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Abstract

Ce0.9Gdo 10,5 fine powder has been synthesized by a simple and fast hydrothermal method at relatively low
temperature (140 °C) from high-purity commercial CeO, and Gd,Os. The X ray diffraction results showed that
the crystalline powder is single phase with cubic fluorite structure; the average crystallite size was about 8.6 nm.
The electrolyte pellets sintered at 1100-1300 °C were dense, with relative densities over 96%. Impedance
spectroscopy was used to analyze the electrical transport properties between 150-1000 °C, with a systematic
deconvolution of bulk and grain boundary properties in the lower temperature range. The results evidenced an
improvement of the total conductivity in the low-temperature regime for sample sintered at 1100 °C, which was
ascribed to an enhancement of the grain boundary properties. The implementation of the space charge layer
model was used to identify modifications of the space charge potential with the sintering temperature.

Keywords: Hydrothermal synthesis; Sintering temperature; Impedance Spectroscopy; lonic Conductivity; Grain
boundary; Nanopowder.

1. Introduction
Fuel cell technologies have experienced a growing interest in the last few years as means to generate energy
more efficiently than the combustion of fossil fuel. Thus, fuel cells are expected to substantially reduce oil
dependency and environment impact [1-3]. Solid oxide fuel cells (SOFCs) are solid devices that produce
electricity from the electrochemical combination of a hydrogen containing fuel and an oxidant such as oxygen
or simply air [4]. Each single cell comprises two electrodes, an anode and a cathode, separated by an electrolyte.

The electrolyte for SOFCs must be stable in both reducing and oxidising environment, and must have
sufficiently high ionic with negligible electronic conductivity at the operating temperature. Until now, standard
electrolyte materials based on stabilised zirconia, especially yttria stabilised zirconia (YSZ), has been the must
favored electrolyte [5], which requires operating temperature around 1000 °C to ensure sufficient ionic
conductivity. However, reducing the operating temperature allows the use of cheaper construction materials and
more reliable seals. Thus, an increasing attention is focused in lowering the operating temperature to 500-700
°C, which includes the study of electrolyte materials with higher ionic conductivity [6, 7].

Ceria-based solid electrolyte exhibits high ionic conductivity at intermediate temperature (600-800 °C),
which is comparable with that of YSZ at high temperature [8-11]. The ionic conductivity can significantly be
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improved by increasing the oxygen vacancies upon the substitution of a lower-valent metal ion as lanthanide
dopants (e.g. gadolinium, samarium) [12-15].

Several divalent alkaline-earth and trivalent rare-earth oxides form extensive solid solution with ceria. Rare-
earth doped ceria has been found [10] to be a more promising candidate as a solid electrolyte in SOFC which
can be operated at intermediate temperature [16, 17]. Gadolinium-doped ceria (GDC) is considered to be one of
the best ceria-based solid electrolytes because the cationic radius of Gd** is suggested to minimize defect
interactions between the trivalent dopant and the oxygen vacancies [18-20].

Generally, ceramic materials are synthesised by solid state reaction: the powders are mixed, milled and
annealed. Since the limited diffusion of reactants, the reaction requires high temperature (T > 1200 °C), long
heating period and intermediate milling to achieve good homogeneity. Other disadvantages of the method are
the formation of undesirable phases, large grain sizes (low densification and surface area of materials) due to
firing at high temperature and poor chemical homogeneity. A common feature of the new synthesis
methodologies is their search for alternative reaction path through which the cationic diffusion distances are
reduced and the precursor possesses high reactivity which allows a reduction in the temperature and/or sintering
time [21-23].

Moreover, wet chemical processes provide a potential method for preparing materials with excellent
control over purity, particle morphology and doping ratio at lower temperature [24, 25]. It is well known that the
preparative route plays a critical role in governing materials properties, controlling the structure, morphology,
grain size and surface area of the obtained materials.

In this work, we report a simple method for the synthesis of gadolinium doped ceria, Ceq9Gdy10,.5. A
hydrothermal method was used to obtain homogeneous nanocrystalline precursors by a thermal decomposition
process of precipitated gel of cerium and gadolinium oxides under low temperature calcination conditions.
High-densified samples were obtained for sintering temperatures as low as 1100-1300 °C, with important impact
on the transport properties of the grain boundaries.

