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1. Introduction

Dry reforming of methane over nickel supported on
Nd-ceria: enhancement of the catalytic properties
and coke resistancef

Hugo A. Lara-Garcia, ©* Daniel G. Araiza, @ Melissa Méndez-Galvan, &
Samuel Tehuacanero—Cuapa,@ Antonio Gomez-Cortés & and Gabriela Diaz © *

Nickel (5 wt%) supported on Nd-doped ceria was studied as catalysts in the DRM reaction at stoichiometric
conditions in the range of 600-800 °C. Ce; _,Nd,O,_; supports with different Nd contents (x = 0, 0.05, 0.1
and 0.2) were successfully synthesized. The role of oxygen vacancies by the incorporation of Nd** into the
ceria lattice was investigated. These species were quantified by XRD and Raman spectroscopy, showing
a linear dependence as a function of Nd content. Ni/Nd-ceria catalysts were prepared by wet
impregnation. Although formation of oxygen vacancies, as well as microstructural features of the
support (smaller crystallite sizes, higher surface area, and developed mesoporous structure) were
improved as a function of the Nd content, no significant differences were observed in the catalytic
properties of Ni/Nd—-ceria in the DRM reaction. Despite this, compared to undoped ceria, all the Nd-
doped CeO, catalysts present an enhanced activity and stability, and the best catalytic performance was
observed in the Ni/CepgsNdposO2 5 sample. Quantification of carbon residues in spent catalysts
showed, as expected, lower amounts in the Ni/Nd—-ceria samples; nevertheless, among them, the
catalyst with the higher amount of oxygen vacancies, is the one with the higher carbon residues.
Incorporation of Nd in ceria changes the acid/base properties, diminishing the gasification capacity of
the carbonaceous species. These results emphasize that the activity and stability in the Ni/Nd-ceria
catalysts for the DRM reaction depend on two key factors, the redox and the acid/base properties of the
CeO, supports, offering insights about the necessary and adequate balance between these properties.

availability and low cost.* The main drawback of Ni in reforming
reactions is its tendency to promote the formation of carbon
deposits, which deactivate the catalyst;® this behavior becomes

The dry reforming of methane (DRM) reaction, eqn (1), is a catalytic
route suitable for diminishing two abundant atmospheric pollut-
ants, carbon dioxide, and methane." The reaction products,
hydrogen, and carbon monoxide (a mixture known as synthesis gas)
are the base for producing a great variety of high-value chemicals.?
Overall, the DRM reaction is a sustainable process that removes
contaminants from the environment while producing important
compounds; thus, the investigation related to the design of stable
catalysts operating at high temperature in the DRM reaction (due to
its endothermicity), eqn (1) has grown in the last years.?

CH, + CO, < 2H, + 2CO, AH =+2473kIJmol™" (1)

Nickel-based catalysts have been widely employed in the
DRM reaction, owing to their high activity, considerable

Instituto de Fisica, Universidad Nacional Auténoma de Meéxico, Apartado Postal
20364, CDMX 01000, Mexico. E-mail: hugo.lara@fisica.unam.mx; diaz@fisica.
unam.mx

available. See DOL

T Electronic  supplementary  information

10.1039/d0ra05761d

(ESI)

This journal is © The Royal Society of Chemistry 2020

more relevant when catalysts are submitted to high-
temperature regimes, as in the case of the DRM reaction.

A strategy to mitigate the formation of carbon deposits over
the surface of catalysts has been the use of “non-innocent”
supports like CeO, or La,O; whose surface chemistry/
reducibility is very rich, promoting the gasification of carbon
species.® In this sense, the use of nickel-ceria catalysts in the
DRM reaction combines the high intrinsic activity of the Ni
active phase with the redox surface properties of CeO, support
(Ce**/Ce®); vast literature concerning this system has been
published.”*°

In a continuous search for the further improvement of
catalytic properties of the Ni/CeO, system in the DRM reaction,
different routes can be explored, as addition of a second metal**
or modification of the support.”” The former was already
investigated by our group, where we found that small additions
of Pt to nickel-ceria catalysts, considerably boost the catalytic
properties in the DRM reaction.™

By focusing on the modification of ceria, different strategies
have been reported to positively impact the properties,
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especially on the oxygen storage capacity.'* Doping the structure
with an additional component results in the generation of
a substitutional solid solution, Ce(; _)M,O,_;, where an oxygen
vacancy is created in order to fulfill charge neutrality.’> Doping
CeO, with trivalent rare-earth elements as neodymium (Nd),
samarium (Sm) and gadolinium (Gd), among others, has
resulted effective in the generation of oxygen vacancies and
surface defects.’**® Compared to other lanthanides, Nd pres-
ents a high solubility in CeO,, along with an enhanced oxygen
diffusion coefficient, features which promote the formation of
a solid solution and generation of oxygen vacancies.>** Among
the different routes to prepare doped ceria powders, EDTA-
citrate complexing synthesis method is a simple route to obtain
different compositions of rare earth doped-ceria, and the
process inhibits crystalline growth and grain growth.?

In the specialized literature, very few examples of the use of
Nd,O; mainly as promoter for Ni-based catalysts can be found;
the addition of Nd oxide favored interactions between Ni and
supports (SBA-15 and Mg-Al-O) enhancing the catalytic perfor-
mance.”?** However, to the best of our knowledge, catalysts
composed of nickel supported over Nd-doped ceria with variable
composition have not been tested in the DRM reaction; thus this
strategy to improve the catalytic properties of nickel-ceria cata-
lysts is completely new and results will contribute to the use of
new and efficient catalysts in this on-growing field.

