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Abstract

NiO-ceria composites, which are promising candidates as anodes for intermediate temperature solid oxide fuel cells (IT-SOFCs) were prepared
by urea combustion synthesis (UCS) method. The UCS method is, in general, a highly suitable synthesis method for the production, at low
temperatures, of fine and reactive powders. By means of XRD and SEM-EDX techniques, the structural, microstructural and compositional
behavior of the as-prepared powders has been studied. In addition, temperature programmed reduction (TPR) tests were performed to investigate
the reducibility of the composites. After reduction of the NiO-CGO as-prepared compositions, the combustion powders exhibit the presence of
Ni, the fluorite CGO solid solution that remains stable and NiO is no longer present. The morphology and size of the nanoparticles and aggregates
of the as-prepared powders make them reactive at intermediate temperatures (400-800 °C). TPR tests show wide overlapping peaks which are
associated with the two primary reduction stages; one is related to the surface NiO reduction mechanism and the other to the coexistence of
interactions between the NiO-CGO surface and bulk reduction processes. Further, after TPR measurements the resulting products have high

phase stability and reproducibility.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, most of the efforts in SOFC development
have focussed on intermediate temperature solid oxide fuel
cells (IT-SOFCs), often using YSZ and/or CGO as electrolytes
[1-3]. For SOFC development, relatively high ionic conduc-
tivity of solid electrolytes is not the only requirement. At
intermediate temperatures, ceria-based materials may have
high enough ionic conductivity at temperatures as low as
600 °C, however they do not have suitable long term stability.
YSZ with low thickness (less than 80 pm) is still more
appropriate as an electrolyte candidate in SOFC devices [4].

Ni—Ceria based materials are also being considered for use
as fuel anode electrodes for IT-SOFCs, even in devices where
YSZ is used as the electrolyte [4,5]. Ni-CGO has been
considered very effective in preventing coke build-up when
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using weakly humidified CH, fuels. This is due to the ability to
transform carbon deposits into CO or CO, during or after CH,
decomposition through the mobile bulk (lattice) oxygen. Thus,
ceria has been used as the ceramic part in Ni- or Ru-cermet
anodes [6]. Beneficial effects have been interpreted as being
due to the enhancement of the length of the three phase
boundary zones. Analyses of microstructure, phase stability,
reduction behavior and electrical properties have been carried
out on NiO-CGO composites [7]. These are essential factors if
these materials are to be used as the anode component.

To date, there has been little research on the routes of
synthesis of NiO ceria-doped cermets for IT-SOFC applications.
Employed routes include hydrothermal synthesis [8], oxalate
co-precipitation [9] and carbonate co-precipitation [10]. As it is
well-known, these and other wet-chemical synthesis methods
produce single or multicomponent oxide powders with high
sinterability, large surface areas, well-defined chemical
compositions and homogeneous distributions of the elements.
However, in spite of the quality of the powders produced and

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.09.083


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.09.083
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.09.083&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.09.083
http://dx.doi.org/10.1016/j.ceramint.2013.09.083
http://dx.doi.org/10.1016/j.ceramint.2013.09.083
mailto:pnunez@ull.es

3470 J. Marrero-Jerez et al. / Ceramics International 40 (2014) 3469-3475

although powder synthesis can be achieved at low temperature,
many solution processes are complicated and lengthy proce-
dures which limit their applicability.

In the last decade, Wet Chemical Combustion Synthesis
(using fuels such as urea, glycine, sucrose, etc) has been
widely employed to obtain multicomponent ceramic oxides
[11-13], phosphates [14], etc. These techniques have been
gaining reputation as straightforward preparation processes
which produce homogeneous, very fine, crystalline powders, in
some cases in a single step, reducing the preparation time and
without the need for intermediate decomposition and/or
calcining steps [13]. The basis of the combustion synthesis
technique comes from thermochemical concepts used in the
field of propellants and explosives [15]. Exothermic heat
released by the reaction causes the temperature to rise very
fast and sustains it at the high level necessary for synthesis to
occur (around 1000 °C depending on the raw materials). The
large amount of evolved gases results in the formation of a
foam whose structure is propagated as a wave along the oxide
powder precursor. Because of the homogeneity of the raw
materials solution and the high speed of the reaction, the
resulting product is single phase and homogeneous. In general,
the particles are very fine and the temperature reached is
usually enough to promote their crystallization.

