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Abstract

Ni nanoparticles embedded in CeO2 (Ni@CeO,) and CeZrO> (Ni@CeZrO») were synthesized
by sol-gel method and compared with a Ni/CeO> prepared by support impregnation. The
performance of the catalysts was investigated for dry reforming of methane reaction. In situ
XRD, XANES and TEM showed that Ni embedded in CeO> improved the resistance to sintering
along the reduction at 800°C. Doping ceria with zirconia inhibited the growth of Ni particles
and increased the oxygen mobility. SEM, TEM, Raman spectroscopy and TGA of the used
catalysts after dry reforming of methane showed that carbon formation rate was significantly
reduced for the catalysts containing Ni nanoparticles embedded in ceria structure. Carbon
deposits were not detected over Ni@CeZrO; after 24 h of reaction. Therefore, the control of Ni
particle size and the high oxygen mobility of Ni@CeZrO; catalyst inhibited carbon deposition

and favored the mechanism of carbon removal, promoting catalyst stability.

Key words: Ni-embedded; Ceria; Ceria-Zirconia; Oxygen Isotopic Exchange; Methane Dry
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1- Introduction

Biogas obtained by anaerobic digestion of biomass is a source of CHs and CO; and it
can be regarded as an alternative renewable source of methane. Nowadays, the biogas produced
from biomass waste in the farms is mostly used to produce thermal or electrical energy.
However, biogas can be used for the production of renewable energy and added-value
chemicals [1]. Hydrogen produced via biogas reforming might be used for energy generation
on low-temperature fuel cells or it can be directly fed to high-temperature fuel cells [2-5].

Steam reforming of methane is the main industrial process to produce H>. However, the
dry reforming of methane (DRM) (Eq. 1.1), using directly the biogas as feedstock, could be an
alternative for obtaining hydrogen [6]. The main limitation of DRM technology is catalyst
deactivation due to carbon deposition, which occurs under reaction conditions. DRM is an
endothermic reaction (AH® = 247 kJ/mol) and requires high reaction temperature, which favors
several side reactions, especially CHs decomposition (Eq. 1.2), Boudouard reaction (Eq. 1.3)

and reverse water-gas shift (RWGS) (Eq. 1.4) [7].

CH4 + CO; <> 2 CO + 2H, (1.1)
CHs < C +2H, (1.2)
2 CO < C + CO2 (1.3)
CO; + Ha <> CO + H20 (1.4)

The development of catalysts resistant to deactivation by carbon deposition has been the
focus of several studies. Supported metal catalysts have been extensively investigated for the
DRM [8,9]. Ni-based catalysts have high activity and low cost, but metal sintering may occur
during the DRM and thus favor the production of coke on its surface, leading to catalyst

deactivation [10].



The high temperature required to perform the DRM favors the metal sintering process,
which motivates the development of novel catalysts able to resist to deactivation. Recently, the
literature reported a series of catalysts in which the metal phase is embedded into an oxide,
improving the catalyst stability by avoiding the metal sintering [11-14]. Ni@SiO; [15] and
Ni@AIl,O3 [16] catalysts exhibited high resistance to metal sintering during the DRM but
carbon formation was not totally inhibited. The development of metallic Ni particles embedded
into oxides with high OSC could combine two advantages: to limit the metal sintering and
prevent or remove carbon deposition.

The use of supports with redox properties is reported to improve catalyst stability for
the DRM, due to the enhancement of the rate of carbon gasification on the catalyst surface. The
use of CeO; has been investigated as a support in many reactions, which required high oxygen
storage capacity (OSC) [17,18]. As a support for the DRM, ceria participates in the dissociative
adsorption of CO and donates an oxygen atom to the metallic particle containing carbon
deposits, promoting the carbon removal mechanism [18]. Furthermore, doping ceria structure
with appropriate cations can modify the lattice parameters, increasing the amount of oxygen
exchangeable species. The literature reports ZrO» as an excellent dopant to increase the redox
properties of ceria [19-22].

The use of ceria to confine metals has been also investigated [11,23], but the synthesis
procedures are quite complex and hardly reproducible with high cost. Recently, Wang et al.[24]
synthetized Cu nanoparticles embedded in CeO» by a simple sol-gel method. The catalysts were
tested for hydrogenation of methyl acetate reaction at 400 °C and no sintering was observed.
However, to the best of our knowledge, there is still no report in the literature about this sol-gel
method for the synthesis of Ni@CeO; catalyst and its application for the DRM.

In this work, we aim to prepare Ni-embedded CeO, catalysts using a one-step synthesis

method and test them for the DRM. The use of ZrO» as dopant was also evaluated. A Ni/CeO»



catalyst prepared by traditional impregnation method was also tested for comparison. Important
structure properties were investigated by Transmission Electron Microscopy, Raman
Spectroscopy, in-situ X-ray Diffraction and in-situ X-ray Absorption. The mobility of oxygen
in the material was characterized by Oxygen Isotopic Exchange. The carbon formation was
analyzed by Thermogravimetric analysis, Raman Spectroscopy, Scanning and Transmission

Electron Microscopy.



