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ARTICLE INFO ABSTRACT

Keywords: This work reports the synthesis and characterization of mesoporous NiO/ZrO, CeO, composites. These
Ceria materials are still being developed due to their excellent morphological and structural properties, especially

Zifconia for solid oxide fuel cells (SOFCs) anodes. A soft chemical route using a polymeric template was utilized to
ka;l synthesize the samples. The structure after two different calcination processes at 400 °C and 540 °C was studied
23; Ces by X-ray diffraction and Rietveld refinement, before and after NiO loading. Nitrogen adsorption, scanning/

transmission electron microscopy and small angle X-ray scattering revealed a nanocrystalline bi-phasic porous
material. Temperature programmed reduction experiments showed higher Ni and Ce reduction values for
samples calcined at 400 °C and 540 °C, respectively. Methane conversion values in the temperature range
studied were similar for both calcination temperatures, showing 50% CH,4 conversion around 550 °C and 80%
around 650 °C. However, a sample calcined at 400 °C exhibited better morphological and textural properties
leading to an enhancement in NiO and CeO, reducibility that might be responsible for an improvement in
oxygen surface exchange and gasification of carbon species in catalytic experiments.

Methane oxidation

1. Introduction Several attempts to synthesize zirconia doped ceria (ZDC) with better

textural/structural properties were reported in the last decades [8,26—

Ceria-based materials are well known for excellent catalytic perfor-
mance due to the cerium oxide redox/oxygen storage properties [1-6].
Specially, ceria-zirconia solid solutions are used in many catalytic and
electrocatalytic applications such as automotive three-way catalysts
(TWCs) [7], oxidation and reforming catalysts [5,8—14], electrode
materials in solid oxide fuel cells (SOFCs) [15—17] and constitutive
materials in electrocatalytic devices [18-20].

The synthesis of mesoporous (2 < pores sizes < 50 nm) ceria-zirco-
nia materials via soft template methods is a useful strategy to produce
these solids since they are more versatile and are conducted at lower
temperature, compared to other synthesis procedures [6,12,21-25].

28]. This material is a mixed ionic-electronic conductor (MIEC) under
reducing atmosphere, which is an important feature for SOFC applica-
tions because the fuel oxidation reaction takes place over the entire
anode surface of the material and not only in the triple phase boundary
(TPB) as in the case of the electronic conductors [28]. The synthesis by
the gel-combustion, citrate and freeze-drying methods provide materi-
als with suitable properties for many applications [29—-37]. Given the
fact that the electronic conductivity of ZDC is relatively low, it is
typically used in composites with a metal conductor. Nickel is the most
common choice due to its lower cost and high catalytic activity for
methane oxidation [11,35,36,38].
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Ni/Yttria-stabilized zirconia (YSZ) anode is the most studied and
tested in SOFCs, providing high power density values when operating
at temperatures between 750 °C and 850 °C [39-41], using H, and
CH,4 as the fuel source. It was found that the conversion rate of
methane is strongly dependent on the specific surface area of the anode
[41], indicating the importance to control the morphology of the anode
in order to achieve better device performance. Many recent studies
have focused on the investigation of the mechanisms responsible for
the anode degradation, such as Ni grain growth by sintering, carbon
coking, sulfur poisoning and redox cycling [42,43]. In addition,
different anode compositions have been studied, modifying both, the
metallic phase, through metal substitution and, the support, employing
samarium and gadolinium cermets, in order to avoid degradation,
decrease of the operation temperature, increase of the cell performance
and extend the type of fuel that can be used [44-58].

Another strategy investigate the possibility to avoid metal impreg-
nation in the anodes, by synthesizing mixed ionic and electronic
conductors (MIEC) perovskites, such as lanthanum strontium chro-
mium manganites/ferrites, sintered at high temperatures ( > 1000 °C)
[40,43,59]. However, these anodes do not present high catalytic activity
for methane oxidation; neither high electronic conductivity nor stabi-
lity, therefore, the development of novel compositions or combinations
of material structures is still an open area for research, motivated by
the use of natural gas fuels [43].

