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A B S T R A C T  
 

 

This study reports preparation of Nickel-Gadolinium doped Ceria (Ni-GDC) composite via controlled 
unidirectional freeze casting of aqueous-based GDC slurry completed with nickel infiltration into the 
porous GDC samples. Gadolinium doped ceria powder was prepared by gel-combustion synthesis 
method. The oxide powder was confirmed by X-ray diffraction to be the fluorite-structured of 
Ce0.8Gd0.2O1.9 solid solution. The synthesized powder was used with dolapix as a dispersant, Ammonia 
solution as an agent pH, poly vinyl alcohol (PVA) as a binder and water as a solvent to prepare stable 
GDC slurries. Freeze casting process was done in different solid loadings of GDC at 35, 45 and 55 wt. 
%, and two different cooling rates of 1 and 3  ̊C/min to obtain desirable pore structure. After removing 
the frozen ice at -58  ̊C, the green samples were sintered for 2 h in air at 1300 °C. The pore structure 
and final microstructure were studied by scanning electron microscopy. The porosity of the sintered 
samples was in  range of 60-70% , and depended on solid content and freeze casting rate. Finally, 
nickel solution was infiltrated into the hierarchically porous GDC samples, after reduction at 800  ̊C, 
Ni-GDC composite was attained.  

1. INTRODUCTION1 

Fuel cells have attracted considerable attention as these 
electrochemical devices can directly convert chemical 
energy to electrical energy. Performance of all type of 
fuel cells depends on  performances of their components 
that includes:  electrolyte, anode, cathode, and 
interconnect [1]. Among fuel cells, solid oxide fuel cells 
(SOFCs) components are solid ceramic materials and 
due to ionic conductivity of ceramic electrolytes at 
intermediate temperatures, SOFCs operate at extremely 
high temperatures (600–1000°C) [2]. Although, SOFCs 
have been the most fuel efficient fuel cells, their high 
operating temperature leads to high costs of 
interconnectors and other construction materials and 
also they have short lifetimes. Then there have been 
many efforts for investigating and finding ways to 
decease the operating temperature to obtain low cost 
SOFCs. Achieving low operating  temperature will 
therefore allow the use of low-cost and widely 
commercially available materials such as stainless steel   
for interconnecting and structural components [2-4]. 
Consequently, current research efforts are aimed at 
improving components performance at intermediate 
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temperatures or less.  Yttria-stabilized  zirconia  (YSZ) 
is the most common electrolyte in SOFCs [5] but 
because of the lower ionic conductivity of the YSZ solid 
electrolyte at lower operating temperatures,  
replacement of YSZ by Ceria based materials that have 
higher ionic conductivity at intermediate temperature is 
preferred. Gd3+ doped CeO2 (GDC) is considered to be 
one of the most promising electrolytes for intermediate 
temperature SOFCs (IT-SOFCs) [6]. In order to achieve 
the purpose of reducing operation temperature both high 
conductivity and microstructural characteristics of the 
electrodes are essential [7]. The suitable anode for GDC 
electrolyte-based SOFCs is thought to be Ni–GDC 
cermets [7,8].The main functions of the anode could be 
broadly classified as to provide (i) reaction sites for the 
electrochemical oxidation of the fuel, and (ii) a path for 
electrons to be transported from the reaction sites to the 
interconnect. Sufficient amount of porosities is 
necessary to allow the fuel and byproducts to be 
delivered and removed from the reaction sites without 
significant diffusion limitation [9,10]. Various methods 
have been applied for synthesis and fabrication of 
composite SOFCs anode. Tape casting method for 
making anodes resulted in porous structure in which 
porosity decreases with increasing sintering temperature 
[11]. Freeze casting method for the fabrication of Ni-
GDC anode material has not been studied. Hag Koh et 
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al. [12] used freeze-casting technique to fabricate Ni-
YSZ cermets. The samples were sintered at 
temperatures of 1100 to 1400° C, and finally sintered 
samples were kept at temperatures of 600 to 900° C in 
argon/hydrogen atmosphere. In another similar study, 
NiO-YSZ anode was fabricated by freeze casting 
method which was frozen at -30° C and after drying and 
sublimation of ice,  the samples was obtained as a tablet 
with a diameter of 5.2cm [13]. 
The freeze-casting technique to produce porous Ni-
GDC anode has not been used yet and the present study 
is the first attempt to prepare it with via method.  After 
preparing porous GDC samples, nickel was impregnated 
to them. The variable suspension concentration, freeze-
casting and the cooling rate in final sintering 
temperature and its effects on microstructure generated 
were reviewed. 

