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ABSTRACT

In this work, we investigated the effects of two different synthetic routes, Pechini and microwave-in-
duced combustion method, on the properties of nickel-based catalysts derived from NiO-Cep75Z102502
nanocomposite. Powder samples were characterized by specific surface area (SSA) via BET method, X-ray
diffraction (XRD), scanning electron microscopy (SEM) and temperature-programmed reduction (TPR). It
was found that the synthesis method has a significant influence on the powder morphology, which may
affect the catalytic activity. The nickel-based catalysts were tested for the partial oxidation of methane
showing high CH,4 conversion, 80% and 81% after the first hour on stream, for the samples prepared by
Pechini and combustion method, respectively. These samples also exhibited catalytic stability, keeping
CH,4 conversion levels about 77% and 80% after ten hours on stream, respectively. We suggest that such
good performance is related to the good dispersion and particle size of the metallic nickel over Zr-Ce02

support.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

Partial oxidation of methane (POM) is an attractive route to
involve methane into the synthesis of liquid fuel and valuable
chemicals [1,2]. The primary product of POM is a mixture of H,
and CO, known as synthesis gas (syngas), with H,/CO molar ratio
of 2 suitable for the production of methanol and Fisher-Tropsch
synthesis [3]. Noble metals are extensively reported as highly ac-
tive and stable catalysts for partial oxidation of methane, parti-
cularly Ru [4-8]. However, the high cost limits their application at
industrial scale.

Nickel catalysts supported on alumina are traditionally used for
syngas production from methane via dry reforming [9], steam
reforming [10] and partial oxidation [11]. Despite their high ac-
tivity and low cost, these catalysts show a major drawback due to
fast deactivation caused by coke deposition, sintering of the nickel
particles or both. Therefore, development of more active and
stable catalysts has become an important task over the last dec-
ades. The selection and modification of the catalytic support have
been proposed as a practical approach to developing nickel-based
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catalysts with high activity and good stability. It is known that a
healthy interaction between the active phase and the support with
high oxygen mobility can reduce the coke deposition, as well as
sintering effects [12]. Mixed oxides with fluorite-type structure Zr-
CeO, appears like a good alternative. In fact, the addition of Zr to
CeO, improves the oxygen storage capacity, the redox property,
the thermal resistance of CeO, and it allows a better metal dis-
persion [13-15]. These properties may be influenced by the pre-
paration method. Song et al. [16] reported the enhancement of the
coke resistance in Ni/Al,O5 catalyst when prepared by a modified
sol-gel method using glycerol. Chen et al. [17] studied the effect of
preparation methods on structure and performance of Ni/
Ceg.75Z19250, catalyst for dry methane reforming. In general, many
methods have been applied in the synthesis of oxides, as well as of
heterogeneous catalysts, including the microwave-assisted com-
bustion and the Pechini method. Probably, these two approaches
are the most used routes to synthesize oxide materials with dif-
ferent types of properties [18-21].

The Pechini method is a low-temperature synthesis technique
based on a solution polymerization route. This synthetic route has
been widely used to synthesize mixed oxides due to its low cost
and versatility. Compared to conventional solid-state reaction
methods, the Pechini method provides the obtaining of powders
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with high level of chemical homogeneity and more uniform par-
ticle size distribution [20,22].

Microwave-assisted combustion synthesis is presented here as
an alternative to the conventional self-combustion method. In this
synthetic approach, the interaction between the microwaves and
the molecules in the precursor solution provides the heat neces-
sary to launch the self-combustion reaction. Therefore, the heating
is uniform, and high temperatures are reached faster, which can
lead to different microstructures. Also, since the heating is in-
stantaneous, microwave power provides a way to control the time
and intensity of the reaction [9].

The effect of the synthetic route over structural and morpho-
logical properties of Ceg75Zrg250, and NiO-Ceq75Zrg250, com-
pounds was studied. Furthermore, the catalytic performance of the
nickel-based compounds was evaluated in the partial oxidation of
methane.

2. Experimental details
2.1. Synthesis of Ceg.75Zrp250 solid solution

Cerium nitrate [Ce(NOs)s;-6H,0, ALDRICH], zirconium oxyni-
trate [ZrO(NOs), -xH,0, NEON], nickel nitrate [Ni(NOs),-6H,0,
ALDRICH], urea [CH4N,O0, VETEC], anhydrous citric acid [CcHgO7,
VETEC] and ethylene glycol [C;HgO,, VETEC] were used as pur-
chased without further purification.

