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a b s t r a c t

Catalysts containing mixtures of NiO, MgO and ZrO2 were synthesized by the polymerization method.
They were characterized by X-ray diffraction (XRD), physisorption of N2 (BET), X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption near-edge structure (XANES), and then tested in the partial oxida-
tion of methane (POM) in the presence of air (2CH4:1O2) at 750 �C for 6 h. Among the ternary oxides,
the catalyst with 40 mol% MgO showed the highest conversion rates in the catalytic processes, but also
the highest carbon deposition values (48 mmol h�1). The greater the amount of NiO–MgO solid solution
formed, the higher was the conversion rate of reactants (CH4), peaking at 40 mol% of MgO. Catalysts with
lower Ni content on the surface achieved a high rate of CH4 conversion into synthesis gas (H2 + CO). The
formation of more NiO–MgO solid solution seemed to inhibit the deactivation of Ni� during reaction. The
values of the H2/CO product ratio were generally found to be slightly lower than stoichiometric.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the conversion of methane to synthesis gas
(syngas) has become one of the most important topics in catalysis
research. Syngas (a mixture of CO and H2) can be used to synthe-
size methanol, which is employed in the energy sector (e.g. meth-
anol fuel cells). Syngas can also be used in the Fischer–Tropsch
process to produce diesel and synthetic gasoline [1–4]. Synthesis
gas is commonly obtained by steam reforming of methane (SRM)
at 800 �C [5]:
SRM : CH4 þH2O! COþ 3H2 DH
� ¼ 225:4 kJ mol�1 ð1Þ

However, this process provides H2/CO ratios too high for the
Fischer–Tropsch process and methanol synthesis. In recent years,
much research has been done on the conversion of methane into
synthesis gas by dry reforming of methane (DRM [5]) and by par-
tial oxidation of methane (POM [6]):
DRM : CH4 þ CO2 ! 2COþ 2H2 DH
� ¼ 260:5 kJ mol�1 ð2Þ
POM : CH4 þ 1=2O2 ! COþ 2H2 DH
� ¼ �22:6 kJ mol�1 ð3Þ

According to reaction (2), POM is a mildly exothermic reaction
and, as a result, rather hard to control, especially in a large-scale
reactor. On the other hand, this reaction has some advantages,
ll rights reserved.
two of which are the desirable H2/CO ratio of 2, favorable both to
methanol synthesis and the Fischer–Tropsch process, and the high
selectivity [6].

The available literature [7–12] mentions three main types of
catalysts for POM: (i) the non-noble group VIII metals, nickel, co-
balt and iron, (ii) the noble group VIII metals (Ru, Rh, Pd, Pt, Ir)
and (iii) transition metal carbide catalysts. Noble metal-based cat-
alysts have proved effective in the POM and highly resistant to
coke formation [13], but their rareness and high cost limit their
use. Among the non-noble metals, Ni-based catalysts have shown
similar activity to those based on noble metals and have attracted
much attention, due to their low cost. However, they suffer rapid
deactivation due to coking (carbon deposition), during DRM or
POM catalysis.

Among several hypotheses on the mechanism of coke formation
on nickel catalysts, two reactions stand out as being probably the
most important: methane cracking (reaction (4)) and the Boudou-
ard reaction (reaction (5)):

CH4 ! Cþ 2H2 DH
� ¼ 74:8 kJ mol�1 ð4Þ
2CO! Cþ CO2 DH
� ¼ �172:8 kJ mol�1 ð5Þ

In POM reactions with Ni catalysts, it is thought that coke is
formed mainly by the methane cracking reaction [14,15]. During
the POM, oxygen species adsorbed on the surface of the catalyst
may remove the coke deposited on the surface by forming CO.
However, on several catalysts, especially non-noble metals such
Ni, not all the coke is removed, perhaps due to insufficient acti-
vated O2 molecules and/or the high relative solubility of carbon
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in nickel. In this context, research focused on improving the activa-
tion of reactant molecules such as O2 and thus suppressing the
build-up of carbon on the catalytic surface becomes very relevant.
Some studies indicate that the use of mixed oxides such as CeO2/
ZrO2 [16], Y2O3/ZrO2 [8], TiO2/ZrO2 [13] and Nb2O5/ZrO2 [17] as
carriers can enhance the performance of the catalyst in the POM,
relative to the pure oxides.

Solid solution of NiO/MgO is a good catalyst for the SRM, POM
and DRM reactions, because this solid solution promotes fine dis-
persion of the nickel metal on reduction of the oxide and inhibits
the formation of large clusters of Ni� that result in Ni� sintering
at high temperatures, thus inhibiting carbon deposition. However,
this catalyst has poor mechanical strength (which is important in
industrial applications) and its activity is strongly impaired when
it is added to typical supports, such as SiO2 or Al2O3 [6]. Al2O3 is
a common catalytic support, with high thermal stability, but its
acidity leads to deactivation of nickel catalysts by coke deposition
[10].

Pompeo et al. [4] demonstrated that, in DRM and POM,
Ni/a–Al2O3 catalysts improve their activity and stability when
ZrO2 is added to the catalytic support. This additive seems to inhi-
bit carbon formation during the reaction. According to those
authors, ZrO2 promotes the gasification of COX intermediates and
thus promotes removal of deposited carbon. Moreover, the proper-
ties of ZrO2, in particular its oxygen conductivity and thermal sta-
bility, can be modified by adding lanthanide or alkaline earth
oxides [18].

