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CO2 reforming of methane over Ce-Zr-Ni-Me mixed catalysts
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A B S T R A C T

Pseudo sol–gel method was applied to prepare monometallic as well as bimetallic catalysts, on the

base of Ce-Zr mixed oxide, effective for dry reforming of methane. The monometallic catalysts with

varying proportions of Ce and Zr and constant Ni loading (5 wt.%) were made to find the most effective

system. On the basis of the results of the activity of the monometallic catalysts, three bimetallic

catalysts were synthesised, where part of Ni was substituted by Co, Fe or Rh. The as prepared catalysts

were characterized by powder X-ray diffraction (XRD), thermo-programmed reduction (TPR) and

examined in CO2 reforming of methane reaction. It was found that Ce2Zr1.51Ni catalyst demonstrated

the highest activity in CO2 reforming of CH4 among all the monometallic catalysts with CO2

conversion ca. 80% at 750 8C. Ageing of the catalyst during 25 h time on stream conducted to the

decrease of CO2 conversion from 80% to 57% (750 8C). In the case of Ce2Zr1.51NiRh catalyst CO2

conversion increased up to 90% (750 8C). The ageing experiment demonstrated very high stability

over 200 h with the conversion of 80%.
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1. Introduction

One of the ways of chemical valorisation of natural gas is its
transformation into synthesis gas (H2 + CO). Nowadays, hydrogen
is produced during the steam reforming of hydrocarbons. Another
possibility is the partial oxidation of methane. Nevertheless, in
recent years, the dry reforming of methane has become an
interesting alternative for synthesis gas production. This endo-
thermic process produces a H2/CO ratio �1 which could be useful
to adjust syngas ratio obtained from steam reforming process. The
main drawback of this process is the catalyst deactivation due to
the carbon deposition originated from methane decomposition
and/or Boudard reaction and/or sintering of the metallic phase and
support [1,2].

Nickel-based catalysts are commonly used in dry reforming of
methane as they are effective in hydrogen production. Although
noble metals such as Pt, Pd, Rh and Ru are reported to be more
effective than nickel catalysts [3–5] they are not used in industrial
applications due to their high costs. Despite the economical reason
of using Ni catalysts, the main problem bounded with high
deactivation rate still remains. To diminish the carbon formation
due to enhancement of the metal/support interaction, the active
phase incorporation into support structure of high oxygen mobility
is proposed [6–8].
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Catalytic activity and thermal stability of Ni-based catalysts
could be improved by using mixed Ce-Zr oxide as a support. It is
well known that CeO2-ZrO2 solid solution has good thermal
stability and better oxygen storage capacity than CeO2 alone
[7,9,10]. This oxygen vacancy is also important for the dissociative
adsorption of CO2.

In this paper, the application of Ce-Zr catalysts, with Ni and/or
Ni-Me (Me = Co, Fe, Rh) incorporated into the structure, in dry
reforming of methane is examined. The physico-chemical charac-
terization of the catalysts’ structure as well as the influence of
varying Ce and Zr contents and addition of second metal on the
catalysts’ activity and ageing is evaluated.

2. Experimental

2.1. Catalyst preparation

Various Ce-Zr-Ni-Me catalysts were prepared by pseudo sol–
gel method based on thermal decomposition of metallic
propionates [11,12]. The metal precursors used for synthesis
were: cerium (III) acetate sesquihydrate, zirconium (IV) acet-
ylacetonate, rhodium (II) acetate, nickel (II) acetate hydrate,
cobalt (II) acetate hydrate and iron (II) acetate anhydrous. The
salts were dissolved in excess of propionic acid. The solutions
were mixed and heated under reflux. The solvent was
evaporated to obtain gel which was then calcined in air at
750 8C during 4 h. The formulas of as prepared catalysts are
summarized in Table 1.
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Table 1
Textural properties of support, nickel and nickel-metal catalysts.