2. Experimental
2.1.  Catalysts preparation

Catalysts were prepared following an adapted method previously described in the
literature [24]. A solution of cerium nitrate (1.7 mol.L!, 25 mL) was prepared, followed by the
addition of an appropriate amount of nickel nitrate to obtain 10 wt% Ni in the catalyst. In
another beaker, a solution of citric acid (6.7 mol.L'!, 25 mL) was prepared, using a citric
acid/metals molar ratio equal to 1.0. Both solutions were mixed and stirred for 2 h at room
temperature. Then, the solution was heated at 70 °C under vacuum to remove water. The
remaining material was dried at 100 °C overnight. The calcination occurred in 2 steps: 2 h at
300 °C and 4 h at 400 °C, using a heating rate of 1 °C/min. This catalyst was denominated
Ni@CeOs. The zirconia-doped ceria catalyst (Ni@CeZrO;) was prepared using the same
method with the addition of zirconyl nitrate at the metal solution. The Ce/Zr molar ratio was
4.0.

For comparison, a Ni/CeO; catalyst was prepared by incipient wetness impregnation of
CeO, support with an aqueous solution of nickel nitrate. In this case, CeO was synthesized by

the method previously described but without the addition of nickel.

2.2.  X-ray fluorescence (XRF)
The chemical composition of the catalysts was determined by an X-ray fluorescence

spectrometer RIGAKU RIX-3100 using samples as pellet.

2.3. Nz physisorption
The BET surface area of the samples was measured by N> adsorption using a
Micromeritics Tristar 3000 apparatus at — 196 "C. The samples were degassed at 300 °C under

vacuum before the analysis.



2.4.  Transmission electron microscopy (TEM)

TEM analyses of reduced and used catalysts were made in a JEOL 2100 UHR apparatus,
with 0.19 and 0.14 nm punctual and linear resolution, respectively, equipped with a LaBe
filament. Energy dispersive X-ray (EDX) analysis was also performed to determine the local
chemical composition. The range used to collect the X-rays emitted from the sample upon
electron impact was 0 — 20 keV. Before the analysis, the samples were reduced at 800 °C for

1h, the same temperature used for the reaction.

2.5. In-situ X-ray diffraction (XRD)

In-situ X-ray diffraction was performed at the XPD-10 B beamline at the Brazilian
Synchroton Light Laboratory (LNLS). The samples were reduced under a 5 % H>/He mixture
at a heating rate of 10 °C/min, from 25 to 800 °C, remaining at the final reduction temperature
for 1 h. The XRD patterns were obtained at 20 range from 23° to 56° and the wavelength used
was 1.55002 A. The average crystallite size of NiO, metallic Ni and CeO, was calculated using
the Scherrer equation. The CeO, lattice parameter was calculated using the Bragg’s Law,

assuming an orthorhombic structure and the (/717) CeO- plane.

2.6. In-situ X-ray absorption near edge structure (XANES)

XANES analysis was performed at the DXAS beamline at LNLS to obtain information
about the reduction degree of Ni during the reduction procedure. The samples were diluted with
boron nitride, used as inert, and pressed to obtain a pellet. The pellet was placed in a tubular
reactor and reduced under a 5 % Ho/He mixture up to 750 °C, keeping this temperature for 30

min. The treatment of XANES data was carried out using PrestoPronto software [25]. The



fraction of metallic Ni phase was calculated as a function of reduction temperature by linear

combination using NiO and Ni° foil XANES spectra as references.

2.7.  130,/190; isotopic exchange

The experiments were carried out in a closed recycling system connected to a Pfeiffer
Vacuum quadrupole mass spectrometer and a vacuum pump. Firstly, the sample (c.a. 20 mg)
was pre-treated under 160, flow (50 mL/min, 500 °C, 1 h) and evacuated for 1 h. After the pre-
treatment, the sample was cooled down to reaction temperature.

For the Isothermal Oxygen Isotopic Exchange (IOIE), the reactions occurred at 350 °C,
400 °C and 450 °C. It was inserted in the reactor 55 mbar of pure 30, (> 99 at.%, ISOTEC)
and each isotopomer concentration was analyzed by monitoring the following m/z signals: 32
(1602), 34 (180160), 36 (1802).

The behavior of the oxygen exchange was studied as a function of the temperature
(Temperature-Programmed Oxygen Isotopic Exchange — TPOIE). For this experiment, pure
0, (55 mbar) was injected in the reactor at 200 °C and the sample was heated up to 500 °C
(2 °C/min).

The following equations were used to calculate the rate of exchange (Rg), the number of
oxygen exchanged (Ng), where Ng is the total number of oxygen atoms in the gas phase, w is
the weight of catalyst, o,' is the atomic fraction of '®0; in the gas phase at the time t, a,” is the

initial atomic fraction of '30; in the gas phase.