In this frame, this work aimed to study the influence of Nd-
doped CeO, in the catalytic properties of Ni/CeO, for dry reform-
ing of methane. Results showed that Nd incorporation develops
a mesoporous structure in the support, higher specific surface
area, lower crystallite size, and increased number of oxygen
vacancies as a function of the dopant content. Ni/Nd-ceria cata-
lysts are more active and stable in DRM reaction than Ni/CeO,.
Despite the microstructural properties and the enhanced oxygen
vacancies, carbon deposition on Ni/Nd-ceria catalysts increases as
a function of Nd concentration in the support. An adequate
balance between redox and acid/base properties directly related to
the Nd concentration is needed to fully develop the enhanced
catalytic properties of Ni/Nd-ceria catalysts.

2. Experimental section
2.1 Synthesis of materials

2.1.1 Ceria and Nd-doped ceria supports via EDTA-citrate
complexing method. Ce; ,Nd,0, ; (x = 0, 0.05, 0.1 and 0.2)
were synthesized by the combined EDTA-citrate complexing
method.?* Firstly, stoichiometric amounts of the corresponding
metal nitrates (Ce(NO;);-6H,0, 99.0% Sigma-Aldrich and
Nd(NO;);-6H,0, 99.9% Sigma-Aldrich) were dissolved in
deionized water. The solution was heated to 70 °C and stirred
during 1 h. Anhydrous citric acid (C¢HgO; 99.98%, Sigma-
Aldrich) and EDTA (C;0H;6N,0g 98.5%, Sigma-Aldrich) were
separately dissolved in an ammonium hydroxide dissolution
(NH,OH 28-30%, Sigma-Aldrich), controlling the pH value at
around 7. Then, these two solutions were heated to 90 °C under
stirring and subsequently dropped simultaneously to the
aqueous metal nitrates-containing solution. The pH of the
resultant solution was monitored and keep at around 7 by
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dropping an excess of aqueous ammonia solution. The molar
ratio was 1:1:1 for metal cations: citric acid: EDTA. A
transparent solution was obtained and subsequently heated to
90 °C, while it was stirred. After water evaporation, a viscous gel
was obtained. Then the gel was combusted at about 300 °C to
remove the organic matter. The resultant yellow powder was
calcined at 500 °C for 8 h under air atmosphere.

2.1.2 Ni supported on ceria catalysts. Synthesis of nickel
catalysts supported on pristine ceria and Nd-doped ceria was
achieved by wet impregnation, with total metal content of 5 wt%.
Appropriate amounts of Ni(NO3),-6H,0 (99.98%, Aldrich) were
dissolved in deionized water and added dropwise to the stirring
support suspension. After 0.5 h of mixture at room temperature,
the solvent was slowly evaporated by placing the flask in
a controlled bath at 65 °C. Finally, materials were calcined at
600 °C (10 °C min~ ") for 4 h in air flow (30 mL min~").%

2.2 Characterization of materials

X-ray diffraction (XRD) was employed to elucidate the crystalline
phases and the effect of the Nd into the crystalline structure of
the support and catalysts. Analysis were performed at room
temperature in a Bruker D8 diffractometer with CuKea radiation
(A = 0.154 nm) equipped with a Ni-0.5% Cu-Ka filter in the
secondary beam, and a one-dimensional position-sensitive
silicon strip detector (Bruker, Lynxeye). The diffraction inten-
sity as a function of 26 angles was measured between 10° and
80°, with a 26 step of 0.021° and 144 s per point. In order to
determine the average crystal size and the lattice parameter of
materials, Rietveld refinement of the XRD data was performed
by using the BGMN program and the graphical interface Pro-
fex.?® Structure of the materials was also analyzed by Raman
spectroscopy using a Thermo Scientific DRX Raman Microscope
with and excitation wavelength of 532 nm (10 mW) and a spec-
tral resolution of 2 cm™". All Raman spectra were recorded at
ambient conditions.

Textural properties of catalysts were determined by N,
adsorption at —196 °C in a Quantachrome Autosorb MP-1
equipment. The materials (0.050 g) were degasified under
vacuum at 200 °C for 4 h before each analysis. The BET and BJH
methods were used for calculation of the specific surface area
and the pore size distribution, respectively.

Microstructure of the samples was studied by scanning
electron microscopy (SEM). Backscattering electron images
were obtained using a JEOL JMS-7800F Schottky Field Emission
Scanning Electron Microscope. For the analysis, the samples
were deposited on holey carbon coated copper grids. Estimation
of the metal content was carried out by energy-dispersive X-ray
spectroscopy (EDS) analysis. Powders were dispersed onto
carbon-supported aluminum holders and measurements were
performed using a Thermo Noran microanalysis system
coupled to a SEM JEOL 5600, working at 20 kV and using
a magnification of 500 x. Resulting spectra were compared with
data collected from standards stored in the system library, i.e.,
through a semi-quantitative analysis approach.

Reduction properties of the catalyst were studied through
hydrogen temperature programmed reduction experiments (H,-

This journal is © The Royal Society of Chemistry 2020
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TPR) in an ISRI RIG-100 multitask apparatus equipped with
a fixed-bed quartz reactor and a thermal conductivity detector
(TCD). Materials (0.050 g) were pre-treated in situ in air atmo-
sphere (30 mL min~ ") at 300 °C for 1 h and cooled in N, flow (30
mL min~") down to room temperature, prior to experiments.
Reduction was performed using a 5% H,/N, gas mixture flow
(30 mL min~ ') from room temperature up to 800 °C, with
a heating rate of 10 °C min~". The H,O produced by the
reduction process was trapped before entered the TCD.

