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a  b  s  t  r  a  c  t

ZrO2–8% Y2O3 (YSZ)  thick  film  was  deposited  on  a YSZ–NiO  anode  and  co-sintered  to  obtain  a gas-tight
electrolyte  for an  application  as  Solid  Oxide  Fuel  Cell.  A  YSZ  sol–gel  composite  sol  is synthesized  from
a  YSZ  colloidal  binder  and  a YSZ  commercial  powder  and deposited  as a thick  (>10  �m)  monolayer  by
the  dip-coating  process.  The  evolution  of  the  composite  sol  viscosity  with  time  and  its  influence on  the
deposited  film  thickness  is  studied.  The  influence  of  the  composite  sol  composition,  the  film  sintering
on  the  films  microstructure  is  also  studied  in  order  to  achieve  dense  films.  The  interest  of  co-sintering
olid Oxide Fuel Cells
ol–gel
lectrolyte
SZ

the  electrolyte  with the  anodic  support  is  demonstrated.  Ionic  conductivity  and  activation  energy  are
measured  on  pellets  obtained  from  pressed-powder  obtained  from  (a)  the  calcination  of  composite  sol
and (b)  the  commercial  powder.  Conductivity  of 0.03  S cm−1 at 800 ◦C and  activation  energy  of 0.9  eV
were  measured  through  impedance  spectroscopy.  Finally,  an  entire  cell  is processed  with  the  developed
electrolyte  and  polarization  curves  (I–V)  were  measured  at  850 ◦C.  OCV  of 1.23  V  was  achieved,  indicating
the  quality  of the  synthesized  YSZ  electrolyte.
. Introduction

Solid Oxide Fuel Cells (SOFC) are of particular interest due to
heir high energy conversion efficiency, low pollution emission and
bility to work with various fuels [1].

Yttria-stabilized zirconia (ZrO2–8 mol.% Y2O3) is the most
idely used material for electrolyte because of its high ionic con-
uctivity, good chemical and mechanical stability[2]. SOFCs with
n electrolyte support usually work at high temperatures (1000 ◦C)
hich leads to a fast degradation of the stack and the use of expen-

ive interconnect materials [1,3]. In order to decrease this operating
emperature to 800 ◦C, either new electrolyte materials have to be
rocessed, or the electrolyte thickness has to be decreased in order
o reduce the ohmic loss [4,5]. It is generally admitted that 10 �m
hick electrolyte is a good compromise between low ohmic losses
nd good mechanical strength [6].  Such a thin electrolyte is then
eposited on an anode support. Processing a gas tight electrolyte is

ne of the main challenges of this configuration.

Sol–gel chemistry has many advantages to process YSZ elec-
rolytes such as low cost, a good control of solution homogeneity,
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a good film thickness control and possibly low processing tem-
peratures. Furthermore, it allows deposition on non-planar anodic
supports using the dip-coating technique [7].  A good control of the
sol viscosity is necessary when using the dip-coating technique to
process a film in the appropriate thickness range. The main limita-
tion in sol–gel process is the difficulty to process crack free films
thicker than 1 �m.  Indeed, due to mechanical stress during dry-
ing, ceramic films up to 0.5 �m are deposited in a single layer.
Thicker films are achieved by depositing multiple layers [8].  To
achieve a thickness of around 10 �m in one layer, a composite sol,
first developed by Barrow et al. [8] for lead zirconate titanate (PZT)
piezo-electric films, can be used. It consists in mixing a YSZ sol with
YSZ powders to increase the deposited thickness. The YSZ sol is a
hydro-alcoholic solution containing stabilized yttrium and zirco-
nium precursors. Barrow et al. [9] explained interactions between
the sol and the powder: the sol behaves as a mortar surrounding
the ceramic particles as bricks in a wall. Films do not crack during
the process, probably because a strongly bonded network is formed
with the sol–gel binder between ceramic particles.