. Yo P+ Pl dof 1
Xg= 1 ¢ t = =Ny

1
Ng = (o§— ot )x N, x -



2.8.  Raman spectroscopy

The calcined samples were analyzed in a Raman Horiba Jobin Yvon spectrometer using
a He:Ne laser (632 nm). The post-reaction samples were analyzed in a Raman Witec — Alpha
300 spectrometer. The 532 nm wavelength was used to observe the carbon structure on the

samples.

2.9.  Thermogravimetric analysis (TG)

In order to quantify the amount of coke formed on the catalyst, thermogravimetric
analyses of the post-reaction samples were carried out in a TA Instruments equipment (SDT
Q600). Approximately 10 mg of the spent catalyst was heated under synthetic air flow
(100 mL/min) from room temperature to 1000 °C at a heating rate of 20 °C/min and the weight

change was measured.

2.10. Scanning electron microscopy (SEM)
SEM analyses of the spent catalysts were carried out using a field emission scanning
electron microscope (FE-SEM) Quanta FEG 450 FEI operating with an accelerating voltage of

20 kV.

2.11. Catalytic evaluation

Dry reforming of methane was performed in a fixed-bed reactor at atmospheric pressure.
Before the reaction, the catalysts were reduced under pure H> (30 mL/min) at 800 °C for 1 h
and purged under N> at the same temperature for 30 min. A reactant mixture with CH4:CO>
molar ratio equal to 1.0 under flow rate of 100 mL/min was used for the DRM at 800 °C.

The samples (20 mg) were diluted with SiC (SiC mass/catalyst mass ratio = 1.5) to avoid

hot spot or temperature gradients. The reaction products were analyzed by gas chromatography



(Agilent 6890) equipped with a thermal conductivity detector and Carboxen 1010 column

(Supelco). The CH4 and CO> conversion was determined as follow:

(nchy) - (ncHy) .
CH,= CHy) foeq” “"CH4/ oyt x 100
! (nCH4) feed
(nco,) .- (nco,) .
XC02 — CO2J foed” "CO2) it x 100

1
(nco,) feed

10



3. Results and discussion
3.1.Catalyst characterization

Table 1 shows the Ni content, Ce/Zr molar ratio and the textural properties of the
catalysts. The Ni loading is close to the nominal value (10 wt%) for all samples, as well as the
Ce/Zr molar ratio of the Ni@CeZrO; catalyst (i.e., Ce/Zr =4). The surface area and pore volume
for Ni/CeO; and Ni@CeO; catalysts were similar but decreased when zirconia was added to
ceria. After the reduction process at 800 °C under H», the BET surface area dropped to less than
10 m%/g to Ni/CeO, and Ni@CeO; catalysts. This reduction in the BET surface area can be
correlated to sintering of CeO> at high temperature [26,27]. The decrease in BET surface area
of Ni@CeZrO, sample was lower than that for the other samples. According to the literature
[28], the addition of Zr into the ceria structure with the formation of a solid solution improves
the thermal stability of the ceria support, inhibiting or minimizing sintering and surface area
lost at high temperatures.

The TEM images of the reduced Ni/CeO,, Ni@CeO> and Ni@CeZrO> catalysts are
shown in Fig. 1. The image of Ni/CeO. catalyst shows large Ni particle segregated on the
surface of the sample, with average particle size around 30 nm. The local chemical analysis
showed only the presence of Ni due the large size and CeO: could not be detected in the area
of analysis (white circle). For Ni@CeO> and Ni@CeZrO, catalysts, the TEM images reveals
the presence of small Ni nanoparticles embedded in the ceria matrix formed during reduction.
Segregated Ni particles could not be observed on the TEM images of Ni@CeO> and
Ni@CeZrO; catalysts. Ni-embedded catalysts presented smaller metal particle size than
Ni/CeO>. For Ni@CeO> and Ni@CeZrO,, the Ni particles sizes were around 13 and 6 nm,
respectively. It was possible to detect the CeO> signal by EDX in the selected area (white circle)
due the small Ni particle size and it seems that the nanoparticles embedded in the ceria matrix

are protected.
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The Raman spectra of the calcined samples are shown in Fig. 2. The spectrum of CeO
support is also presented for comparison. The support exhibits only one intense band at 462 cm’
I assigned to the symmetrical stretching mode between the eight oxygen atoms bound to the
cerium atom in the triple degenerate F2g mode. The impregnation of ceria with Ni does not
affect the spectrum of Ni/CeQ3, but Ni@CeO; and Ni@CeZrO, samples show a ceria structure
completely different from the impregnated one. Besides the intense band around 462 cm™', the
spectra display bands at 224, 544 and 632 cm’, corresponding to second-order transverse
acoustic mode (2TA) and defect-induced mode. These samples exhibited two different defects
in the structure, which were reported in the literature as defect space including O%* vacancy
(544 cm™) and defect space without O%* vacancy (632 cm™) [29,30]. The NiO also presents
bands in the region of 570 cm™! corresponding to TO and LO vibration modes [31]. However,
this band is not detected or it has a very weak intensity in the spectrum of Ni/CeO> sample.
Therefore, the bands observed at 544 cm™ and 632 cm™ in the spectra of Ni@CeO and
Ni@CeZrO; samples might be attributed to oxygen vacancies. Therefore, the one-step synthesis
of the catalyst with Ni embedded in the ceria structure can promote the formation of defect in
the ceria, creating oxygen vacancies in its structure.

