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Abstract
The effect of ceria loading on the structure and catalytic performance of CeO2Al2O3-supported Ni catalysts for CO2 reforming of methane was studied. The
physicochemical properties of the samples were determined by N2 adsorption
desorption isotherm, XRD, TPR and XPS. XPS results revealed the presence of
Ni2+ and Ni0 on the surface of reduced Ni/xCe-Al (x = 0, 1, 3, 6, 12 wt %)
catalysts. It was shown that Ni catalysts supported on ceria-alumina oxides
exhibit higher CH4 conversion compared to that of Ni supported on alumina.
The most active catalyst in dry reforming of CH4 was Ni/6Ce-Al due to the
specific electron interaction between ceria and Ni species.
Keywords: Biogas reforming, Ceria-alumina oxides, Characterization,
Hydrogen production, Nickel catalysts
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Introduction
A very attractive and promising issue is the conversion of waste biomass
into energy or raw material as biogas via anaerobic digestion. For the
successful reforming of biomass derived biogas or bioethanol to hydrogen
highly effective catalysts have to be developed. Among several technologies,
biogas and bio-ethanol reforming processes to hydrogen have increasing
attention and become important industrial processes. As a transition metal, Nibased catalysts exhibit a high activity in reforming processes to hydrogen
(Wang et al., 1998; Yang et al., 2010; Damyanova et al., 2003) and are costeffective in comparison with noble metal-based catalysts. However, Ni
catalysts undergo a fast deactivation caused by coke formation and the
sintering of the active phase. Modified supports have been studied in order to
improve the stability and the carbon resistance of catalysts (Bellido et al.,
2009). CeO2 - containing oxides such as CeO2-Al2O3, CeO2-ZrO2 and/or CeO2La2O3-Al2O3 have been applied as supports for Ni based catalysts (Kambolis et
al., 2010; Kumar et al., 2008). It has been suggested that these materials
decrease the active metal-alumina interaction, by avoiding the formation of the
metal aluminate spinel species. CeO2-ZeO2 oxides display better redox
properties than ZrO2, high surface area and good thermal stability (Damyanova
et al., 2008). An addition of a small amount of CeO2 (1 wt%) improved the
activity and stability of Pt/Al2O3 in the reforming process, due to the increase
of the metal-support interface area, caused by the higher Pt dispersion
(Damyanova et al., 2003).
The objective of the present work was to explore the effect of the CeO2
content on the structure, surface properties and the catalytic performance of
Ni/xCe-Al catalysts. Different techniques were used for physicochemical the
characterization of the samples: N2 adsorption-desorption isotherms, X-ray
diffraction (XRD), temperature programmed reduction (TPR) and X-ray
photoelectron spectroscopy (XPS). The test reaction was CH4 reforming with
CO2 carried out at an atmospheric pressure and reaction temperature of 550oC
and CH4/CO2 ratio of 1/1.

Experimental
Sample Preparation
Mixed xCeO2-Al2O3 (xCe-Al) oxides were obtained by the impregnating
of alumina (SBET = 248 m2/g) with an aqueous solution of (NH4)3[Ce(NO3)6]
with an appropriate CeO2 concentration (x=1-12 wt%), followed by drying and
calcination at 100o and 600oC, respectively. Supported Ni catalysts were
synthesized by impregnation of alumina and xCe-Al supports using an aqueous
solution of Ni(NO3)2x6H2O. The samples were dried at 100oC and calcined at
550oC for 12 and 4 h, respectively. The Ni content was 10 wt%. The samples
were denoted as Ni/xCe-Al, where x is the CeO2 content.
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Sample Characterization
N2 adsorption-desorption isotherms of the samples were recorded at 77 K
with a Micromeritics TriStar 3000 apparatus. The samples were previously outgassed under vacuum at 150oC for 24 h. The surface area was calculated
according to the BET method. An XRD analysis was performed with a Seifert
3000 diffractometer, Ni-filtered CuKa (λ=0.15406 nm) radiation and a PW
2200 Bragg-Brentano θ/2θ goniometer (Pawelec et al., 2006). The TPR was
conducted on Micromeritics 2900 provided with a TCD. The samples were
reduced under a flow of 10% H2/Ar up to 1000 oC with a total flow rate of 50
ml/min and a heating rate of 15 K/min. XPS of reduced samples were obtained
with a Surface Science Instruments SSX-100 model 206 spectrometer equipped
with a monochromatized microfocused Al X-ray source, operating at 10 kV
and 12 mA (Damyanova et al., 1997). The base pressure in the analysis
chamber was about 10−8 Torr. The binding energy (BE) scale of the
spectrometer was calibrated with respect to the Au 4f7/2 peak and the BE’s of O
1s, Al 2p, Ni 2p and Ce 3d electrons were referenced to the C1s band at 284.8
eV. The peak decomposition was performed using the Casa XPS program
(Casa Software, UK), assuming a 85/15 Gaussian/Lorentzian product function.
The reduction of the Ni/xCe-Al samples (200-500 μm) before XPS
measurement was performed ex-situ under H2/He flow (60 cm3/min) at 550oC
for 1 h. After reduction, the reactor was cooled down to room temperature
under 10% H2/He and transported to the XPS apparatus under isooctane.
Catalytic Test
The catalytic experiments in the reaction of CH4 reforming with CO2 were
conducted at atmospheric pressure in a fixed bed continuous flow reactor
consisting of a quartz tube. The catalyst sample (m = 0.05 g) with a particle
size fraction of 0.2–0.25 mm was diluted with a quartz (1:9 ratio). Prior to each
catalytic test the sample was reduced in situ in a flow of 10% H2/N2. The
temperature was increased from 350oC to 550 oC for 40 min and kept at this
temperature for 1 h. A reactant gas CH4/CO2/N2 (40/40/60) mixture was used.
The reaction was conducted at a temperature of 550oC and CH4/CO2 of 1. The
reaction products were analyzed in a gas chromatograph equipped with a 3 m
HayeSep D 100/120 (SUPELCO) column and a TCD (Damyanova et al., 2012,
Pawelec et al., 2007). Conversions of CH4 and CO2, and yields of CO and H2
were calculated by the following equations: XCH4, % = (CCH4, in – CCH4, out) /
CCH4, in x 100, XCO2, % = (CCO2, in – CCO2, out) / CCO2, in x 100, Yield H2, % =
CH2, out / 2CCH4, in x 100, Yield CO, % = CCO, out / (CCH4, in + CCO2, in) x
100.