Catalysts Abbreviation Ni nominal

content (wt.%)

Me nominal

content (wt.%)

BET surface

area (m2/g)

Lattice

parameter (Å)

Support particle

size (nm)

Ce2Zr2 CeZr – – 19 5.27 6

Ce2Zr1.51Ni0.49 Ce2Zr1.51Ni 5 – 18 5.29 7

Ce2.96Zr0.53Ni0.51 Ce2.96Zr0.53Ni 5 – 32 5.36 9

Ce0.6Zr2.97Ni0.43 Ce0.6Zr2.97Ni 5 – 15 5.17 7

Ce2Zr1.51Ni0.49Co0.29 Ce2Zr1.51NiCo 3 2 11 5.30 7

Ce2Zr1.51Ni0.49Fe0.20 Ce2Zr1.51NiFe 3 2 15 5.29 5

Ce2Zr1.51Ni0.49Rh0.03 Ce2Zr1.5NiRh 4.5 0.5 21 5.30 6

Fig. 1. XRD of freshly prepared catalyst (a) Ce2Zr2 (support); (b) Ce0.6Zr2.97Ni0.43; (c)

Ce2Zr1.51Ni0.49; (d) Ce2.96Zr0.53Ni0.51. (*)—face-centered cubic, fluorite structure,

(#)—NiO species Zoom of the diffraction patterns of NiO
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2.2. Physico-chemical characterization

2.2.1. BET

The Specific BET surface area was determined by N2 adsorp-
tion–desorption measurements at �196 8C in a Tristar gas
adsorption system.

2.2.2. XRD

The crystalline structure of mixed oxides was determined by
powder X-ray diffraction using Brucker D8 Advanced apparatus
with Cu Ka radiation.

2.2.3. TPR

The reducibility of the catalysts was studied by thermo-
programmed reduction (TPR) using 0.05 g sample heated from
room temperature to 900 8C with a slope 15 8C/min. under
hydrogen/argon flow.

2.3. Catalytic activity

The catalytic activity measurements were performed in a fixed
bed quartz reactor. Prior to CO2/CH4 reaction, 0.1 g of catalyst was
reduced in 5% H2-95%Ar at 750 8C for 4 h (0.0025 L/min). After the
pre-treatment, a feed mixture consisting of CH4/CO2/Ar 10/10/80
was introduced into reactor. The total space velocity was equal to
30 L h�1 g�1.The reforming tests were studied with an increase of
temperature from 550 8C to 800 8C with the stabilization of 2 h at
each temperature. Some steady-state experiments at 750 8C were
also performed to study the second metal addition to Ce-Zr system.

3. Results and discussion

3.1. Catalysts characterization

It can be seen (Table 1) that the BET specific surface area seems
not to be associated with Ni incorporation but with varying Ce and
Zr contents. The highest value was observed for the catalyst
enriched in Ce.

Fig. 1 shows the XRD diffractograms of the Ce2Zr2 support (a)
and Ce-Zr-Ni catalysts (b–d) with different Ce and Zr contents after
calcination in air at 750 8C for 4 h. It can be clearly seen that the
patterns match well to the face-centered cubic structure of
Ce0.6Zr0.4O2 (JCPDS 38-1439) in the case of support (a), Zr-rich
Ce0.6Zr2.97Ni catalyst (b) and Ce2Zr1.51Ni one (c) and to face-
centered cubic structure of Ce0.75Zr0.25O2 (JCPDS 28-271) for Ce-
rich Ce2.96Zr0.53Ni catalyst (d). Nevertheless the small, broad
diffraction patterns at 2u = 37.38 and 43.38 indexed as NiO, with
(0 0 1) and (2 0 0) planes can also be observed (see Fig. 1 zoom).
This phenomenon might be explained by the small rejection of Ni
from the host Ce-Zr structure. The intensity of NiO diffraction
patterns differs and increases with the increase in Ce content due
to the competition between larger Zr4+ (84 pm) and smaller Ni2+

(69 pm) cations in the Ce-Zr structure. The highest intensity of NiO
diffraction patterns was observed for the catalysts enriched in Ce
(Fig. 1(c and d)). The diffraction patterns position of the cubic
fluorite varies with changing the fluorite stoichiometry according
to Ce to Zr ratio. The structure modification is not associated with
the introduction of Ni or other metals. The lowest value of lattice
parameters calculated on the basis of Scherrer equation (5.17 Å in
comparison with 5.27 Å for Ce2Zr2) was achieved for catalyst
enriched in Zr. This discrepancy could be explained by the
shrinkage of the lattice due to the Ce4+ (97 pm) replacement by
smaller Zr4+ cations. In the case of Ce-rich Ce2.96Zr0.53Ni catalyst
the lattice parameter is higher (5.36 Å versus 5.27 Å for the
support) which is ascribed to the expansion of the unit-cell due to
the larger ionic radii of Ce4+ compared to Zr4+.