The Raman spectra did not detect the formation of a Ni-CeO: solid solution, as described
by Barrio et al [32]. The formation of Ni-CeO; solid solution significantly shifted the frequency
for the first-order F», peak to lower values, around 445 cm’'. Then, the absence of the shift of
this band for the Ni@CeO- catalyst shows that the Ni is embedded in CeO; structure instead of
in a solid solution.

XANES experiments at the Ni K-edge were performed to study the reduction of nickel
oxide for all samples (Figs. 3, 4 and 5). The XANES spectrum of the calcined Ni/CeO; sample
shows the white line at 8352 eV characteristic of NiO. Increasing the reduction temperature

under 5 % Ho/He mixture led to a continuous decrease in the intensity of this peak. At 450 °C,
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the spectrum is characteristic of metallic Ni, indicating that nickel oxide was completely
reduced to Ni’. The same trend was observed for Ni@CeO, and Ni@CeZrO; catalysts as shown
in Figs. 4 and 5.

However, the temperature range for the reduction of Ni oxide was different for the
catalysts prepared by impregnation and sol-gel methods. Fig. 6 shows the evolution of the
metallic Ni species during reduction calculated by the linear combination of Ni K-edge XANES
spectra of references. The reduction of Ni/CeO> and Ni@CeO> samples starts at 290 and
277 °C, respectively, but at 190 °C for Ni@CeZrO: catalyst. The total reduction of nickel oxide
on Ni/CeO, sample is achieved at 450 °C, while the complete reduction of the Ni@CeO, and
Ni@CeZrO; samples occurs at higher temperatures (700 and 530 °C, respectively). The shift
of reduction temperature to higher values is likely due to a higher metal-support interaction
[32]. Therefore, these results suggest that nickel oxide particles embedded in the CeO> or
CeZrO> matrix have stronger interaction with the support than nickel oxide particles
impregnated on CeQO». Stronger interaction demands higher temperature of reduction to remove
oxygen from the oxide structure.

Fig. 7 shows the diffractograms of the calcined samples. Ni/CeO, and Ni@CeO,
samples exhibit the characteristic lines of CeO; with fluorite structure (PDF 34-0394) at
20 =28.7°, 33.2° and 47.7°. The typical lines of NiO phase (PDF 47-1049) (26 = 37.3° and
43.3°) are only detected for Ni/CeO> sample. The absence of diffraction lines ascribed to NiO
phase in the diffractogram of Ni@CeO; sample can be attributed to the presence of very small
NiO crystallites in this catalyst, indicating that sintering did not occur during the calcination.
For Ni@CeZrO, sample, the lines characteristic of NiO phase are not detected either whereas
the lines corresponding to CeO» are shifted to higher 20 positions. The partial substitution of
Ce* by Zr*" ions in the ceria structure shifted the CeO; lines to higher Bragg angles that

corresponds to a decrease in the lattice parameter (Table 2) due to the difference between the
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ionic radii of the cations Ce** (0.97 A) and Zr** (0.84 A) [33]. According to the literature, this
shift indicates the formation of a CeO»-ZrO; solid solution for the Ni@CeZrO, catalyst [18,34].
Ni/CeO> catalyst exhibited a ceria lattice parameter higher than that one reported in the
literature (5.4112 A), while it further decreased for Ni@CeQ, with Ni embedded in CeO,. The
CeO; crystallite size of the Ni/CeO- sample is 13.4 nm, while a significant decrease is observed
for Ni@CeO, and Ni@CeZrO> catalysts (4.4 and 4.1 nm, respectively) (Table 2). Wang et al.
[24] synthesized a Cu@CeO: catalyst using the same method and they observed the same effect
on ceria crystallite size during calcination.

X-ray diffraction patterns obtained during reduction under 5 % Hz/He mixture from
room temperature to 800 °C for Ni/CeO», Ni@CeO> and Ni@CeZrO> samples are shown in
Figs. 8A, 9A and 10A. The evolution of the mean crystallite size of NiO, Ni® and CeO, during
reduction procedure is presented in Figs. 8b, 9b and 10b.

For Ni/CeO; catalyst (Fig. 8A), the diffractograms show the decrease in the intensities
of the lines corresponding to NiO at 26 = 37.3° and 43.3° during reduction. Above 300 °C, the
typical lines of NiO disappear and a new line is observed at 20 = 44.5°, corresponding to
metallic Ni phase (PDF 4-850). Further heating up to 800 °C and isothermal period of 1h at this
temperature led to an increase in the intensities of the characteristic lines of Ni’ and CeO..
These results suggest a sintering of CeO, and Ni’ crystallites during the reduction, as shown in
Fig. 8B. The crystallite size of CeO, increased from 12 nm (580 °C) to 65 nm (800 °C for 1h),
whereas the Ni° crystallite size grew from 5 nm (300 °C) to 33 nm (800 °C for 1h).

