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In this paper, two plasma spraying technologies: solution plasma spraying (SolPS) and suspension plasma
spraying (SPS) were used to produce nano-structured solid oxide fuel cells (SOFCs) electrolytes. Both
plasma spraying processes were optimized in order to achieve the thin gas-tight electrolytes. The com-
parison of the two plasma spraying processes is based on electrolyte phase, microstructure, morphology,
as well as on plasma deposition rate. The results show that nano-structured thin electrolytes (~5 lm
thick) have been successfully SPS deposited on porous anodes with a high deposition rate. Compared to
the electrolytes produced by SolPS, the SPS-deposited electrolyte layer is much denser. During the SPS
process, fine droplets of 0.5-1 lm in diameter impact on the surface of the coating and penetrate into the
pores of the anode. As the stresses are reduced on the resulting 0.5-2 lm splats, there is no apparent
microcracks network on the splats, this resulting in highly gas-tight coatings. It is demonstrated that the
SPS process is beneficial for the improvement of the performance of the films to be used as SOFC
electrolytes.

Keywords nano-structured electrolyte, solid oxide fuel cells
(SOFCs), solution plasma spray (SolPS), suspen-
sion plasma spray (SPS), thin film

1. Introduction

The successful introduction of solid oxide fuel cells
(SOFCs) as an environmentally friendly energy converter
into the highly competitive market for electric power
generation depends on the development of technologies
which will bring about reduction in production costs.
Furthermore, development of intermediate temperature
SOFCs (IT-SOFCs) that operate at temperatures of
600-750 �C is also added to the potential cost reduction
(Ref 1-4). In this perspective, the problems of ohmic loss
(Ref 5) and the insufficient ionic conductivity of current
yttria-stabilized zirconia (YSZ) electrolytes (Ref 6) can be
overcome by using alternative materials with higher ionic
conductivity compared to YSZ, as well as by decreasing
the electrolyte resistance by reducing its thickness to
5-10 lm.

Cation-doped ceria with a fluorite structure is one of
the most suitable electrolyte candidates for IT-SOFCs.

Unfortunately, these cerium (CeO2) based oxides are
known to undergo reduction at low oxygen partial
pressure, and become mixed conductors (Ref 7-15). To
overcome this problem and to improve the conductivity for
IT-SOFCs, the influence of nano-structured features in the
doped CeO2 systems on the mixed conductivity should be
taken into account (Ref 16, 17). A high density of defects
in nano-structured materials provides a large number of
active sites for ionic conduction and high diffusivity
through nano-sized grain boundaries to promote fast
kinetics and ion transportation (Ref 18). On the other
hand, a large fraction of grain boundaries also decreases
the electronic conduction (Ref 19). However, some other
authors such as Chiang and co-workers (Ref 20) found
strongly enhanced electronic conductivity for sintered
1.5 mol.% gadolinium-doped cerium oxide having 10 nm
average grain size compared to conventional samples. For
higher mol.% of gadolinium, no change in ionic conduc-
tivity was measured as function of grain size. In another
work by Tuller (Ref 21), conductivity of 5 lm and 10 nm
grain-sized CeO2 were compared at 600 �C. It was dem-
onstrated that under low oxygen partial pressures
(�22 < log PO2 < �14) as the conductivity was elec-
tronic, nanostructured CeO2 showed 104 times higher
conductivity. For high PO2 (2 < log PO2 < 6), the con-
ductivity of both materials converged. The nano-struc-
tured ceria-based thin films have demonstrated a number
of great improvements. For example, higher surface area,
better coherency, and longer triple phase boundary length
(TPBL) compared with the bulk materials. They also
provide new opportunity and feasibility for IT-SOFCs
commercialization (Ref 22).
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Thin layers of SOFCs electrolyte have been produced
by a number of deposition techniques, including aerosol-
assisted metal-organic chemical vapor deposition
(MOCVD), polarized electrochemical vapor deposition
(PEVD), RF magnetron sputtering, atomic layer deposi-
tion (ALD), screen printing, slurry coating, and the sol-gel
process (Ref 19, 23-28). These techniques are generally
expensive in both equipment and operation costs, and are
of rather low efficiency, which makes them difficult to
scale up for commercialization. Recently, the plasma
spray processes, such as atmospheric plasma spraying,
vacuum plasma spraying, low pressure plasma spraying,
hybrid plasma spraying, and high velocity oxy-fuel spray-
ing have been developed and adapted to specific
requirements of electrolyte deposition in a consecutive
and cost-effective spray process (Ref 29-33). However,
they suffer from a relatively high coating thickness
(50-100 lm), residual porosity/defects (consequently, a
post-thermal treatment or an interlayer is needed to seal
the anode), and thermal stresses which lack the capability
to deposit comparable thin and dense homogenous SOFC
electrolytes.

