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 Introduction

Catalytic dry reforming of methane (DRM) has received
nsiderable attention in recent years [1–3]. In this
ocess, two greenhouse gases are consumed, giving a
nthesis gas. The advantage of this process is the molar
-to-CO ratio in the products, approximately equal to 1,

hich is suitable for many industrial processes such as
oduction of higher hydrocarbons and oxygenated
rivatives (e.g., methanol) [1–3].
The dry reforming of methane proceeds in the presence

 two types of catalysts. The first group is based on noble

metals such as Pt, Rh and Ru [4–6]. The second group of
catalysts containing nickel is used more often in compari-
son with noble metals due to their low price, wide
availability and satisfactory activity [1–3,7,8]. However,
catalysts based on nickel show certain disadvantages – low
stability and lesser H2/CO molar ratio or decrease in
activity caused by the formation of carbon deposits as a
result of methane decomposition over metallic Ni-active
sites [1–3,7,8]. Nickel catalysts deposited on oxide
supports are used to limit the formation of carbon deposits
and increase activity. MgO [9,10] and Al2O3 [11,12] are the
most common supports. The literature data suggest that in
Ni/MgO catalysts, a solid solution Nix/Mg1–xO is formed
due to strong interactions between NiO and MgO.
Consequently, some amount of NiO is not reduced to Ni.
The small size of Ni crystallites inhibits the formation of
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A B S T R A C T

The activity of ceria–zirconia-supported nickel catalysts (Ni/CZ) with various loadings of

nickel (2, 4 and 10 wt. %) was studied in the case of low-temperature dry reforming of

methane (DRM). XRD, SBET, SEM, TPD-CO2 and thermogravimetry were used to determine

the physicochemical properties of the catalysts and of the carbon deposits formed on the

surface. It was found that the agglomerates of the Ni-active phase are formed on the

surface of the support for high loadings of nickel. The best conversions of CO2 and CH4 and

an optimum ratio H2/CO = 1 were obtained for the catalysts with the highest Ni content. It

was also found that loading has an influence on the amount of carbon deposits formed in

the DRM process.
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arbon deposits, while the slight number of Ni centres is
esponsible for the low activity in the DRM process.
herefore, high nickel loading is necessary to obtain a
atalyst with sufficient activity [13–15]. The systems based
n Al2O3 as the support show a tendency to bind Ni as a
pinel (NiAl2O4), which results in the deactivation of the
atalyst [16,17]. Last year, nickel deposited on hydrotalcite
as been studied in detail, mainly due to great physico-
hemical properties (high specific surface area, basic
roperties) and high activity in the DRM reaction
8,19]. Moreover, the literature data indicate that the

fetime of Ni-based catalysts can be improved by the
ddition of an oxide support, e.g., CeO2 [20,21], CeO2–ZrO2

2], CeO2–SiO2 [3], La2O3–ZrO2 [8,23], CaO–ZrO2 [24],
hich contain mobile lattice oxygen active in removing

arbon deposits and in regenerating active sites. Literature
ata suggest also that catalysts based on cerium oxides
how high activity and stability in the DRM process
0–22]. These systems exhibit high mobility of lattice

xygen, strong interactions with the metal and ability to
hange the dispersion of the active phase [3,6]. A high
obility of lattice oxygen is associated with easy changes

f the oxidation state from Ce4+ to Ce3+ depending on the
onditions of reduction or oxidation. Introduction of other
xides like ZrO2 to CeO2 increases the number of oxygen
acancies and enhances the basic properties required in
e DRM process [1,6].
Temperature is another important factor that affects

he activity and stability of Ni-based catalysts. Since DRM
 an endothermic process, higher temperature improves

he conversion of both CH4 and CO2, but can also cause
eactivation of the catalyst due to the formation of carbon
eposits [1,8]. Moreover, maintaining a rational cost of
RM is possible only if the process can be carried out at

emperatures below 550 8C [1,8]. Very few works
oncerning low-temperature DRM have been published
o far [23–25].