For Ni@CeO, and Ni@CeZrO> catalysts, only the typical lines of CeO; are observed
below 500 °C. Above this temperature, the appearance of the lines corresponding to metallic
Ni is noticed at 525 "C and 600 "C on the diffractograms of Ni@CeO» and Ni@CeZrO; catalysts,
respectively. These results reveal that the reduction of nickel oxide is more difficult for the

samples prepared by the sol-gel method, which is likely due to the strong interaction between
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nickel oxide and CeO». These results agree with the TEM images and in situ XANES
experiments, which showed that the embedded Ni particles in the ceria matrix are more hardly
reduced than the segregated particles characteristic of the impregnated catalyst. The strong
interaction between Ni and CeO; has been reported as an approach to improve the dispersion
and avoid the metal sintering at high temperature [35]. Kathiraser at al. [36] studied the
influence of Ce addition to Ni/SiO2 catalysts for the oxidative reforming of biogas. They
observed the increase in NiO reduction temperature with the presence of small amount of Ce
(0.5 wt%) in the catalyst. This result was attributed to a higher interaction Ni-CeO than Ni-
SiO> as well as to a smaller NiO crystallite size as revealed by EXAFS. The TPR peaks of
Ni@SiO> core-shell structure were shifted to higher temperatures in comparison to Ni/SiO>
indicating that nickel oxide was hardly reduced in the core-shell structure [37]. This result was
associated with a stronger metal-support interaction.

For Ni@CeO,, the CeO; crystallite size increased during the reduction from 5 nm
(325 °C) to 68 nm (800 °C for 1h), revealing a strong sintering at high temperature even for this
sample prepared by the sol-gel method (Fig. 9B). A significant growth of the Ni’ crystallite size
was also observed, increasing from 5 nm (630 °C) to 19 nm (800 °C for 1h).

In the case of Ni@CeZrO; catalyst, the CeO: crystallite size only slightly varied from 5
to 8 nm after reduction at 800 °C for 1h. The same trend was observed for the Ni® crystallite
size that increased from 5 to 10 nm at the end of the reduction (Fig. 10B).

The values of BET surface area of the samples before and after reduction (Table 1)
showed that the addition of Zr into ceria structure significantly improved the thermal stability
of the Ni@CeZrO; catalyst. The effect of type of dopant on the thermal stability and redox
properties of ceria has been studied in the literature [20,38,39]. A higher thermal stability of
CeZrO> in comparison to CeO; was attributed to the formation of a CeZr solid solution [28].

The samples aged at 1000 °C under reduction condition showed CeO»> crystallite size equal to
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73 and 39, for Pt/CeO: and Pt/Ceo.75Zr0.2502, respectively. In our work, the higher thermal
stability of the ceria structure is likely due to the formation of the CeZrO: solid solution as
revealed by XRD.

The increase in the reduction temperature led to a shift of the ceria lines to lower angles.
The variation of CeO; lattice parameter during reduction of the samples is shown in Fig. 11.
Increasing the reduction temperature increased the lattice parameter. The increase in the lattice
parameter could be due to the thermal expansion as well as the change in the oxidation state of
ceria from Ce** to Ce*. In order to evaluate the effect of thermal expansion on the ceria lattice
parameter during the reduction of all catalysts, an experiment was carried out with a physical
mixture containing NiO and CeO: (Sigma-Aldrich) under air. The linear increase in the lattice
parameter of NiO-CeO> up to 700 °C (see dotted line in Fig. 11) is attributed to the thermal
expansion of the samples. However, the curves obtained for Ni/CeOz, Ni@CeO, and
Ni@CeZrO; catalysts deviates from this linear increase of the lattice parameter above 200 °C,
indicating that the reduction of ceria began. Furthermore, a sharp increase in the lattice
parameter was observed for Ni/CeO» and Ni@CeO, catalysts around 700 ‘C. The ceria
reduction at low temperature region is generally attributed to the reduction of surface ceria,
whereas the reduction at high temperature corresponds to the ceria bulk reduction [40]. The
non-linear increase of the lattice parameter with the reduction temperature is likely due to the
conversion of Ce** to Ce?* [32]. Ce** ions have a higher ionic radius (1.034 A) as compared to
the Ce** ions (0.92 A). Then, the formation of Ce** ions in ceria structure causes a change in
the Ce-O bond length, which produces a lattice expansion and create oxygen vacancies [41].
The higher variation of lattice parameter for Ni@CeO> and Ni@ CeZrO; suggests the formation

of a higher number of oxygen vacancies on these catalysts during reduction.