In a typical synthesis via Pechini method, metallic nitrates, and
citric acid were mixed in distilled water in a molar ratio of 1:3
(metallic ions: citric acid). This solution was stirred vigorously for
30 min at 70 °C. Then, ethylene glycol was added in a ratio of
40:60 in relation to the citric acid and the solution was kept under
stirring for 120 min at 90 °C. At this temperature, polyesterifica-
tion reactions, and water evaporation take place leading to the
formation of a polymeric resin. This resin was heat-treated at
150 °C for 1 h (5°C/min) and after at 300 °C for 4 h (5 °C/min)
resulting in a fluffy black mass, which was subsequently ground to
produce the polymeric precursor. Finally, the polymeric precursor
was calcined at 800 °C for 4 h (5°C/min) producing crystalline
powders.

The same compound was prepared by microwave-induced
combustion method using urea as fuel. The method introduced by
Jain et al. [7] was used to calculate the amounts of each reagent,
metallic nitrates, and urea. The values in moles for urea was cal-
culated for a stoichiometric condition “p=1". All reactants were
dissolved in a minimum amount of water kept under stirring on a
heating plate for 30 min at 70 °C. After that, the Beaker with the
aqueous solution was transferred to a microwave oven with an
output power of 700 W and frequency of 2.45 GHz. The precursor
solution was exposed to microwaves until the spontaneous igni-
tion takes place. The resulting powder was calcined under air at-
mosphere at 800 °C for 4 h.

2.2. Preparation of the nickel-based catalyst precursor

NiO-Ceg 75710 250> nanocrystalline composite was prepared by
a wet impregnation method. The samples prepared previously by
both mentioned synthetic routes were used as raw materials in
this step. In each case, a known amount of powder was added to
an aqueous nickel nitrate solution to form an aqueous suspension.
This suspension was kept under stirring until the complete eva-
poration of water. The resulting product was dried at 150 °C for 2 h
in a muffle furnace. Then, the samples were calcined in air flux
(50 mL/min) at 900 °C for 4 h. It was used 15 wt% of Ni in relation
to the amount of Ceg 75Z1r0.2505.

The Cegp75Zr9250, samples

received the following
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nomenclature: CP for the sample prepared by the Pechini method
and CC for the sample obtained by the self-combustion approach.
The NiO-Ce 75Zr0250, nanocrystalline composites received similar
nomenclature: NCP, when derived from the powder prepared by
Pechini method and NCC when derived from the powder obtained
by self-combustion.

2.3. Characterization techniques

The structural characterization of the prepared powders was
performed via X-ray diffraction (XRD) analysis using a dif-
fractometer Shimadzu XRD-7000, operating with Cu-Ka radiation
(Acu=1.542 A). Patterns were collected in the 20 range from 20° to
80° at a scan rate of 1.20°/min. The crystallite size was estimated
by using the Scherrer equation and leading account the full width
at half maximum of the diffraction peaks. Also, the Rietveld
method was used for microstructural and quantitative analysis by
using MAUD (Material Analysis Using Diffraction) program pack-
age version 2.55 [23]. The specific surface area was determined by
the BET method using Micromeritics apparatus, model ASAP 2020
equipped with a thermal conductivity detector. The morphology of
the powder samples was analyzed by scanning electron micro-
scopy (SEM) on a Shimadzu SSX 550 microscope. Temperature-
programmed reduction (TPR) measurements were carried out in
the Autochem II Micromeritics apparatus. In a typical procedure,
the samples (25 mg) were previously dehydrated at 150 °C (10 °C/
min) for 30 min in an N, flow (50 mL/min). After cooling to 50 °C,
the gas flow was changed to a mixture of 10% of Hy in N, (50 mL/
min) and the temperature increased up to 1000 °C (10 °C/min).
The hydrogen consumption was monitored by a quadrupole mass
spectrometer. Nickel-based catalysts were tested in the Partial
oxidation of methane (POM). Experiments were carried out in the
same apparatus previously described for the TPR analysis. To avoid
hot spot formation or temperature gradients, 20 mg of each
sample was diluted in 100 mg of quartz. Before the reaction, the
catalyst was reduced in 10% H,/N; (10 °C/min) at 900 °C for
10 min. Next, the temperature was decreased to 800 °C under N,
atmosphere. A reactant mixture with CH4: O, ratio of 2:1 (total
flow of 100 mL/min) was used. The exit gasses were analyzed
along time using a gas chromatograph (TRACE CG-Ultra). The
catalytic performances were evaluated by CH, conversion, H,/CO
molar ratio, and selectivities towards CO and CO, calculated as
follows:

(CH4)m - (CHy),,

Conversion (CH,)(%) = —— 22— x 100
) (CHa),, M
; (Hz)out
H,/CO molar ratio = ——2
(CO),,e @)
Selectivity (CO)(%) = % x 100
(CHa),, = (CHy),,, 3)
Selectivity (CO,)(%) = COz)out x 100
N%) = ey
(CHy),, - (CHa),,, @

3. Results and discussion
3.1. Structural and textural characterization

XRD analyses were performed for the samples prepared by



16086

Table 1
Lattice parameters, atomic coordinates and site occupancy.

Lattice Parameters® Coordinates®

Zr-CeOy Atom X Y Z Occupancy
a=b=c=53848 A Ce 0.000 0.000 0.000 0.75
a=p=y=90° Zr 0.000 0.000 0.000 0.25

0] 0.250 0.250 0.250 1.00
NiO Atom X Y 4 Occupancy
a=b=c=4.1826 A Ni 0.000 0.000 0.000 1.00
a=p=y=90° (0] 0.500 0.500 0.500 1.00

¢ Adapted from COD files.

both microwave-assisted combustion and Pechini method, as well
as to the samples with and without nickel. In all cases, Zr-CeO,
solid solution crystallizes in a cubic fluorite-type structure with
space group Fm-3m, according to Crystallography Open Database
(COD) file number 210-2846. The diffraction peaks observed at
28.9°, 33.2°, 47.6°, 56.7> 59.4°, 69.8°, 77.2° and 79.4° (20) are in-
dexed to the crystallographic planes (111), (200), (202), (311),
(222), (400), (313) and (402), respectively. Furthermore, nickel-
containing compounds show four additional diffraction peaks due
to the presence of the NiO cubic crystalline phase. The peaks ob-
served at 37.3°, 43.3°, 62.9° and 75.4° (20) are indexed to the
crystallographic planes (111), (200), (202) and (311), respectively,
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according to COD file number 432-0488.

XRD data were used for microstructural and quantitative ana-
lysis via Rietveld method. The instrumental contribution to the
asymmetry and broadening of the diffraction peaks was calculated
from a CeO, sample with high crystallinity. The crystallographic
data available in the COD files were used as initial input para-
meters for the refinement performed in MAUD program package
(Table 1). The background of each pattern was fitted by a sixth
order polynomial function while the peak profile analysis was
carried out considering isotropic behavior by using the Delft
model [24]. The Rietveld refinement plots are shown in Fig. 1.
Good agreement is observed between experimental profiles and
the calculated structural model.

In Table 2 are presented the specific surface area data obtained
by BET method and the numerical results from Rietveld refine-
ment. For all samples were reached Rwp smaller that 18% and Sig
between 1.09 and 1.27, confirming the quality of the refinement.
By inspecting the results, it can be seen that samples prepared by
the Pechini method show higher surface area and smaller average
crystallite size than samples synthesized by self-combustion. This
behavior is associated with the maximum temperature reached
during the synthesis process, and it can be observed for both
crystalline phases. It is well known that a higher temperature of
processing can lead to the increasing the crystallite size and de-
crease the specific surface area. Furthermore, the microcrystalline
strain is stronger for the samples prepared by Pechini method.

Experimental
—— Calculated
—— Difference

ncp

Intensity (a.u.)

20 30 40 50 60 70 80

20 (degree)
cp —— Experimental
—— Calculated
—— Difference

Intensity (a.u.)