Literature data indicate that the catalytic activity and
e amount of carbon deposits depend on the morphology,
e size and the dispersion of Ni particles on the surface of
e support [5,6,8,26,27]. It seems that high dispersion of
e active phase on the surface of the support restricts the
rmation of carbon deposits [9,26]. More carbon deposits

re formed at the surface of big Ni crystallites. The
teraction with the support is also important, because it

an change the number of active sites and the activity of
i-based catalysts in DRM [9].

The aim of this work is to study the activity of catalysts
ontaining nickel deposited on the ceria–zirconia mixed
xide support (CZ) in the low-temperature DRM (550 8C).
arroso-Quiroga and Castro-Luna have recently studied
e activity of Ni catalysts (10 wt. %) supported on oxides

ke CeO2 and ZrO2 at low-temperature DRM at 550 8C
5]. However, no literature data concerning the activity of

ickel supported on ceria–zirconia mixed oxide catalysts
 DRM at a temperature of 550 8C have been found.

herefore, for these purposes, catalysts containing various
mounts of the nickel active phase (2, 4 and 10 wt. %)
eposited on the ceria–zirconia mixed oxide support
e0.62Zr0.38O2 were synthesized. The physicochemical
roperties of the catalysts were characterized using

XRD, SBET, SEM and CO2-TPD techniques. The low-
temperature DRM tests were performed at 550 8C for
5 h. After the process, the catalysts were characterized
using XRD and TG analysis to evaluate the amount and the
character of carbon deposits. Special attention was given to
the influence of variable loading with the active phase on
the activity and selectivity of the catalysts in dry reforming
of methane at low temperature (550 8C).

2. Experimental

2.1. Catalyst preparation

A series of NiO/Ce0.62Zr0.38O2 (named as Ni/CZ)
catalysts with different amounts of nickel were
prepared by incipient wetness impregnation of the
commercial ceria–zirconia support (provided by Rhodia
Electronics & Catalysts) with the nickel nitrate aqueous
solution. Next, the samples were dried in the air at
120 8C for 12 h and finally calcined at 550 8C for 2 h. The
amount of Ni was 2, 4 and 10 wt. %. The obtained
catalysts were denoted as Ni(2)/CZ, Ni(4)/CZ and Ni(10)/CZ,
respectively.

2.2. Characterization of the catalyst and of the support

X-ray diffraction (XRD) experiments were performed
on a Siemens D5005 (Bruker-AXS, Germany) apparatus
with Cu Ka radiation, operating at 30 kV and 50 mA. The
X-ray powder diffractogram was recorded in the 2u range
between 20 and 908.

The Brunauer–Emmet–Teller (BET) surface area and the
pore volume of the studied catalysts and of the support
were obtained by N2 adsorption at 77.35 K using a BELSORP
MINI adsorption apparatus. Before the measurements, the
samples were degassed at 110 8C until a stable vacuum of
ca. 10�3 Pa was reached.

SEM analysis was performed using a SEM QUANTA
250 FEG (FEI, USA) microscope equipped with an EDS
detector (type SDD Apollo 10, EDAX) with a resolution of
129.11 eV. The measurements of the Ni/CZ catalysts and
support were carried out in high vacuum, under an
acceleration voltage equal to 10 kV using an LFD (SED/
BSED) detector. The chemical composition of the examined
samples was established by using the EDS detector under
an acceleration voltage of 30 kV.

The CO2-TPD was performed on a BELCAT-M apparatus.
Prior to the TPD experiment, the catalyst (0.05–0.06 g) was
first degassed for 2 h at 500 8C and then cooled to 50 8C.
Adsorption of CO2 was performed by passing a flow of 10%
v/v CO2/He with a flow rate of 50 mL/min through the
sample bed at 50 8C for 1 h. In the next step, a flow of He
was subsequently fed for 15 min in order to desorb the
weakly physically adsorbed CO2. The CO2-TPD measure-
ments were carried out under He up to 900 8C, with a
heating rate of 10 8C/min.