The aim of this work was to synthesize and characterize ZDC with
90 mol% CeO,, using a polymeric template route and two different
calcination temperatures, in order to obtain porous ceramics, prefer-
entially with a single crystalline phase. The ceramics impregnated with
NiO were analyzed to evaluate their applicability in catalysis and as
anodes of intermediate temperature solid oxide fuel cells (IT-SOFCs).

2. Materials and methods
2.1. Sample preparation

The ZDC synthesis used 0.5 g of Pluronic P-123 (BASF) for 5 mmol
of Ce/Zr (molar ratio of 9/1). The polymer was previously stirred with
10.7 mL of 2 mol L™! HCI solution before the addition of CeCl;-7H,0
(Aldrich) and ZrCl, (Aldrich). The gel was stirred for 2 h and its pH was
adjusted to 3 by adding concentrated NH4OH. The hydrothermal
treatment of the resulting mixture was performed in a Teflon autoclave
for 48 h at 80 °C. The sample was dried at 60 °C for 1 day.

Calcination process at 400 °C was performed in a tubular oven, with
a temperature heating rate of 1 °C min~!, with an isotherm of 4 h at
400 °C, in air (sample named Z90C-c400). The other calcination used
the same heating rate, until 540 °C in N, atmosphere, an isotherm at
540 °C with 2 h in N5 and 2 h in air (sample named Z90C-c540). This
last process was previously established for calcined ordered mesopor-
ous silica [60].

The NiO was incorporated by incipient wetness impregnation (IWI)
of Ni(NO3),-6H,0 solution with anhydrous ethanol (99.99% purity).
The solution with nickel nitrate and the ZDC solid was mixed in a
proportion to obtain 60 (w/w)% of NiO after calcination. The im-
pregnated solid was dried in an oven for 4 h and calcined until 350 °C
with a heating rate of 1 °C min~! and maintained at this temperature
for 4 h.

2.2. ZDC and Ni/ZDC characterization

The X-ray diffraction measurements were performed with a Bruker
D8 Discover-DaVinci equipment with a copper tube (Cu Ka radiation,
A=1.5418 &), Ni filter and a Lynx-eye detector, operating at 40 kV and
30 mA, with 26 from 20° to 100°, a 0.02° step and counting time of
10 s/step. The Rietveld's powder structure refinement analysis was
performed using Fullprof software [61]. The peak shape was assumed
as an asymmetric pseudo-Voigt function. The background of each
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pattern was fitted by a polynomial function (degree 5). The least-square
method was adopted to minimize the difference between the observed
and the simulated powder diffraction patterns.

Nitrogen adsorption isotherms (NAI) were obtained with an ASAP
2020 Micromeritics porosimeter. Thermal treatment was made during
12 h at 200 °C and the measurements were taken at 77 K (N5). The
pore size distribution (PSD), pore volume and pore diameter were
calculated using the BJH (Barrett-Joyner-Halenda) method [62]. The
specific surface area was calculated using the BET (Brunauer—
Emmett—Teller) method [63]. Scanning electron microscopy (SEM)
images were obtained with a field emission electron microscope JEOL
JSM-7401F with 5.0-10.0 kV of acceleration tension, SEI secondary
electron detector, working distance ranging from 2.0 to 6.0 mm and
1.0 nm resolution. Transmission electron microscopy (TEM) images
and Energy Dispersive X-ray Spectroscopy (EDS) maps were collected
at a JEOL model JEM-2100 with 50 kV of acceleration tension,
resolution of 0.25 nm and sample inclination of + 30°.

The small angle X-ray scattering (SAXS) measurements were
carried out with a Bruker NANOSTAR sealed Cu tube (Cu Ka radiation,
A=1.5418 &) operating at 40 kV and 30 mA, with a multi-filament Hi-
STAR two-dimensional detector. The point focus geometry was used;
the system was collimated by 3 pinholes and a cross-coupled Goebel-
mirror system. The set up holds a vacuum path between the sample
chamber and the detector. The sample to detector distance was
650 mm, therefore with q values ranging from 0.012 A™* to 0.35 A%,
All the data were normalized by the measuring time and were corrected
for the absorption effects. The inverse Fourier transform (IFT) method
was used to perform the particle size distribution function in order to
evaluate the porous structure of the samples, using the PCG software
[64].