The TPOIE experiments (Fig. 12) were performed to investigate the oxygen exchange

capacity of the support as a function of temperature. The CeO> support only starts to exchange
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oxygen at 380 °C, reaching the value of 39 x 10%° at.g™. The oxygen exchange begins at around
280 °C for Ni/CeO; catalyst and it occurs until Ne = 35 x 10?° at.g"! at 500 °C. For the embedded
Ni@CeO: catalyst, the exchange started at lower temperature compared to the impregnated one
(250 °C). At 500 °C, the number of exchanged oxygen atoms is 39 x 10% at.g!. In comparison
to Ni/CeO, and Ni@CeO, catalysts, the oxygen exchange begin at higher temperature for
Ni@CeZrO; (300 °C) and the number of O atoms exchanged at 500 °C was 42 x 10%° at.g"!. Da
Silva et al. [39] have reported similar results for CeO> and CeNb supports. The catalysts showed
similar isotopic distribution during the experiment (Fig. 13), indicating the occurrence of simple
and multiple heteroexchange mechanisms [42].

The presence of metal decreases the energy required to start the exchange process
compared with the CeO; support, because the exchange will occur mainly through the metal
particle [43]. The doping of CeO; by ZrO: increases the temperature in which the exchange
start. This delay can be associated with a decrease in the surface oxygen concentration due to
the lower specific surface area of CeZrO> compared to CeO,. On the contrary there is a fast
increase in the number of atoms exchanged for Ni@CeZrO,, indicating that more oxygen atoms
from the bulk phase are participating in the exchange process when Zr*" is inserted into the
CeO: structure. Therefore, the Ni@CeZrO: catalyst exhibited the highest number of oxygen
exchanged compared with Ni/CeO; and Ni@CeOx.

The experiments of isotopic oxygen exchange were carried out at 350, 400 and 450 °C.
Figs. 14 and 15 illustrate the evolution of the number of exchanged atoms (N¢) and the isotopic
distribution which occurs during the experiment at 400 °C. Table 3 reports the initial rate of
exchange calculated from IOIE for the three temperatures. The exchange for CeO; is very low
compared with the samples containing Ni, because the metal promotes the spillover of oxygen
to ceria surface, as observed also in the TPOIE experiment. Comparing the Ni/CeO; and

Ni@CeO> catalysts, the presence of Ni nanoparticles embedded on ceria structure does not
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affect significantly the number of O atoms exchanged at the gas/solid equilibrium, but it
increases significantly the initial rate of exchange, showing the positive influence of the close
contact between Ni nanoparticles and ceria support (Table 3). The lower initial exchange rate
and the higher N. after 20 min reaction that are observed for Ni@CeZrO; catalyst confirms the
results obtained in TPOIE experiment: a lower surface exchange activity compared to ceria-
based samples but a higher bulk diffusion.

Indeed, the Ni@CeZrO; catalyst showed the highest number of N, and the percentage
of O atoms exchanged (Table 4). Furthermore, this catalyst exhibits a different behavior in the
beginning of exchange at each temperature, with more formation of 32O, than Q.. On the
opposite, Ni/CeO, and Ni@CeO; catalysts had a simultaneous formation of 3?0, and *O..
Then, the Ni@CeZrO; catalyst favors the multiple exchange in comparison to the simple
exchange at the beginning. Multiple heteroexchange occurs when two oxygen atoms are
exchanged at the same time. Duprez et al. [42] observed the same behavior for Ceo.76Zr03202
samples, which was attributed to a higher concentration of superoxides species (O2) at the
surface of the samples after oxidizing pre-treatment. Rossignol et al. [44] also correlated the
presence of these species to the higher oxygen storage capacity when the Zr** is inserted in the

ceria structure.

3.2. DRM reaction

The evolution of the CH4 conversion, CO; conversion and H>/CO molar ratio as a
function of time on stream (TOS) at 800 °C are presented in Figs. 16A, 16B and 16C. The initial
CH4 and CO» conversions were approximately the same for all catalysts and they remained
quite constant during 24 h of TOS. The reaction produces H> and CO with a H»/CO molar ratio

around 0.8. The CO» conversion was higher than the CH4 conversion due to the occurrence of
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reverse water gas shift reaction (Eq. 1.4), leading to the production of CO and H>O and

consequently, the Ho/CO ratio was lower than 1.0.

3.3. Characterization of used catalysts after DRM reaction

The main challenge on the design of a catalyst for the DRM reaction concerns the
deactivation caused by carbon deposition. In order to investigate the formation of carbon during
DRM reaction, the spent catalysts were characterized by SEM, TEM, Raman and TGA analysis.

SEM images of the catalysts after DRM at 800 °C for 24 h of TOS are displayed in
Fig. 17. SEM image revealed the presence of carbon filaments on Ni/CeO> and Ni@CeOa,
mainly on the catalyst prepared by impregnation. On the other hand, carbon filaments were
hardly detected on Ni@CeZrO; catalyst.