After the DRM tests, the catalysts were characterized by
XRD and thermogravimetric analysis (TG) to examine the
formation of carbon deposits. The procedure of XRD
analysis was described in detail above. TG analysis was



pe
gr
he
w

2.3

qu
ca
in
w
us
20
ga
co

Fig

con

(c)

Ni(

Ta

Str

C

C

N

N

N

CZ

M. Radlik et al. / C. R. Chimie 18 (2015) 1242–12491244
rformed using a thermogravimetric analyser Derivato-
aph Q-1500, MOM Budapest. The used catalysts were
ated from 20 to 940 8C at the rate of 10 8C/min; the

eight loss was monitored simultaneously.

. Catalytic dry reforming tests

The evaluation of the catalysts was carried out in a
artz fixed-bed reactor. Before the experiments, the
talyst was reduced in situ at 800 8C for 2 h with 3% vol. H2

 Ar at a flow rate of 100 mL/min. The reaction mixture
ith the molar ratio CO2/CH4/Ar = 1/1/8 was controlled
ing a Brooks mass flow meter. The GHSV was
,000 h�1. The exhaust gases were analyzed with a micro
s chromatograph, Varian CPi 4900, equipped with COX
lumn, and a thermal conductivity detector.

3. Results and discussion

3.1. XRD phases of catalysts and support

The X-ray diffraction results of the pure support and
calcined catalysts are presented in Fig. 1a–d. The XRD
patterns of the support exhibit planes at (111), (200),
(220), (311), (222), (400) and (420) characteristic of the
fluorite cubic structure of ceria–zirconia mixed oxides
[28]. It can be observed that planes characteristic of the
regular structure of the support are present in all Ni/CZ
diffractograms. Plane characteristics of the regular
structure of nickel oxide (111), (002), (022), (113) (JCDPS
01-073-1519) were observed only for Ni(10)/CZ (Fig. 1d).
Thus, Ni/CZ catalysts with low loading of the active phase
probably contain well-dispersed NiO crystallites, so the
respective signals were not recorded during XRD measu-
rements. Table 1 shows the size of crystallites and lattice
parameters of calcined Ni/CZ catalysts and of the support.
The crystallite size of NiO in Ni(10)/CZ is almost 2 times
higher than for pure CZ. For Ni(2)/CZ and Ni(4)/CZ, the size
of NiO crystallites was probably much lower than in
Ni(10)/CZ, and presumably even lower than in the CZ
support. The size of the crystallites of the support was
larger than for Ni/CZ catalysts. This effect can be caused by
increasing the crystallographic disorder in the structure of
the support after impregnation [29]. The lattice parame-
ters of the support were smaller than the respective values
observed for Ni/CZ catalysts and decreased for higher
loading with the active phase. It can be caused by
substitution of Ce4+ ions (ionic radius 0.097 nm) with
smaller Ni2+ ions (ionic radius 0.069 nm) [29,30].

Since the active sites in the DRM process are metallic
centres, the Ni/CZ catalysts and the support need to be
reduced. Before XRD measurements, the samples were
reduced in 3% H2/Ar at 800 8C for 2 h. Fig. 1e–f shows XRD
diffractograms of Ni/CZ catalysts after reduction. Table 1
contains the parameters for Ni crystallites for Ni/CZ
catalysts after reduction, calculated from the Scherer
equation. The diffraction patterns contained no planes
characteristic of the regular nickel oxide structure. In the
case of Ni(10)/CZ catalyst, reflexions characteristic of
metallic Ni (JCDPS 87-0712) were visible. It proves that NiO
crystallites were completely reduced to Ni0. These planes
were not observed for other Ni/CZ catalysts, which can be
caused by the high dispersion of small Ni crystallites on the
surface of the support (Table 1). Large Ni particles were
formed in the case of the catalyst Ni(10)/CZ (Table 1).
Hence, in the diffraction pattern of Ni(10)/CZ (Fig. 2g),