In the case of the bimetallic Ni-Me catalysts (Fig. 2) besides
diffraction patterns characteristic of fluorite structure and NiO
species no evidence of Fe, Co or Rh oxides was observed. In the case
of Ce2Zr1.51NiRh catalyst it could be anticipated to low Rh loading
(�0.5 wt.%) thus for Ce2Zr1.51NiFe and Ce2Zr1.51NiCo to different
ionic radii than that of Ni (Fe2+ 61 pm, Co2+ 75 pm) and lower



Fig. 2. XRD of freshly prepared catalyst (a) Ce2Zr2 (support); (b) Ce2Zr1.51Ni0.49; (c)

Ce2Zr1.51Ni0.49Co0.29; (d) Ce2Zr1.51Ni0.49Fe0.20; (e) Ce2Zr1.51Ni0.49Rh0.03. (*)—face-

centered cubic, fluorite structure, (#)—NiO species.

Fig. 4. CO2 (–) and CH4 (� � �) conversions over different catalysts (^) Ce2Zr1.51Ni0.49;

(~) Ce0.6Zr2.97Ni0.43; (&) Ce2.96Zr0.53Ni0.51. Reaction conditions: CH4/CO2/Ar 10/10/

80; total space velocity equal to 30 L h�1 g�1; catalysts were prior reduced in 5% H2-

95% Ar at 750 8C for 4 h.
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loading (2 wt.% instead of 3 wt.%) what can facilitate the insertion
of these cations into the Ce-Zr structure. Furthermore, the high
dispersion of the metals could be also taken into account. The
difference in loading is very low but it can be observed that the
insertion of more then 3 wt.% of Ni results in rejection from the
structure. The lattice parameters of Ce2Zr1.51NiCo, Ce2Zr1.51NiFe
and Ce2Zr1.51NiRh catalysts are close to the one for Ce2Zr1.51Ni thus
the substitution of Ni by these cations does not result in the
modification of the unit-cell.

The support particle sizes for all the catalysts and for the
support are in the range of 5–9 nm, irrespective of Ce to Zr ratio and
metals incorporation.

TPR profiles of support and Ni catalysts with different Ce and Zr
content are shown in Fig. 3(a–d). TPR outline of Ce-Zr mixed oxide
shows two characteristic peaks, one at 600 8C and second one at
780 8C (Fig. 3a). Since ZrO2 did not show any reduction peak at this
temperature range [13] it was assumed that all the consumed
hydrogen comes from CeO2 reduction. Low temperature peak
could be ascribed to the reduction of surface CeO2 while the high
temperature one to the reduction of bulk CeO2. The incorporation
of Ni into Ce-Zr structure results in shifting these temperatures to
lower values. The peaks at 380 8C and 420 8C could correspond to
nickel (incorporated into the Ce-Zr structure) and ceria reduction
(Fig. 3(b–d)). For the catalysts enriched in Ce a peak (Fig. 3(d)) and a
shoulder (Fig. 3(c)) at 310 8C are observed. This can be assigned to
the hydrogen consumption during the reduction of Ni rejected
from the structure, that is in agreement with what was observed on
the XRD diffractograms. This result confirms that the increase in Ce
content leads to incomplete integration of Ni into the mixed oxide
structure due to the lack of this peak for the other catalyst
(Fig. 3(b)).
Fig. 3. TPR profiles of (a) Ce2Zr2 (support) and fresh catalysts with different Ce to Zr

proportion (b) Ce0.6Zr2.97Ni0.43; (c) Ce2Zr1.51Ni0.49; (d) Ce2.96Zr0.53Ni0.51.
3.2. Catalytic activity measurements

To find out the optimum Ce to Zr proportion, catalysts with
varying Ce and Zr contents and constant nickel loading equal to
5 wt.% were tested in CO2 reforming of methane reaction. Fig. 4
demonstrates the temperature dependence on catalytic activity for
Ni-based catalysts. CH4 conversion is lower than CO2 one due to the
presence of reverse water gas-shift reaction (RWGS) occurring
simultaneously with CO2 reforming of CH4 [14]. The highest
activity in both CO2 and CH4 conversion was observed over catalyst
with nearly stoichiometric Ce to Zr ratio (Ce2Zr1.51Ni). The increase
in Ce content leads to the drop in the activity, much significant
than that for catalyst enriched in Zr. Whereas, the catalyst with the
highest Zr content deactivates faster than what can be observed
tracking the curve of CO2 conversion at 750 8C during the long-
term experiment (Fig. 5). The Ce2Zr1.51Ni catalyst showing the
highest activity in CO2 reforming reaction is simultaneously the
most stable one after 25 h time on stream with only 20% of
deactivation. This catalyst was then chosen as a base to prepare
bimetallic systems.