Temperature programmed oxidation of spent catalysts after
stability tests (700 °C/24 h) were studied through O,-TPO exper-
iments in order to elucidate the type and quantity of carbon
deposits on the surface of the catalysts. In a typical procedure, an
amount of the spent catalyst (0.050 g) is transferred to a fixed-bed
quartz reactor placed in a home-made dynamic reaction system
coupled to a HIDEN HPR20 QMS. The sample is treated with
argon flow (30 mL min ") at 100 °C for 1 h before running the
experiments to remove residual adsorbed species from the cata-
lyst surface. Oxidation takes place by admission of a gas mixture
flow of 20% O,/He (30 mL min ') in the range of 100-800 °C at
a heating rate of 10 °C min ™. Production of CO, was monitored
following the m/z = 44 value.

2.3 Catalytic tests

The dry reforming of methane reaction was performed using
a fixed-bed quartz reactor under atmospheric pressure and
continuous flow of reactants. All activity tests were carried out
with the same amount of sample (0.100 g) in the 600-800 °C
temperature range and data acquisition every 50 °C, in a steady
state regime. On the other side, stability tests were done also
with a fixed amount of catalyst (0.100 ) at constant temperature
(700 °C) for 24 h, and collecting data each 0.5 h. Prior to
experiments, catalysts were in situ reduced with a flow of 10%
H,/N, (60 mL min~ ") at 600 °C (10 °C min ') for 2 h. Afterwards,
catalysts were purged in argon atmosphere (60 mL min~ ') and
temperature was set to the initial value, depending on the
catalytic test. The reactant mixture with molar ratio CH, : CO, =
1:1 (40 vol% of each compound and argon balance, total flow
=100 mL min~") was fed into the system at a GHSV = 48 000
h™'. Products were analyzed by gas chromatography using
a GOW-MAC apparatus with a TCD detector and a Carbosphere
packed column.

The conversion of methane (CH, (%)) and carbon dioxide
(CO, (%)) along with the H,/CO molar ratio (Yu,co) were
calculated as follows:

CH, (%) = {[CH.(in) — CHy(out)}/CHa(in)} x 100
CO; (%) = {[CO,(in) — CO,(out)[/CO,(in)} x 100
YHZ/CO = Hz(Out)/CO(Out)

where: CH,(in) and CO,(in) are the mole of methane and carbon
dioxide admitted in the reactor; CH,(out) and CO,(out) are the
mole of methane and carbon dioxide measured in the effluent;
H,(out) and CO(out) are the mole of hydrogen and carbon
monoxide produced in the reaction.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Nd-CeO, supports

3.1.1 X-ray diffraction analysis. Pristine CeO, and Nd-
doped ceria supports were synthesized by EDTA-citrate com-
plexing method with different loadings of neodymium: 0, 5, 10
and 20 at%. Fig. 1 shows the XRD patterns of the as-prepared
samples. In all cases, the diffraction peaks depicted are
related to the fluorite cubic structure of CeO, (JCPDS 034-0394),
and no other contributions are observed. The absence of other
peaks indicates in a first approximation proper incorporation of
Nd into CeO, crystal structure. It is evident (Fig. 1 inset) that the
diffraction peaks are shifted to lower angles as a function of the
Nd content, which means a lattice expansion. The lattice
parameter and crystal size were obtained by Rietveld refine-
ment, and results are presented in Table 1. Lattice parameter
values increase as a function of Nd content, from 5.4115 A in
pure ceria to 5.4479 A when 20 at% of Nd was introduced. This
result is in good agreement considering the ionic radii of Ce**
and Nd*', 0.97 and 1.11 A, respectively. The trivalent
neodymium ions replace the Ce*" ions in the lattice, generating
oxygen vacancies to maintain the charge neutrality. The
formation of oxygen vacancies can be written using the Kroger-
Vink notation as follows:

2Ce0, “2% ONd,, +30; + V. + %oz 2)
where O denotes the O ion occupying the oxygen lattice, 2Nd’Ce
denotes the Nd ion occupying the Ce lattice with a negative
single charge, and V; denotes an oxygen vacancy with a doubly
positive charge. Additionally, crystallite size decreases as
a function of the Nd content from 19.24 to 12.01 nm. This was
previously observed in La-doped ceria, where by increasing the
dopant concentration from 0.05 to 0.4, the crystallite size was
found to enhance the oxygen defects (Ce®" sites) in ceria.””
Therefore, in addition to the dopant mediated oxygen vacancies
formation, the crystallite size also generates oxygen vacancies.

CegoNd; 200, g
Ce4oNd;100;4 3
CeovesNdu.osoz-a 2
——CeO, E
3 N
© s = Py B)
; g E 26(°)
5 I 2§ & 38§
S J\ e T 25
Q M~ A
£ \
.k_._..J‘H‘ “'&
i ;Hw )\ A
| J\./IL M
50 60 70 80
26 (°)

Fig. 1 XRD patterns of as-prepared CeO, and Nd-doped ceria
supports. Inset displays a diffraction peak zoom of principal reflection
of ceria.
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Table 1 Lattice parameter, and average crystal size calculated
considering (111) plane of CeO, and Nd-doped ceria supports

Lattice parameter Crystallite
Support ao (A) size (111) (nm)
CeO, 5.4115 19.24
Ce.95Nd.050,_5 5.4204 16.25
Ceg oNdy 10,5 5.4304 14.03
Cey.sNdo 0, 5 5.4479 12.01