The aim of this investigation is to prepare NiO—CGO fine
crystalline powders with high reactivity due to the size of their
particles. Urea combustion synthesis (UCS), which is capable
of producing very fine powders of different compounds in a
one-pot synthesis was used. These ceramic composites were
characterized by XRD and TPR studies.

2. Experimental
2.1. Powder synthesis

The ceria based ceramics were synthesized by combustion
reactions employing hydrated salts, Ce(NO3); - 6H,O (99.0%,
Aldrich), GA(NOs;);3 - 6H,0 (99.9%, Aldrich), Ni(NO;); - 6H,0
(99.0%, Aldrich), as cation precursors; and urea, CO(NH,),
(98.0%, Aldrich), was used as fuel.

Urea Combustion Synthesis (UCS) was used to prepare NiO-
CGO composite powders in a one-step reaction. Stoichiometric
amounts of Ce(NO3)3 - 6H,O and Gd(NOs); - 6H,O, were taken
in the ratio CeO,/Gd,03 90% mol: 10% mol to obtain the CGO
(Cep.82Gdg 1801 91) solid solution as one component, and a
stoichiometric amount of Ni(NOs)s-6H,O was introduced as
the second component to produce the NiO-CGO composite.
The prepared compositions of NiO and CGO in the ratios NiO:
CGO (mol/mol) of 35:65; 50:50 and 65:35.

Each mixture of stoichiometric compositions was calculated
based on the total oxidizing and reducing valences of the
oxidizer and the fuel, in order to release the necessary energy for
the reaction. The reactants were first melted, in a wide-mouth
vitreous silica vessel, by heating to 300 °C on a hot-plate inside
a fume cupboard, under ventilation. Care must be taken during
the decomposition as toxic gases such as NO, can be produced.

The reaction lasted for less than 15 min and produced dry and
very brittle foams, that readily crumbled into very fine powders,
accompanied by a large increase in volume when compared to
the original volume of liquid. Further details on the combustion
reaction can be found elsewhere for other related systems [16].

2.2. TPR measurements

By means of Temperature-Programmed Reduction (TPR)
tests, the number of reducible species in the Ni-CGO anodes
was determined. The results reveal the temperatures at which
the reduction takes place. The TPR analysis begins when a
reducing gas is passed through the sample. While the gas is
flowing, the temperature of the sample is increased linearly
over time and hydrogen comsumption by adsorption and
reduction is detected. Changes in concentration are determined
by measuring the thermal conductivity of gas mixture pro-
ducts. This information yields the hydrogen uptake volume.
The equipment is an AUTOCHEM II 2920, Automated
Catalyst Characterisation System (Micromeritics).

100 mg of each sample was loaded on top of glass wool in a
quartz tube inside an electric furnace. All samples were pre-
treated by heating in a helium atmosphere at 350 °C for one
hour before the TPR tests in order to remove contaminants.
After cooling to room temperature, reduction processes were
carried out using a 20 ml min~" gas flow of 5 vol% H,/Ar in
the temperature range of 25-900 °C at a heating rate of
10 °C min~'. Hydrogen consumption was monitored using
an in-situ thermal conductivity detector (TCD). A cryogenic
trap, consisting of a gel formed by adding liquid nitrogen to
isopropyl alcohol in a dewar flask, was used to prevent water
entering the detector.

