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Abstract

A comparative microstructural study between Ni—Ceq9Gdy 095 (Ni-CGO) anodes obtained from NiO-CGO nanocomposite
powders prepared by in situ one-step synthesis and by mechanical mixture (two-step synthesis) of NiO and CGO powders is reported.
The open porosity and microstructure of sintered and reduced pellets were investigated as a function of the citric acid content used as
pore forming agent. Nanosized crystallites for the one-step and two-step routes were around 18 nm and 24 nm against 16 nm and 37 nm,
for CGO and NiO, respectively. Overall results show that both routes provided suitable microstructures either for anode-support, or for
functional anodes for solid oxide fuel cells (SOFCs), with more versatile characteristics in the case of the one-step route. The electrical
characterization of selected NiO-CGO samples, carried out between 90 and 260 °C by impedance spectroscopy, confirms electrical
percolation of both phases in the composites. However, based on combined microstructural and impedance data, it seems clear that the
one-step processing route is the best approach to make SOFC anodes with improved performance.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ni—Ce9Gdg 10195 (Ni-CGO) ceramic-metal composites
(cermets) are widely used as anode materials for the electro-
chemical oxidation of fuels in solid oxide fuel cells (SOFCs)
[1]. In these composite materials, Ni acts as catalyst for fuel
oxidation and provides electronic conductivity, whereas CGO
mainly acts as a matrix to support the catalyst and to prevent
Ni from agglomerating both during sintering and operation.
The choice of CGO instead of the traditional yttria stabilized
zirconia (YSZ) as the ceramic component in porous cermet
anodes results in better matching of thermal expansion
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coefficients between the anode and CGO as electrolyte [2,3].
Another noticeable advantage of doped ceria based anodes is
related to their exceptional tolerance to high sulfur levels in
the fuel, which is probably the result of a stronger chemical
affinity between CeO, and S than between Ni and S [4].
The electrocatalytic activity of these electrodes towards
fuel oxidation is known to be critically related to the triple
phase boundary (TPB) line, where fuel (e.g., natural gas,
biogas, hydrogen, or other H, rich gases), electronic (Ni)
and ionic conductor (CGO) meet together. The electrode
reaction region, along the TPB length, which determines
the performance of a Ni-CGO anode, is critically depen-
dent on the microstructure, especially on grain size,
porosity, surface area, tortuosity and connectivity [1-3].
Since ceria-based solid electrolytes show significant elec-
tronic conductivity under reducing conditions, this means
that the active anodic reaction zone may be slightly
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extended along the ceramic phase in the vicinity of the TPB
line. Irrespective of this, the length of the TPB is essential
in determining this active electrode reaction zone.

It is well established that fine Ni and oxide ion conducting
ceramic particles yield better electrical and electrochemical
anodic performance when compared to coarse particles
[5-7]. This is commonly associated with a high density of
Ni-to-CGO contacts, which provide a well-connected net-
work in the anode microstructure, increasing the TPB length
and hence also the electrochemical performance [8,9].

It is also well established that the performance and
microstructural characteristics of functional materials for
SOFC applications are strongly dependent on the powder
preparation method. Ni-CGO cermet anodes are usually
prepared by mechanical mixing of NiO and CGO powders,
subsequently sintered and reduced. The NiO reduction is
normally carried out in situ either before or during the first
cell start-up run. Despite being simple and allowing
accurate compositional control, this conventional method
strongly depends on the characteristics of the starting
powders and processing route. As a result, the distribution
of elements is often non-uniform, yielding inhomogeneous
microstructures and poor anode performance [10-13].