As a promising extension of conventional thermal
spraying, the use of a liquid precursor permits feeding and
spraying of either metal precursor solutions or a suspen-
sion of nano or submicro-sized particles to form thin
coatings with more refined microstructure and grain size.
The former is known as solution plasma spraying (SolPS)
while the latter is known as suspension plasma spraying
(SPS). The use of a solution precursor was first reported as
a coating technology by Karthikeyan and coworkers
(Ref 34, 35). In the SolPS process, solution feedstocks of
desired resultant materials are injected into the plasma jet
either by atomization or by a liquid stream. Rapid heating
and evaporation of solution droplets result in the forma-
tion of the solid particles, which are heated and acceler-
ated to the substrate to generate coatings (Ref 36). The
as-deposited coatings have the desired porosity. Its�
microstructure has nano- and sub-micrometric features
(Ref 37-43). SPS, the new method for preparing nano-
structured coatings was invented in the mid-1990s by
Université de Sherbrooke (Ref 44). In this process, a
suspension of micro- or nano-powders is fed to an RF
(Ref 45, 46) or to a DC (Ref 47-50) plasma torch and
axially or radially injected into the plasma flame (Ref 51,
52). The solid particles enclosed in each droplet are
accelerated, evaporated (solvent), melted (solid particles),
and then flattened onto a prepared substrate rapidly
forming thin (5-10 lm) coatings with a more refined
microstructure. Moreover, the composition of applied
spray materials can be varied very easily.

In this contribution, the results of SolPS and SPS using
inductively coupled thermal plasma for the deposition of
dense and thin nano-structured gadolinia-doped ceria
(GDC) electrolyte coatings (4-10 lm thick) are presented.
The corresponding produced electrolyte layers were
characterized and compared to illustrate the correlation
between deposition techniques and electrolyte micro-
structure. In the following sections, the experimental
facilities will be presented first. The preparation of the

electrolyte powder, of the solution and of the suspension
will then be described, as well as the plasma spraying
setup. In the third section, the characterization of the
injection of the suspension/solution and the interactions of
the plasma-particles will be discussed. Finally, the mor-
phologies and microstructures of GDC coatings produced
by SolPS and SPS will be compared.

2. Experimental

2.1 Powder Preparation

Electrolyte powders of Ce0.8Gd0.2O1.9 (GDC) were
prepared by the glycine-nitrate process (GNP) method
(Ref 53). Stoichiometric amounts of Ce(NO3)3Æ6H2O
(Alfa Aesar, 99.99%) and Gd(NO3)3Æ6H2O (Alfa Aesar,
99.99%) were dissolved in distilled water, to which 0.5 mol
glycine per mole nitrate was added. Combustion of the
metal nitrate-glycine solution was performed in a glass
beaker on a hotplate, with about 20 mL of the solution
(0.1 mol with respect to metal ions) burned at a time. The
precursor solution turned to a brown-red gel as the solvent
was evaporated and then spontaneous combustion
occurred, leading to pale-yellow ash. The resultant ash was
then collected and calcined in air at 600 �C for 2 h to
remove any carbon residues remaining in the oxide
powder.