3.1.2 Raman spectroscopy and oxygen vacancies. To
further analyze the oxygen defects created by the introduction of
Nd into the ceria structure, Raman spectroscopy experiments
were carried out. Fig. 2 shows Raman spectra of as-prepared
supports. The spectrum of pristine ceria presents a single
sharp band at 472 cm ™', the characteristic F,, peak attributed to
the vibrational mode of oxygen atoms surrounding cerium in
the fluorite crystal structure.?® This band is also observed in the
Nd-doped ceria spectra, shifted to lower wavenumbers. Addi-
tionally, two other peaks are observed at 558 cm ' (o) and
611 cm ™" (B) in the Nd-doped samples; the bands intensity
increases as a function of Nd content. It has been reported that
these bands are related to oxygen vacancies and/or structural
defects generated by the incorporation of rare-earth ions into
the ceria crystal structure.?**° The a peak is commonly known as
extrinsic oxygen vacancies and is associated to oxygen vacancies
produced in order to maintain the charge neutrality when Ce**
ions are substituted by Nd*" ions. On the other hand, the f band
(intrinsic oxygen vacancies) is attributed to oxygen vacancies
that are generated by the presence of Ce®" ions. The intensity of
these bands is related to the number of oxygen vacancies and
the increment in the intensities as a function of Nd content is
indicative of the well incorporation of Nd into CeO, crystal
structure, which is in a good agreement with XRD results.
Moreover, in a previous report it was demonstrated that the
solubility limit of Nd into the CeO, crystal structure is 40 at%.>"

Additionally, oxygen vacancies can be calculated by corre-
lating the shift in the main F,, band.***! For pristine ceria this
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Fig. 2 Raman spectra of as-prepared supports. Inset displays the
Raman shift in the F>4 Raman band.
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value is estimated by Aw = —yw/(AV/V,), where w is the shift in
Raman frequency, v is the Griineisen parameter (1.24 for this
mode), and AV is the volume change from the reference volume.
Volume changes of the unit cell are due to expansion of Ce*" to
Ce*" (ionic radii 0.97 A and 1.14 A, respectively), which is only
partially counterbalance by the compression due to loss of 0>~
(ionic radius 1.380 A) leading to oxygen vacancies (1.164 A). The
relationship between the oxygen vacancy concentration ¢ and
the change in volume AV/V, is linear: 6 = —10(Aa/a,) = —3.3(AV/
Vo), where (Aa/a,) is the change in the lattice constant. For
pristine ceria, the oxygen deficit is then:

8 = 2.66(Awlw) 3)

In the present investigation, the change in the volume is not
only caused by cerium ions, but there is an additional contri-
bution by neodymium incorporation. Nevertheless, the Nd**
ionic radius is like the Ce®" ionic radius, 1.11 and 1.14 A,
respectively. Therefore, using eqn (3) and taking as reference
the pristine ceria Raman spectrum (assuming no oxygen
vacancies in pure ceria) lead us to have a good approximation of
the oxygen vacancies generated by the incorporation of Nd into
the fluorite ceria crystal structure.

Table 2 shows the oxygen vacancies calculated by Raman
spectroscopy using eqn (2) and by Rietveld refinement, using
the 6 = —10(Aa/a,) equation, and taking as a reference the
pristine ceria lattice parameter (a,). It is evident that oxygen
vacancies increase linearly as a function of neodymium content
when calculated by Raman spectroscopy; this result was ex-
pected as the magnitude of the downshift of the F,, Raman
mode varies well linearly as a function of Nd. On the other hand,
oxygen vacancies calculated by the lattice parameter change
almost linearly. These results confirm the formation of oxygen
vacancies by the good incorporation of Nd into the ceria crystal
structure. Oxygen vacancies are related to the enhancement of
the catalytic behavior as is shown ahead.

3.1.3 Textural properties and metal content. The supports
were characterized by N, adsorption-desorption. Fig. 3(a) shows
the nitrogen adsorption-desorption isotherms. Pristine CeO,
presents a type II isotherm with a negligible hysteresis loop;
according to the IUPAC, this isotherm type is related to non-
porous or macroporous materials.®> On the contrary, all Nd-
doped ceria supports present a type IV isotherm with hyster-
esis loop type H1 suggesting mesoporous materials.** The pore-
size distribution curves of as-prepared supports based on the

Table 2 Oxygen vacancies calculated by Raman spectroscopy and
XRD results

Raman Oxygen Lattice Oxygen

shift F,,  vacancies parameter vacancies
Support (em™) Raman  q, (A) XRD
CeO, 472 0 5.4115 0
Cep.0sNdg 05055 470 0.011 5.4204 0.0089
CepoNdy 10, 5 468 0.022 5.4304 0.0189
CepsNdp 05 5 464 0.044 5.4479 0.0364

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) N, adsorption—desorption isotherms and (b) BJH pore size distribution of as-prepared supports. Inset displays BJH pore sizes

distributions between 0 and 5 nm.

Barrett-Joyner-Halenda
Fig. 3(b).

It is clear that Nd-doped ceria shows a hierarchically bi-
modal porous structure with an apex at 3.5 nm (Fig. 3(b)
inset) and the other one between 16 and 18 nm, both fall in the
mesoporous range; while pristine ceria only presents the first
one as a small maximum. It has been demonstrated that the

(BJH)

method are presented in

presence of bi-modal porous architecture has a positive effect
on the enhancement of catalytic activity because the inter-
connected internal void space could act as effective transport
pathways.**** Additionally, the specific surface area (SSA) was
calculated using the BET model and results are shown in Table
3. All the supports present an area around 40 m” g~ '; never-
theless, there is a slight increment as a function of Nd content;
pristine ceria exhibits 37 m* g™, while Cey gNdy,0,_s, 43 m>
g~ 1. The total pore volume follows the same trend. Finally, as-
prepared supports were characterized through EDS analysis to
assess the total neodymium content as an atomic percentage;
results are presented in Table 3. The Nd contents are 4.8, 9.3,
and 20.0 at% for the nominal 5, 10, and 20 at%, respectively.
Additionally, the microstructure of the supports was studied
by SEM. Fig. 4 shows the backscattering SEM images of: (a)
CeO0,, (b) Ceg.95Ndg.0502 5, (c) CepoNdy10, 5, and (d) Cegs-
Nd,,0,_s. The principal difference between pristine ceria and
Nd-doped ceria is the development of porosity as a function of
the Nd content. This observation is in good agreement with the
N, adsorption-desorption results, where the total pore volume

increases as the Nd content, impacting in the specific surface
area.