A homogeneous crack-free film is more difficult to achieve with
an organic binder using dip-coating because high porosities are cre-
ated during their decomposition. Then, densification is difficult to
achieve even after high heat-treatment because stable porosity is

formed. To our knowledge, very few studies report the deposition of
YSZ suspensions in organic media using the dip-coating process. Xia
et al. [10] described dispersion of YSZ powders in ethanol deposited
on porous substrate by dip-coating. However, films exhibit low
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Fig. 1. Composi

hickness and cracks. Gaudon et al. [11] described the realization
f porous films on dense and porous substrates by dip-coating YSZ
uspensions. These suspensions were prepared by mixing a poly-
er  matrix with a stable suspension of commercial YSZ powders in

 methyl ethyl ketone/ethanol azeotropic solvent. Composition of
his type of suspension was improved by Lenormand et al. [12] and
iazzi et al. [13] to obtain a higher density of the deposited YSZ lay-
rs. These YSZ films were deposited on dense or porous substrates
ut to our knowledge no electrochemical tests were performed on
n entire cell.

In this study, a sol–gel composite process, with a limited organic
ontent, was used to synthesize dense YSZ layers on YSZ–NiO cer-
ets by dip-coating. The influence of sol composition (binder con-

entration and powder load), thermal treatment and co-sintering
ere investigated to control films microstructure. Sol ageing was

lso studied by viscosity measurements. Electrochemical proper-
ies were characterized by impedance spectroscopy and an entire
ell was processed to measure the electrolyte performances.

. Experimental
.1. YSZ sol synthesis

A solution containing yttrium and zirconium precursors was
ynthesized using the alkoxide route [14]. As colloids are formed in

Fig. 2. Test as
f the tested cell.

solution, this sol will be called colloïdal sol. The zirconium alkoxide
precursor is zirconium (IV) propoxide (Zr(OPr)4), 70 wt%  solution in
1-propanol (Aldrich). Acetylacetone (Fluka) is added as a complex-
ing agent to limit the strong reactivity of Zr(OPr)4 with moisture.
Yttrium (III) nitrate hexahydrate (Aldrich) dissolved in 1-propanol
(Sigma Aldrich) is then added to obtain the ZrO2–8 mol.% Y2O3
sol. HCl (37%, Prolabo) in water is finally added. Hydrolysis rate
(h = [H2O]/[Zr]) and complexing ratio (x = [Acac]/[Zr]) are, respec-
tively, h = 2.8 and x = 0.8.

2.2. Composite sol synthesis

The composite sol preparation consists in mixing a commer-
cial YSZ powder (Tosoh) with the YSZ colloidal sol, called binder,
0.5 wt% of Triton X (Aldrich), used as a dispersant, and 5 wt% of
ethylene glycol (VWR) to increase the sol viscosity. Powder con-
tent and YSZ sol concentration were chosen in order to obtain a
single layer in the appropriate thickness range (10–20 �m).  Mix-
tures were stirred under constant agitation for several months to
study sol ageing.
2.3. Cell preparation

YSZ layers were deposited on sintered and non-sintered
YSZ–NiO commercial anodic support. Pre-sintered supports were

sembly.
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ig. 3. XRD diffraction patterns of sol–gel YSZ colloïdal sol, YSZ commercial powder
nd  YSZ composite sol.

lready coated with a commercial YSZ–NiO anode whereas, on
on-sintered supports, the anode layer was deposited by screen-
rinting and dried at 200 ◦C before depositing the electrolyte. YSZ
omposite sol was then deposited by dip-coating and heat-treated
t 700 ◦C for 2 h and then up to 1400 ◦C during 12 h with a heating
ate of 120 ◦C h−1. Finally, a YSZ/LSM layer was screen-printed on
he electrolyte to test the entire cell. The cell composition is shown
n Fig. 1.

.4. Characterization

Viscosity measurements were performed with a Haake
heostress 1 in a cone-plate configuration.

For characterization, sols were dried at 120 ◦C or calcined at
00 ◦C during 5 h, with a heating rate of 120 ◦C h−1. Sols were char-
cterized by simultaneous Differential Thermal Analysis (DTA) and
hermogravimetric Analysis (TGA) using a SETARAM TAG 24 and

 10 ◦C min−1 heating rate. Powders were characterized by X-ray
iffraction (XRD) with a PANALYTICAL X’PERT PRO diffractometer
sing the Cu K�1 radiation. The crystallite size was  determined by
he Debye–Scherrer formula [15].
Raman characterizations were performed with a T64000 Jobin
von spectrometer. The chosen excitation laser radiation was  the
33 nm line.