Coarsening of Ni grains due to sintering is a major
problem as it leads to a reduction of the TPB length and
concomitant loss in performance. This problem may be
hampered by using cermet nanopowders with fine and
homogeneous distribution of the Ni particles within the
ceramic matrix. The reported attempts to obtain powders
with such characteristics are numerous, including the hydro-
xide co-precipitation of NiO-CeqoGdy ;0195 [11], the synth-
esis by combustion of Ni-YSZ [14], Ni-CaZr95Y.0502.975
and Ni—SrZry95Y 0505975 [15], the polymeric organic com-
plex solution method in aqueous media to prepare Ni-CGO
[16], and the buffer-solution method to synthesize NiO/YSZ
[17]. We have recently reported a novel low cost method to
prepare Ni-CGO cermets with extended TPB length and
enhanced electrochemical performance. These cermets result
from the reduction of NiO-CGO nanocomposite powders
obtained by a one-step synthesis method, directly from
polymeric precursors of both NiO and CGO phases [18].

Besides the nature of the starting composite powders, the
incorporation of pore forming materials, which decompose
during heat treatment, has been an effective way to design
anode microstructures with controlled porosity indicated for
easy transport of the reactant and/or product gases. Flour,
rice starch, graphite, and a mixture of activated carbon and
flour are examples of widely used pore-formers [19-23].
Although these studies have reported the use of pore former
agents to produce different anode microstructures, there is
no information regarding the influence of the pore former
content on the microstructure of Ni-CGO cermet anodes
derived from nanocomposite powders.

Although nickel-doped ceria has been widely used as
anode material, little information [24,25] is available
regarding the electrical properties of the precursor anode
material, i.e., NiO-CGO. Here, we return to our one-step

synthesis methodology to investigate the effects of the
powder synthesis method and the role of a pore forming
agent (citric acid) on the microstructure of Ni—-CGO
cermet anodes. Scanning electron microscopy was used
to compare the microstructures of Ni-CGO pellets relative
to the amount of added pore former. Electrical properties
of selected samples of the anode precursor material (NiO—
CGO) were also investigated by impedance spectroscopy
aiming at the confirmation of proper percolation of all
phases before reduction.

2. Experimental

NiO-Ce( ¢Gd( 101 95 (NiIO-CGO) composite powders with
50 wt% CGO and 50 wt% NiO were prepared by two
different processes. The first one is the so-called one-step
synthesis, a novel sol-gel based method in which resins are
obtained from polymeric precursors and then thermally
treated to directly produce the NiO-CGO precursor powder
[18]. The second approach adopted the conventional mechan-
ical mixture of individual constituents, herein named two-
step synthesis. It consists in the separate synthesis of NiO and
CGO precursor powders which are then ball milled after
calcination at 800 °C for 2h, to obtain the composite
powder. Further details of the preparation of these composite
powders were previously described [18]. The nickel oxide
content used in this work was 39 vol% Ni (50 wt% NiO,
before heat treatment in reducing atmosphere), identified as
the adequate amount of Ni for percolation threshold in a
nickel based cermet anode [26].

The NiO-CGO composite powders and proper quantities
of citric acid as pore former were mixed and ground in an
agate mortar. Afterwards, the powders were uniaxially
pressed into pellets at 198 MPa and then sintered in air at
1300 °C for 4 h. This is the optimal temperature to obtain the
desired porosity avoiding densification, as inferred by dilato-
metric analysis. The sintered NiO-CGO ceramics were
reduced to Ni-CGO cermets by thermal treatment in H,
(10 vol%, diluted in N,) at 900 °C for 1h. The prepared
samples are referred to as ICGONiO-x or ICGONi-x for the
one-step series and 2CGONiO-x or 2CGONi-x for the two-
step series, where x=0, 5, 10, 15 or 20, corresponds to the
wt% of citric acid with respect to the mass of NiO-CGO.