2.3. Powder characterisation

In order to investigate the formation of the composites, room
temperature X-ray diffraction patterns (XRD) were collected
with a PANalytical X'Pert Pro automated diffractometer,
equipped with a primary monochromator (Cu K, radiation)
and an X'Celerator detector. Scans were performed in the 20
range (15-100°) with 0.016° steps for 2 h. XRD data treatment
was performed using WinPlotr suite software [17]. Phase
identification was performed with X'Pert HighScore Plus
v.2.2d software [18].

The specific surface area of the powders was determined via
the BET method using MS-13 equipment from Quantachrome
Corp. Particle size distributions of the samples after the reaction
were analyzed using a Laser Pulse Analyser from Malvern
(Mastersizer). SEM/EDS observations were performed using
ZEISS-DSM 950 EDS equipment, and TEM/EDS observations
with Hitachi H-7100, 125 kV equipment. These characterization
techniques were used to determine surface morphology and to
identify the nickel nano-particles of the Ni-CGO anode cermet.
The particle size and crystallinity of the as-prepared powders
produced in the stoichiometric reactions were also investigated
by TEM.
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The as-prepared powders were analyzed by Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES,
Iris Advantage, Thermo Jarrel-Ash, USA) in order to deter-
mine the concentration of soluble species. The error in the
ICP-OES measurements was below 1% of measured value.
The average of three measurements is always given.

3. Results and discussion
3.1. Synthesis and thermochemical response

The combustion reaction was fast and intense and the
resulting as-prepared powders were dry and homogeneous
foams. The reaction is quite efficient and produces the whole
composite, in just a one-pot synthesis. The overall synthesis
reaction can be written as:

(1 =x)Ni(NO3), - 6H,O(s)+0.82xCe(NO3)3 - 6H,O(s) +
0.18xGd(NO3)s - 6H,0(s) + mCO(NH,),(s) +

(1.5 m— 1.045x—2.5)05(2) = (1 —x)

NiO +xCe.82Gdy. 180191 + (6 +2 m)H>O(g) + (1 +0.5x+m)
N,(g)+mCO,(g)

Applying thermochemical concepts from propellant chem-
istry to this synthesis, the total summatory of the products of
the cation and anion valences by the stoichiometric coefficients
should be zero (Eq. (1)).

Yoxidant element coefficients x Valences
+ Y reductor element coefficients x Valences =0 (1)

For the calculation, the following final state valences were
assumed: C(44); O(—2); H(+ 1); N(0); Ni(+42); Gd(+3) and
Ce(+4). These valences should be balanced by the total valences
of the fuel; thus the stoichiometric composition of the redox
mixture, in order to release the maximum energy for the reaction,
demands that m=2.12, 2.01 or 1.91 mol of urea for x=0.65, 0.5
or 0.35 respectively (being m=(10+4.18x)/6).

According to the literature [12,13,16], the temperature
reached locally during the combustion is higher than 800 °C,
a temperature that allows the formation of the composite.

Using stoichiometric molar compositions of the mixtures,
NiO-CGO composites were produced. The reactions were fast
and produced smooth dry green foams, accompanied by a large
increase in volume when compared to the original volume of
liquid. Typical densities of these soft foams (readily trans-
formed into powder merely by handling), calculated based on
their geometry, are 102 kg/m® for NiO+CGO.

3.2. Powder morphology studies

The morphology and the particle size of the as-prepared
powders produced in the stoichiometric reactions were investi-
gated by TEM. Fig. 1 shows a TEM micrograph of the 65 mol%
NiO-CGO sample powders, where aggregates of very fine
crystals could be seen. As it is expected, BET measurements of
this material (65 mol% NiO-CGO) show a decreasing in the
specific surface area from the as prepared powders (28 m?/g) to

Two phases

100 nm very fine
4P particles

Fig. 1. TEM micrograph of the stoichiometric as-prepared 65 mol% NiO—
CGO sample.