. 1. X-ray diffraction patterns of the catalysts treated in different

ditions. Calcined catalysts ceria–zirconia (CZ) (a), Ni(2)/CZ (b), Ni(4)/CZ

, Ni(10)/CZ (d) and after reduction in H2/Ar Ni(2)/CZ (e), Ni(4)/CZ (f),

10)/CZ (g).

ble 1

uctural properties of calcined and reduced samples.

atalyst Calcined samples Reduced samples

Crystallite

size CZ (nm)

Crystallite

size NiO (Å)

Lattice

of CZ (Å)

Crystallite

size CZ (nm)

Crystallite

size Ni (Å)

Lattice

of CZ (Å)

Z 7.91 – 5.32 7.92 – 5.32

i(2)/CZ 7.67 – 5.31 7.73 – 5.33

i(4)/CZ 7.66 – 5.31 7.72 – 5.32

i(10)/CZ 7.71 17.27 5.31 7.90 18.41 5.31
: ceria–zirconia; Ni: nickel.
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eflexions originating from Ni0 particles were visible.
he sizes of the crystallites of Ni and of the support
ere greater than in the case of calcined samples, due to
e sintering observed during the reduction process.

.2. Specific surface area and scanning electron microscopy

Table 2 shows the values of specific surface area (SSA) of
e support and calcined Ni/CZ catalysts. The SSA of the

upport, equal to 125 m2/g, was the highest among the
amples studied. The calcined catalysts Ni/CZ exhibit a
light decrease in the specific surface area for higher
ading with the active phase. The decrease in the specific

urface area can be explained by blocking pores of the
upport by the active phase (NiO). The SSA of Ni/CZ
atalysts was similar, and the lowest value was observed

for Ni(10)/CZ. It may be explained by the large-size NiO
crystallites on the surface of the support and lower
dispersion, which was confirmed by XRD results (Table 1).
The values of pore size for the support and NiO/CZ
catalysts were presented in Table 2. Additionally, it can be
observed that the CZ pore volume was higher compared to
that in Ni/CZ systems. The pore volumes of Ni(2)/CZ and
Ni(4)/CZ samples are identical and lower in comparison to
those in Ni(10)/CZ. In all catalysts, smaller grains of nickel
oxide block the pores of the support.

Fig. 2 shows SEM images of the CZ (Fig. 2a), Ni(4)/CZ
(Fig. 2b and d) and Ni(10)/CZ (Fig. 2c and e) with elemental
map of Ni (Fig. 2f and g). The Ni(4)/CZ and Ni(10)/CZ
catalysts has been selected as representative, because no
differences between Ni(2)/CZ and Ni(4)/CZ were observed
by SEM. The SEM images of the studied catalysts show that

Fig. 2. SEM images of ceria–zirconia (CZ) (a) Ni(4)/CZ (b, d) and Ni(10)/CZ (c, e) with elemental mapping of Ni [Ni(4)/CZ (f) and Ni(10)/CZ (g)].
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ey consist of big particles, which can be ascribed to the
rticles of the support, and of smaller particles of NiO. The
M images with an elemental map of Ni (Fig. 2f and g)
dicate a better dispersion of the Ni phase for the sample
ith lower Ni loading. When the amount of Ni was 10 wt.
 the formation of NiO agglomerates can be observed on
e surface of the support, which is confirmed by XRD
sults (Fig. 1).

. Basicity of Ni/CZ catalysts and support

The basic properties of the catalyst surface play an
portant role in the DRM process, since they are required

 the adsorption and activation of CO2 [3]. They can be
died by temperature-programmed desorption of CO2

PD-CO2). Before the CO2-TPD measurement, the samples
ere reduced in a stream of 5% H2/Ar at 800 8C and the
sults of TPD-CO2 for Ni/CZ catalysts and the support are
esented in Fig. 3. The pure support showed a strong
sorption contour, which was deconvoluted into the
ree desorption components. The first contour compo-
nt observed in the temperature range 50–150 8C can be
cribed to the presence of basic centres of low strength
.g., OH) [24,29–33]. The second component, with a
aximum at around 200 8C, can be ascribed to the
sorption of CO2 from the basic sites of medium strength
etal–oxygen pairs) [34,35]. The next desorption profile

ith a maximum at 350 8C can be associated with the
esence of relatively strong basic sites (e.g., O2–) [32,33].