The composite powders as well as the sintered and
reduced ceramics were characterized by X-ray diffraction
(XRD) using a Shimadzu XRD-7000 diffractometer
(CuK,, radiation, with 40 kV and 40 mA). The diffraction
patterns were obtained within the angular range of
10 <260 < 80° in step-scanning mode (0.02°/step, 2 s/step).
The lattice parameters were estimated by Rietveld refine-
ment of the XRD data using the DBWS-9870 computer
program [27], as described in detail elsewhere [28]. The
experimental full width at half maximum (FWHM) was
corrected from the instrumental contribution by using the
lantanum-hexaborate (LaB¢) standard, and the crystallite
size was determined with the Scherrer equation [28]. The
open porosity of both sintered and reduced disk-shaped
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pellets was measured by the Archimedes method. The
microstructure of the Ni-CGO cermets was examined by
scanning electron microscopy (SEM) in a Philips ESEM-
XL30 microscope. The electrical characterization was carried
out by impedance spectroscopy to evaluate the conductivity
of selected non-reduced samples. The spectra were collected
in air from 90 to 260 °C using one Hewlett Packard 4284A
LCR meter. The frequency range was between 20 Hz and
1 MHz with test signal amplitude of 0.5V. Before the
electrical measurements, Pt paste was deposited on both
faces of the pellets and porous Pt electrodes were obtained
after firing in air at 1000 °C for 1 h.

3. Results and discussion

Fig. 1 shows the XRD patterns of NiO-CGO composite
powders (without the addition of citric acid) prepared by
one- and two-steps methods after firing at 800 °C for 2 h,
together with patterns for the corresponding Ni—-CGO
cermets obtained after a 1 h treatment in H, atmosphere
at 900 °C. As expected, there are no peaks from phases
other than NiO and CGO in the as synthesized powders, or
Ni and CGO in the cermets.

The patterns can be indexed with the expected cubic
space groups for CGO (space group Fm-3 m, JCPDS card
file n° JCPDS 75-0161), NiO (Fm-3 m, JCPDS card file n°
47-1049) or Ni (Fm-3 m, JCPDS card file n° 04-0850) for
Rietveld refinement. The obtained fitting parameters are
presented in Table 1, including the lattice parameter, the
crystallite size and the weight fraction of each phase. The
agreement factors R,,, and R, of the Rietveld analysis
are also listed in Table 1. These values, particularly R,
are higher for the reduced materials due to the difficulty of
fitting the profile shapes. Nevertheless, the obtained low ?
(goodness-of-fit) values indicate a good quality fit. The first
thing to note is that the estimated fractions of each phase
are in good agreement with the nominal composition
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Fig. 1. XRD patterns of NiO-CGO powders and Ni-CGO cermets
without citric acid.

(50 wt% NiO and 39 wt% Ni). No substantial differences
are seen in the lattice parameters of each phase (CGO and
NiO or Ni). Comparing the Dxrp values, it is noteworthy
that both methods yield very similar size for the CGO
(16-18 nm), whereas Dxgrp for the NiO is smaller in the case
of the one-step synthesis. This difference may be due to the
intimate mixture of the two phases obtained by the one-step
approach, where the number of NiO-NiO contacts is
reduced due to intimately dispersed CGO particles. Regard-
less of the synthesis method, the NiO crystallite size appears
as larger than that of CGO, which suggests that NiO
crystallites grow faster than those of the CGO phase.

The values of Dxrp (16-37 nm) are somewhat lower
than those reported in the literature: 27.3 nm (CGO) and
30.5nm (NiO) for powders synthesized by a hydroxide
co-precipitation method [11], 40-50 nm (CGO) and 30-58 nm
(NiO) for powders obtained by solution combustion synthesis
[24], and 53.7 nm for CGO powders prepared by a citrate
complexation method [29], obtained under similar firing
conditions.

The XRD diffraction peaks for the reduced samples are
clearly sharper than for the corresponding NiO-CGO mix-
tures, suggesting substantial grain growth during the high
temperature reduction. This is expected as a result of the
additional heat treatment (at 1300 °C in air plus 900 °C in
H,+ N») under reducing conditions, leading to the formation
of metallic nickel (with enhanced sintering kinetics).

Fig. 2 shows the values of open porosity for sintered
(NiO—CGO) and reduced (Ni-CGO) samples as a function
of the amount of pore former. The open porosity of all
samples increases with the addition of pore forming agent.
Much higher values of porosity throughout the concentra-
tion range of citric acid were found in the sintered sample
derived from one-step nanocomposite powders. This phe-
nomenon can be attributed to the presence of carbonaceous
residues in the powders obtained via the chemical route
synthesis, as previously reported for the synthesis of NiO-
CGO nanocomposite powders by the polymeric organic
complex solution method [30]. This represents a key advan-
tage of the one-step synthetic route as it provides additional
flexibility of the processing conditions (e.g., sintering tem-
perature) allowing the mechanical consolidation of the
electrodes with the highest possible level of porosity.