the reduced powders (14 m*/g) due to redox changes in the
material combined with the grain's growth, due to sample heating
at high temperature in this process. Typical powder morphologies
of the stoichiometric as-prepared powders can be observed in the
back scattering SEM image (Fig. 2). NiO and CGO can be
identified in Fig. 2, due their different electronic densities,
corresponding the gray part to NiO and the white grains to
CGO ceramic, and a homogeneous distribution in between can be
observed. Using EDX (Fig. 2), no silica or other contaminants
were observed, which indicates that this method can be used to
obtain very pure powders. The final silica content was determined
by Inductively Coupled Plasma Chemical (ICP) analysis and was
found to be 150 ppm, dispersed and easy to control.

The XRD patterns of NiO-CGO as-prepared powders
showed nano crystalline powders of fluorite phase with
additional Bragg peaks of the NiO phase (Fig. 3). Similar
results were obtained by Chavan et al. [5]. From the X-ray
diffraction patterns of the as-prepared powders it can be seen
that the combustion reactions were achieved in a single step.
This demonstrates that the urea combustion reaction is
extremely exothermic providing the necessary heat for the
synthesis reactions from the metallic nitrates as precursors and
giving rise to submicrometric powders.

In this case, the temperature is high enough to promote
synthesis of the solid solution CGO with the ceria fluorite
structure from metallic nitrates, with CeO, and/or Gd,O3 no
longer reaction products. As mentioned before, the amount of
silica is low and well controlled, and uniformly dispersed.
Using XRD it can be observed that there are neither other
phases nor any significant reaction products such as carbonates
or residual precursor or at least at levels lower than the
thresholds of this technique. Only a small Bragg peak of Ni for
the sample with higher content of NiO (35% CGO-65% NiO)
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Fig. 2. Back scattering SEM micrograph (left image) and EDX spectra (right side) of the 65 mol% NiO-CGO as-prepared sample. CGO and NiO can be identified

as white and gray grains respectively.

35%CGO-65%NiO,

50%CGO-50%NiO

Intensity (a. u.)

2 theta (degrees)

Fig. 3. XRD of NiO-CGO as-prepared composites with different amounts
of NiO.

was observed. This fact confirms that a reduction atmosphere
is produced locally during the combustion.

3.3. Reduction behavior

As-prepared samples were studied using TPR and certain
impurities remain in these samples, as shown in Fig. 4. Peaks
at very low temperatures (200-300 °C) are associated with
either adsorbed oxygen [19], or residual species not well
eliminated during the combustion synthesis. Due to these
impurities are normally in a small amount and prevailing
amorphous they may not be detected by XRD. The time of
combustion synthesis is short and therefore these residual
species (i.e. nitrates, and carbonaceous species) could not be
completely removed. According to data reported in the
literature two main peaks are commonly found for similar
CGO-NiO samples. Thus, the wide overlapping peak at lower
temperatures can be assigned to the reduction of the distinct
states of NiO species while the latter peak may be associated
with reduction of the CGO support [19-23].

- —— 35% NiO
***** 65% NiO

0.20 ! \

0.15

0.10

TCD signal (a. u.)

0.05

T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4. TPR measurements of the NiO-CGO as-prepared samples.

Fig. 4 shows the TPR of the 35 mol% NiO sample. In this
case, four peaks are detected. Low temperature peaks, centered
at 270 °C and 310 °C, are both associated with the aforemen-
tioned impurities. The third, a wide overlapping peak centered at
425 °C, can be ascribed to the surface and/or surface-bulk NiO
reduction to Ni mechanisms and also to the different interactions
between NiO particles and the CGO support [20,21]. Finally, the
peak observed at high temperature (850 °C) is commonly
ascribed to CeO, bulk reduction [19-23].

The sample with composition 65 mol% NiO-CGO exhibits
a first peak at 280 °C, ascribed to impurities, a wide over-
lapping peak at 475 °C, related to reduction of the different
NiO species, and a small peak corresponding to CGO
reduction which is centered at 850 °C (Fig. 4).