2.2 Solution Precursor Preparation

The solution precursor of GDC was prepared by
dissolving separately cerium nitrate hexahydrate (Alfa
Aesar, purity: 99.99%) and gadolinium nitrate hexa-
hydrate (Alfa Aesar, purity: 99.99%) in distilled water
according to stoichiometric compositions. The solution
concentration was 0.6 g/mL. A magnetic stirrer was used
to fully mix the starting precursors.

2.3 Suspension Precursor Preparation

To prepare the GDC suspension, GNP-GDC powders
were directly dispersed into ethanol. The weight ratio of
GDC to ethanol was set to 10%. The suspension viscosity
was adjusted by adding Darvan No. 7 (dispersing agent,
R.T. Vanderbilt Company, Inc., Norwalk, CT) into the
suspension. The mass percentage of the dispersing agent
selected for use was 2% of the GDC powder mass to
obtain the lowest viscosity for adequate feeding. Before
deposition, the suspension mixture was ultrasonically dis-
persed to break apart the large agglomerates. During
injection, a stirrer was used to prevent particles from
settling.

2.4 Plasma Spraying Setup

The induction plasma spraying system consisted of a
liquid precursor feeder system (Cole-Parmer Canada Inc.,
Montreal, QC, Canada), an atomization probe (Tekna
Plasma Systems Inc., Sherbrooke, QC, Canada), a plasma
torch and a plasma reactor. Figure 1 shows the schematic
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illustration of an induction plasma system. The induction
plasma was generated using a PL-50 plasma torch (Tekna
Plasma Systems Inc.), operating at a frequency of 3 MHz.
The torch is equipped with a supersonic nozzle (diame-
ter = 24.2 mm), in order to increase the plasma velocity
(Ref 54). The liquid precursors such as solution or sus-
pension were fed by a peristaltic pump and directly
injected into the hot plasma core by means of an atom-
ization probe, resulting in the formation of a coherent
deposit. Detailed description of the induction plasma
spraying apparatus used for this study is available else-
where (Ref 54). Table 1 shows the spraying parameters
that were used for the synthesis of the electrolytes. The
RF power was varied in the range of 35-50 kW, the
chamber pressure adjusted at 8 and 12 kPa, and spraying
distance was varied from 100 to 220 mm. The atomization
parameters were adjusted according to the droplet size
measurements using the Malvern RTsizer (Malvern
Instruments Limited, Worcestershire, UK) apparatus. The
average droplet size (D50) was about 12 lm as measured
during water atomization testing.

The substrates (10 mm diameter and 1.2 mm thick)
were produced by the sintering of pressed 44 wt.% of
green nickel oxide (Novamet type F), 48 wt.% of fila-
mentary nickel powder (Novamet 255), and 8 wt.% of
nickel powder (Novamet 210) for 1 h at 800 �C. The
substrates were fixed on a sample holder while the holder
was scanned across the plasma flame by an electromotive
arm. Multiple passes were used to build up the coatings. In
order to reduce the thermal gradients during deposition
and to obtain dense coating (Ref 55), the substrates were
heated up to 300 �C prior to coating using an electric
heating device.

