sin-
tered pellets to serve as the electrodes. Electrolyte sam-
ples were then co-fired at 900 �C for 1 h. Pt wires
(99.9% pure) 0.127 mm in diameter were attached to
the cell using Pt paste to perform ionic conductivity
measurements. The thermocouple was kept in close
proximity to the sample to minimize the temperature
measurement errors. The complex impedance (Z) mea-
surements of YSZ electrolytes were carried out in air
within the temperature range of 350–600 �C using the
two-point probe AC impedance spectroscopy technique
over a frequency range of 0.10 Hz to 32 MHz. It should
be noted that the electronic conductivity of YSZ is neg-
ligible [14], and hence the measured electrical conductiv-
ity using impedance measurements can be regarded as its
ionic conductivity.

Figure 2 shows the XRD patterns of spray-dried
10 mol.% YSZ powders and plasma-sprayed 10 mol.%
YSZ electrolyte. Both samples show the presence of a
single cubic zirconia phase. No monoclinic or other
metastable phases were observed in plasma-sprayed
10 mol.% YSZ. The average density of plasma-sprayed
YSZ electrolyte is �82.7%, whereas sintered YSZ elec-
trolyte has a density of �98% of the theoretical density.
Sintered YSZ electrolyte exhibits microcrystalline grains
and micron-sized pores (Fig. 3a). The microstructure of
the plasma-sprayed 10 mol.% YSZ electrolyte is bimodal
in nature, consisting nanocrystalline grains and micron-
sized columnar grains (Fig. 3b). Columnar grains exist
in fully melted region, whereas nanocrystalline grains
are found in partially melted/sintered regions.

Figure 1. SEM micrographs showing (a) the spray-dried 10 mol.%
YSZ spherical agglomerate and (b) a high-magnification view of an
agglomerate consisting nanocrystalline particles.

Table 1. Plasma spray processing parameters.

Plasma parameters Volts (V) Current (A) Primary gas,
Ar (slm)

Secondary has,
He (slm)

Carrier gas,
Ar (slm)

Spray distance
(mm)

10 mol.% YSZ coating 40 800 32 60 20 101.6
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TEM micrograph (Fig. 3c) of plasma-sprayed YSZ
electrolyte shows that the dominant grain size in the par-
tially melted zone ranges is �80–150 nm, which is simi-
lar to the initial powder size. This implies that partially
the melted region did not undergo grain growth during
plasma spraying. Direct grain-to-grain contact prevails
at the grain boundary which is free from secondary sili-
ceous phase (Fig. 3d). The existence of siliceous phase at
the grain boundaries is well known to decrease the grain
boundary ionic conductivity [15].

Figure 4a and b shows the Arrhenius plots and actual
ionic conductivity, respectively, for plasma-sprayed and
sintered YSZ electrolytes. It is clear that the measured
total ionic conductivity of plasma-sprayed YSZ is �2.3
times higher than sintered YSZ at 600 �C. Total ionic
conductivities of the two samples differ slightly at

350 �C. Correspondingly, Table 2 indicates that activa-
tion energy (�1.273 eV) for sintered 10 mol.% YSZ is
higher than activation energy (�1.054 eV) for plasma-
sprayed nanocrystalline 10 mol.% YSZ. The pre-expo-
nential factor of sintered 10 mol.% YSZ is higher than
that of plasma-sprayed 10 mol.% YSZ, which is consis-
tent with the fact reported by Hui et al. [4]. The activa-
tion energy of plasma-sprayed conventional 8 mol.%
YSZ is reported to be �1.14 eV in the 600–700 �C tem-
perature range [16], which is higher than that of plasma-
sprayed nanocrystalline 10 mol.% YSZ. Moreover, it is
noteworthy that the measured ionic conductivity,
�0.00198 S cm�1, at 600 �C of plasma-sprayed nano-
crystalline 10 mol.% YSZ electrolyte is �3.3 times high-
er as compared to plasma-sprayed microcrystalline
8 mol.% YSZ electrolyte, 0.00059 S cm�1 [16]. The
above-mentioned results strongly imply that the nano-
crystalline structure of YSZ contributes to the improved
ionic conductivity.