2. EXPRIMENTAL 

2.1. Fabrication procedure                           To prepare 
a Ni-GDC nanocomposite, at first step Gd0.2Ce0.8O1.9 

(GDC) nanopowder was synthesized via the sol-gel 
combustion.  Ce(NO3 )3 .6H 2O (99.99%, Merck), Ni 
(NO3 )2.6H 2O (99.99%,Merck), Gd(NO3 )3 .6H 2O 
(99.99%, Aldrich) and Citric Acid (99 % Merck) were 
used as the starting materials. Ce(NO3)36H2O and 
Gd(NO3)3were mixed and dissolved in distilled water. 
Citric Acid as a complex ion agent was dissolved in 
distilled water and then added to the mixture of the 
primer solution. After homogenizing the solution, 
temperature was raised to 80°C and maintained under 
stirring condition to remove the excess water to obtain a 
transparent gel. The molar ratio of citric acid to the 
cations of solution was 3.The obtained transparent gel-
like material was then combusted at 150°C for 10 h, and 
the gaseous products such as N2 ,CO2 and H 2O were 
removed as the byproducts. Then, the as combusted 
yellowish ash was calcined in a furnace at 800°C for 2 h 
to obtain a completely crystalline nanocomposite 
powder. 
Next, porous GDC samples were prepared by 
unidirectional freeze-casting method from stable slurries 
of synthesized GDC powder. For this purpose, a 
polyelectrolyte dispersant (Dolapix CE 64, Zschimmer 
& Schwarz, Lahnstein, Germany) which is 
commercially available, was used as a dispersant for 
powder dispersion. The sedimentation experiments were 
conducted by adjusting the dispersant concentration. 
The slurries were stored in a glass graded and placed in 
a water bath for ultrasonication for 15 min to break up 
the soft agglomerates. Then the slurries were allowed to 
settle and the sedimentation was recorded. In following, 
an optimum amount of Dolapix was added to distilled 
water according to sedimentation results,  then 
polyvinyl alcohol(PVA, Mw = 15000, Merck, 
Darmstadt, Germany) as a binder and GDC powder 

were also gradually added, and the process was 
followed by stirring at1000 rpm for 1 h. The pH of the 
slurry was adjusted to 12 (the zeta potential was 
determined with a Zetasizer 3000 HAS) by the gradual 
addition of a 1 M ammonia solution. Before conducting 
the freeze-casting process, the prepared slurries were 
kept in a vacuum oven for 30 min at a pressure of 0.02 
MPa to eliminate air bubbles. After that, slurries were 
poured into a PTFE mold (20 mm diameter). The mold 
was placed on copper, where the temperature was 
controlled by using liquid nitrogen and a ring heater was 
connected to a PID controller. The cooling rates used in 
this study were chosen as 1and3 °C/min in the axial 
direction of the samples. After casting, frozen samples 
were carefully demoulded and transferred intoa freeze 
dryer. The sublimation was carried out in the freeze 
dryer at the temperature of − 58°C and pressure of2.1 
Pa. For sintering, the green bodies were heated at 
5ºC/min to the desired temperature (1300 °C) and held 
isothermally for 2 h. Finally, Nickel ions were 
infiltrated into porous GDC bodies from 2 molar nickel 
nitrate solution. After reducing at 800° C in a hydrogen 
stream at the rate of 100 ml min-1 for 2 h, Ni-GDC 
cermets anodes were obtained. 

2. 2. Characterization                                     The phase 
compositions of the as synthesized ash, calcined GDC 
powders, and the sintered GDC pellets were studied by 
X-ray diffractometer (Philips) using Cu Kα radiation (λ 
= 1.5 Å) and Co Kα radiation (λ = 1.7 Å) as X -ray 
source, with step size of 0.02° and a step time of 2 
s.Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) were performed by using 
NETZSCH STA 409 PC /PG thermoanalyzer in an air 
atmosphere at heating rate of 5 ̊C/min. For determining 
bulk density, the weight and the bulk volume of the 
sintered samples were measured and db was calculated 
as shown in Eq. (1): 

m
b Vd 

                                                                      

Where db is bulk density (g/cm3), m is weight of the 
sample (g) and V is the bulk volume (cm3). The 
following equation was used to determine the porosity 
(Pt): 

100(1 )b

t

d

t dP  
                                                  

 

Where Dt is the theoretical density of the powder. 
Morphology of the powder and sintered samples was 
evaluated by field emission scanning electron 
microscopy (FE-SEM, ZEIES) equipped with energy 
dispersive spectrometer (EDS). 