2.5 Characterization

Different techniques were used to characterize the
materials synthesized by the induction plasma process.
Particle size distributions were measured using a Malvern
Mastersizer 2000 particle analyzer (Malvern Instruments
Ltd., Worcestershire, UK). Structural features analysis
was conducted by x-ray diffraction (XRD) using an X�Pert
Pro MPD x-ray diffractometer (Philips, Eindhoven, the
Netherlands). Morphologies and elemental analyses of
electrolyte powders and as-deposited electrolyte layers
were performed using a field emission scanning electron
microscope (FESEM, model S-4700, Hitachi, Tokyo,
Japan). Specific surface areas of the electrolyte powders
were determined by the BET method, using an Autosorb-
1 instrument (Quantachrome, FL). The as-sprayed coat-
ings were cut using a Buehler ISOMET 2000 Precision
Saw and then mounted (infiltrated with EPO-KWICK
Buehler low viscosity resin using vacuum impregnation).
The polishing was carried out on a Buehler ECOMET
3-VARIABLE SPEED GRINDER POLISHER using
procedures outlined for thermal sprayed ceramic coatings
in Technical notes published by Buehler. These involve
polishing on a 45-lm diamond grid followed by cloth
polishing with 9 and 3 lm diamond suspensions and a final
step of 0.05 lm alumina suspension. The semi-automatic
procedures helped increase the reproducibility of polish-
ing cross sections (Ref 56). Coatings porosity was deter-
mined by SigmaScan Pro 5, an image analysis software
supplied by Systat Software Inc. A sufficient number of
pictures were taken at different sample areas, according to
the magnification used. A threshold method was used to
determine the darker percentage of the picture that
directly provided the porosity (Ref 57). Gas permeability
was measured according to Darcy�s law (Ref 58). Detailed
description of the gas permeability measurement appara-
tus used for this study is available elsewhere (Ref 46).

3. Results and Discussions

3.1 As-Synthesized GNP-GDC Powder
Characteristics

Figure 2 depicts the FESEM micrographs of
as-synthesized GNP-GDC powders, indicating that the
particle is highly porous with a foam-like microstructure.

Fig. 1 Schematic illustration of induction plasma system

Table 1 Induction plasma spraying parameters

Plasma torch Tekna PL-50

Central plasma gas flow rate, slpm 27 (Ar)
Sheath plasma gas flow rate, slpm 80 (O2)
Plasma power, kW 35-50
Reactor pressure, kPa 6 and 12
Atomization gas pressure, kPa 345 (Ar)
Atomization gas flow rate, slpm 21 (Ar)
Solution injection flow rate, mL/min 10
Suspension injection flow rate, mL/min 4
Spraying distance, mm 100-220
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The XRD pattern (Fig. 3a) of the GNP-GDC sample
exhibits all peaks associated with the pure fluorite struc-
ture. The crystallite size of the GDC phase, calculated
from XRD line-broadening analysis according to the
Scherrer equation is 26.5 nm. The specific surface of GDC
powders determined by the BET method is 43.1 m2/g.

Particle sizes distribution of GDC powders elaborated
with the GNP technique are shown in Fig. 4. The particle
sizes of the GDC powders which ultrasonic treatment was
applied for 5 min before the measurement were mostly
about 0.6 lm in size with a narrow size distribution.
However, before any ultrasonic treatment, the average
particle size is 25.5 lm. This is due to porous structures of
the agglomerated GDC powders, whose agglomerates
were easily broken by the ultrasound. These GDC pow-
ders are referred to as weakly agglomerated.

The quality of electrolyte coatings is highly dependent
on the size and size distribution of the electrolyte powder

particles during suspension preparation and droplet
atomization. This is because fine droplets atomized with a
narrow size distribution around 12 lm can be evenly
plasma treated, resulting in coatings of high homogeneity,
high density, and a minimum of flaws.

3.2 Electrolytes Phase Analysis

The x-ray diffraction pattern of the electrolyte shown in
Fig. 3(c) indicates that the electrolyte produced by SolPS
consists of one highly crystallized phase: GDC. The crys-
tallite size of GDC was calculated from XRD line-
broadening analysis according to the Scherrer equation.
The crystallite size of GDC for the SolPS coating was
estimated to be 17.4 nm. It demonstrates the formation of
nano-structured coating, which can enhance the electro-
catalytic activity of SOFCs. In addition, traces of NiO and
Ni can be identified on the XRD pattern. The NiO and Ni

Fig. 2 SEM micrographs of GNP synthesized GDC nano-structured powders with different magnifications

