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Gadolinium-doped cerium oxide (GDC) is an attractive ceramic 
material for solid oxide fuel cells (SOFCs) both as the electrolyte 
and in composite electrodes operating at low and intermediate 
temperatures. GDC exhibits high oxygen ion conductivity at a 
wide range of temperatures and displays a high resistance to 
carbon deposition when hydrocarbons are used as fuels. However, 
an inconvenience of ceria-based oxides is the high sintering 
temperature needed to obtain a fully dense ceramic body. In this 
study, a green chemistry route for the synthesis of 10 mol% GDC 
nanoparticles is proposed. The aqueous precipitation method starts 
from the nitrates of both cerium and gadolinium and uses excess 
hexamethylenetetramine (HMT) to produce crystalline GDC at 80 
ºC. Such a low temperature synthesis provides control over particle 
size and sinterability of the material at low temperatures.  

 

Introduction 

Ceria-based electrolytes have been studied extensively as alternative electrolytes for 
intermediate temperature (600-800 °C) solid oxide fuel cells (SOFC) with 10% 
gadolinium-doped cerium oxide (GDC) being the most attractive candidate (1). GDC has 
also showed potential as an anode material in fuel flexible SOFCs, for the internal steam 
reforming of hydrocarbon and alcohol fuels avoiding the deposition of carbon in the 
anodes (2-4). At intermediate temperatures Ce4+ reduces to Ce3+ creating defects as 
oxygen vacancies and induces n-type conductivity in reducing atmospheres. This 
reduction can be aided by the introduction of an aliovalent dopant such as Gd2O3, 
increasing the chemical stability and forming a solid solution. The ionic radius of the 
dopant is similar to the radius of Ce4+ introducing vacancies in the network as charge 
compensation defects. High ionic conductivity is due to oxygen vacancies and an 
electronic conductivity of n-type in reducing atmospheres is important for anodic 
materials (5-7). The morphology of the starting powder of the doped ceria greatly affects 
its physical chemical properties and require tailoring to be processed as a component of a 
SOFC (8).  

A disadvantage of the synthesis of ceria-based oxides is the high sintering 
temperature required to obtain a fully dense ceramic body, above 1500 °C for several 
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hours or having to use sintering aids (9, 10). These high temperatures, besides 
representing a costlier process, can promote unwanted reactions between the components 
of the fuel cell (11). Sinterability can be improved with optimized densification and 
minimized grain growth by using better starting powders (12). Several chemical methods 
have been presented which aim to increase sinterability by developing homogeneous, 
reactive and ultrafine GDC powder (13). The most promising techniques are the sol-gel 
route (10, 14), the Pechini method (15), precipitation (16-18) and hydrothermal synthesis 
(13). 

In this work simple aqueous homogeneous precipitation method was adapted from 
Chen et al (19) to produce nanocrystalline highly reactive GDC powder. The method 
starts from the nitrates of cerium and gadolinium and use excess hexamethylenetetramine 
(HMT) to control the rate of precipitation and ensure that the reaction goes to completion. 
Hydrolysis occurs slowly at low temperature such that the precipitates are formed 
uniformly and simultaneously within the solution. The effect of aging the solution before 
heating was studied. This low temperature synthesis results in nanometric GDC powders, 
which can be sintered to full density at temperatures below 1500°C. 
 

Experimental 

Two different routes were used to synthesize 10% gadolinium-doped cerium oxide 
(GDC). In both methods cerium nitrate hexahydrate (Aldrich, 99,99%), gadolinium 
nitrate hexahydrate (Aldrich, 99,99%) and HMT (Vetec, 99%) were used. In the fast 
method (-f) the reactants were heated and stirred at 80 °C for 3 h. The precipitate was 
washed in the centrifuge with water and isopropyl alcohol and dried in the oven at 80 °C 
for 12 h. In the aging method (-a) the aqueous solution was allowed to react at room 
temperature for 12 h before following the same heating, washing and drying procedure as 
the fast route. 