Temperature-programmed Reduction (TPR) was performed with a
Micromeritics Chemisorb 2720. The samples were placed in a quartz
reactor and prepared by heating in a He gas flow (50 mL min~" at STP)
until 300 °C for 1 h to eliminate water and other impurities. After the
samples were cooled down to room temperature, then they were heated
with a 10 °C min™! ramp with 50 mL min~! at STP gas flow mixture
with 5 mol% Hs in Ar balance. The thermocouple was placed inside the
reactor, just above the catalyst bed, in order to avoid heat transfer
limitations. H, consumption was monitored by the change in the
thermal conductivity of the reactor exit gas flow with a thermal
conductivity detector (TCD). The catalytic test for total methane
oxidation was carried out in fixed-bed quartz tubular reactor with
internal 10 mm diameter containing 50 mg of catalyst samples without
any pretreatment. It was used a feed gas flow of 333 cm® min~! at STP,
consisted of CH4 2 mol%, O> 4 mol% and N, balance. Composition of
feed and exhaust reactor gas flows were determined by on-line gas
chromatography. A Clarus 500 (Perkin Elmer) equipped with a thermal
conductivity detector and automatic injection valve was used. The
reaction temperature was monitored by a thermocouple placed in the
middle of the catalyst bed. Methane and oxygen conversions and
carbon dioxide production were calculated according to the following
expressions:

Flys — F§
Xepgy = e = L) 109,
CHa )
Fi _ F()
Xpy = Tor ~ Fon) : 02 95,
Foo (2)

Fly4 and Fj, are the methane and oxygen molar flow in the feed, and
F¢y, and Fg, are the molar flow in the exit. The CO, production is:
F&,
€02 100%
Fena

Feon =

3

Ff, corresponds to the molar flow of CO, in the exit.
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Fig. 1. Conventional XRD patterns for sample Z90C calcined at 400 and 540 °C (empty
symbols) with the Rietveld fitted pattern (line) and the difference plot (dashed line).

3. Results
3.1. X-ray diffraction and Rietveld analysis

X-ray diffractograms are presented in Fig. 1 and the Rietveld
refinement results are shown in Table 1. The Rietveld refinement of
the sample calcined at 400 °C resulted in a single cubic fluorite type
Fm3m crystal structure (within the limits of the technique, which does
not detect nanocrystalline phases with concentration lower than 3-
4%). The Rietveld refinement of the sample calcined at 540 °C revealed
the presence of a small concentration (~5%) of the zirconia-ceria
tetragonal phase (P4,/nmc). Raman spectroscopy could give a more
precise determination of the crystalline phases in those samples
[29,65]. The sample Z90C-c540, calcined in higher temperature,
showed a larger average crystallite size than the sample heated until
400 °C (Z90C-c400). The sample Z90C-c540 was stable after heated
until 1000 °C for more than 5 h. After this process the phase quantities
were constant and there was only an increase in crystallite size. Also,
the method produced samples with reproducible tetragonal phase
content. The X-ray diffractograms after NiO impregnation are shown
in Fig. 2 and the Rietveld results are shown in Table 2. The
corresponding NiO peaks are present for both samples. As expected
the ZDC structure was unaltered after NiO impregnation and the
average crystallite size of NiO is almost the same for both calcination
processes. The NiO weight fraction, obtained from the Rietveld
refinement, is close to 60 w/w%, in good accordance with the nominal
concentration.

Table 1

Structural parameters of Rietveld analysis for 90% CeO- calcined samples until 400 and
540 °C. The values of a and c are the lattice parameters, % of crystalline phases, V is the
lattice volume, D is the average crystallite size. Rp,, Ryp, Rexp, Scor and ¥ are the Rietveld
standard agreement factors.

Z90C-c400 Z90C-c540

Phase Cubic Cubic Tetragonal
Fm3m Fm3m P42/nme
100%" 95.14% 4.86%

a/A 5.4771(6) 5.4109(7) 3.731(2)

c/A - - 5.148(5)

V/A3 158.97(3) 158.423(9) 71.66(9)

D/nm 16.8(2) 54(1) 3.2(7)

Rp 6.3 6.4

Rup 6.9 6.8

Rew 4.6 4.3

SGor 1.5 1.6

X 2.3 2.5

2 Uncertainty of single phase between 3% and 4%.
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Fig. 2. Conventional XRD patterns for sample Z90C calcined at 400 and 540 °C after
NiO impregnation (full symbols) with the Rietveld fitted pattern (line) and the difference
plot (dashed line).