Obviously, under constrained shrinkage due to the
presence of the ceramic skeleton, the oxygen loss asso-
ciated with the reduction of NiO to Ni leads to a
significant enhancement of the porosity of sintered sam-
ples, resulting directly from the lower density of NiO
(6.808 g/cm® according to JCPDS 47-1049) when com-
pared to Ni (8.911 g/em® according to JCPDS 04-0850).
This should be taken into account for the attainment of
Ni-based anodes with controlled porosity.

It is clear from Fig. 2 that for the one-step cermets under
study, only the sample labeled 1CGONi-0 exhibits porosity
below 50%. This suggests that one-step powders with the
thermal history tested in this work (i.e., sintered at 1300 °C
for 4 h followed by NiO reduction at 900 °C for 1 h), do
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Table 1

Structural parameters and Rietveld agreement indexes for the composite NiO-CGO powders and Ni-CGO cermets, without citric acid. The data in

square brackets are the weight fractions of each phase.

Sample CGO (JCPDS 75-0161) NiO (JCPDS 47-1049) or Ni (JCPDS 04-0850) Agreement factors
Dxrp (nm) a (A) Dxrp (nm) a (A) Rup (%) Rexp (%) s
1CGONiO-0 18 [49%] 5.4151(6) 24 [51%)] 4.1766(5) 14.93 12.04 1.24
2CGONiO-0 16 [48%)] 5.4148(5) 37 [52%] 4.1768(6) 15.76 12.26 1.28
1CGONi-0 [57%] 5.417135(7) [43%] 3.523103(2) 21.71 16.50 1.31
2CGON;i-0 [59%] 5.413018(7) [41%] 3.522857(7) 22.39 17.02 1.31
75 layer, but only as a ceramic substrate in anode supported
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Fig. 2. Open porosity of the sintered and reduced samples as a function of
the amount of pore former.

not require pore forming agents. Highly porous Ni-based
cermets with porosity levels around 30-40% have been
reported [31,32]. Lee et al. [31] investigated the effects of
the powder granulation method and nature of pore former
on anode microstructure. These authors showed porosity as
high as 49.1% for a Ni-YSZ substrate prepared by spray
drying and containing plate-shaped graphite particles with
5 um in diameter as pore former. Pratihar et al. [32] reported
the preparation of Ni-YSZ cermets by coating YSZ particles
with metallic nickel using an electroless coating technique.
According to these authors, the electrical conductivity
increased with the matrix density for all compositions. This
is expected taking into consideration better Ni-to-Ni contact
as a result of the decrease in porosity. Even though
electrodes with 35% and 44% porosity have shown close
conductivity values, authors claim that the suitability of
these materials for SOFC application cannot be guaranteed
until further work to demonstrate their electrochemical
performance and stability is carried out.

Since porosity cannot be increased to a very high level
due to deleterious effects on the mechanical strength and
electrical conductivity [33], the porosity found herein for
the 1CGONi-0 sample (lower value among one step
anodes), does not qualify it to act as a anode functional

solid oxide fuel cells. Since all reduced samples showed
porosities above 20%, mass transfer limitations are expectedly
small in the cermets prepared by both synthesis methods [34].

For cermets prepared by two-step synthesis (2CGONi-x),
only the sample 2CGONi-0 showed low porosity, around
25%. However, after the addition of 10 wt% citric acid, the
cermet 2CGONi-10 approached the 35% porosity value
indicated for easy diffusion of fuel and reactants [35,36].

SEM micrographs for ICGONi-0 and 2CGONIi-10 cermet
anodes are shown in Fig. 3. The high value of open porosity
(49%) found for the one-step anode without pore former
(Fig. 3a) can be confirmed by the large amount of uniformly
distributed pores. The observed microstructural features
suggest large triple phase boundaries, thus potentially improv-
ing the electrochemical performance of the anode. On the
contrary, the microstructure of sample 2CGONi-10 (Fig. 3b)
depicted less uniform porosity.