2. Experimental

2.1. Synthesis

Polycrystalline material with composition Ce¢Gdg,0,5 was prepared by the hydrothermal method. The
appropriate quantities of CeO, (99.99%, Aldrich) and Gd,O; (99.99%, Aldrich) were dissolved separately in
nitric acid, mixed, and coprecipitated with concentrate ammoniac at pH 10. The precipitated gel and 2/3 of
deionised water were sealed into Teflon-lined steel hydrothermal bomb and treated at 140 °C for several hours
with a heating rate fixed at 10 °C/min. The hydrothermal bomb was cooled to room temperature naturally. The
resulting precipitate powder was repeatedly washed with deionised water and absolute ethanol, filtered, dried
and characterized by X-ray diffraction.

2.2. Characterization
2.2. Materials characterisation
X-ray powder diffraction patterns were acquired using a Philips X Pert Pro diffractometer, equipped with a
Ge(111) primary monochromator and an X’Celerator detector. Routine pattern for phase identification was
collected with a scanning step of 0.08° over the angular 26 range 20-80° with a collection time of 5 s per step.
The graphical representation and structural analysis concerning XRD patterns were performed using WinPlotr
and Fullprof programs [26].

The sinterability of the compound was evaluated by the linear shrinking behaviour of a green pellet from
RT to 1150 °C at a heating rate of 5 °C/min, using a thermomechanical analyser (Perkin Elmer TMA, Pyris
Diamond).

2.3. Electrical measurements

Starting hydrothermal powders were uniaxially pressed into disks of 7 mm of diameter at 130 MPa. Dense
pellets with relative density higher than 96% were obtained after sintered at 1100-1300 °C for 10 h. Pellets with
thickness ~ 1 mm and diameter ~ 5 mm were fixed in an electrochemical setup of alumina with Pt-wires for the
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electrical connections and then inserted into a quartz flow-through tube furnace. To ensure electrochemical
reactions at the electrodes and good electrical contact between the platinum wires and the samples, each side of
the pellet was painted with platinum paste and baked at 900 °C for 10 h.

Solartron 1260 impedance analyser was used for electrical characterisation, including an assessment of
grain boundary effects. Impedance Spectra were obtained in the frequency range from 0.1 Hz to 1 MHz with an
applied voltage of 25 mV in the temperature range of 500-1000 °C and 100 mV in the range 200-500 °C.
Experimental measurements were controlled by the ZPlot program. Data analysis was made by equivalent
circuits using the ZView program [27] allowing us to estimate the different contributions of the conductivity.

3. Results and discussion

3.1. Powder characterisation and densification

An XRD pattern of powder obtained directly from the hydrothermal process at 140 °C is shown in Figure 1a,
where the peaks of Ceq¢Gdg ;0,5 fluorite single phase are exhibited. The peaks are relatively broad, which
indicates that the crystallites are very small. The average size of the crystallites of gadolinium substituted ceria
powder, calculated from the XRD pattern (by the standard Scherrer analysis of the half-width of the XRD peak,
following the method described in ref. [28]), was 8.6 nm. Well crystallized LaB6 was used as standard to
calibrate the intrinsic width associated to the equipment. A qualitative analysis of the XRD data indicated that
the sample exhibited a single cubic phase (fluorite type-structure with space group Fm-3m) with a cell
parameter of 5.4214 A.
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Figure 1. XRD pattern of Ceq9Gdg 10,5 powder resulting from hydrothermal synthesis at 140 °C (a) and the
sample sintered at 1100 °C (b)

Figure 2 shows the linear shrinkage of the starting hydrothermal powder as a function of temperature. The
densification process is located in a short range of temperature, starting around 400 °C and reaching the
shrinkage rate peak at 720 °C. Above 1100 °C, only a minor densification is apparent, which is probably
affected by the dynamic process during the characterisation.

The ultrafine doped ceria powder was sintered into pellets at different temperatures (1100, 1200 and 1300
°C) for 10 h. It is evident from Figure 1b, that the single cubic phase (Fm-3m) was preserved with an increase
in grain size and crystallinity. The relative densities of Ceq4Gdy 10,5 electrolytes are listed in Table 1 which
depicts that sintered Cey9Gdy 10,5 samples were over 96%. The powder synthesized by hydrothermal process
can significantly decrease the sintering temperature, compared to that of ~ 1400 °C required for ceria solid
electrolytes prepared by the classical solid state reaction.
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Figure 2. Linear shrinkage (a) and linear shrinkage rate (b) as a function of temperature of Ce,¢Gdy 10,5 Sample

This is an advantage to prepare polycrystalline materials with fine grain sizes, which can contribute to
improve the physicochemical properties of the SOFC electrolytes. Low temperature synthesis methods give rise
to materials with lower grain size and better reactivity and therefore could compromise the SOFC performance
than those obtained by conventional solid state reaction. In addition, a more homogeneous density is obtained,
which generally results in a high ionic conductivity and mechanical stability.