Table 2

Structural parameters of Rietveld analysis for 90% CeO, calcined samples until 400 and
540 °C after NiO impregnation. The values of a and c are the lattice parameters, % of
crystalline phases, V is the lattice volume, D is the average crystallite size. R, Rup, Rexp,
Scor and ¥? are the Rietveld standard agreement factors.

Ni/Z90C (c400) Ni/Z90C (c540)

Phase Cubic NiO Cubic Tetragonal NiO
Fm3m Fm3m Fm3m P42/nmc Fm3m
37.95% 62.05% 38.29% 2.29% 59.43%
a/A 5.4156(14)  4.1878(12)  5.4115(10)  3.744(4) 4.1875(8)
¢/A - - - 5.131(2) -
v/A3 158.481(4)  73.214(20)  158.412(5)  71.92(2) 73.21(5)
D/nm 16.3(2) 20.2(3) 48(2) 4.6(1) 21.9(5)
Rp 8.9 9.7
Ryp 7.2 7.1
Rexp 5.9 5.3
SGoF 1.2 1.3
Ve 1.5 1.8
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Fig. 3. Nitrogen physisorption isotherm and the pore size distribution (PSD) calculated
from the adsorption branch using the BJH method for Z90C calcined until 400 and
540 °C.

3.2. Nitrogen isotherms and textural properties

Nitrogen physisorption results of Z90C samples, calcined at 400 °C
and 500 °C, are shown in Fig. 3. Both samples presented an isotherm of
type IV according to the IUPAC classification [66] with a low slope in
the micropore region and did not show saturation at P/P,~1, which can
be attributed to large pores and inter-particle porosity. The Z90C-c400
sample showed an H,-type hysteresis loop, characteristic of homo-
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Fig. 4. Nitrogen physisorption isotherm and the pore size distribution (PSD) calculated
from the adsorption branch using the BJH method for Z90C calcined until 400 and
540 °C after NiO impregnation.

geneous pore size and narrow particle size distributions. While Z90C-
¢540 sample showed an Hs-type hysteresis loop, which corresponds to
small slit-like pores and a wide pore size distribution (PSD). During
calcination these systems pass from an amorphous phase to crystalline
oxides [66] and this process generates larger pores, as shown by the
PSD behavior depicted in Fig. 3.

The isotherms after NiO impregnation are shown in Fig. 4. Table 3
presents the textural properties of all samples. Micropore volume and
surface area were obtained through the t-plot method with the Harkins
and Jura correction [67].

After the NiO impregnation both samples presented similar physi-
sorption graphs, showing parallel isotherms to the relative pressure
axis, suggesting the presence of small pores, since the adsorbed volume
is almost constant for small P/P, values. The best textural properties
were obtained for the Z90C-c400 sample. After the NiO impregnation
the BET and microporous surface area of the Z90C-c540 sample
increased due to the porosity between the NiO particles over the ZDC
matrix, confirmed by electron microscopy images.

3.3. SEM/TEM micrographs

The morphology of the samples was evaluated with scanning and
transmission electron microscopy images. SEM micrographs (Fig. 5(a)
and (b)) showed smaller particles for the ZDC samples calcined at
400 °C, before and after NiO impregnation, as expected since higher
temperature tends to increase particle size. TEM images for Z90C-c540
showed the ZDC nanocrystals before (Fig. 6(a)) and after (Fig. 6(b))
NiO impregnation. The SEM and TEM images allowed visualizing the
porous structure of the zirconia-ceria. The particle sizes varied from 26
to 96 nm. The TEM images showed a bicontinuous crystalline struc-
ture, mostly with cubic shape, with randomly distributed pores, having
different sizes, smaller than 5nm up to 50 nm. After the NiO
impregnation the particle shape became round and the material looked

Table 3

Nitrogen physisorption results: specific surface area Sgrr, micropore surface area from t-
plot method S,, pore volume Vp, micropore pore volume from t-plot method V, and
mean pore diameter Dp, for ZrO,-CeO, samples.