3.1.4 Reduction properties of Nd-CeO, supports. H,-TPR
profiles of supports are presented in Fig. 5. According to the
literature, ceria presents two reduction peaks at around 550 and
850 °C that correspond to surface and bulk reduction, respec-
tively.>® As observed, all samples present the surface reduction
peak at around 550 °C, and as the experiments were carried out
only up to 800 °C, the bulk reduction peak is not entirely
depicted and only the beginning of the hydrogen uptake is
observed at 700 °C. The surface reduction peak in all the Nd-
ceria samples shifts to higher temperature; for pristine ceria the
peak is located at 530 °C while in Nd-doped samples it appears
between 545 and 560 °C. The peak area increases as a function
of neodymium content, revealing that the addition of
neodymium has an impact on the abundance of surface lattice
oxygen. On the other hand, it seems that the bulk reduction
peak of ceria in the Ce, gNd, ,0,_s support has shifted to lower
temperatures, as a maximum is observed below 700 °C, while in
the others, this takes place at higher temperatures as in pure
ceria. It has been reported that doping ceria with rare-earth
cations has an impact in the bulk reduction properties, shift-
ing the bulk reduction peak to lower temperatures.***® In
Cep.75RE( 250, _s samples doped with 25 at% (RE = Sm, Gd and
Nd), it was difficult to distinguish between surface and bulk
reduction, as both reduction peaks appear together.*

Table 3 Textural properties and neodymium content of as-prepared supports

Specific surface area

BJH pore diameter

Pore volume

Support (m*>g ™) (nm) (em® g™ Nd content® (at%)
CeO, 37 — 0.103 0
Cep.95Nd.05025 40 3.5and 16 0.137 4.8

Ceo.oNdy 10,5 42 3.5 and 18 0.139 9.3

Ceo.gNd( 0,5 43 3.5and 16 0.144 20.0

“ Determined by EDS.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Backscattering SEM images of the Nd-doped supports: (a) CeO,, (b) Ceg.g5Ndp.05O2_s (€) CegoNdp 10, s and (d) CeggNdg 0,5

3.2 Ni/Nd-CeO, catalysts

3.2.1 X-ray diffraction analysis. As-prepared supports were
impregnated with nickel with a nominal loading of 5 wt% in all
the cases. Structural characterization was carried out by X-ray
diffraction. Fig. 6 shows the XRD patterns where the ceria
fluorite structure is preserved. Additionally, three new low-

Ce, Nd .0

02728

Ce,,Nd, 0

017238

——Ce_ . Nd, O

0.95 0.05 " 2-3|

CeO,

TCD signal (a.u.)

0 I 1(IJO I 260 I 360 ' 4('JO I 5C|)0 I 660 ' 7(I)O I 8(I)0
Temperature (°C)

Fig. 5 H>-TPR profiles of as-prepared CeO, and Nd-doped ceria
supports.
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intensity diffraction peaks (Fig. 6, inset) depicted at 26 angles
of 37, 43, and 63° are associated to the NiO phase (JCPDS 44-
1159). Rietveld refinement of the XRD patterns was carried out,
and results are shown in Table 4. Results show that the lattice
parameters and the crystallite size of all the supports do not
change significantly after nickel impregnation, however some
trends are observed, mostly an increase in the former.

3.2.2 Textural properties and metal content. The textural
properties of as-prepared catalysts were evaluated by N,
adsorption-desorption experiments. Fig. 7(a) shows the

——— NilCe, Nd, ,0,,
—— Ni/Ce (Nd O,
— NilCe,gNd, 0, |3 WN%W\
——NilCeO, > MW%
[}
k>

Il

Intensity (a.u.)

i

26 (°)

Fig. 6 XRD patterns of as-prepared Ni/CeO, and Ni/Nd—ceria cata-
lysts. Inset displays an amplification where the principal diffraction
peak of NiO phase resides.
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Table4 Ni/CeO, and Ni/Nd—ceria catalysts characterization. Lattice parameter, average crystallite size determined considering (111) plane, Sge,

and nickel content

Crystallite size”

Ni content”

Catalyst Lattice parameter® a, (A)  (111) (nm) Specific surface area (m> g~')  Pore volume (cm®g™")  (Wt%)
Ni/CeO, 5.4119 18.77 33 0.059 4.7
Ni/CeposNdo 0505 5.4212 16.22 37 0.069 4.5
Ni/Ceo.oNdy10,_s 5.4312 14.04 40 0.070 4.8
Ni/Ceo sNdg 205 5.4490 12.28 41 0.076 4.8

“ Calculated by Rietveld refinement. * Determined by EDS.

adsorption isotherms, noticing that all the catalysts present
a type II isotherm as the undoped support, which is related to
non-porous or macroporous materials. The pore size distribu-
tion in nickel-supported catalysts (Fig. 7(b)) does not present an
apparent hierarchal behavior as observed before in Nd-doped
ceria supports. The specific surface area (SSA) results are
shown in Table 4. The SSA of the catalysts slightly decreases
compared to the doped supports (Table 3), but almost a two-fold
decrease in the total pore volume is observed. The reduction in
the SSA after impregnation with nickel is related to occlusion of
pores by nickel particles affecting the original mesoporous
structure of the supports. This behavior is in good agreement
with previous reports.*”** Despite this, the general trend is
maintained, Ni/CeO, presents the lowest specific surface area
(33 m* g~') which increases as a function of the neodymium
content, being the Ni/Ce,gNd(,0,_s sample the one with the
highest value (41 m> g ). As-prepared catalysts were also
characterized through EDS analysis to determine the total metal
content and atomic percentage of nickel, results are compiled
in Table 4. In all cases, the total metal content was slightly lower
but close enough to the target nominal one (5 wt%).