X-ray diffraction and thermogravimetric analyzes of the obtained powders were 
performed. The materials were characterized by X-ray diffraction (XRD) using a Rigaku 
diffractometer model Miniflex II and source of Cu Kα radiation. The crystallite size was 
calculated using Scherrer’s equation. Thermogravimetric (TG) analyzes were done using 
Setaram Labsys equipment, between room temperature and 1400 °C with a heating rate 
of 10 °C min-1 under synthetic air flow. 

The materials were calcined at 500°C for 1 h in air. Cylindrical pellets were prepared 
by uniaxial pressing for dilatometry analysis. Setaram Labsys equipment was used in the 
same conditions as in the TG analysis. Cylindrical pellets were sintered at 1400°C for 2 h 
and at 1500°C for 1 h. Apparent densities of the pellets were measured using the 
Archimedes principle and the theoretical densities of each sample were calculated to 
obtain the relative density. 

The electrical properties of the material were analyzed by impedance spectroscopy 
with a Solartron frequency analyzer (SI 1260) in the frequency range 10 MHz to 1 Hz 
and 100 mV ac amplitude. Measurements were performed in the 200°C - 600°C 
temperature range in static air. The electrical contacts were made by painting the parallel 
surfaces of the sintered pellets with silver paint followed by curing at 600°C for 1 h.  
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Topographical analysis of the polished and thermally attacked surfaces of the pellets 
was carried out using a Scanning Probe Microscope (SPM) JEOL 5200.  

 

 

Results and Discussion 

 

X-ray diffractograms (XRD) of GDC (Figure 1) showed diffraction peaks 
corresponding to a Ce0.9Gd0.1O1.95 (JCPDS 75-0161). All diffraction patterns confirm the 
formation of the cubic crystalline structure of the fluorite type. The fast synthesis resulted 
in a crystalline material without the presence of impurities prior to any heat treatment, 
whereas in the aged reaction the XRD of the as-synthesized powder shows the presence 
of by-products. This indicates that the fast synthesis has a greater control over the 
reaction and that it was completed in the period of 3 h. After calcination, both methods 
resulted in a single-phase material.  
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Figure 1. X-ray diffraction patterns of GDC synthesized by the fast and aging methods 
before any heat treatment and calcined. Commercial GDC is shown for comparison. 

The average crystallite sizes were determined from the XRD data from the full-width 
half-maximum (FWHM) of the most intense peak according to Scherrer’s equation. The 
mean crystallite size for the calcined GDC was ~7 nm, whereas for the commercial 10% 
GDC (Praxair 99.9% purity, 0.4 µm particle size) the crystallite size calculated was 39 
nm. 
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Figure 2. X-ray diffraction patterns of GDC synthesized by the fast and aging methods 
sintered at 1400 °C and 1500°C. 

The XRD patterns of the samples sintered at 1400°C and 1500°C are shown in Figure 
2. The calculated lattice parameters from the XRD data was ~5.45 Å for all samples 
including the commercial GDC.  

The thermogravimetric analysis (TGA) of the as-synthesized powders is shown in 
Figure 3.  
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Figure 3. Thermogravimetric analysis of GDC synthesized by the fast and aging methods. 

The main mass loss occurs at temperatures < 400 °C. For both synthesis methods, the 
TGA curve shows an initial loss of trapped humidity and above 200 °C the organic 
compounds are decomposed. The total mass loss of GDC-f was of ~ 10%, whereas GDC-
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a had a mass loss of ~ 17%. The larger mass loss for GDC-a indicates impurities in the 
powder corresponding to a larger amount of organics, in agreement with the XRD, 

Dilatometry analysis of the calcined powders (Figure 4) and of the commercial GDC 
(Praxair) powder was carried out. The relative green densities were ~ 50% for the 
synthesized pellets and ~ 60% for the commercial GDC. The dilatometry curves of the 
synthesized samples show continuous retraction starting from 600°C to 1400°C and total 
retraction > 20%. The profiles of the samples did not show densification plateaus 
indicating that sintering is not complete at 1400°C. On the other hand, the  GDC-a and 
the GDC-f samples showed much higher sinterability with a large shrinkage and an onset 
of densification at temperatures as low as 600°C, much lower than the one of commercial 
GDC (~900°C) (20). A deeper analysis on the sintering activity of samples was carried 
out by calculating the differential  shrinkage as function of the  temperature  (Fig. 3b). As  
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Figure 4. (a) Dilatometric analysis of GDC synthesized by the fast and aging methods 
after calcination at 500 °C. (b) Temperature dependence of the derivative of the sintering 
curve. 