Samples SgET S, m?g™) Vp(ecm®g™) Vi (em®*g™') Dp (nm)
(m*g™

Z90C-c400 119.9 30.0 0.40 0.016 3.3

Z90C-c540 32.1 1.64 0.18 0.001 10.7

Ni/Z90C(c400) 66.7 11.7 0.42 0.006 2.8/12

Ni/Z90C(c540) 43.3 19.4 0.21 0.011 4.3/19.1
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like denser, with clusters ranging from 17 nm up to 214 nm. The
energy dispersive X-ray spectroscopy (EDS) analysis (Supporting
information) revealed a homogeneous distribution of Ni on top of the
zirconia-ceria matrix and some small Ni particles (~3 nm) on the
boundary region of the clusters. After NiO impregnation the pore sizes
were between 5 nm and 22 nm.

3.4. SAXS results and modelling

SAXS results for Z90C-c400/-c540 are shown in Fig. 7. SAXS is a
very powerful technique to evaluate general porous systems. It is a non-
destructive method, which do not depend on molecule adsorption such
as BET/BJH methods, so it can detect a wide range of pores. Since the
samples do not have a very narrow pore size distribution shown by NAI
results, the Inverse Fourier Transform (IFT) method [68] was used to
evaluate the volume distribution of the pores (Dy(R), Fig. 7(a)) and the
distribution of the number of pores (Dx(R), Fig. 7(b)), as a function of
the pore dimension. The SAXS curves presented in Fig. 7(c) shows a
typical porous bicontinuous biphasic system for both calcination
temperatures.

The pore volume distribution Dy(R) is in accordance with the
adsorption results, the Z90C-c540 sample contains larger pores and a
wider distribution compared to the Z90C-c400 sample. This agreement
between these two independent data can also be confirmed by the
higher scattering of Z90C-c540 sample in the low angle region in
Fig. 7(c). Also, the Dy(R) showed that lower the calcination tempera-
ture resulted in smaller pores.

The SAXS data after NiO impregnation, shown in Fig. 8, have a
different outcome from the IFT calculations compared to Fig. 7. The
SAXS curves, Dy(R) and Dy(R) have similar characteristics, which can
be assigned as the NiO particles on the ZDC matrix. This can also
explain why the PSD (Fig. 4, inset) also presented a peak in the smaller
pore diameter range. Also, it can explain the isotherm behavior at lower
relative pressure, once the Ni precursor can block part of the micro-
pores, part of the mesopores and generate some porosity between
particles after the heating treatment to form NiO.

3.5. TPR analysis

Temperature-programmed reduction profiles of the calcined sam-
ples and a ceria standard (LSA-CeO-), with low specific surface area,
are presented in Fig. 9. High superficial area ceria-based materials
present low temperature peaks on the TPR profile because the
reduction process is limited by its textural properties. In Fig. 9 it is
possible to observe that the Z90C-c400 sample with higher superficial
area presents a reduction behavior at lower temperatures, the reduc-
tion starts at 400 °C. These first peaks (430 and 530 °C) correspond to
the superficial Ce** to Ce®** reduction, while the high temperature peak
(740 °C) is related to the bulk ions. In order to rule out the presence of
impurities from the synthesis procedure in the sample calcined at
400 °C a thermal treatment was performed at 500 °C during 30 min in
diluted O, (5 mol% O,/He) prior to the TPR experiment. The TPR
profile obtained (not presented here) exhibits the same two low
temperature features at ca. 425 °C and 530 °C confirming that they
correspond to the reduction of ceria. It can also be seen that the Z90C-
¢540 has a higher final reduction percentage when compared with the
sample calcined at lower temperature. This could be related to the fact
that this sample has higher pore diameters which could have facilitated
the higher reduction. LSA-CeO, standard presents a peak at higher
temperature (888 °C) indicating the strong influence of grain size and
porosity on the reduction process. Both samples reached around 30%
reduction at lower temperatures than the LSA-CeO, standard. The
peak temperatures and hydrogen consumption are presented on
Table 4.