Fig. 8 shows the backscattering SEM images of catalysts; the
porosity observed in the Nd-doped ceria supports (Fig. 4) has
been modified after nickel impregnation. This result correlates
well with the N, adsorption-desorption experiments where a 2-
fold decrease in the total pore volume is observed,

—v— Ni/Ce, Nd, ,O

02728

——Ni/Ce, Nd, O

01728

—e— Ni/Ce__Nd O

0.95 057 2%
—=—Ni/CeO,

0.0 0.2 0.4 0.6 0.8 1.0
P/p,

b) o.16

corroborating that NiO particles affect the original mesoporous
structure of the Nd-doped supports.

3.2.3 Ni catalysts reduction properties. After the structural
and microstructural characterization, the catalysts reduction
properties were studied through H,-TPR experiments. The
reduction profiles of calcined nickel catalysts are shown in
Fig. 9, where hydrogen consumption is observed mostly in the
150-500 °C range. Different regions are identified in the TPR
profiles, below and above 300 °C, labeled as «, B, and . The first
region (o) has been related to the reduction of adsorbed reactive
oxygen species coming from the formation of a surface Ni-O-Ce
solid-solution by the incorporation of Ni ions into the CeO,
crystal structure.*®*' As Rietveld analysis showed, after Ni
impregnation, a trend slightly increasing the lattice parameter
of ceria is observed, indicating that the metal is somehow dis-
turbing the crystal structure of the support. In this frame, the
evolution of o peaks as a function of the Nd concentration
shows a shift to higher temperatures accompanied by an
intensity decrease, as clearly observed for the peak around
270 °C. Thus, it seems that the presence of Nd modifies the
reduction properties of such species in ceria.

On the other hand, contributions above 300 °C,  and vy, have
been assigned to the reduction of NiO particles with different
degrees of interaction with the support.*** The first, noted as
B (i.e., the shoulder observed at 316 and 322 °C, in Ni/CeO, and
Ni/Ce.05Nd 050, samples, respectively), is related to the
reduction of Ni** to metallic Ni particles in low metal-support

0.14 4
0.12 1

> 0.10
o

v—NilCe,,Nd, 0,
—4— NilCe, Nd, 0,
o NilCe

Nd, .0
—=— NilCeO,

0.95 0.05 23

0 5 10 15 20 25 30 35 40
Diameter (nm)

Fig. 7 N, adsorption—desorption isotherms of as-prepared Ni/ceria and Ni/Nd-ceria catalysts.
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Flg 8 Backscattering SEM images of the catalysts: (a) Ni/CeOz, (b) Ni/Ceo_gsNdo_OSOz,é, (c) Ni/ceo_gNdo_loz,é, and (d) Ni/Ceo_gNdo_zoz,g.

interaction. The other one, identified as vy, with maxima at 356
and 359 °C, respectively, is associated with the reduction of NiO
particles in stronger interaction with the support. It is evident
that the reduction temperature of both contributions increases
as a function of neodymium content, which means that the
interaction between NiO particles and the support becomes
stronger, as reported elsewhere.®'>***> Moreover, the better
interaction between the nickel particles and Nd-doped ceria
supports could be associated with an anchoring effect inside the
mesoporous structure of the support, as revealed by the textural
characterization results. It has been demonstrated that metal
nanoparticles confined in mesoporous CeO, enhance the metal-
support interaction and, therefore, the catalytic activity.*

02725

] —— Ni/Ce, Nd, ,0

01725

——Ni/Ce, . [Nd O

0.95 0.05 ™~ 2-3|

—— Ni/CeO,

v ——NilCe, ,Nd,,0

TCD signal (a.u.)

T T T T T
300 400 500 600 700

Temperature (°C)

T T
100 200 800

Fig.9 H,-TPR profiles of calcined nickel supported on ceria and Nd-
doped ceria catalysts.
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Specifically, a stronger Ni-CeO, interaction inhibits the Ni
particles agglomeration and the coke deposition, which leads to
better stability of the catalysts in the DRM reaction.**

3.3 Catalytic performance in the DRM reaction

3.3.1 Activity tests. Finally, the catalytic activity of in situ
reduced Ni-supported materials was evaluated in the dry
reforming of methane reaction (DRM). The reaction was studied
in the temperature range of 600-800 °C at stoichiometric
conditions of reactants and constant mass of catalyst. Fig. 10
shows the activity in terms of methane conversion (Fig. 10(a))
and carbon dioxide conversion (Fig. 10(b)), while the selectivity
is presented as the H,/CO molar ratio (Fig. 10(c)). Results
indicate that CH, and CO, conversion increases almost linearly
as a function of the temperature, and that nickel supported on
pristine ceria is considerably less active than all the Ni/Nd-ceria
catalysts. Table S1f shows the CH, and CO, conversion values
displayed by all catalysts as a function of temperature. The CO,
conversion in the Ni/CeO, catalyst is considerably higher than
CH, in the whole temperature range. On the other hand, all Ni/
Nd-ceria catalysts presented a similar behavior below 700 °C;
above this temperature, both CH, and CO, conversion are
almost equal. It has been reported that the activation energy is
considerably higher for CH, than CO,, indicating that activa-
tion of CH, is more temperature-sensitive than that of CO,.’
Thus, the reaction of methane becomes important as temper-
ature increases. On the other hand, it has been reported for low-
surface-area ceria and 10 mol% Gd-doped ceria that dissocia-
tion of methane proceeds almost exclusively via surface oxygen
vacancies;* therefore, the oxygen vacancies generated by the
introduction of Nd seems to enhance the activation of CH, and

This journal is © The Royal Society of Chemistry 2020
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Fig.10 Dry reforming of methane over in situ reduced nickel catalysts as
dioxide conversion and (c) H,/CO mole ratio. Reaction conditions: CH4

should be responsible for its higher conversion compared to Ni/
CeO,.