It is well known that the ionic conductivity of the
electrolytes is dominated by the amount of free oxygen
vacancies, which is also correlated with the activation
energy for oxygen diffusion. As for the YSZ electrolyte,
the oxygen vacancies exist mainly in the forms of V ��O and
Y 0ZrV

��

O, in which defects associate ðY 0ZrV
��

O) and bind some
oxygen vacancies to yttrium ions, leading to the oxygen
vacancies being unavailable for conduction. Thermal
dissociation of Y 0ZrV

��
O requires extra energy to liberate

oxygen vacancies from the defect association, i.e. activa-
tion energy actually consists of dissociation energy Ea,
and migration energy Em. It is noted that the ionic
conductivity is directly proportional to the amount of
free oxygen vacancy in YSZ electrolytes, which is

Figure 2. XRD patterns of spray-dried nanocrystalline YSZ powders
and plasma-sprayed nanocrystalline YSZ electrolyte.

Figure 3. SEM micrographs showing (a) the microstructure of sintered YSZ, (b) the bimodal microstructure of the plasma-sprayed YSZ. TEM
micrographs of plasma-sprayed YSZ showing (c) the nanocrystalline YSZ (inset the selected area diffraction patterns of YSZ) and (d) the grain-
boundary characteristics.
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strongly determined by its activation energy [17]. Hence,
the lower activation energy of the plasma-sprayed nano-
crystalline 10 mol.% YSZ causes higher concentration of
free oxygen vacancy, which leads to improved grain io-
nic conductivity (a constituent of total ionic conductiv-
ity). Also, in nanocrystalline materials, a large number
of atoms (up to 49%) are boundary atoms, which makes
conduction properties interface-controlled [4]. Some
researchers have ascribed the improved ionic conductiv-
ity to spatial modulation of the lattice, quantum con-
finement of charge carriers, and a dominant
contribution from largely defective and strained grain
boundaries accompanied with nanocrystalline micro-
structure [18,19]. In addition, it is commonly accepted
that an intergranular siliceous phase significantly de-

grades the ionic conductivity (especially the grain
boundary ionic conductivity) of YSZ [15]. Therefore,
the lower activation energy in plasma-sprayed
10 mol.% nanocrystalline YSZ and siliceous phase-free
grain boundary are hypothesized to be due to the
improvement in its ionic conductivity. A comparison
with ceria-based electrolytes for IT range suggests that
the activation energy of Sm3+ and Nd3+ co-doped ceria
(SmxGdxCe1�2xO2�d) is low �0.6867 ± 0.003 eV (below
550 �C) [20], indicating higher ionic conductivity than
that of plasma-sprayed nanocrystalline YSZ. However,
due to the ease of large-scale processing and cost effi-
ciency, plasma-sprayed nanocrystalline 10 mol.% YSZ
is a competitive electrolyte candidate for the IT range.

In summary, 10 mol.% YSZ electrolyte synthesized
using the atmospheric plasma spray technique exhib-
ited nanocrystalline grain size and siliceous phase-free
grain boundaries, imparting improved ionic conduc-
tivity in the temperature range 350–600 �C. However,
to minimize the loss in voltage due to leaks across the
electrolyte, reduction in the porosity through optimi-
zation of plasma processing parameters and post-
spray heat treatments should be explored in future
research.
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Figure 4. (a) Arrhenius plots for the total ionic conductivity and (b)
temperature dependence of ionic conductivity for plasma-sprayed
nanocrystalline YSZ electrolyte and sintered YSZ electrolyte,
respectively.

Table 2. Comparison of the Ea and r0 for plasma-sprayed nanocrys-
talline YSZ and sintered YSZ electrolytes measured below 600 �C.

Material Ea (eV) logr0

Plasma-sprayed 10 mol.% YSZ 1.054 6.304
Sintered 10 mol.% YSZ 1.273 7.276
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