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A hydrothermal route was used to synthesize gadolinia-doped ceria 
with highly dispersed Ni particles. The microstructural and 
electrical properties of the cermet revealed that Ni attained 
percolation at relatively low volume fraction. The cermet was used 
as a catalytic layer deposited onto the standard Ni-based anode and 
allowed for the stable operation under ethanol. No evidence of 
carbon deposits was identified after 50 hours of continuous 
operation under dry ethanol. Such a result was attributed to both 
the catalytic properties of the ceria layer and the operation 
mechanism of gradual internal reforming. 
 
 

Introduction 
 
Solid oxide fuel cells (SOFC) have unique advantages such as high efficiency and fuel 
flexibility (1-3). The dissemination of fuel cell can be greatly boosted if readily available 
fuels (hydrocarbons or alcohols) can be fed directly to the SOFC, bypassing the 
inconveniences associated with the production, storage, and distribution of hydrogen. The 
conversion of such alternative fuels at the anode can be promoted due to the H2 
consumption by the electrochemical reaction, leading to high conversions and efficiency 
(1,4,5). Bio-ethanol is an attractive renewable fuel that can be obtained from different 
biomasses (such as sugar cane, corn, and agricultural residues), with a well-established 
infrastructure for both production and distribution in some countries such as USA and 
Brazil. The main idea is the use of a viable biofuel for the efficient and clean energy 
production, which does not contribute to CO2 emissions, using SOFC. 
 

The Ni/YSZ cermet is the typical anode of SOFC systems (6-8). Ni provides 
electronic conductivity, while YSZ provides the ionic conductivity and thermal stability. 
Usually, a high Ni content (at least 30 vol. %) is necessary in order to exceed the 
percolation threshold for electronic conductivity. However, since Ni is very active to 
reforming as well as cracking reactions, such a high volume fraction favors carbon 
deposits when hydrocarbons or bio-ethanol are used directly as the fuel in standard SOFC. 
The carbon deposits on metal sites of anodes, resulting in the rapid degradation of the cell 
performance (6,7). A significant carbon deposition has been detected on Ni/YSZ anodes 
of SOFC containing high Ni loading and operating directly on pure ethanol (1). Therefore, 
the development of anodes for SOFC running on ethanol that exhibit high catalytic 
activity to ethanol conversion, high stability and adequate ionic and electronic 
conductivity at working conditions is still a challenge.  
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Some strategies have been proposed for suppressing carbon deposition over SOFC 
anodes such as: (i) the addition of water and/or O2 to the fuel; (ii) the use of redox 
supports, such as ceria based oxide as the ceramic phase of the anodes; (iii) the decrease 
of Ni content (9-14). However, it is has been shown that the use of high steam/ethanol 
ratios decreases the electrical efficiency of the SOFC system. On the other hand, ceria-
based materials are promising substitutes for zirconia-based anodes. Due to mixed ionic 
and electronic conductivity and high oxygen storage capacity ceria-based oxides exhibit 
high resistance to carbon deposition (15,16). In addition, an interesting strategy for 
reducing carbon deposition is to decrease the Ni content. The decrease of the metal 
fraction leads to the formation of smaller crystallite sizes, which are more resistant for 
carbon formation (17). However, cermets with metal content below 30 vol. % need high 
dispersion of metallic nanoparticles to achieve good performance (18,19).  

 
In this context, the aim of the present study is to investigate Ni/CeO2:10 mol% Gd2O3 

(Ni/CeGd) anodes with relatively low nickel content for bio-ethanol fueled SOFC. The 
Ni/CeGd SOFC anodes were prepared by a hydrothermal method and the general 
properties were characterized aiming at the development of carbon resistant anodes for 
direct ethanol SOFC. 

 
 

Experimental 
 

Gadolinium-doped ceria, CeO2:10 mol% Gd2O3 (CeGd), support was synthesized by 
a hydrothermal method previously described (18). An aqueous solution of cerium (IV) 
ammonium nitrate and gadolinium nitrate was prepared with a Gd/Ce molar ratio of 1/9. 
Then, cerium and gadolinium hydroxides were co-precipitated by the addition of excess 
of ammonium hydroxide. The precipitate was transferred to an autoclave and heated to 
453 K for 4 h. The precipitate was washed with distilled water and calcined at 573 K for 
2 h. Ni was added to Gd/Ce support by wet impregnation using an aqueous solution of 
Ni(NO3).6H2O. The resulting powder was dried at 393 K and calcined at 1473 K for 5 h. 
Samples with Ni content in the 18 to 44 wt.% range were prepared following this 
procedure. In the present study, focus has been given to the sample with 18 wt.% of Ni 
(18 Ni/CeGd). 
 