In Fig. 6 the variation in CO2 conversion versus temperature
for the bimetallic catalysts compared with monometallic Ni and
support are presented. The CH4 conversion results are not
shown here due to the similar tendency of the curve as CO2

conversion. The Ce2Zr1.51NiRh catalyst exhibits the highest
activity. On the contrary, for the other two catalysts where part
of Ni was substituted by Co and Fe, the activity was nearly the
same (in the case of Ce2Zr1.51NiCo) and lower (in the case of
Ce2Zr1.51NiFe). To confirm the high activity of the Ce2Zr1.51NiRh
catalyst, the stability test was performed and the results are
shown in Fig. 7. This catalyst demonstrated the best thermal
stability with CO2 conversion around 90% in the first hours of the
reaction. The loss of activity ca. 11% was only observed after 50 h
Fig. 5. Catalytic activity of CO2 versus time on dry reforming of CH4 for (^)

Ce2Zr1.51Ni0.49; (~) Ce0.6Zr2.97Ni0.43; (&) Ce2.96Zr0.53Ni0.51 at 750 8C. Reaction

conditions: CH4/CO2/Ar 10/10/80; total space velocity equal to 30 L h�1 g�1;

catalysts were prior reduced in 5% H2-95% Ar at 750 8C for 4 h.



Fig. 6. Variation of CO2 conversion with temperature over (+) Ce2Zr2 (support); (&)

Ce2Zr1.51Ni0.49Fe0.20; (~) Ce2Zr1.51Ni0.49; (^) Ce2Zr1.51Ni0.49Co0.29 and (*)

Ce2Zr1.51Ni0.49Rh0.03. Reaction conditions: CH4/CO2/Ar 10/10/80; total space

velocity equal to 30 L h�1 g�1; catalysts were prior reduced in 5% H2-95% Ar at

750 8C for 4 h.

Fig. 7. CO2 conversion as a function of time in dry reforming of methane at 750 8C
over (*) Ce2Zr1.51Ni0.49Rh0.03; (^) Ce2Zr1.51Ni0.49Co0.29; (&) Ce2Zr1.51Ni0.49Fe0.20;

(~) Ce2Zr1.51Ni0.49. Reaction conditions: CH4/CO2/Ar 10/10/80; total space velocity

equal to 30 L h�1 g�1; catalysts were prior reduced in 5% H2-95% Ar at 750 8C for 4 h.
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of the test, however, it remains still constant for over 150 h with
the CO2 conversion ca. 80%. Whereas, for the other bimetallic
catalysts the deactivation process starts very quickly reaching a
drop of activity ca. 57% after 17 h for Ce2Zr1.51NiCo and 41% just
after 2 h for Ce2Zr1.51NiFe.

The deactivation of the Ni-based catalysts could be realized due
to the formation of carbonaceous deposits [15–17], different types
of carbon [18,19] and metal sintering [20].

The results of thermogravimetric experiments under the
reaction conditions for Ce2Zr1.51Ni and Ce2Zr1.51NiRh catalysts
(not shown here) display that over the latter one the amount of
carbon is greater than that for Ce2Zr1.51Ni. As it was previously
shown the Ce2Zr1.51NiRh is very resistant in ageing process thus it
is not the amount of carbon which decreases the activity, but the
type of carbonaceous species. There are at least three types of
carbon: carbides, graphite and carbon nanotubes. At the TEM
images (not shown here) it can be seen that the addition of Rh
prevents formation of carbon nanotubes in comparison to
monometallic Ni catalyst. This allows us to suggest that these
carbon nanotubes could be the poisons of catalysts in CO2

reforming of CH4.

4. Conclusions

The monometallic Ce-Zr-Ni and bimetallic Ce-Zr-Ni-Me cata-
lysts were prepared by pseudo sol–gel method. The XRD
diffractograms match well to face-centered cubic fluorite and
showed small amount of nickel rejected from the host Ce-Zr
structure which depends on Ce content. No diffraction patterns
corresponding to iron, cobalt or rhodium oxides were observed.

It was demonstrated that Ce2Zr1.51Ni catalyst revealed the
highest activity in CO2 reforming of methane and a good stability
during 25 h time on stream. The partial substitution of Ni by Rh
(0.5 wt.%) resulted in improving both the activity and significantly
the stability of the catalyst. It was observed that the deactivation
process is not associated with the presence of carbon but with the
type of carbon on the catalyst surface.
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