20 30 40 50 60 70 80

260 (degree)

Fig. 1. Rietveld refinement plots of the prepared samples.
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Table 2

Specific surface area (SSA) obtained by BET method and Rietveld refinement re-
sults: phase content (Wt), average crystallite size (Dxgp), microstrain ((¢2)!/?) and
quality refinement indices, Sig and Rwy,

Sample SSA Wt (%) Dxrp (nm) (22 (107%) Sig Rwp (%)
(m?/
g)  ZrCe0, NiO ZrCeO, NiO ZrCeO, NiO
cp 42 100 - 23 - 262489 - 120 162
cC 6 100 - 68 - 989969 - 118 16.0
NCP 18 782 218 49 43 152141 124333 127 174
NCC 6 827 173 83 79 112391 16707 109 14.0

Especially for NiO, the microcrystalline strain is about seven times
larger for NCP when compared to NCC. Finally, the quantitative
phase analysis reveals a composition close to the expected value,
calculated with bases on the nominal composition (about 19 wt%
of NiO).

3.2. Scanning electron microscopy analysis

The morphological characteristics of the produced powders
were inspected by SEM analysis (Fig. 2). It is evident the effect of
the synthesis method on the morphology. In Fig. 23, it can be seen
the typical morphology of the sample prepared by the Pechini
method, which is characterized by hard agglomerates with sizes of
up to 100 pm. It is worth to note the superficial rugosity of the
agglomerate, which could indicate the presence of small crystal-
lites, pores or both.

AccV  SpotMagn Dot WD b——— 20pm
200KV 40 Ox SE 74

NiO on the Zr-CeO:
353 surface

¢ Dot WD ] 50 pm
200KV 40 500x SE 73
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Sample CC presented the typical morphology of powders pre-
pared by self-combustion method (Fig. 2b). It is possible to see
sponge-like agglomerates with pores in micrometric scale. The
windows on top-right of the respective figures show the area
delimited by the white squares and these images had their con-
trast enhanced to make clear the morphological aspects. The same
procedure was performed for the other figures. As can be seen,
pores in sample CC are larger than those observed in the sample
CP. It is known that larger pores contribute little to the specific
surface area (SSA), what is in agreement with the results of SSA
obtained by BET method presented in Table 2.

The impregnation of these samples with nickel nitrate followed
by calcination at 900 °C did not change the morphological char-
acteristics of the Zr-CeO, phase. However, a new crystalline phase
(NiO) was formed, as previously confirmed by XRD data. SEM
micrographs of NCP and NCC are depicted in Fig. 2c and d, re-
spectively. In the NCP sample, NiO is formed on the surface of the
Zr-CeO, agglomerates or as a free phase. On the other hand, in the
NCC sample, NiO is formed mainly into the pores.

3.3. Temperature-programmed reduction

H,-TPR profiles of the prepared samples are displayed in Fig. 3.
As can be seen, reduction of Ce** to Ce>* in CC and CP samples is
a process carried out in three steps. The window on top-right
shows the CC and CP profiles in a maximized scale. It is noticed
that sample CC does not show the first reduction event at 433 °C
and the second event is slightly shifted to 495 °C, compared to
sample CP. On the other hand, the third reduction event occurs at a

"

NiO into the Zr-CeO2
pores

”~
AccV  Spot M Dot WD F— 20pm
200KV 40 1000x SE 74

Fig. 2. SEM micrographs of the samples (a) CP, (b) CC, (¢) NCP and (d) NCC.
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Fig. 3. H,-TPR profiles of the prepared samples.

higher temperature (694 °C) in sample CC compared to CP. It is
assumed that the reduction of Ce** to Ce** in fluorite-type
compounds occurs via reduction of cerium on the surface (low-
temperature peaks) followed by the reduction of cerium in the
bulk (high-temperature peak). Therefore, we can assume that low-
temperature reduction events are strongly influenced by textural
properties such as the specific surface area. Thus, textural prop-
erties may explain the presence of the reduction peak at 430 °C
only for CP; once this sample has much higher surface area than
the sample CC.

The addition of nickel does not interfere in Ce** reduction
process. However, a new main peak at 330 °C is observed in re-
duction profiles of NCC and NCP samples. This new event can be
assigned to the reduction of Ni** to metallic nickel. It is worth to
note that the shape and intensity of this peak in both samples are
very similar, indicating that these characteristics depend only on
the impregnation method.