Results and Discussion
The textural properties of Ni/xCe-Al samples are listed in Table 1. The
lower surface area of the Ni/Al sample compared to that of Al2O3 can be
related to a blockage of the alumina pores by Ni oxide species. The SBET of Ni

5

ATINER CONFERENCE PAPER SERIES No: ENV2015-1662

catalysts supported on alumina modified with 1 and 3 wt% CeO2 is higher
compared to that of Ni/Al. The values of the pore volume of the Ni/xCe-Al
(x=1, 3 and 6 wt %) samples are also higher than that of Ni/Al. It was reported
(Wang et al., 1998) that the increase of SBET can be related to the influence of
the low and medium ceria amount on alumina thermal stability.
Table 1. Textural Properties and Crystallite Size (DXRD) of CeO2 for Calcined
Ni/xCe-Al Samples
Sample

DXRD
(nm)

SBET

Vp

(m g-1)

(cm g-1)

3

Pore diameter
(nm)

γ-Al2O3

248

0.92

14.6

-

Ni/Al
Ni/1Ce-Al
Ni/3Ce-Al
Ni/6Ce-Al
Ni/12Ce-Al

187
193
190
173
158

0.55
0.66
0.70
0.65
0.48

11.7
13.2
13.6
14.2
12.1

5.0
6.2
9.3

2

Indeed the mean pore size of Ni/xCe-Al catalysts is higher than that of
Ni/Al (Table 1). This is probably related to the presence of particles with larger
pores and a possible blockage of the pores with low diameter, by cerium oxide
species (Bereketidou et al., 2012), being confirmed by the pore size distribution
of the samples.
Figure 1. XRD Patterns for CeO2 (a), Alumina (b) and Calcined Ni/xCe-Al
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The XRD patterns of pure alumina and calcined Ni/xCe-Al samples are
shown in Figure 1. Peaks at 2θ = 28.2o, 32.3o, 47.4o and 56.5o, the characteristic
of the CeO2 phase with the fluorite structure, are detectable for all CeO2containing samples. The XRD patterns of poorly crystalline γ-Al2O3 (2θ =
37.2o, 47.4o, 66.7o) and/or NiO and NiAl2O4 like species (2θ = 37.2o, 43.3o,
45.8o, 66.4o, 76.5o and 79.2o) are observed for the supported Ni samples
(Figure 1). The crystallite average size (DXRD) of CeO2 included in Table 1 is
estimated by the 2θ = 28.6o reflection and the application of the Scherrer
equation. The DXRD of CeO2 particles increases with increasing the CeO2
content due to the ceria capacity to form aggregates (Damyanova et al., 2002).
The TPR profiles of CeO2, Ni/Al and Ni/xCe-Al samples are shown in
Figure 2. According to the reduction mechanism of the bulk CeO2 proposed by
(Piras et al., 2000) the outermost layers of the smaller crystalline, CeO2 are first
reduced at a lower temperature, due to the lower enthalpy of reduction and then
the reduction of bulk ceria occurs. The broad reduction profile of the Ni/Al
sample could be divided into three components. According to the literature data
(Richardson, et al., 1998), the reduction peak at ca. 465oC should be attributed
to the reduction of the small NiO particles in a weak interaction with alumina
support whereas, the reduction peaks appearing at higher temperatures of
661oC and 753oC that are related to the reduction of bigger NiO particles and
nickel oxide species in a strong interaction with alumina, respectively.
Probably, the last peak is due to the reduction of surface non-stoichiometric
nickel aluminate spinel (Scheffer et al., 1989).
Figure 2. TPR Profiles of Bulk CeO2 and Ni/xCe-Al
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The addition of a small amount of CeO2 to Ni/Al, practically, does not
change the reductive properties of the sample. However, the intensity and the
relative proportion of the peaks change with the increase of the ceria loading (≥
3 wt%). A new peak at a lower temperature of 285oC, which is more intensive
at higher CeO2 loading, appears. This one could be ascribed to the reduction of
the NiO-CeO2 species (Wang et al., 2008).
The XPS atomic Ni/ (Ce+Al) and Ce/Al ratios of reduced samples are
given in Table 2. All calcined samples show the main line of the Ni 2p3/2 core
electrons at 855.8 eV, indicating the presence of the Ni2+ species. The BE value
Ni 2p3/2 is close to that of the nickel aluminate (856.1 eV) (Jun et al., 2008).
The BEs values of Ni 2p3/2 at 852.3 and 856.1 eV characterize Ni0 and Ni2+
ions, respectively. The XPS percentage of metallic nickel on the surface
increases in the following order: Ni/12Ce-Al < Ni/6Ce-Al < Ni/3Ce-Al <
Ni/1Ce-Al < Ni/Al. It can be concluded that the highest Ni0 amount is observed
for Ni/Al. A lower BE value of Ni0 is observed for the Ni/6Ce-Al sample
(851.8 eV), due to a more intimate contact between the ceria and Ni species.
Table 2. XPS Atomic Ratios of Reduced Supported Ni Catalysts, CH4
Conversions (%) and H2/CO Ratio in Dry Reforming of Methane at 120 min
(Treac. = 550 oC)
Samples