The synthesized materials were characterized by X-ray powder diffraction with 
CuKα radiation. Electrical resistance measurements of bar samples (~2x1x10 mm3) cut 
from pellets sintered at 1473 K were performed using four probes and a Lakeshore 370 
resistance bridge. Measurements were performed upon heating/cooling at 3 K min-1from 
room temperature up to 1073 K. 

 
The Ni/CeGd cermets were tested in electrolyte supported single cells. Dense yttria-

stabilized zirconia (YSZ) substrates (18 mm diameter) were used for the deposition of 
standard Ni/YSZ anodes and La0.65Sr0.3MnO3 (LSM) cathodes with a functional 
composite YSZ/LSM layer. The electrode layers were deposited by spin-coating, using 
suspensions based on terpineol and ethyl cellulose. After the deposition of each electrode, 
a heat treatment for organics removal at 1073 K was followed by sintering at 1673 K and 
1423 K for the anode and cathode, respectively. The Ni/CeGd catalytic layer was 
deposited onto the anode by spin coating followed by heat treatment at 900 °C. Au and Pt 
mesh current collectors were attached, using the correspondent metal ink, to the surfaces 
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of the anode and cathode, respectively, and cured at 1073 K. The active electrode area of 
single cells was 0.78 cm2. Samples were sealed on the tip of an alumina tube with 
Aremco 552. Single cells tests were performed by heating the sample up to 850 °C under 
hydrogen (3 vol.% H2O). Then, the fuel cell was polarized at 0.7 V and after stabilization 
of the system the fuel was changed to dry ethanol (32%) carried by N2. The single cell 
was continuously operated while the current density (i) at 0.7 V was monitored as a 
function of the operation time. Synthetic air and fuels (H2 and N2-carried ethanol) flow 
rates were set to 50 mL min-1 by mass flow controllers and the temperature was 
monitored by a thermocouple placed close to the cathode side. Polarization measurements 
were performed using a Zahner IM6 potentiostat. SEM analyses of the fractured surfaces 
of the anode were carried out after fuel cell operation to examine possible carbon deposits. 
 
 

Results and discussion 
 

X-ray diffractograms of 18Ni/CeGd showed diffraction peaks corresponding to a 
Ce0.9Gd0.1O1.95 (JCPDS 75-0161) and NiO (JCPDS 24018). The reduction treatment led 
to the appearance of diffraction peaks attributed to Ni, while NiO peaks were no longer 
observed. Calculated crystallite sizes using the Scherrer equation were ~40 nm and 35 nm 
for CeGd and NiO, respectively. Such values were found to be weakly dependent on the 
Ni content, and the reduced reduction treatment resulted in Ni crystallite size of 30 nm. 
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Figure 1.  X-ray diffraction patterns of calcined (A) and reduced (B) Ni/CeGd samples. 
 

The electrical properties of the Ni/CeGd catalysts were investigated over a wide 
temperature range. The temperature dependence of the electrical resistivity ρ(T) of 
sintered samples in both static air and flowing 4% H2-Ar is shown in Fig. 2. Gadolinium-
doped ceria is an oxygen ion conductor with activation energy (Ea) values reported in the 
0.6-1.0 eV interval, over a wide range of both temperature and oxygen partial pressure 
(20). On the other hand, NiO is a p-type semiconductor, which exhibits a discontinuity in 
the Arrhenius plots at a temperature close to the Néel temperature (TN ~250°C) (21). The 

ECS Transactions, 57 (1) 3031-3037 (2013)

3033



ρ(T) data in Fig 2a showed a clear slope change at T~250 °C in good agreement with 
previous reports on the electrical properties of NiO containing composites (22,23). Both 
low T (T < 250 °C) and high T (T > 250 °C) ranges were fitted according to the 
Arrhenius equation and calculated Ea values were 0.34 eV and 0.19 eV, respectively, in 
accordance with previous reports (21,24). The observed change of slope at T~TN and the 
calculated Ea values provide strong evidences that NiO percolated in the CeGd matrix 
and controlled the charge transport of the composite.  
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Figure 2.  Temperature dependence of the electrical resistivity  (ρ) of sintered 18Ni/CeGd 
in (a) static air and (b) flowing 4% H2-Ar. 