 the case of the catalysts, desorption contours were
ticed in the temperature range from 450 to 700 8C. TPD
ge profile results of CO2 desorption from Ni/CZ are

solved also into three separated components. It should
 mentioned that for Ni/CZ catalysts, similar temperatu-
s of CO2 desorption for all the samples indicate the
esence of basic sites of similar strength. The literature
ta report that in the temperature range from 300 to
0 8C, CO2 is desorbed from metallic Ni sites. Therefore,
e peaks with the maximum at approximately 500 8C,
served for Ni/CZ catalysts, can be ascribed to the
sorption of CO2 from metallic nickel centers [36–38].
bsequent desorption contour components are associat-
 with the presence of medium [34,35] and strong basic
es [20–22]. Thus, incorporation of nickel leads to the
rmation of strong basic sites and the elimination of weak
sic ones. The numbers of basic sites (Table 2) were found
gher for Ni/CZ catalysts than the respective number for

the strong interaction between Ni and ceria, which can
enhance the basicity of Ni/CZ catalysts. According to the
literature, addition of Ni into the ceria–zirconia improved
the redox properties of the material, favouring oxygen
transfer, which would be required for CO2 activation
[32,39–41].

3.4. Catalytic DRM tests

Figs. 4 and 5 show the conversion of CH4 and CO2,
respectively as a function of time during the DRM at a
temperature of 550 8C for the catalysts Ni/CZ. The highest
conversion rate of methane and carbon dioxide at 550 8C
was observed for the Ni(10)/CZ catalyst. Other Ni/CZ
catalysts showed lower conversion and H2/CO molar ratio.
High activity of the Ni(10)/CZ catalyst, in comparison with
other samples, may be caused by the high loading of the
active phase and a greater number of active sites. Other
important factors were the differences in size and
dispersion of the active phase crystallites. It has been
proved that the size and dispersion of Ni crystallites affect

ble 2

T specific surface area, total pore volume, average pore diameter and

ount of desorbed CO2 during CO2-TPD.

atalyst BET surface

area (m2/g)

Pore

volume

(cm3/g)

Average pore

diameter (nm)

Amount of

desorbed CO2

(mmol/gcat)

Z 125 0.28 8.8 0.18

i(2)/CZ 92 0.26 11.2 0.20

i(4)/CZ 87 0.26 12.0 0.21

i(10)/CZ 83 0.22 10.5 0.23

T: Brunauer–Emmet–Teller; TPD: temperature-programmed desorp-

n; CZ: ceria–zirconia; Ni: nickel.

Fig. 3. CO2-temperature-programmed desorption profile of ceria–

zirconia (CZ) (a) and reduced catalysts Ni(2)/CZ (b), Ni(4)/CZ (c),

Ni(10)/CZ (d).
e activity Ni-based catalysts in DRM [1,26,43]. For the
e pure support. These phenomena can be explained by th
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alcined Ni/CZ catalysts, the XRD and SEM results
uggested that at low loading, the active phase existed

 the form of small and highly dispersed crystallites. High
ispersion of the active phase on the surface of the support
ffected not only the physicochemical properties of the
atalysts, but also the number of metallic Ni0 active sites.

hen NiO crystallites were well-dispersed, this could have
 profound effect on the strong interactions between the
ctive phase and the support. Such interactions may hinder
e reduction of NiO crystallites to the active form of
etallic Ni0 [1,26,43] and consequently lower the activity of
e catalysts in the DRM process, for the calcined Ni(10)/CZ

ctive phase favoured the formation of large Ni crystallites
f low dispersion (which was proved by XRD and SEM
nalyses). It is associated with a difficult access of the NiO

phase with the support. Therefore, for Ni(10)/CZ, we can
expect to increase the conversion of CH4 in comparison
with the other studied Ni/CZ catalysts. A similar trend was
also observed for the conversion of CO2 (Fig. 5). It can be
associated with the increasing basicity of the catalyst
(Table 2). Hence, Ni(10)/CZ showed higher conversion of
CH4 and CO2 in comparison to the catalyst with lower Ni
content.