Fig. 3 X-ray analysis for (a) GNP synthesized GDC powders, (b) suspension, and (c) solution plasma-sprayed GDC electrolyte
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signals must be collected from the peripheral surface of
the substrate. The concentration ratio of Ce and Gd in the
precursor solution was chosen in such a way that the
crystallite Ce0.8Gd0.2O1.9 coatings were to be expected.
This indicates the stoichiometric integration of Ce and Gd
from the precursor into the coating. This successful syn-
thesis was largely independent of any changes of the
process conditions such as plasma power, reactor pressure,
plasma gas composition, spraying distance, or substrate
temperature. The reason for this ideal stoichiometric
behavior might be due to the similar thermodynamic
properties of the simple oxides of both elements: Gd2O3

and CeO2 (Ref 14).
The XRD pattern of the electrolytes shown in Fig. 3(b)

also indicates that the GDC coatings deposited from sus-
pensions had the same phase content as the initial GDC
powders, which implies no major phase transformation
during SPS. This is a consequence of the high thermody-
namic stability of the solid solutions in the GDC system.
The crystallite size of GDC for suspension coating was
estimated around 19.7 nm, which is slightly larger than the
SolPS-deposited GDC grain size. The difference of the
crystallite size in the coatings can be related to the higher
plasma temperature associated with a lower fraction of
liquid to evaporate for the SPS versus the SolPS, the result

being a grain growth associated to a higher plasma heat
flux to the substrate.

3.3 Coatings Morphology

Two distinct morphologies of electrolyte coatings
deposited by the SolPS processes can be identified by
FESEM. Figure 5 shows the micrographs of various
magnifications of the coating top surface that was depos-
ited by the SolPS process. The deposit consists of 20 nm
size nodule-like particles (Fig. 5b), which were agglom-
erated into powdery particles. There is an apparent lack of
cohesion between different particles. The as-sprayed
coatings have rather high porosity. No splats were
observed in the SolPS-deposited coatings. The substrate
bottom temperature was 400 �C during spraying.

Figure 6 shows FESEM micrographs of multiple splats
obtained during SPS depositions. The substrate surface is
uniformly covered by the splats. The splats diameter is
typically from 0.2 to 2 lm, confirming that coatings
obtained by SPS are nano-structured as a typical flattening
ratio of 2.7 (Ref 59) results in a splat thickness of 8 to
80 nm nano-structured coatings. Figure 6(b) indicates that
the second splat landed on a previously solidified splat and
in spite of the perturbations caused by thickness variation

Fig. 4 GNP-GDC particle size distribution (before and after ultrasonic treatment)

Fig. 5 FESEM micrographs of SolPS produced GDC electrolyte with different magnifications
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and roughness, they maintained a relatively contiguous
disk-shaped morphology. This suggests that the conven-
tional plasma spray process phenomena (Ref 60) can be
used to describe the SPS-deposition process.

Small spherical particles of GDC of about 20 nm were
found on the splats (Fig. 6b). This could be due to the
extremely high temperature of the induction plasma; the
nano-powders in the suspension were vaporized and then
condensed onto the coating surface. It was obvious that
there was no crack network on the coating surface. This
process provides an opportunity to obtain high density and
high-sealed electrolytes with thin coatings.

3.4 Coating Microstructure

Figure 7 is the FESEM micrographs of a cross-sectional
fracture surface of the SolPS-deposited coatings. It is
noted that all coatings deposited from the solution reveal
a globular microstructure. The individual particles range
in size from about 0.2 to 0.5 lm which suggests that they
were formed in flight by homogeneous nucleation from
the supersaturated precursor vapors. These coatings seem
to be constituted of stacking of small ‘‘particles’’, which

increases the coating porosity to 7.3% (gas permeabil-
ity = 3.70 9 10�15 m2). Previous work demonstrated that a
faster plasma jet can dramatically increase the particle
impact velocity, which, in conjunction with high particle
temperatures, leads to improved flattening of the splats
and densification of the coating (Ref 29). A short spray
distance (~100 mm) was found to be imperative to pro-
duce the dense electrolyte using induction plasma tech-
nology (Ref 46). With a low spraying distance of 100 mm
and a lower feed rate or a lower concentration, the
porosity decreases to about 5.1% (gas permeabil-
ity = 1.20 9 10�15 m2), which is still not dense enough for
SOFC application without post-treatment. The thickness
of the coating measured on the cross section was
approximately 5 lm. The higher magnification FESEM
micrograph in Fig. 7(b) shows that a good contact can be
observed at the interface of sprayed GDC electrolyte and
the substrate.