Taking this into account, the as-prepared samples should be
thermally pre-treated in order to remove their impurities, and
therefore a calcination in air was performed at 900 °C for 2 h.
Their XRD spectra can be seen in Fig. 5. As can be observed,
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Fig. 5. XRD of 35, 50, 65 mol% NiO-CGO samples after calcination at
900°C/2 h in air.

CGO-NiO composites remain stable after calcination and
neither impurities nor secondary phases were detected. After
calcination of the powders at 900 °C, new TPR tests were
performed. Results for three different CGO-NiO compositions
are shown in Fig. 6.

For the 35 mol% NiO sample, a first overlapping peak at
low temperatures (centered around 410 °C) can be observed.
This overlapping peak can be de-convoluted into two peaks,
the first peak is ascribed to the reduction of surface NiO
particles which have less interaction with the CGO support,
while the second peak observed (540 °C) is related to the NiO
particles that have a higher interaction with the support
[20,21]. The peak found at 850 °C corresponds to reduction
of the CGO phase as mentioned before. In general, powder
samples containing NiO, CGO, and/or NiO-CGO and
prepared using different synthesis techniques show similar
H,-TPR profiles [19-22]. According to these authors, the H,-
TPR profile of the stand-alone NiO powder showed an
overlapping reduction peak between 300 and 700 °C, whereas
the H,-TPR profile for NiO-CGO powder showed two distinct
reduction peaks: a wide peak between 300 and 600 °C
(reduction of NiO species) and another centered at 850 °C
(reduction of the CGO support) [19-20].

Similar results are shown for 50 mol% NiO sample (Fig. 6).
In this case the peaks are centered at 420 °C and 500 °C for
the two main contributions to the NiO reduction species
and around 850 °C for reduction of the bulk CGO support.
In addition, it can be observed that when CGO content
increases, a bigger separation between the NiO species peaks
occurs. This fact indicates that ceria modifies the nature of the
Ni-species [22].

For the 65 mol% NiO-CGO sample, four reduction over-
lapping peaks centered at 480, 540, 645 and 850 °C were
observed in the H,-TPR profile (Fig. 6). According to Shan
et al., crystallized NiO, CGO-NiO solid solution and NiO
highly dispersed on CGO co-exist for high nickel contents
[19]. In this particular case, the peaks centered at 480 °C and
540 °C are associated with the reduction of NiO species with
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Fig. 6. TPR of CGO-NiO composites after calcination at 900°C/2 h in air.
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Fig. 7. TPR of CGO-50 mol% NiO composites at different calcination
temperatures.

different interactions with CGO while the peak found at
645 °C may be attributed to the reduction of NiO-CGO solid
solution. The last peak (850 °C) can be assigned to the bulk
reduction of the CGO support. A slight shift towards higher
temperatures in the TPR peak positions as well as an increase
in peak area is observed as the NiO content increases. These
findings are in good agreement with other authors [19,22].

In order to determine the influence of calcination tempera-
ture on the reduction behavior of the CGO-NiO cermets,
different heat treatments and subsequent TPR tests were
performed. As we can see in Fig. 7, the onset of the reducing
process occurs at higher temperatures when calcination tem-
perature is increased. TPR of the as-prepared sample shows
that the overlapping peak associated with reduction of NiO
species shows an onset at 250 °C whereas the sample calcined
at 450 °C for 2 h starts its reducing process at 275 °C, and the
one calcined at 900 °C begins at 340 °C. This fact is ascribed
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Fig. 8. XRD of 35 and 65 mol% NiO samples after TPR tests (performed up to
900 °C).
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Fig. 9. XRD patterns for the 50 mol% NiO-CGO sample after half TPR tests
(300 and 500 °C).

to the increase in growth of NiO particles on the surface of
ceria with increasing calcination temperatures. All samples
showed the end of reduction of NiO species at around 600 °C
as expected. As has been observed in previous results, the
small peak associated with CGO bulk reduction is centered at
850 °C in all cases, thus no influence of calcination tempera-
tures on CGO bulk reduction is observed.