The TEM images of used catalysts shown in Fig. 18 can provide information about metal
sintering as well as the formation of carbon filaments during the reaction. Ni/CeO> catalyst
(Figs. 18 A and B) presented Ni nanoparticles without any interaction with CeO2 matrix. Some
Ni nanoparticles are located inside the carbon filaments, which avoid their sintering. There are
also large nanoparticles outside the carbon nanotubes with particle size around 40 nm. For
Ni@CeO> catalyst (Figs. 18 C and D), TEM images reveal the presence of Ni nanoparticles
into CeO, bulk but sintering is observed (Ni particle size around 20 nm). This higher interaction
inhibits the detachment of Ni particles from CeO> and the growth of carbon filament. The TEM
images of Ni@CeZrO: (Figs. 18 E and F) show Ni nanoparticles embedded into ceria matrix
with very small particle size (around 8 nm) after 24 h of TOS. Furthermore, carbon filaments
are not observed, which demonstrate that inhibiting Ni sintering in the presence of a support
with oxygen mobility suppress the formation of carbon filaments.

The Raman spectra of used catalysts exhibit two bands in the range of 1200 to 1800 cm"

!, which are indicative of carbon formation (Fig. 19). The G-band at 1581 cm™ is indicative of
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ordered carbon, whereas the band at 1350 cm™ (D-band) has been related to disordered carbon
structures [45]. The D-band in the range of 1285-1300 cm™! is ascribed to single-walled carbon
nanotubes (SWCNT), while the position around 1330 cm! is related to multi-walled carbon
nanotubes (MWCNT) or crystalline graphite-like forms [46,47]. The position of the D-band in
1350 cm™! and the SEM images suggest the presence of MWCNT. Furthermore, the intensity
of these bands was higher for Ni/CeQa, indicating that the highest carbon deposition took place
on this catalyst. These bands are barely detected on the spectrum of Ni@CeZrO», which
suggests the presence of very low amount of carbon deposits on this catalyst, in agreement with
the SEM image.

The derivative of weight during the TGA analysis is shown in Fig. 20. The DTG profile
of Ni/CeO> sample exhibited an intense peak at 614 °C, whereas a broad peak at 518 °C is
observed in the DTG profile of Ni@CeO: catalyst. No peak was detected on the DTG profile
of Ni@CeZrO3, indicating that carbon was not deposited on this catalyst.

Table 5 reports the average rate of carbon formation for each catalyst during DRM
reaction at 800 °C for 24 h of TOS. Ni/CeO- catalyst exhibited the highest amount of carbon
deposits but the carbon formation rate was significantly reduced for the catalysts containing Ni
nanoparticles embedded in ceria structure. Ni@CeZrO: catalyst did not show evidences of

carbon formation after DRM reaction.

3.4. The effect of Ni embedded in CeO: on catalyst deactivation for DRM

The mechanism of carbon formation over Ni-based catalysts during DRM has been
extensively discussed in the literature [7,48,49] and involves the dissociation of methane on the
surface of nickel particles, producing hydrogen and carbon (C). In the presence of a support
with redox properties such as ceria and ceria-zirconia mixed oxides, this highly reactive carbon

species (Cq) may reacts with oxygen from the support producing CO [46,50,51]. The unbalance
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between the rate of methane decomposition and the reaction rate of carbon with oxygen from
the support will lead to the accumulation of a less active carbon (Cg) that may also migrate into
the nickel particle producing carbon filaments. Furthermore, the oxygen vacancies in the
catalysts acts like active sites for CO; dissociative adsorption, which increase the amount of
oxygen species on its surface. Therefore, the support plays an important role on the DRM
reaction, keeping the metal surface free of carbon deposits. Yan et al. [52] recently
demonstrated the importance of reactive oxygen species in close contact with Ni nanoparticles
to oxidize the C, before its polymerization for Ni/CeO»-Si0; catalysts. The conversion of C,
species to CO by the reactive oxygen species could enhance the catalytic properties and stability
of the Ni/CeO>-Si0O> catalyst. The same result was reported by Marinho et al. [50] for the steam
reforming of ethanol over LaNiOs/CeSiO; precursor catalyst. The strong metal-support
interaction favored the transfer of oxygen from the support to metal through the metal-support
interface. Roh et al. [53] successfully synthetized Ni catalyst supported on CeO»-ZrO> solid
solution. They could observe the enhancement on catalyst stability for Ni/Ceo.sZro.20>, which
was due to the higher oxygen storage capacity and Ni dispersion. Yentekakis et al. [17] also
proposed that CeZrO; support promotes the dissociative adsorption of CO», producing a labile
lattice oxygen that contributes to carbon oxidation.