Figs. 3 and 4, the latter obtained under (BSE) back
scattered mode, provide a global view of both types of
anode precursors. Due to the large presence of well con-
nected submicrometric grains of Ni-Ni and CGO-CGQO, it is
not possible to resolve Ni and CGO phases using such a
SEM magnification. However, this lack of resolution also
implies that both phases are indeed clearly submicrometric
and intimately dispersed throughout the composite.

Fig. 4 also shows macropores in both cases after 10 wt%
additions of pore former, which denotes significant
agglomeration of the citric acid in the initial mixture. This
is not surprising considering that 10 wt% of pore former
corresponds roughly to about 45vol%, well above the
percolation threshold. The fairly homogeneous pore size
and distribution obtained for the composites with 5 wt%
citric acid (about 27 vol%) confirms the capability of the
one-step powders to accommodate a large amount of pore
forming agents without compromising the microstructure.

A few small cracks were observed in the 2CGONi-x cermets
(Fig. 4), whereas the one-step cermets were mostly crack
free, even for the highest content of pore former. Microscopic
analysis associated with open porosity measurements
indicated that additions in excess of 10 wt% pore former in
the one-step anode and 20 wt% in the two-step anode
originated poor microstructures which can have a deleterious
effect on the anode structural performance. In addition to the
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Fig. 3. SEM micrographs of Ni-CGO cermet anodes. (a) 1CGONi-0
(49% porosity) and (b) 2CGON:i-10 (36% porosity).

aforementioned highly uniform distribution of pores, it is also
clear that better phase dispersion took place in one-step
cermets. Nevertheless, phase agglomeration at a micrometric
scale is clearly visible in the microstructure of two-step
2CGONi-x cermets.

Since the final properties of the Ni-CGO anode are
strongly dependent on the precursor composite NiO-CGO,
it is of great interest to investigate these materials prior to
NiO reduction. Therefore, the electrical characterization of
selected NiO-CGO samples was carried out between 90 and
260 °C by impedance spectroscopy, temperature range
selected by the quality of the information obtained in these
circumstances. Fig. 5 shows the impedance spectra for two
selected samples, INIOCGO-0 and 2NiOCGO-10, measured
before NiO reduction, in air at 200 °C. Two overlapping
semicircles are clearly observed comprising the whole fre-
quency range studied, in good agreement with previously
reported results [24]. The high and low frequency arcs
resemble grain and grain boundary contributions, respec-
tively, but the actual composite response is by far more
complex than for a simple polycrystalline ceramic electrolyte,

as this description suggests. In fact, both solid phases provide
continuous pathways for charge transport, with CGO pro-
viding the ionic pathway while NiO provides one electronic
pathway. However, it can be shown that one electronic
pathway parallel to the ionic pathway is only responsible for
a shift in the magnitude of the observed impedance arcs with
respect to those expected for the single electrolyte phase. This
can be easily modeled as previously suggested in the literature
[37]. In such circumstances, the observed characteristics of
impedance arcs (hereby named grain and grain boundary)
correspond to a blended performance of ionic and electronic
transport, although impedance spectra might preserve the
shape typical of polycrystalline solid electrolytes.

Furthermore, the presence of significant porosity in
these composites, not only acting as a simple insulator
but also originating local constriction resistances to charge
transport, might also influence the shape of impedance
spectra in a complex manner [38]. Nevertheless, and
irrespective of the limited physical meaning of this proce-
dure, all impedance data were fitted using the nonlinear
least squares fitting program of the Z-view software, and
this simplified description of grain and grain boundary
contributions.