3.4. Catalytic activity tests

The catalytic activity of the nickel-based samples was tested for
partial oxidation of methane, after the reduction step. A long-term
test was carried out at 800 °C for 10 h to investigate the stability of
the catalysts. Fig. 4 depicts the CH4 conversion profiles obtained as
a function of the time on stream. It was found that the conversion
levels are increasing about 1% and 2% to the samples NCP and NCC
during the first hour, respectively (see in the window on bottom-
right). This indicates that the catalysts are being activated during
this initial period. Then, the CH, conversion slightly decreases
reaching 77% and 80% after ten hours on stream, respectively. It
seems that NCP reaches stability after four hours on stream, while
for NCC this is observed only after seven hours. Nevertheless, the
NCC catalyst keeps the conversion levels slightly higher than those
found for NCP during the entire evaluation period.

The syngas production from CH,4/O, mixtures over nickel-based
catalysts is characterized by competition between two methane
oxidation reactions, partial and complete (Egs. (5) and (6), re-
spectively). Indeed, the presence of CO, in the gas outlet confirms
that the total oxidation of methane takes place. This reaction is
also responsible for the water formation, which it was condensed
and collected during all time on stream. The samples NCP and NCC
produced 5.64 and 4.77 g of water, respectively. The selectivities
toward CO and CO,, as well as the H,/CO ratio, are given in Fig. 5.

For the sample NCP, the H,/CO ratio remained closer to the

V.R. da Silveira et al. / Ceramics International 42 (2016) 16084-16089

100 —e—NCC
90 —=—NCP
80—."“““'““‘74===== |
g " ®1 e
5 60 el
@ J
5 50 sl o
g ] £
8 40—- 'qz; 804
~ S
T 304 S 461
) ] z " R o S, .-
204 78] W
10 4 77 T T T 1
i 0 1 2 3 4
Time on stream (h)
o+ "+
0 1 2 3 4 5 6 7 8 9 10 M

Time on stream (h)

Fig. 4. CH, conversion profiles obtained as a function of the time on stream at
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Fig. 5. CO and CO, selectivities obtained as a function of the time on stream at
800 °C.

stoichiometric value of 2 compared to what is observed for the
sample NCC. It is noted that for the sample NCC the selectivities
reached stable values after one hour on stream. On the other hand,
the stability of the selectivities observed for the sample NCC was
reached only after five hours on stream. After that, both samples
come to present identical selectivity values. It seems that, for the
sample NCC, during the first five hours on stream, another reaction
involving CO, CO,, H, and H,0 takes place, probably the water gas
shift (WGS) reaction (Eq. 7). The WGS reaction may explain the
lower amount of water collected for the sample NCC as well as the
behavior depicted in Fig. 5.

CH4+ %05 —2H,+CO (5)
CH4+20,—C0,+2H,0 (6)
H>0+CO—H,+CO, (7)

Beyond the catalytic reactions mentioned, it is reasonable to
admit that other side reactions may take place during syngas
production via methane oxidation. These reactions can promote
coke formation leading to the catalyst deactivation. However, the
catalysts NCC and NCP did not show any significant sign of
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deactivation. It is expected that the high oxygen mobility typically
shown by Zr-CeO2 compounds improves resistance against coking.

4. Conclusions

In conclusion, we have presented the synthesis of Ceg 75Zr¢ 250>
via two different routes: microwave-induced combustion reaction
and Pechini. The synthesized samples were impregnated with
nickel nitrate and calcined to produce a nanocrystalline composite.
XRD results confirmed the crystallization of two cubic phases, NiO,
and Ceg75Zr9250, with fluorite-type structure. Microstructural
analysis performed by Rietveld method suggested an isotropic
character of the crystallites regardless of the applied synthetic
route. The prepared samples exhibit nanocrystalline character-
istics, with average crystallite size smaller than 85 nm.

It was noticed that the impregnation process followed by cal-
cination at 900 °C provoked a significant drop in the surface area
of the sample prepared by Pechini method from 48 to 18 m?/g. On
the other hand, the sample prepared by self-combustion showed
much more stability keeping the same specific surface area of
6 m?/g. SEM images have revealed that NiO phase is filling the
pores of Ceg75Zrg250, synthesized by self-combustion method
and appears on the surface of large agglomerates when prepared
by the Pechini method.

Both nickel-based catalysts, NCP and NCC, showed high activity
and stability during a long-term test in partial oxidation of me-
thane without any sign of deactivation during the time on stream.
Thus, it was found that the main advantages of microwave-in-
duced combustion method compared to Pechine method are its
simplicity and low cost, in this case keeping the same catalytic
performance.
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