Figure 8(a) and (b) shows the fracture cross section of
the SPS-deposited electrolytes. It can be clearly seen
that the SPS coating is much more homogeneous and
shows better bonding and continuous contact with the Ni
substrate compared to the SolPS coating. Figure 8(b)

Fig. 6 FESEM micrographs of SPS produced GDC electrolyte with different magnifications

Fig. 7 FESEM micrographs of the fracture cross section of SolPS deposited electrolyte with different magnifications
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(which is a magnified FESEM photograph of Fig. 8a)
illustrates that the GDC layer is very dense. The coating
porosity is 1.4% (gas permeability = 0). The distinct
interfacial boundary cannot be found between the GDC
electrolyte and the substrate. The fine particles of well-
dispersed GDC penetrate the pores and cracks of the
support and certainly improve the smoothness to enable
the formation of the dense GDC top layer. Due to this 3D
penetration structure, the adhesion of the interface is
improved; there is also an increase in the number of active
reaction sites. It is beneficial for the ionic and electronic
transfer; thus, it should improve the performance of the
films to be used as SOFC electrolyte.

Normally, the electrolyte layer deposited by the con-
ventional plasma spray process is 100-150 lm thick; how-
ever, the SPS process is suitable of producing a thin and
dense layer of 5 lm in thickness while keeping continuity
and uniformity of the coating under the optimized plasma
condition. There is also no need of an intermediate layer
between the anode and the thin electrolyte as described by
Chen et al. (Ref 61).

3.5 Deposition Rates

The thickness of the coatings can be monitored very
precisely with a relative easiness thanks to the precursor

concentration and the number of deposition passes.
Figure 9 presents the dependence of the thickness of GDC
films as a function of the number of deposition passes.
Considering the coating quality, the solution of 0.6 g/mL
and suspension of 0.06 g/mL concentration were used. As
it can be seen, the thickness is a linear function of the
number of depositions and increases by 1 lm for each SPS
pass and 2.5 lm for each SolPS pass, respectively. A small
deviation from this relationship is observed for the first
two to three passes, which is probably related to the
establishment of a continuous film. Taking into account
the mass concentration and injection flow rate differences
of SolPS and SPS, SPS had an estimated deposition effi-
ciency ten times larger than SolPS.

4. Conclusions and Future Works

In the SolPS process, the solutions completely vapor-
ized in the plasma, and then nano-structured GDC parti-
cles were synthesized in flight by homogeneous nucleation
from the supersaturated precursor vapor, to subsequently
build up a coating with high porosity. The formation of
globular GDC coatings was observed over the entire
experimental range of this study.

Fig. 8 FESEM micrographs of the fractured cross section of SPS deposited electrolytes

Fig. 9 SolPS/SPS deposition rates
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SPS, a highly successful technology was adapted for
dense electrolyte deposition. Nano-structured thin-film
electrolyte (~5 lm thick) could then be deposited on
porous anodes with a high deposition rate. Compared to
the electrolytes produced by SolPS, the GDC layer was
impervious. These layers were deposited by layering
splats. The size of the splats is from 0.2 to 2.0 lm. Three-
dimensional penetration structure eliminated the rough
surface of the anode and made a much better cohesion
between the electrolyte and anode, hence creating longer
TPBL, thus improving the electrochemical performance.
These results have shown that SPS coating is a simple and
potentially commercial technology for preparing the
SOFCs electrolytes.

The open circuit voltage of the electrolytes will be
measured in the near future, and the single cell will be
fabricated and evaluated based on the result of the elec-
trolyte electrochemical measurement. Moreover, in order
to investigate the influence of electrolyte microstructure
on the electrical conductivity of the electrolyte, single cell
with nano-structured electrolyte will be compared to the
one with coarse-grained electrolyte according to the
electrochemical performance.
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