One feature is observed; there is no linear dependence with
the number of oxygen vacancies promoted by Nd, as the higher
conversion was obtained with the Ni/Ce 95sNdy 050, catalyst.
Looking closer to the Nd-doped ceria catalysts, Fig. 10 and Table
S1,T the conversion of reactants at low temperatures does not
vary considerably. At the same time, above 700 °C, some
differences appear, notably a decrease in the conversion as
neodymium content increases, mostly in Ni/CeqgNdg,0, s
catalyst. At high temperatures, low-content Nd samples perform
better in DRM reaction.

On the other hand, as the conversion of reactants increases
with the temperature, the H,/CO molar ratio (Fig. 10(c)) also
increases, and all the Nd-doped catalysts show a better selec-
tivity towards H, compared to the Ni/CeO, catalyst. According
to the stoichiometry of DRM reaction (eqn (1)), the maximum
value of the H,/CO molar ratio is 1. This ratio increases as
temperature rises, indicating that the DRM reaction is favored
at high temperatures, however, other side reactions could be
taking place. A value lower than 1 for the H,/CO molar ratio
probably indicates the RWGS reaction (eqn (4)) occurs as CO is
produced in detriment of H,, and more CO, is converted.™

H, + CO, < H,0 + CO, AH = +41 kJ mol ™" (4)

In the range of 650-1000 °C, RWGS is the main side reaction,
and other reactions as CH, decomposition (eqn (5)) and the

This journal is © The Royal Society of Chemistry 2020

a function of reaction temperature. (a) Methane conversion, (b) carbon
: CO, molar ratio = 1, total flow 100 mL min~%, GHSV = 48 000 h™%.

Boudouard reaction (eqn (6)), leading to carbon residues, also
could take place.***”

CH, < C +2H,, AH = +74.9 k] mol™! (5)

(6)

The behavior of the H,/CO molar ratio as a function of
temperature indicates that the RWGS reaction is taking place,
but reverse Boudouard reaction may be also a source of CO at
high temperature. In the high-temperature regime, as the
content of Nd decreases, the H,/CO ratio improves. The highest
value found among samples was 0.95 at 800 °C displayed by Ni/
Cep.95Ndg 050, catalyst.

Nevertheless, despite the enhanced properties as higher SSA,
smaller crystallite size, and higher amount of oxygen vacancies
achieved as Nd concentration increases in the support, the

2C0 < CO,+C, AH = —172%kJ mol™!

catalytic properties do not show significant differences.

Overall, it must be pointed out that Nd-doped ceria improves
the selectivity towards hydrogen of the nickel-based catalyst in
the dry reforming of methane reaction. This result correlates
well with the overall activity behavior of samples.

3.3.3 Stability tests. The catalytic stability of in situ reduced
catalysts was studied at 700 °C during 24 h at constant mass of
catalyst. Fig. 11 shows the CH, (a), and CO, (b) conversions, as
well as the H,/CO molar ratio (c). Table S21 shows the conver-
sion values as a function of time on-stream and the % difference
between initial and final reactants conversion. These results
confirm the better performance of Ni/Nd-ceria catalysts

RSC Adv, 2020, 10, 33059-33070 | 33067
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compared to Ni/CeO, catalyst; the latter undergoes important
deactivation throughout the 24 h catalytic run. The difference
between the initial and final conversion of methane after 24 h
on-stream at 700 °C (Table S2t) is 38%; the CO, conversion
follows the same trend.

On its side, all the Nd-doped catalysts present similar
behavior, although some differences are observed. In general,
the CH, and CO, conversions drop only about 10% after 24 h
reaction. In comparison, the decay in the conversion of reac-
tants after 24 h on-stream at 700 °C is about three times larger
in the undoped ceria catalyst. Therefore, the addition of Nd
enhances the stability of the catalysts.

The trend of H,/CO molar ratio as a function of time on-
stream (Fig. 11(c)) follows that of conversion of reactants,
however, it is worth noting that the selectivity towards hydrogen
in the 24 h run is higher in the Nd-doped catalysts compared to
the Ni/CeO, sample.

Deposition of carbon residues on the surface of the catalyst,
blocking the active sites, is one of the deactivation mechanisms
in DRM reaction, so it is relevant to know the nature of such
deposits in this case.