Moreover, the rate of carbon formation is strongly affected by the Ni crystallite size
[10]. The initiation step of carbon formation is more difficult over smaller particles. Then,
carbon formation is minimized or inhibited on catalysts with small Ni particle sizes. Wang et
al. [37] showed that the confinement of Ni nanoparticles inside SiO2 spheres on Ni@SiO;
inhibited metal sintering during dry reforming of methane, minimizing carbon formation. Pu et
al. [14] evaluated the influence of Ce on Ni@ Al>,O3 core-shell catalysts to improve the coke
resistance for steam reforming of acetic acid. The Ni@ Al>O3 core-shell structure could avoid

metal sintering (Ni crystallite size < 5 nm) but carbon formation was observed yet. However,

21



the addition of Ce suppressed carbon deposition, which was attributed to the oxygen mobility
of the material. The combination of small Ni size with oxygen mobility was fundamental to
design a catalyst resistant to carbon formation.

In our work, the slight decrease in CH4 and CO- conversions is likely due to the growth
of Ni particle size as revealed by TEM. Furthermore, the inclusion of Ni nanoparticles into the
CeZrOs structure for Ni@CeZrO; catalyst reduced metal sintering, as revealed by in situ XRD
and TEM, due to the thermal stability of CeZrO, support during the reduction pre-treatment. In
addition, this catalyst exhibited the highest number of O atoms exchanged during the isothermal
oxygen isotopic exchange at 400 °C as well as the highest amount of oxygen vacancies formed
as shown by XRD and Raman spectroscopy. Therefore, the control of Ni particle size and the
high oxygen mobility of Ni@CeZrO; catalyst inhibited carbon deposition and favored the

mechanism of carbon removal, promoting catalyst stability.

4.Conclusions

The one step preparation of Ni@CeO: and Ni@CeZrO; catalysts led to Ni nanoparticles
embedded in the oxide, which had a positive effect on the stabilization of the Ni particle size
during the reduction at high temperature (800 °C). It also generates more oxygen vacancies and
increases the interaction with CeZrO; and CeO> in comparison with an impregnated catalyst
Ni/CeOs. Furthermore, doping of ceria with Zr could maintain the ceria structure throughout
the thermal treatment and increase the mobility of oxygen in the material, compared to ceria
alone, favoring the carbon removal mechanism during the reaction. Thus, the protection of the
metal particle against sintering as well as the oxidation of carbon species by the support for the
catalyst Ni@CeZrO; resulted in the suppression of carbon deposition during the DRM in our

work.
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Figure Caption

Figure 1. TEM  images and EDX  of selected areas of Ni/CeO;, Ni@CeO; and
Ni@CeZrO; catalysts after reduction at 800 °C.

Figure 2. Raman spectra for the calcined samples and a CeO> reference.

Figure 3. XANES spectra obtained during the reduction of Ni/CeO; catalyst.

Figure 4. XANES spectra obtained during the reduction of Ni@CeO; catalyst.

Figure 5. XANES spectra obtained during the reduction of Ni@CeZrO- catalyst.

Figure 6. Fraction of Ni° calculated by the linear combination of Ni K-edge XANES spectra of
references during the reduction for all catalysts.

Figure 7. X-ray diffraction patterns of calcined samples: (A) Ni/CeO»; (B) Ni@CeO»; and (C)
Ni@CeZrO».

Figure 8. (A) X-ray diffraction patterns obtained during reduction from room temperature to
800 °C for Ni/CeO»; (B) Crystallite size of NiO, Ni” and CeO, during the reduction process.
Figure 9. (A) X-ray diffraction patterns obtained during reduction from room temperature to
800 °C for Ni@CeO»; (B) Crystallite size of Ni® and CeO» during the reduction process.
Figure 10. (A) X-ray diffraction patterns obtained during reduction from room temperature to
800 °C for Ni@CeZrO»; (B) Crystallite size of Ni® and CeO» during the reduction process.
Figure 11. Variation of CeO; lattice parameter as a function of reduction temperature for all
catalysts; (---) NiO-CeO» physical mixture; (@) Ni/CeO2; (A) Ni@CeO»; (¥) Ni@CeZrO,.
Figure 12. Evolution of the number of exchanged oxygen atoms during TPOIE over Ni/CeO-,
Ni@CeO,, Ni@CeZrO; and CeOs.

Figure 13. Isotopic distribution during the TPOIE for Ni/CeO,, Ni@CeO,, Ni@CeZrO> and

CeOs.
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Figure 14. Evolution of the number of exchanged oxygen atoms during IOIE at
400 °C over CeOz, Ni/CeO2, Ni@CeO, and Ni@CeZrO:x.

Figure 18. Isotopic distribution during the IOIE at 400 °C.

Figure 16. (A) CH4 conversion, (B) CO2 conversion and (C) H2/CO molar ratio versus TOS for
dry reforming at 800 °C.

Figure 17. SEM images of spent catalysts after DRM at 800 °C for 24 h of TOS.

Figure 18. TEM images of spent catalysts after DRM at 800 °C for 24 h of TOS; (A) and (B)
Ni/CeOz2; (C) and (D) Ni@CeOg; (E) and (F) Ni@CeZrO:.

Figure 19. Raman spectra of post-reaction catalysts.

Figure 20. DTG of the post-reaction samples.
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