The TPR profiles after NiO impregnation are shown on Fig. 10 with
a LSA-NiO standard. The LSA-NiO standard TPR profile has one peak



R. Bacani et al. Ceramics International 43 (2017) 7851-7860

(@) (b)

SEI 50kV  X75,000 100nm WD 3.0mm 50kV  X75000 100nm WD 3.0mm

Ay

4 JY
a'}”
E

;w’
. m

SEI  100kV X75000 100nm WD56mm SEI  100kV X50,000 100nm WD 6.0mm

Fig. 5. Scanning electron microscopy images of Z90C samples: (a) Z90C-c400, (b) Ni/Z90C-c400, (c) Z90C-c540, (d) Ni/Z90C-c540.

Fig. 6. Transmission electron microscopy images of Z90C samples: (a) Z90C-c540, (b) Ni/Z90C-c540.
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Fig. 7. (a) Volume (Dy(R)) and (b) number distribution (Dn(R)) and (c) SAXS curves for Z90C-c400 and Z90C-540.

around 400 °C and another one around 610 °C, which corresponds to
the process controlled by diffusion inside large particles. The NiO-
supported samples presented lower reduction temperature and an one-
step reduction profile due to the distribution of this oxide on the high
specific surface of the support, facilitating the diffusion process. Higher
temperature peaks (see inset in Fig. 10) are overlapped with the post
ZDC reduction. There was no 100% reduction of all Ce and Ni moles at
lower temperatures, but evaluating the first peak and only taking into
account the NiO in the samples, there was 100% NiO to Ni reduction
for both samples around 400 °C.

3.6. Methane conversion

Catalytic activity test results are presented in Fig. 11. In Fig. 11(a)
and (b) oxygen and methane conversion are plotted against tempera-
ture for samples Z90C/Ni(c400) and Z90C/Ni(c540). Both samples
exhibit an increase in oxygen and methane conversion with an onset
temperature for methane combustion reaction at ca. 450 °C. The only
product detected was CO, with no traces of CO or H,, indicating that in

—5— Z90C/Ni (c400)
—v— Z90C/Ni (c540)

1.0 (a)

o ©
) ©

D, (R) (arb. u.)

0.2

D, (R) (arb. u.)

the analyzed temperature range only the complete oxidation of
methane takes place. It should be noted that the oxygen conversion
reaches 70% at 650 °C for both samples and a temperature for 50%
conversion (T50) was attained at 550 °C, indicating an excellent
catalytic activity for methane combustion at low temperatures.
Similar catalysts presented T50 above 600-700 °C [36,37,69-72].
However, it is interesting to point out the differences between the O,
and CH,4 conversion profiles of both catalysts. In the case of sample
7Z90C/Ni(c400) both O, and CH4 conversion profiles match in the
whole temperature range, whereas in the case of Z90C/Ni(c540), CH4
conversion is higher than O, conversion, especially in the temperature
range of 550—650 °C. This, altogether with the fact that CH4 conversion
is higher than CO, production (Fig. 11(c)), indicate that carbon
formation might be taking place on the surface of the Z90C/Ni(c540)
sample. In fact, carbon balance between inlet and exit from the reactor
matched 100 + 15% for the Z90C/Ni(c540) sample, whereas the Z90C/
Ni(c400) sample exhibited a carbon balance that matched 100 + 2% in
all cases.

Catalyst characterization results presented in the previous sections

10°
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Fig. 8. (a) Volume (DV (R)) and (b) number distribution (Dx(R)) and (c¢) SAXS curves for Z90C/Ni (c400) and Z90C/Ni (c540).
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Table 4
TPR results: hydrogen consumption at 25 °C and 1 atm (Cyo), temperature of the profile
peaks (Tpi, i=1,2,3, 1=first peak) and R is the total reduction of the Z90C/Ni samples.
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Fig. 9. Left: TPR profile Z90C for both calcination temperatures and LSA-CeO, standard. Right: Ce** to Ce®* reduction with temperature.

revealed that as a result of the low temperature synthesis procedure
and calcination temperature, the sample that was calcined at 400 °C
exhibited a larger total pore volume, higher surface area and smaller
crystallite sizes than the sample calcined at 540 °C. The morphological
and textural properties led to an enhancement in NiO and CeO,