the dilatometry curves were measured at constant heating rates, their derivatives 
correspond to the sintering rates of the samples, which reflects microstructural and 
compositional features of the synthesized powders (21). All samples show multi-step 
sintering effects, but with rather different densification behaviour. Commercial GDC 
shows inhibited sintering processes up to ~900°C and maximum sintering activity at 
~1250°C. Such features suggest large initial particle size in which surface diffusion 
mechanisms are limited with respect to lattice diffusion (21). Conversely, the GDC-a 
sample shows a clear two-step sintering with a first maximum sintering activity at 700 °C 
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and a second step at 1200°C. The GDC-f sample shows similar behaviour but with a 
lower total activity. The fast densification at low temperature can be attributed to the high 
surface energy in the nanometric powders that leads to a fast sintering at low temperature 
(~700°C), achieving ~50% of the densification (Fig. 3a). The high temperature 
(~1200°C) maximum sintering activity indicates a full activation of lattice diffusion 
mechanisms in nanometric powders leading to the final sintering stage.  

The hydrostatic apparent density of pellets sintered at 1400°C and 1500°C were 
calculated using the Archimedes principle and the theoretical densities of the samples 
were obtained from XRD estimated lattice parameter. Based on the hydrostatic density of 
the samples sintered at 1400°C, a relative density of ~92% was reached. Upon increasing 
the sintering temperature by 100°C increased the relative density of both samples to 
~98%. The results show that aging the solution has a small effect on the densification of 
the pellets, as aging ensures that an ultrafine and homogeneous powder is slowly 
precipitated.  

The electrical conductivity of GDC-f and GDC-a sintered at 1400°C and at 1500°C 
was evaluated by impedance spectroscopy measurements. The impedance spectra 
revealed two semicircles with contributions ascribed to the bulk and grain boundaries, 
based on differences in relaxation frequency. At temperatures above 300°C the relaxation 
frequencies of the processes increase, thus separate semicircles due to bulk and grain 
boundary are not distinguished. Figure 4 shows the impedance spectra of GDC aged 
sintered at 1400°C and at 1500°C. The semicircle located in the high frequency region 
(HF) is attributed to the bulk resistance and the second semicircle in the low frequency 
regions (LF) is attributed to the grain boundary due to residual porosity and impurities. 
The total resistance of the samples is dominated by the low frequency resistance. 
Increasing the sintering temperature decreased both high and low frequency components 
as a result of the increased density.  
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Figure 5. Impedance spectra of GDC pellet synthesized by the aging method sintered at 
1400°C and 1500°C. 
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The Scanning Probe Microscope (SPM) images show the surface of the pellets 
sintered at 1500°C (Figure 6). From the SPM images it can be noted that both samples 
have well-defined grains with clean grain boundaries discerned and high density. 
Average particle size < 1 µm was visually estimated for both samples. 

 
 
Figure 6. Surface SPM images of fractured pellets sintered at 1500°C through the fast 
method (left) and the aging method (right). 
 
 

Conclusions 

 

Nanometric 10 mol% gadolinium-doped cerium oxide was successfully synthesized 
by a low temperature green chemistry route. The fabricated ceramic exhibited the 
expected fluorite-type structure with nanometric crystallite sizes, which promoted good 
densification at relatively low temperatures. Samples prepared by aging the solution 
before heating presented finer particles with high sinterability resulting in slightly denser 
ceramics. The electrical conductivity of the samples was greatly affected by the porosity 
of the pellets, seen as the dominant low frequency resistance. The sintered samples 
exhibited electrical conductivity comparable to previously reported data for GDC. These 
results evidenced a facile route for GDC synthesis resulting in a material with the desired 
properties and high potential for use in solid oxide fuel cells.  
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