3.2. Electrical properties

Impedance spectroscopy has been widely used for the analysis of the electrical properties of solid-electrolyte
materials due to the advantage of deconvolution between intragrain, intergrain and electrode/electrolyte
interface contributions in a specific range of measuring temperature. The impedance spectra were fitted to the
conventional equivalent circuit, containing three Resistance-Constant Phase Element (R-CPE) subcircuits in
series, to take into account the three successive semicircles which can normally be resolved at low temperatures
in the Nyquist plots (Figure 3).
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Figure 3. Typical impedance spectra obtained at 250 °C for Ce(¢Gd, 10,5 Sintered at 1100 °C.
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Figure 4 shows the Arrhenius-type representation of total conductivity derived from the impedance spectra
collected in air between 150-1000 °C for samples sintered at 1100, 1200 and 1300 °C for 10 hours.
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Figure 4. Arrhenius plot of total conductivities for CeqyGd,10,.5 samples sintered at different temperatures.

Table 1 Total conductivity and relative density of CeqgGdg 10025 Samples

Sintering Relative Total conductivity, o1 (Sm™)
temperature density Tiest (°C)
(°C) (%) 400 500 600 650 700
1100 96.22 0.17 0.73 2.13 3.03 4.32
1200 96.40 0.16 0.70 2.07 3.12 4.51
1300 96.78 0.15 0.69 2.03 3.19 4.63

As a consequence, the high-temperature-dependence of conductivity should be mainly influenced by the
bulk properties, thus decreasing the activation energy of the overall electrical transport. Moreover, interaction
between trivalent dopant (Gd**) and oxygen vacancies becomes more severe in the lower range of temperature,
promoting also the increase of the activation energy [32-34].

In the low temperature range (150-400 °C), the conductivity is slightly higher for the samples sintered at
lower temperatures and the values converge in the high temperature range for all the samples.

The situation is clarified by plotting the Arrhenius-type representation of bulk and grain boundary conductivities
separately. The bulk and grain boundary conductivities of the samples were measured across a temperature
range of 150 to 400 °C. At higher temperatures, the higher relaxation frequencies derived from the lower
resistances of the samples hinder to resolve the semicircles corresponding to the bulk conductivity. However,
the bulk resistance in the higher range of temperature (Rgnt) can be estimated by the actual values of total
resistance (Ry) and the linearly-extrapolated grain boundary resistance (Rgsex) according to [35]:

RB,HT = RT - Rgb,ext D

Figure 5 shows that the bulk conductivity in the whole range of temperature is essentially independent of
the sintering conditions. This indicates that no significant change in composition or phase of the bulk material
was caused by sintering temperature. However, a bending is clearly appreciable as a function of the measuring
temperature with activation energies decreasing from 0.72-0.74 eV to 0.56-0.58 eV, when moving from the
lower to the higher regimes of temperature. This is a confirmation that the interaction between different charged
species is more severe at lower temperature, suggesting that the bulk conductivity is affected by the association

of defects(Gdg,V3')". Under the assumption that these defects are completely dissociated in the high-
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temperature regime [11], the results suggest values of enthalpy for defect association of about ~0.16 eV, which
agrees very well with the values of ~0.13-0.19 eV previously reported for Gd-doped ceria with 10% Gd [36].

It is important to emphasize that the Cey9Gdg;0,5 electrolyte prepared by hydrothermal process and
sintered at 1100 °C has a value of conductivity of about 3.03x10% S.cm™ at 650 °C, which is close to the
expected bulk conductivity of 3.20x10% S.cm™, calculated by means of Eq. 1. This result suggests the low
influence of the grain boundary resistance at intermediate temperature.
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Figure 5. Arrhenius plot of bulk conductivity of CeyoGd, 10,5 sample sintered at different temperatures.

According to the brick-layer model [37], the experimental resistance related to transport across the grain
boundaries (Rg) is not only influenced by the grain boundary conductivity but also by the grain size and the
grain boundary thickness, according to:

A 1 6, @
y— =
L o, d
where Gy is the grain boundary conductivity, 8y is the average value of grain boundary thickness and dj is the
averaged grain size. As a general feature, a higher grain size is expected to contribute to decrease the grain
boundary resistance. In contrast, the experimental grain boundary capacitance (Cg,) is expected to rise according
to:
L d,
—=ge& ., — (3)
gb A 0®r,gb 5gb
where g is the permittiviy of free space and &g, the relative permittiviy of the grain boundary. Figure 6
confirms higher values of nomalized grain boundary capacitances for samples sintered at higher temperatures.
These results are followed by higher values of normalized grain boundary resistance (Figure 7), in an opposite
way to the simple brick layer model. This suggests modification of the specific transport properties with
sintering conditions.