In this study, ceria–zirconia was used as the support.
The pure support was not active in the DRM process and
these results are not presented in this work. However, its
role in the DRM process is important, because of unique
physicochemical properties. The literature data proved
that CeO2 can easily change the oxidation state [3,6]. Addi-
tion of ZrO2 increases the hydrothermal stability and the
basic properties required in the DRM process [1,4,6]. More-
over, introduction of some zirconium atoms in the ceria
lattice by substitution of some Ce4+ ions with Zr4+ ions
creates oxygen vacancies and increases the mobility of
lattice oxygen from the bulk of the catalyst to its surface.
The presence of oxygen vacancies and the surface oxygen is
important for the activity of the catalysts in the DRM
reaction. Numerous papers showed that the activation of
methane occurs over metallic active centres and the
activation of CO2 takes place over oxygen vacancies or
surface oxygen of the support [22,27,42]. It has been
proved that CeO2 enhances nickel–support interactions
and increases the dispersion of Ni [23,43,44]. Therefore,
the role of the CZ support in the DRM is significant.

Fig. 6 shows the H2-to-CO molar ratio in the DRM process
for the support and Ni/CZ catalysts. It is well known that
the molar ratio H2/CO depends on concurrent reactions. The
literature data indicate that these processes are reverse
water-gas shift (RWGS) [3,17,24,43,45], decomposition of
methane [3,9,17,24,45] and Boudouard reactions [3,24,45].
According to our results the best value of the H2/CO molar
ratio (equal to 1) was observed for the Ni(10)/CZ catalyst. For
other Ni/CZ catalysts, the ratio H2/CO was below 1 and also

Fig. 6. H2/CO molar ratio over Ni(2)ceria–zirconia (CZ), Ni(4)/CZ and

Ni(10)/CZ. Reaction conditions: CH4/CO2/Ar = 1/1/8; GHSV = 20,000 h�1;

ig. 4. CH4 conversions over different catalysts: Ni(2)ceria–zirconia (CZ),

i(4)/CZ and Ni(10)/CZ. Reaction conditions: CH4/CO2/Ar = 1/1/8;

HSV = 20,000 h�1; catalysts were reduced in H2/Ar 3 v/v % Ar at

00 8C for 2 h.

ig. 5. CO2 conversions over different catalysts: Ni(2)ceria–zirconia (CZ),

i(4)/CZ and Ni(10)/CZ. Reaction conditions: CH4/CO2/Ar = 1/1/8;

HSV = 20,000 h�1; catalysts were reduced in H2/Ar 3 v/v % Ar at

00 8C for 2 h.
atalysts were reduced in H2/Ar 3 v/v % Ar at 800 8C for 2 h.
hase to the support and weakness interactions of the active c
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ore carbon dioxide than methane was used in the reaction
hich lowers the value of H2/CO molar ratio). This
enomenon was caused by a competitive reaction of

verse water-gas shift (RWGS) in which a fraction of
oduced hydrogen reacts with CO2, yielding CO and water
O2 + H2 = CO + H2O) and giving an H2/CO molar ratio
low 1 [1–3,20,38].

. Characterization of catalysts after DRM tests

After DRM experiments, the catalysts were character-
d using XRD and thermogravimetric analysis to identify
d estimate the amount of formed carbon material. Fig. 7
ows the XRD results for catalysts obtained after the
M experiment. The diffraction patterns indicate that

 the catalysts showed reflexes typical of the regular
ucture of cerium oxide. Reflexes coming from the
ucture of Ni0 (JCDPS 87-0712) were found in the spectra

 Ni(10)/CZ. In the case of Ni(10)/CZ, reflexes originating
m carbon deposits at 2u 26.5 (JCDPS 26-1080) were

sible. Other Ni/CZ catalysts did not shown any reflexes in
is range. It can be caused by the lack of carbon deposits

 the surface of the catalysts or by their formation in very
w amounts.