The effect of TPR on the as-prepared samples is shown in
Fig. 8. The XRD patterns confirm that after reduction due to the
TPR tests all the as-prepared samples exhibit the presence of
CGO and metallic Ni. NiO is no longer detected after reduction,
thus complete reduction of NiO species to Ni is achieved. A
relevant result is concerning the XRD 50 mol% NiO-CGO
sample pattern shown in Fig. 9. In this case, the XRD pattern
obtained when the sample was released from the reduction
program at 300 °C showed three different phases. The Bragg
peaks were indexed as metallic Ni (small amount) (PDF 01-087-
0712), NiO (PDF 00-044-1159) and fluorite-type ceria (CGO)
(PDF 01-075-0120). That means that the reduction process has
started at 300 °C and NiO species have been partially reduced to

6pm

Fig. 10. SEM micrograph of 35 mol% NiO-CGO (900 °C) after TPR tests
(900 °C).

Bpm

Fig. 11. SEM micrograph of 65 mol% NiO-CGO (900 °C) after TPR tests
(900 °C).

metallic Ni at this temperature. In the sample treated at 500 °C,
the XRD pattern showed only metallic Ni and flourite ceria
phases so the reduction of NiO species takes place between 300
and 500 °C. This fact agrees well with the TPR results.

TPO experiments were performed after TPR, where oxygen
consumption is observed. After these TPO tests XRD patterns
were performed confirming the appearance of NiO and metal
Ni was not observed. The NiO should be located on the surface
of the CGO grain because the temperature of the TPO
experiment is not high enough for the re-diffusion of NiO
into the bulk.

Therefore, all the CGO-NiO composites studied in this work
present good activity towards the oxidation of H, in the
temperature range 300-600 °C (with a maximum around 450 °C)
as TPR tests show. This fact is a promising result for the
application of these materials as candidates for IT-SOFC anodes.

SEM micrographs in Figs. 10 and 11 show that the powder after
the TPR tests consists of aggregates of particles of nanometric
sizes, with the appearance of brittle foam coexisting with harder
aggregates of larger grains of ~2 pum. In addition, EDX analysis
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demonstrated that the as-prepared powders after TPR tests exhibit
phase stability and reproducibility, confirming the results obtained
previously using XRD.

4. Conclusions

The urea combustion synthesis method (UCS) has been
revealed as a simple, fast and reliable route to synthesize these
kinds of materials. The resulting submicrometric powders of
the composite NiO-CGO can be highly controlled on both
composition and homogeneity. After reduction of NiO-CGO
as-prepared powders, TPR diagrams show three main peaks,
two of them overlapping. After de-convolution, the two
overlapping peaks representing the primary reduction steps
can be ascribed as follows, the first to the reduction of well
dispersed NiO species which interact weakly with CGO, and
the second to NiO species with a strong interaction with CGO.
The third, which is much smaller, is ascribed to the reduction
of CGO. The TPR resulting products were shown to have high
phase stability. All the tests were reproducible and have the
same remaining phases. For as-prepared samples, peaks at very
low temperatures (200-300 °C) are associated with either
adsorbed oxygen or residual species not well eliminated during
the combustion synthesis. These residual species are present
due to the short-time reaction and may include nitrates,
carbonates and other carbonaceous species, as amorphous
materials, and therefore they were not detected by XRD. Also,
TPR tests showed that the CGO-NiO composites studied in
this work present good activity towards the oxidation of H, in
the temperature range of 300-600 °C (with a maximum around
450 °C), which is a promising result for the application of
these materials as candidates for IT-SOFC anodes.
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