An Arrhenius plot of the grain boundary conductivity of the different samples is shown in Figure 8. This
representation is based on the results of “specific” grain boundary conductivity, which accounts for the “true”
transport properties of grain boundaries, given that it is independent of the microstructural parameters as grain
size and grain boundary thickness. The specific grain boundary conductivity can be determined by
recombination of Egs. 2-3:

C

o, =%y
=
’ Rgbcgb

where ¢ is the relative permittivity of the bulk.
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Figure 6. Geometrically normalized grain boundary capacitance for samples sintered at 1100-1300 °C.
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Figure 7. Geometrically normalized grain boundary resistance as a function of sintering temperature.

This expression is developed under the assumption that the permittivity of the grain boundary is close to
that of the bulk, based on the findings that this parameter is insensitive to the dopant concentration in ceria-
based materials [38]. However, the experimental values of bulk capacitances usually fail for determination of
the bulk permittivity in samples with low values of A/L, as they may be obscured by the capacitive effects
imposed by the experimental setup [39]. Therefore, the value of & = 30 obtained for samples with very high
geometrical factor A/L [29] has been considered for determination of specific grain boundary conductivity

according to Eq. 4.

It is apparent in Figure 8 that across the entire range of temperature, the specific grain boundary conductivity
increases as the sintering temperature of the samples decreases, preserving similar values of activation energies
in the range 0.95-0.97 eV. According to the space-charge-layer model [38, 40], differences in the specific grain
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boundary conductivity are related to different levels of segregation of the trivalent dopant at the space charge

layer, which are electrically balanced by the accumulation of oxygen vacancies at the core of the grain
boundary.
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Figure 8. Arrhenius plot of grain-boundary conductivities for Ceq ¢Gdg 10,5 sample sintered at different temperatures

As a consequence, a depletion of oxygen vacancies at the space charge layer takes place, with the

corresponding appearance of an electrostatic potential in relation to the bulk (A@(x)), due to differences in the
concentration of mobile species, as follows:

V&l _ exp| — 2eAp(X) (5)
Vo' I KeT

where [V('], represents the oxygen vacancy concentration at a generic position x of the space charge layer,

[VS']g is the oxygen vacancy concentration at the bulk and e, kg and T have their usual meanings. The

electrostatic potential is usually determined by solving the Poisson equation under the assumption that the
charge density at the space charge layer is mainly established by the dopant segregation, characterized by a
constant concentration profile along the space charge layer, as a first approximation (Mott-Schottky model) [38,
40]. Under these conditions, the bulk to grain boundary conductivity could be expressed as:

oy exp(2eAgp, /(k;T))
Oy 4deA@, I(KgT)

where Ao represents the space-charge potential at the interface core/space-charge layer. Figure 9 shows a
clear increase of the bulk to grain boundary conductivity ratio as the sintering temperature of the samples
increases.

These experimental results are introduced in Eq. 6 for determination of the space charge potential at the
interface core/space charge layer (Figure 10). As an interesting feature, it is clearly observed an increase of the
height of the potential barrier as the sintering temperature increases, thus harming the oxide-ionic transport
across the grain boundaries. This is consistent with a higher segregation of trivalent dopant, as the depletion of

charge carrier concentration in the space charge layer in relation to the bulk is proportional to the height of the
potential barrier [35, 41]

(6)
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Figure 9. Bulk to grain boundary conductivity ratio as a function of measuring temperature for samples
sintered at 1100, 1200 and 1300 °C.

N\

200 °C

250 °C

300 °C

6
5.5 1
=
=
s °7
<
[¢B]
4.5 +
4
1000

1100

1200

Ts (°C)

1300 1400

Figure 10. Dimensionless space-charge-potential barrier as a function of sintering temperature obtained
using a Mott-Schottky model.

Conclusions

Nanopowder of Ce9Gdy 10,5 material with the fluorite structure was prepared by a hydrothermal process at low
temperature (140 °C). The small particle size of the compound allows to obtain dense ceramic pellets at a
sintering temperature as low as 1100 °C. As the sintering temperature was increased, the specific grain
boundary conductivity was harmed, affecting the overall transport in the low temperature regime. The space
charge layer model was used to analyze the transport properties at grain boundaries. The model suggested that
the decrease of the specific grain boundary conductivity was attributable to an increase of the space charge

potential barrier, as the segregation of trivalent dopant is expected to increase for higher sintering temperature.
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