Thermogravimetric analyses were preformed to evalu-
e the amount of carbon formed on the surface of the
talysts. The mass decrease observed on the TG curves is
used by the oxidation of carbon deposits to CO2. A higher
ass decrease indicates a greater amount of carbon on the
rface. Fig. 8 shows TG plots in the form of percentage of
ass decrease as a function of temperature. The highest
ass decrease, equal to 40%, was observed in the case of
e Ni(10)/CZ catalyst. For other catalysts – Ni(2)/CZ and
(4)/CZ – the mass decreased by 5 and 10 wt. %,
spectively. It proved that the highest amount of carbon
posits was produced on the surface of Ni(10)/CZ, which
also confirmed by the XRD results (Fig. 7).

Carbon deposits in DRM can be formed as a result of
the disproportionation of CO in the Boudouard reaction
(2 CO = C + CO2) [3,24,45] or methane cracking (CH4 =
C + 2H2) over metallic sites [3,9,17,45]. Therefore, the
amount of carbon deposits should increase with higher
loading with the active phase. This relationship was
observed for Ni/CZ catalysts, but the increase was not
proportional to the loading of Ni and the amount of carbon
deposits was much higher for Ni(10)/CZ than for other
catalysts. It can be caused by the large crystallites of the
active phase on the surface of the support. Literature data
showed that large crystallites of Ni enhance the formation of
carbon deposits [6,21,26]. It was proved that large Ni
particles have hindered contact with the lattice oxygen and
limited removal of carbon deposits [6,21,26]. Thus, a higher
amount of carbon deposits was formed on the surface of
Ni(10)/CZ in comparison with other Ni/CZ catalysts.

It is worth noting that the carbon deposits can be
oxidized to CO by gaseous CO2 in the reverse Boudouard
reaction (C + CO2! 2 CO) [23,24] or to CO2 by the surface
oxygen of the support (C + O2! CO2) [20–24]. It has been
proved that these reactions have an influence on the molar
ratio H2/CO [20–24]. Hence, the lower value of the molar
ratio H2/CO < 1, observed for Ni(2)/CZ and Ni(4)/CZ
catalysts, can be caused by RWGS reaction and oxidation
of carbon deposits by CO2. Oxidation of carbon deposits by
CO2 in the reverse Boudouard reaction can also occur over
the catalyst Ni(10)/CZ. This reaction can change the value
of the molar ratio H2/CO obtained in the DRM process over
Ni(10)/CZ.

4. Conclusion

A series of Ni/CZ catalysts containing 2, 4 and 10 wt. % of
nickel was obtained using incipient wetness impregnation.
The catalysts and the support were characterized by XRD,
BET, and CO2-TPD. The activity of the catalysts in low-
temperature DRM at a temperature of 550 8C was
investigated. XRD and SEM results indicated that high

Fig. 8. Thermogravimetric analysis plots of the spent catalysts.

. 7. X-ray diffraction patterns of the spent catalysts: Ni(2)/ceria–

conia (CZ) (a), Ni(4)/CZ (b) and Ni(10)/CZ (c).
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ading with nickel leads to the formation of large
rystallites of the active phase with lower dispersion.
atalytic DRM tests showed that the highest conversion of
H4 and CO2 and an optimum ratio H2/CO = 1 were
btained in the case of the Ni(10)/CZ catalyst. It has been
emonstrated that the physicochemical properties and
ctivity of Ni/CZ catalysts depend on the size of the Ni
rystallites on the surface of the support. An increasing
asicity of the catalysts with higher Ni contents was
bserved. The competitive reaction of RWGS and reverse
oudouard reaction were observed for Ni/CZ catalysts. It
as demonstrated that the presence of big Ni crystallites

romoted the decomposition of CH4 and the formation of
arbon deposits.
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