Fig. 5. TDA/TGA performed in air on the com
Fig. 4. Raman spectra of the YSZ colloidal sol calcined at 600 ◦C.

Films microstructure was  observed by Scanning Electron
Microscopy (SEM), using a Hitachi S 2500 and SEM-FEG, S440
LEICA.

Densification kinetics and the final shrinkages of the electrolyte
were controlled by dilatometric measurements performed in air at
2 ◦C min−1 up to 1600 ◦C with a 2 h dwell-time (dilatometer SETSYS
Evolution 2400, SETARAM).

To characterize electrical properties by impedance spec-
troscopy, 20 mm diameter YSZ pellets were prepared by uniaxial
pressing the powder with a pressure of 3 tonnes. The compacts
were then sintered in air at 1400 ◦C for 10 h with a 120 ◦C h−1 heat-
ing rate. Before pressing, YSZ powders were calcined at 200 ◦C and
700 ◦C and milled after each calcination step in a planetary ball
milling for 45 min. Electrochemical measurements on symmetri-
cal Platinum (Pt)/YSZ/Pt cells (electrode surface of nearly 3.1 cm2)
were carried on using AC impedance spectroscopy (SOLARTRON
1260). Measurements were performed in static air between 700 ◦C
and 900 ◦C with a 30–50 mV signal amplitude at open circuit voltage
in the 10−1 to 106 Hz frequency range.

Single cell was  installed in an assembly according to Fig. 2.
The experimental device allowed a feeding of the cell with water
and hydrogen, diluted with nitrogen, on the anodic side and an

air supply on cathodic side. The presence of hydrogen caused the
reduction of nickel oxide in the cermet during the cell early func-
tioning (nickel in its oxidized state was present in the cell). For

posite sol (heating rate: 10 ◦C min−1).
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Fig. 6. Evolution of the composite film microstructure with binder concentration (a) Cl = 0 mol  L−1, Cp = 60 wt%, (b) Cl = 0.05 mol L−1, Cp = 60 wt%, and (c) Cl = 0.2 mol  L−1,
Cp = 56 wt%.
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Fig. 7. Evolution of the composite s

lectrical connectors, specific wires, in which there was no cur-
ent flow, were dedicated to measure the tension. The anodic side
as sealed, whereas the cathode output sealing was not ensured

ince the enhancement of oxygen unused was not under inves-
igation. A load (200 g cm−2) was applied to the cell to ensure a
roper electrical contact. The system was raised to 850 ◦C at a rate of
.5 ◦C min−1 under a nitrogen atmosphere. Non-humidified hydro-

en was then gradually introduced to ensure the cermet reduction.
t first, before the cell characterization as a function of various
arameters, a rapid test at 850 ◦C was performed in order to validate
he system (integrity of the cell, full cermet reduction, etc.).

Fig. 8. Dilatometry curves recorded on pellets made of commercial YSZ powd
osity and film thickness with time.

3. Results and discussion

3.1. Composite sol characterization

X-ray Diffraction performed on the YSZ binder dried at 600 ◦C,
the YSZ commercial powder and the composite sol dried at 600 ◦C
are shown in Fig. 3. Cubic phase (Fm3m), characteristic of ZrO2–8%