Grain (oy) and grain boundary (o4,) conductivities for
both one-step and two-step composites, as a function of
operating temperature, are shown in Fig. 6. As it can be
observed, the value of ¢, exceeds oy, for both types of
precursor anode materials, contrary to the result reported
for NiO-CGO composites derived from powders synthe-
sized by a ceramic route [24]. Since the ionic conduction in
ceramics is thermally activated, the activation energies (E,)
for grain and grain boundary conduction processes may be
calculated by taking into account the usual Arrhenius
equation:

A —E,

o= Texp <kT> (1)
where A is the pre-exponential factor, T is the absolute
temperature, and k is the Boltzmann constant. Obviously,
considering previous comments, the parameters estimated
in this manner are not representative of the intrinsic
properties of the electrolyte phase but, instead, include a
contribution due to the presence of parallel electronic
conduction by NiO, maybe also some influence of
porosity.

The calculated activation energies were found to be in the
range 0.43-0.44 eV for grain conductivity and 0.39 eV for
grain boundary conductivity. These values, not even reach-
ing 0.5 eV, are well below those characteristics of CGO, but
coherent in magnitude with those reported elsewhere [25]
for NiO-CGO composites with 60 mol% NiO. Consis-
tently, all samples under investigation in the present study
were prepared with 70 mol% NiO (50 wt% NiO). Also, the
activation energy is expected to portrait the complex
composite characteristics of NiO-CGO samples.

Total electrical conductivities of 8.5x 107*Sem ™' and
7.1 x 1073 Sem ™" were obtained at 260 °C for the samples

1
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Fig. 4. BSE images of (left) ICGONi-x and (right) 2CGONi-x cermet anodes with (a) 0, (b) 5, (c) 10 and (d) 20 wt% of pore forming agent.

derived from one-step (INiOCGO-0) and two-step (2NiO-
CGO-10) synthesis, respectively. Since both composites have
the same chemical composition, the slightly better electrical
response achieved from one-step route was associated with the
presence of a network of well-connected and homogeneously
distributed NiO and CGO grains in the one-step composite,
ensuring better transport of charge carriers. In fact, the total
conductivity of these composites exceeds the usual values
measured for CGO (lower than 1072 Sem ™" at temperatures

below 300 °C), which can only be explained by the higher
conductivity of the NiO phase acting as a parallel pathway
for charge transport. Also, given the widespread range of
values (more than five orders of magnitude) reported for the
conductivity of NiO [39], due to the enormous influence of
non-stoichiometry and minor impurities on the defect con-
centration and transport properties of NiO, any attempt to
further model the conductivity of these composites would be
doubtful.
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Based on combined microstructural and impedance spec-
troscopy results, and disregarding the considerable difference
in the level of porosity, it is possible to infer that the TPB
length and the conductivity of one-step cermet anodes must
be higher than that of two-steps samples under typical anode
operating conditions. The findings in this study indicate the
potential of the one-step processing route to develop anodes
for low/intermediate-temperature SOFCs. Further investiga-
tion is expected to compare the mechanical and electrical
properties of one- and two- step Ni-CGO cermets, as a
function of the anode sintering temperature, in order to
identify optimum fabrication conditions for the best perfor-
mance of anode-supported SOFCs.

4. Conclusions

The effects of processing route and citric acid content, used
as pore forming agent, on the porosity, electrical properties
and microstructure of Ni(or NiO)»-CGO cermets (or compo-
sites) obtained by one- and two-step synthesis was successfully
investigated. From X-ray powder diffraction data it is possible
to conclude that one-step synthesis results in ultrafine NiO

particles and homogeneous nanocrystallites for both NiO and
CGO phases. Results indicate that, regardless the powder
preparation method, the amount of pore former had a strong
influence on the microstructure of the cermets. A remarkable
advantage of the one-step synthetic route is its additional
flexibility with respect to processing conditions towards the
manufacture of Ni-CGO cermets with variable level of
porosity, especially suitable for multilayered anode-supported
assemblies. The high electrical conductivity obtained for the
one-step composite due to the formation of a network of well-
connected and homogeneously distributed fine grains, is
appropriate to ensure percolation and easy transport of charge
carriers. The findings in this work indicate that the in situ
nanocomposite NiO-CGO powders are potential candidates
to be used as anode component in low/intermediate-tem-
perature SOFCs.
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