 
 
Samples were reduced and ρ(T) data were recorded in flowing 4%H2-Ar, as shown in 

Fig 2b. The measured ρ(T) resembled that of Ni, with a metallic behavior and a 
characteristic change of slope close to the Curie temperature (Tc ~350°C). However, as 
compared with Ni the magnitude of ρ(T) was shifted to higher values because of the 
CeGd support. Nonetheless, such a result demonstrated that Ni percolated in the 
composite matrix at a volume fraction of ~15 vol.% (corresponding to 18 wt.% Ni). Such 
a relatively low percolation threshold may be associated with the good connectivity of Ni 
particles in the CeGd matrix, as well as with the average particle size ratio of the two 
phases. (25). However, the low Ni content resulted in relatively higher ρ(T) when 
compared to that of other Ni based cermets (23,26). Nevertheless, such features 
demonstrate that the preparation method resulted in composites with adequate 
microstructural properties for both catalysis and electrical transport.  

 
As the electrical conductivity measurements indicated the percolation of relatively 

low volume fraction of Ni, the 18Ni/CeGd sample was added as an extra layer onto the 
anode. Such a layer acts as a catalyst that converts the ethanol and avoid the direct 
contact between the fuel and the Ni/YSZ anode (9,27-30). The current density at 0.7 V of 
the single cell running on dry ethanol at 850 °C was recorded as a function of time, as 
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shown in Fig. 3. It was observed that after stabilization during the initial hours of 
operation, the fuel cell exhibited remarkable stability during the tests (~50 hours) on dry 
ethanol. Such a result evidenced that Ni/CeGd catalyst is stable in the operation 
conditions of SOFCs, in agreement with previously reported catalytic studies (11).  
 

0 10 20 30 40 50
0

40

80

120

 

 

i @
 7

00
m

V
 (

m
A

/c
m

2 )

time (h)

T = 850 °C
dry ethanol

 
Figure 3.  Time dependence of the electrical current density at 0.7 V for the fuel cell 
running on dry ethanol. 

 
 
The good stability of the tested single cells running on anhydrous ethanol is related to 

the operation mechanism. Due to catalytic properties of the Ni/CeGd, the studied fuel 
cells operate in the gradual internal reforming of ethanol. The gradual internal reforming 
has been theoretically studied and experimentally demonstrated (9, 27-30). This 
mechanism is based on a local coupling between the steam reforming of the fuel in the 
catalytic layer and the hydrogen electrochemical oxidation, which takes place at the 
anode/electrolyte triple-phase boundary. Thus, the water released by the electrochemical 
oxidation of hydrogen at the anode (3) is used for the steam reforming of the ethanol (4) 
in the Ni/CeGd layer (27-30). Ideally, such a mechanism can be represented by the 
reactions: 

 
H2 + O2- →  H2O + 2 e-      [1] 

 
C2H5OH + 3 H2O → 2 CO2 + 6 H2       [2] 

 
Therefore, provided that an efficient catalyst is used, reactions [1] and [2] sustain 

each other and ensure stable fuel cell operation on dry ethanol as evidenced by the tests 
shown in Fig. 3. Usually, performance degradation due to carbon formation has been 
reported to be pronounced and to occur within the first minutes of operation of standard 
Ni-based cermets anodes fed directly with dry carbon-containing fuels (27). Therefore, 
fuel cell tests are in good agreement with both the catalytic properties of the ceria layer 
and the operation mechanism of gradual internal reforming (9,27-30).  

 
To investigate possible carbon formation the anode of tested single cells were 

analyzed by SEM after the operation on ethanol. The Figure 4 shows cross section 
images of the anode. Differently from typical images reported in which carbon deposits 
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are easily detected after few hours of fuel cell operation (31), a careful analyses showed 
no visual evidence of carbon deposits in the anode layers of tested single cell. Such 
results add further evidence that the gradual internal reforming and the catalytic 
properties of the Ni/CeGd prevent the formation of carbon deposits in the anode of direct 
ethanol SOFCs. 

 

 
Figure 4.  Scanning electron microscopy of fractured cross sections of the anode of single 
cells tested on direct ethanol with catalyst layer. The inset show higher magnification 
images of the indicated layers 
 
 

Conclusions 
 

Ni particles were finely dispersed in co-precipitated ceria-gadolinia ceramic supports. 
The synthesized cermet exhibited nanometric crystalitte sizes, which promoted the 
percolation at relatively low volume fraction (~15 vol.%) of the metallic phase, as 
inferred from electrical resistivity measurements. The cermet was used as an active 
catalytic layer deposited onto the standard Ni-cermet anode, an electrode configuration 
that allowed the operation with dry ethanol. The results obtained for single fuel cell 
operating under ethanol indicated that there is no carbon formation on Ni/CeGd anodes. 
This result was attributed to the catalytic properties of the ceria layer and the operation 
mechanism of gradual internal reforming. The present study showed that Ni/CeGd 
catalysts containing low Ni content are promising anode components for direct ethanol 
SOFCs. 
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