Ni/(Al+Ce)

Ce/Al

CH4 conv. (%)

H2/CO

Ni/Al

CeO2
(wt%)
-

0.03

-

43.5

0.63

Ni/1Ce-Al

1

0.04

0.007

53.2

0.65

Ni/3Ce-Al

3

0.04

0.009

51.4

0.64

Ni/6Ce-Al

6

0.06

0.009

57.5

0.65

Ni/12Ce-Al

12

0.06

0.010

50.2

0.62

It should be noted that all the reduced samples reveal the XPS Ni/Al ratio
values lower than those of the calcined ones caused by the sintering of the
surface Ni species. However, the XPS ratio of the samples increases with
increasing the CeO2 loading. This suggests that the reduced/unreduced nickel
species has a good surface exposition and a high dispersion on the support
surface, thanks to a ceria addition (Table 2). After the reduction of the
supported Ni samples at 550oC by 10% H2/He the fraction of Ce3+ species on
the support surface is about 25-35 %. In addition, the Ce/Al ratios of reduced
samples decrease in comparison with those of the calcined samples.
The values of the CH4 conversion that over supported the Ni catalysts at a
reaction temperature of 550oC are given in Table 2. It is seen that all Ni/xCe-Al
catalysts display a higher CH4 conversion value (~ 50-53 %) than that of Ni/Al
(~44 %) at 120 min reaction. Methane conversion follows the sequence: Ni/Al
< Ni/12Ce-Al < Ni/3Ce-Al ~ Ni/1Ce-Al < Ni/6Ce-Al. The most active catalyst
is Ni/6Ce-Al. The catalytic activity of the Ni/xCe-Al catalysts remains
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relatively stable with time on stream. However, a fast deactivation is observed
for alumina-supported Ni catalyst.
It has been reported that a loading of 2-5 wt % for a rare earth oxide would
be optimum for catalyst activity (Slagtern et al., 1997). A large amount of
promoters generally leads to a decrease of catalytic activity due to the coverage
of active sites. The catalyst promoted with the highest amount of CeO2 (12
wt%) has the lowest CH4 conversion value, as well as the lowest H2/CO ratio
(Table 2). Some covering of the metallic nickel species by cerium oxide
species is possible to occur. The results from a physicochemical
characterization of the samples show that there is a difference in the amount of
metallic Ni species on the catalyst surface with the change of CeO2 content due
to the change in the dispersion and reducibility of supported species (Table 2).
The high activity and stability of the Ni/xCe-Al catalysts in the dry
reforming of CH4 can be related to the redox property of CeO2-based materials,
the high Ni dispersion and the electronic interaction between the ceria and
nickel species. It is observed, that the H2/CO ratios of the catalysts are lower
than the stoichiometric one (1:1). The latter is caused by the occurrence of the
reverse water - gas shift reaction (CO2 + H2 → CO + H2O).
Conclusions
The results showed that the different nature of Ni - support the interaction
in Ni/Al and in modified Ni/xCe-Al catalysts causes a different dispersion and
reducibility of nickel, oxide and CeO2. It was concluded that the optimal
interaction between the active metal Ni particles and the oxygen vacancies of
the surface of mixed xCe-Al oxides is responsible for the high catalyst activity
and stability as a result of the enhanced dispersion of the active metal phase
and the resistance to coke formation. The most active Ni/6Ce-Al catalyst with a
H2/CO ratio of 0.65 also showed a high stability with time on stream in CO2
reforming of CH4 at 550oC, a high dispersion and specific electron interaction
between CeO2 and Ni particles.
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