3. RESULT AND DISCUSSION 

Thermal reactions of dried gel which was synthesized 
through sol-gel combustion includes removing of water, 

(2) 

(1) 
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combustion of organic materials and crystallization 
[14].  Fig. 1 shows simultaneous TGA and DTA curves 
of the synthesized GDC powder. It can be seen that 
thermal reactions are conducted with about 60% weight 
reduction. The 10% weight loss up to 200° C in TG 
curve corresponds to removal of water in the gel 
precursor. Weight loss in the temperature range from 
200 to 400° C is  about 50 % which is accompanied 
with strong exothermic peak in  DTA curve which can 
be observed at 300° C and another exothermic peak at 
370° C  is related to combustion reaction, burning out of 
organic materials and the oxidation of the chelating 
complex along with the formation of metal oxides. 

 
Figure 1. TG/DTA curves of the gel-combustion GDC nano 
powder.

Fig. 2 shows the XRD pattern of the synthesized GDC 
powders after calcinations at 850° C, formation of the 
GDC phase was confirmed for the powder according to 
JCPDS file nos.75-0162 and no other phases could be 
found within the sensitivity of XRD. Fig. 3 shows the 
typical morphology of the synthesized powder, 
consisting of homogenous and weakly agglomerated 
particles with approximate size of 40–150 nm. 

 

Figure 2. XRD patterns of the calcinated  synthesized GDC 
nano powder at 850 ̊C.

Stability of the GDC suspension was measured with 
dolapix as a dispersant in terms of changes of sediment 
volume as a function of dolapix and time.

 

 
Figure 3. SEM image of GDC nano powdervia which was 
synthesized via gel combustion method. 

Fig. 4 shows the effect of dispersant percent on the 
sedimentation volume of slurries. As it can be seen, the 
slurry at 3 wt.% dolapix was able to sustain with 
approximate 25% loss of sedimentation volume for 
more than 72 hours. The effect of pH on the 
sedimentation volume of slurries with dispersant was 
considered by zeta potential measurement (Fig. 5). As it 
can be seen in Fig. 5, for the suspension containing 3 
wt.% dolapix, the zeta potential exceeded the 30 mV in 
the pH range of 10 and the maximum zeta potential was 
greater than 40 mV which was obtained in pH= 12. 
According to zeta potential and sedimentation results, 3 
wt.% dolapix was used for the preparation of freeze 
casting slurry and the slurry was kept at pH 12. 

 
Figure 4. Sediment percent as a function of dispersant 
concentration.

Freeze casting aqueous solutions requires green 
densities in excess of 50% green density and solids 
loading in excess of 55 wt.% solids to achieve dense 
ceramic bodies [15 ]. Therefore, the freeze casting was 
employed in GDC slurries in solid loadings of 35, 45 
and 55 wt.% in order to form significant porosity. The 
produced freeze-cast composites displayed two distinct 
levels of porosity: macropores which were resulted from 
the sublimation of the aligned ice crystals and 
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microporosity in the walls of the macro pores [16]. Fig. 
6, shows microstructures of the surface (horizontal 
section) of the sintered bodies along with varying the 
loading.

 

 
Figure 5. Effects of pH value on zeta potential of the solution 
containing 3 wt.% Dolapixas dispersant.

 
Figure 6. SEM micrographs of surface of sintered porous 
ceramics prepared by different (35, 45, and 55) wt.% solid 
loading suspensions.