Samples Ciz (mLg™)  Tp (°C)  Tr2(°C)  Tpsa(°C)  R(%) reducibility in the case of Z90C/Ni(c400) sample. This enhancement
790C-c400 16.0 ~ 425/530 740 953 in the ceria redox behavior might be responsible for an improved
790C-c540 254 _ 552.7 740 376 oxygen surface exchange allowing for gasification of carbon species in
LSA-CeO, 19.2 888 - - 27.1 the sample fired at lower temperature [73].
Ni/Z90C(c400) 223.4 317.5 - 609.7 100
Ni/Z90C(c540)  175.3 322.2 515.0 686.9 78.8 4. Di .
LSA-NiO 314.1 404.5 590.8 - 96.0 - Discussion
Porous anodes are more suitable to achieve low temperature
operation of SOFCs, because they enhance the mass flow of gases that
100F
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Fig. 10. Left: TPR profile Z9OC/Ni for both calcination temperatures and LSA-NiO standard. Right: total (Ce** to Ce®*+ Ni?* to Ni®) reduction with temperature.
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Fig. 11. Total methane conversion: (a) CH,4 conversion with temperature; (b) O, conversion with temperature, (¢) CH4 conversion as a function of CO, production, (d) Correlation

between O, and CH,4 conversion; the lines in (c) and (d) represent a 45° line.

promotes the redox reactions, as well as the porosity improves the
catalytic processes [68,74—76]. The properties of porous zirconia and
ceria oxides are strongly dependent on the template and synthesis
routes. Independent on the synthesis and template utilized, the initially
ordered mesophase induced by the directing structure agent is
commonly lost after calcination [66,77,78].

Similar results for CH,4 conversion at intermediate temperatures
(5650-650 °C) were obtained for NiO/ZrO,-CeO» samples, synthesized
by the gel-combustion route, evidencing the importance to prepare
nanocrystalline composites [11], as those of this work, with crystallite
sizes of 17 and 54 nm, calcined at 400 and 540 °C, respectively.
Besides, the larger surface areas and pore diameters, obtained by the
template method, were accountable for the larger Ce and Ni redox
rates.

TPR experiments showed a higher Ni reduction rate for the sample
calcined at 400 °C, because its higher surface area allowed a more
homogeneous/smooth coverage of Ni atoms, avoiding aggregation. The
increase in the micropore surface area and pore volume of the sample
calcined at 540 °C after nickel impregnation is another indication of
clustering of the nickel oxide particles. On the other hand, probably due
to the rupture of the ZrO,-CeO, walls, the sample calcined at 540 °C
presented larger pores, allowing a greater exposition of the Ce atoms,
giving a larger Ce reduction rate, as revealed by the TPR data. The TPR
results showed higher redox figures and lower temperatures of the
porous samples compared to the low surface area standards, demon-
strating the potential of these materials as catalyzer and anodes of IT-
SOFC. Also, there was no evidence of carbonaceous deposits during
methane conversion, attesting for the quality of the developed electro-
des. Long cycling experiments have to be performed in order to
guarantee the anodes integrity.
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It is worth to mention that the sample calcined at 540 °C (Z90C-
¢540) presented a mixture of crystalline phases (~95% cubic and ~5%
tetragonal), nonetheless its Ce reduction figures (rate and temperature)
were better than the standard material (LSA-CeO,), demonstrating that
the single phase requirement is not necessary in real devices.
Moreover, it is important to point out the crystalline phase stability
of the Z90C-c540 sample up to 1000 °C.

5. Conclusions

In this research a novel low temperature synthesis of nanometric
Ni/ZDC with suitable textural and structural properties for catalysis
and anode of SOFC applications was developed. Different calcination
processes were useful to control the crystal size and to promote phase
stabilization.

The SAXS data allowed evaluating the porosity at a larger scale,
presenting consistent results with other independent experimental
techniques such as N> physisorption and electron microscopy. TPR/
methane conversion showed the total reduction of NiO to Ni at lower
temperatures and at a higher conversion rate when compared to other
data in the literature, with no evidence of carbonaceous deposits.

The materials synthesized in this research proved to be more active
for the total oxidation of methane at low temperatures compared with
data reported for similar materials in the literature, indicating the
important role of the morphology of the ZDC support on reducibility
and catalytic performance of the samples. The sample calcined at
400 °C exhibited better morphological and textural properties leading
to an enhancement in NiO and CeO, reducibility, which might be
responsible for the improvement in the gasification of carbon species as
observed in catalytic tests.
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