3.4 Characterization of spent catalysts: carbon deposition
analysis by O,-TPO

0,-TPO experiments were performed after the stability tests
(700 °C/24 h) to assess the amount and type of carbon deposits
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on the surface of spent catalysts, Fig. 12. These experiments
help to show the impact of neodymium to reduce coke depo-
sition and, therefore, the enhancement of stability of catalysts.
In all cases, O,-TPO profiles are composed of several contribu-
tions (as evidenced by the deconvolution). In general, three
types of carbon deposits are found in DRM spent catalysts:** (i)
below 400 °C related to hydrocarburic carbon, (ii) between 400-
700 °C assigned to amorphous carbon and (iii) above 700 °C
corresponding to graphitic carbon. All samples present a tiny
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Fig. 12 O,-TPO profiles of spent nickel-based catalysts.
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Fig. 11 Dry reforming of methane over in situ reduced nickel catalysts as a function of time on-stream. (a) Methane conversion, (b) carbon
dioxide conversion and (c) H,/CO mole ratio. Reaction conditions: reaction temperature = 700 °C; CH,4 : CO, molar ratio = 1, total flow 100

mL min~%, GHSV = 48 000 h™~.
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contribution at 280 °C (hydrocarburic carbon), whereas no
peaks above 700 °C are observed; then most of the CO,
production comes from the gasification of amorphous carbon
and analysis focus on this zone.

As observed, the undoped catalyst (Ni/CeO,) presents the
highest CO, production, composed by four contributions at
different temperatures related to carbon deposits interacting
with the different surface species. The amount of the deposited
carbon displayed as gasified CO, in Table 5, is 4, 3, and 2 times
larger in Ni/CeO, catalyst compared to Ni/Cey 95Ndg 50,5, Ni/
CeyoNdy 10,5, and Ni/Ce, gNd, 0,5, respectively. From these
results, the lower stability of Ni supported on undoped CeO, is
related, at least in part, to the higher amount of carbon deposits.

On the other hand, the O,-TPO profiles of the spent Nd-
doped catalysts are composed by three clear contributions
already observed in the undoped catalyst, around 470, 560 and
600 °C. From Table 5, the Ni/Ce 5Ndy ¢50,_s sample shows the
lowest CO, production, and as the content of neodymium
increases, the carbon dioxide production follows. The lower
amount of carbon deposits in the Ni/Ce, 95sNd 50,5 catalyst
correlates well with its improved activity. Under DRM reaction
conditions, the oxygen vacancies in ceria have been related to
a better CO, activation and carbon gasification at the metal-
support interfaces, with the following mechanism: CO, is
chemisorbed over the support and decomposes into CO, which
is released, while the oxygen atom fills one oxygen vacancy.
Finally, the formed oxygen atom oxidizes the carbon deposit to
CO/CO,, avoiding its accumulation on the metal site.*

A high number of oxygen vacancies is expected to have
a positive impact on controlling the carbon deposits on the
surface of the catalysts. This situation is occurring in the Ni/
Ceg.95sNdp 050, _5 sample, as the amount of deposited carbon
measured as gasified CO, is 4 times lower than in Ni/CeOy;
however, as Nd concentration increases and so does the number
of oxygen vacancies in the support, the beneficial input of this
property is not observed, as higher amounts of carbon remain at
the surface of the catalysts. In other words, the increase in the
Nd doping of the support is not reflected in a significant
improvement in the anti-coking properties of the catalyst or in
the activity, as previously shown. However, it is important to
remark that despite this, Ni/Nd-ceria are more stable and active
than Ni/CeO,, as shown for 24 h runs on-stream (Fig. 11).

Besides the remarkable redox properties of ceria and doped
ceria materials, connected with oxygen mobility, the acid-base
properties of the surface play an important role on the catalytic
performance for many reactions. Addition of rare-earth dopants
in ceria and ceria-based supports change the acid/base

Table 5 Quantitative analysis of O,-TPO profiles of spent catalysts

CO, production

Catalyst (umol)
Ni/CeO, 0.436
Ni/Ceg.05Ndg 05055 0.101
Ni/Ceo.oNdo10,_5 0.140
Ni/Ceo.gNdo0,_s 0.209

This journal is © The Royal Society of Chemistry 2020
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properties of the surface.*** Recently, it was reported*® that by
doping CeO, and CeO,/Zr0O, solid solution with Nd, the basicity
of the supports is reduced.

It is well known that the role of basic sites in the dry
reforming reaction is to enhance the activation of acidic CO, on
the support surface and to inhibit carbon deposition on the
catalyst.>® As shown in Table S1,f CO, conversion by Nd-doped
catalysts decreases as a function of Nd content, which is in
a good agreement with the loss of basicity and, therefore,
diminishing the gasification capacity of the carbon residues on
the surface issued from methane dehydrogenation. An
optimum Nd concentration would lead to the right balance
between redox and acid/base properties as the key factor to get
active and stable catalysts for DRM reaction.

Further research in this regard is necessary to better
understand the roles of both properties.

4. Conclusions

Nickel (5 wt%) supported on Ce; ,Nd,O,_ ;s (x =0, 0.05, 0.1 and
0.2) was studied in the DRM reaction. Nd-doped ceria supports
were synthesized by the EDTA-citrate complexing method. It
was proved by XRD (Rietveld refinement) and Raman spec-
troscopy analysis (Raman shift in the main F,, band) that all Nd
was incorporated into the ceria crystal structure, leading to
a linear increase of oxygen vacancies as a function of Nd
content. Also, doped supports showed a developed mesoporous
structure, higher specific surface area, and smaller crystallite
size, compared to undoped ceria. All the Ni/Nd-ceria catalysts
were more active and stable in the DRM reaction than the Ni/
CeO, catalyst, indicating the beneficial impact of Nd incorpo-
ration. However, the amount of deposited carbon in spent Nd-
doped catalysts increases as a function of the dopant concen-
tration, despite the enhanced number of oxygen vacancies
present. Nd doping in ceria leads to a change of the acid/base
properties of the support diminishing the gasification
capacity of the carbon residues issued from methane dehydro-
genation. An adequate balance between redox and acid/base
properties directly related to the Nd concentration, is needed
to fully develop the enhanced catalytic properties of Ni/Nd-ceria
catalysts in DRM reaction.
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