Y2O3 is obtained for all three materials. The crystallite size was
determined with the Debye–Scherrer formula. Crystallites com-
ing from the colloidal sol are 6 nm large whereas Tosoh particles
are much larger (100 nm). As YSZ binder crystallites are very thin,

er and YSZ composite sol (heating rate: 5 cm min−1; atmosphere: air).
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with commercial powder (100 nm).
SEM images in Fig. 9 show that porosity decreases by increas-

ing the sintering temperature from 1300 to 1400 ◦C. However, for
these films deposited on pre-sintered commercial supports, a high
Fig. 9. Evolution of the film microstructure with

econvolution of the cubic and tetragonal phase could not be
chieved by X-ray Diffraction. Raman spectroscopy was  performed
o identify the crystallites phase (Fig. 4). The result suggests that
he binder consists mainly of cubic phase. However, the band at
60 cm−1 and 475 cm−1 are characteristic bands of the tetragonal
hase (P42/nmc) [16,17] demonstrating powders are crystallized in

 mixture of cubic and tetragonal phases.
TG/TD analysis in air was performed on the composite sol dried

t 120 ◦C (Fig. 5). The weight loss of approximately 0.25% from room
emperature to 150 ◦C corresponds to the evaporation of residual
ree organics (propanol) and water. The exothermic peak at 340 ◦C
s linked to the decomposition of organic species mainly to the
eparture of bound acetylacetone [18].

From these thermal analyses, a step at 700 ◦C was  performed
uring heat treatment to make sure that all organics were decom-
osed before the densification process. This step is essential to limit
he porosities formation.

.2. Influence of the composite sol composition

To observe the influence of the composite sol composition on
he film microstructure, composite sols with various colloidal sol
oncentration (Cl) and powder content (Cp) were deposited on pre-
intered anodic support and then heated up to 1400 ◦C.

Fig. 6 shows that a very porous layer with open porosities is
btained when Tosoh is dispersed in solvant (propanol) without
he addition of the YSZ nanoparticles (Cl = 0 mol  L−1). A powder con-
ent of 60% was added to obtain a layer thickness of approximately
0 �m.  It is also observed that when the colloidal sol concentration

ncreases up to 0.2 mol  L−1, film porosity decreases. It confirms that
he colloidal sol behaves as a mortar around the commercial parti-
les. Moreover, with a more concentrated binder (0.2 mol  L−1), the
owder content had to be lowered to 56% to deposit the appropriate

ayer thickness. With a colloidal sol concentration over 0.2 mol  L−1,
ols were less stable, films less homogeneous and cracks started to
ppear. Indeed, when increasing sol binder concentration, powder
ontent had to be decreased to deposit the appropriate thick-
ess. It indicates that a significant amount of ceramic powder
>50%) is necessary to limit cracks during processing because when
he percentage of sol–gel in the film is decreased, less shrink-
ge occurs when the film is processed and so less cracks are
ormed [9].

On one hand, the sol–gel binder is favourable for the film densi-
cation but on the other hand a too concentrated binder generates
racks.
A composite sol made with a 0.2 mol  L−1 concentrated binder
nd a powder content of 56 wt% was then chosen as it appeared to
e the optimized composition to get a 10 �m thick and dense YSZ

ayer by dip-coating.
ntering temperature (a) 1300 ◦C and (b) 1400 ◦C.

3.3. Composite sol ageing

Composite sol viscosity versus time is plotted in Fig. 7. It shows
that viscosity increases with time from 11 cP to 33 cP after 300 days.
It can be attributed to a better powder dispersion with time. As
layers thickness depends on sol viscosity, according to the Landau
and Levich law [19], layers thickness also increases with time, so a
wide range of film thicknesses (from 4 to 18 �m) can be achieved
using the composite sol–gel process. It can be noted that as viscosity
stabilizes, deposited film thickness stabilizes too and a maximum
thickness of 18 �m has been obtained. Film thickness can also be
controlled by dilution to decrease the sol viscosity.

3.4. Influence of the sintering temperature and the co-sintering
on the YSZ film microstructure

Dilatometry measurements were first performed on the Tosoh
commercial powder and on the composite sol. Fig. 8 shows that
adding the sol–gel YSZ binder slightly decreases the sintering
temperature. Indeed Tosoh sintering temperature is estimated at
1350 ◦C whereas the composite sol sintering temperature is around
1280 ◦C. Moreover, shrinkage is higher for the composite sol (24%)
than for the commercial powder (21%). This is in agreement with
the observations made by Zhao et al. [20] describing a best sintering
behaviour when two populations of particles are mixed in the sol,
which is the case here with YSZ sol–gel crystallites (6 nm)  mixed
Fig. 10. SEM image, after reduction during cell test, of YSZ electrolyte deposited on
a  non-sintered support and co-sintered at 1400 ◦C.
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SZ pellets: (a) Tosoh, (b) YSZ binder, and (c) composite sol.
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Fig. 11. Arrhenius plots of the conductivity for the Y