According to the Fig. 6, open pores are obvious at the 
surface between grains but  alignment of the pores could 

not be seen at this section, so microstructure of  vertical 
cross section of these samples are shown in Fig. 7. The 
columnar pores which were grown perpendicular to the 
freezing platen, are evident in all three samples, but 
with increasing the solid loading up to more than 35%, 
pore width was decreased and thickness of the lamellae 
was increased. In 35% solid loading sample, bridge is 
formed between the lamella layers, and by increasing 
solid loading redistribution of the particles during 
solidification becomes more tough and the ice crystals 
will engulf the ceramic particles rather than pushing 
them aside therefore smaller pore width and lamella 
spaces are formed in 45 % and 55% samples.  
The green and sintered porosity of porous freeze cast 
GDC samples with the sintering shrinkage in different 
solid loadings are listed in Table 1. Very high porosity 
(69%) is obtained in the samples which were processed 
with 35 wt.% solids; however, increasing the solid 
loading could not changed the porosity of specimens 
significantly which is in disagreement with some other 
reports [17]. According to some references, porosity 
levels of partially sintered freeze-casts varied 
approximately linearly with initial solid loading for all 
samples regardless of freezing rate or viscosity [17-
20].This exceptional phenomenon in our study can be 
explained by decrease in shrinkage which was observed 
by increasing the solid loading as shown in Table 1. 

 

 
Figure 7. SEM micrographs of vertical section of sintered 
porous ceramics prepared by 35 (top), 45 (right) and 55wt.% 
solid loading suspensions.

  

TABLE 1. Physical properties of freeze casting samples. 

Solid 
loading (%) 

porosity (%) of 
green compact 

porosity (%) 
of sintered 
compact 

Shrinkage 

35 75 70 11.34 

45 71 64 9.34 

55 68 60 7.9 
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Since the  GDC powder that was used in this study was 
in the range of nanometer sizes, agglomeration of the 
powder could affect densification during sintering 
process, therefore, in spite of changes in pore width and 
lamella shapes (Fig. 7) there are small differences in  
total porosity level of the samples. According to D. 
Koch et al. [21, 22], the state of porosity is hardly 
changed from the green microstructure when the 
sintering temperature is restricted to 1100 °C in alumina 
bodies and higher temperatures lead to volume 
shrinkage and increase the average pore sizes. In our 
study, sintering temperature was 1300° C, and more 
study on sintering temperature now is in process. The 
pore size can be modified mostly by increasing or 
decreasing the cooling rate of the cold finger during the 
freezing [17-22]. For low cooling rate in the range of  1° 
C/min, the final microstructure will be characterized by 
large lamellae thickness (>50 µm) and pore width (>100 
µm min) in 55% solid loading sample (Fig. 7). 
Conversely, for fast cooling rate (3 ̊C/ min), tiny 
lamellae (> 30 µm) and pore width (70 µm) are 
obtained. 
Specimens with porosity minimum solid loading do not 
provide the level of structural support needed for anode 
at anode supported fuel cells, Therefore, the sample 
with an initial concentration of 45 vol.% GDC and a 
cooling rate of 3 °C/min along with  porosity of 64 %,  
and pore width of 50 µm was determined for Ni 
infiltration process. Fig. 8, shows XRD pattern of Ni–
GDC nano-composite materials which was derived from 
the porous freeze-casting GDC sample.   

 
Figure 8. XRD patterns of prepared Ni–GDC composite after 
reduction at 800°C and keeping in a hydrogen stream.

Nickel nitrate solution  was infiltrated to the porous 
sample, after sintering and reduction by keeping sample 
in hydrogen stream at 800° C, for which, XRD analysis 
indicated the diffraction peaks relating to GDC and Ni 
metal crystal phases. SEM images of the NiO–GDC 

pellets prepared by sintering  the Ni infiltrated porous 
freeze casting GDC sample are shown in Fig. 9. The 
open porosities of the GDC sample prepared via freeze 
casting method have attained a suitable porous structure 
for Ni diffusion. In fact, the fabricated cermet anode 
contains sufficient porosity which is an important factor 
for creating high density TPBs, which acts as the 
electrochemically active sites for the electrode reactions 
[23-25]. Therefore, freeze casting porous anode can be 
considered as an appropriate material for effective 
application in SOFCs. Complementary study in this area 
is progress. 

 
Figure 9. SEM image and elemental analysis of Ni–GDC 
composite anode after reduction at 800°C, Nickel particles are 
shown by arrows in the picture.

4. CONCLUSION 

The objective of this work was to develop porous 
ceramic GDC material with total porosity of 60-70% by 
freeze-casting process followed by the infiltration of Ni 
to obtain Ni-GDC anode. Results indicated that freeze 
casting of GDC nanopowder  slurry results open and 
unidirectional aligned pores, and the porosity of the 
samples was increased from 60% to 70% when the solid 
loading was decreased from 55 to 35 wt.%.  
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