ensity is very difficult to obtain even at temperatures as high as
400 ◦C. Indeed, with pre-sintered supports, stresses due to the
ifference of Coefficient of Thermal Expansion (CTE) between YSZ
lectrolyte [21] and sintered YSZ–NiO anode do not allow total den-
ification of the YSZ film. This is the reason why YSZ films were then
eposited on non-sintered supports to obtain gas-tight electrolyte
y reducing the difference between support and electrolyte CTEs
uring thermal treatment. Fig. 10 shows a cross-section SEM image
f the YSZ composite film deposited on a non-sintered YSZ–NiO
nodic support and functional anode layer. The film and the anode
ere co-sintered at 1400 ◦C. The 18 �m thick electrolyte is dense
ith only closed porosities. Cell test on the entire cell has been per-

ormed with this electrolyte. The thickness and the density of this
lectrolyte have been used to perform fuel cell test.

.5. Electrochemical characterizations

Impedance spectroscopy was performed on pellets made with
SZ commercial powder, binder and composite sol. In Fig. 11,
rrhenius plots for all three materials are plotted. Activation ener-
ies for all three materials are close to 1 eV, the usual value for
he YSZ ionic conductivity [22], the lowest activation energy being
btained with the YSZ commercial powder (Ea = 0.85 eV). Lowest
onductivities are obtained with the YSZ binder but are still com-
arable to the commercial powder which indicates that the YSZ
articles used in the binder exhibit good electrical characteris-
ics with activation energy of 0.91 eV. It can be noted that when
dded to the commercial powder, they tend to decrease the com-
osite sol conductivity compared to the powder. The composite sol

s still 0.03 S cm−1 at 800 ◦C. This value corresponds to expected
rO2–8% Y2O3 conductivity at 800 ◦C [23]. This means that this
lectrolyte material can be used for an intermediate temperature
OFC.

The current–voltage (I–V) and current–power density (I–P) of
he entire cell made with an YSZ electrolyte (SEM cross-section of
he tested cell in Fig. 10)  from the developed composite sol is pre-
ented in Fig. 12.  The Open Circuit Voltage (OCV) is 1.23 V at 850 ◦C.
his value is closed to the theoretical values predicted by the Nernst
quation [24], indicating that the electrolyte is dense and there
s no gas-leakage. The power density of 350 mW cm−2 is obtained
n the test conditions (QH2 = Qair = 1.2 NL min−1). However, higher
ower density will be probably achieved after an optimization of
he interface between the electrode and the electrolyte. Further

xperiments will be devoted to the improvement of the microstruc-
ure of the electrode in order to improve the cell performance as it
as demonstrated by Virkar et al. [25].
Fig. 12. Voltage and power density for the entire cell, measured at 850 ◦C. Cell
composition: YSZ–NiO anodic support (500 �m), YSZ–NiO functional anodic layer
(10  �m),  YSZ electrolyte (18 �m), and YSZ/LSM cathode (40 �m).

4. Conclusions

The composite sol–gel process was successfully used to syn-
thesize a dense and gas-tight YSZ electrolyte for an application
in Solid Oxide Fuel Cells. The influence of the sol composition on
the microstructure was studied leading to an optimal composition.
The sol ageing was  studied as well as the influence of the sintering
temperature. The interest of co-sintering has been demonstrated
to obtain dense YSZ film. Finally, electrical characteristics of the
composite sol were measured and found to be very similar to the
commercial powder. Fuel cell test made on cell made of a YSZ–NiO
anode, a YSZ developed electrolyte and a YSZ–LSM cathode was
performed. Performance indicate that the electrolyte is gas-tight an
OCV of 1.2 V is achieved and a peak power density of 350 mW cm−2

at 850 ◦C.
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