Another study, by Dong et al. [19], on SRM, DRM and POM on
Ni/Ce–ZrO2 catalysts, showed that these catalysts have high activ-
ity and stability because of the presence of two types of active cen-
ter: one actives the molecule of CH4 and the other, the O2 or H2O
molecules. Those authors concluded that the oxygen conductivity
of CeO2–ZrO2 is beneficial to SRM, DRM and POM reactions.

In a previous report [20], we demonstrated that the addition of
small amounts of MgO to the Ni/ZrO2 catalyst improved its perfor-
mance in the catalysis of biogas reforming, because of the forma-
tion of oxygen vacancies (MgO–ZrO2) and a NiO–MgO solid
solution. The aim of the present study was to explore further the
role of the NiO–MgO solid solution in the POM reaction carried
out on NiO–MgO–ZrO2 catalysts. To this end, Ni catalysts with a
wider range of contents of MgO were synthesized and studied un-
der reaction conditions.

2. Experimental

2.1. Preparation of catalysts

The catalysts were prepared by the one-step polymerization
method, which has been given in detail in the previous paper
[20]. Three salt precursors were mixed together: Ni(NO3)2�6H2O
(Aldrich); Zr(CO3)2�1.5H2O (Aldrich) and Mg(NO3)2�6H2O (Mal-
linckrodt), all of 99.9% purity. The MgO content was varied from
4 to 40 mol% (relative to ZrO2). The nickel content remained con-
stant at 20 wt%. The products were heated at 10 �C min�1 to
500 �C and calcined at this temperature for 3 h and then at
750 �C for 2 h, in synthetic air. Catalysts were designated as Ni4MZ,
Ni20MZ and Ni40MZ, according to the molar percentage of MgO in
the catalysts. Additionally, two samples were synthesized under
the same conditions as the catalysts, one containing only NiO–
MgO solid solution (sample NiM) and the other without this solid
solution (NiO plus ZrO2, sample NiZ).

2.2. Characterization

The crystal phases were identified with a Rigaku Multiflex X-ray
diffractometer (40 kV, 30 mA) scanning in the range 2h = 5–80� at
2� min�1, using Cu Ka radiation (k = 1.5406 Å). The specific surface
area was estimated by the BET method from N2 adsorption/desorp-
tion isotherms at liquid nitrogen temperature, using a Quanta-
chrome Nova 1200 instrument. The composition of the catalysts
was determined by energy-dispersive X-ray spectroscopy (EDX),
using a LEO 440 scanning electron microscope with a tungsten fil-
ament coupled to an energy-dispersive X-ray detector. The sam-
ples were made up in the form of pellets and coated with a layer
of gold to avoid a build-up of charge. X-ray photoelectron spectros-
copy (XPS) analyses were performed, employing a surface spec-
trum microscope (Kratos XSAM HS). The catalysts were analyzed
in an ultra-high vacuum environment, using MgKa (1253.6 eV)
radiation to excite photoelectrons, generated at a voltage of
11 kV and an emission of 4 mA, resulting in a power of 44 W.
The value 284.8 eV, for C 1s of CAC and/or CH, was used as a refer-
ence for binding energy.

In situ H2-TPR/X-ray absorption near edge structure (XANES)
studies were performed by dispersive-geometry X-ray absorption
spectroscopy at the D06A-DXAS beamline of the Brazilian
Synchrotron Light Laboratory (LNLS) in Campinas, Brazil. A
Si(111) monochromator was used to select the energy, and the
beam was focused at the sample. The experimental setup has been
described in more detail by Meneses et al. [21]. The catalyst sample
(pellet) was fixed in a stainless steel holder placed in the center of
the quartz tube, and oriented relatively to the beam by fine
adjustment of the position of the table. The reactor was purged
with He flowing at 30 mL min�1 for 15 min, and the reducing gas
(5%H2/N2) then flowed through the samples (30 mL min�1), while
a temperature ramp of 10 �C min�1, from room temperature to
800 �C, was applied by the furnace and XANES spectra were
collected at each temperature step. Following this, the XANES
spectra were acquired in situ under reaction conditions, the previ-
ously reduced catalyst being analyzed under CH4 (15.4 mL/min,
20%CH4/He) and O2 (10.4 mL, 5%O2/He) streams for 30 min at
750 �C.

The Ni K-edge spectra were recorded in transmission mode and
collected in a CCD detector with 15 ms exposure time and 50 scans
for each spectrum. A Ni foil spectrum was recorded to calibrate the
photon energy. All spectra were collected in the range from 8200 to
8550 eV.

2.3. Catalytic tests

Catalytic reactions were carried out in a fixed- bed down-flow
quartz reactor (i.d. = 10 mm) connected in-line to a gas chromato-
graph. Prior to reactions, the catalysts were activated by reduction
with H2 (30 mL min�1) at 800 �C for 1 h. The reactions were carried
out at 750 �C with a mixture of inlet gases in molar proportion
2CH4:1O2, stoichiometric for POM, flowing at 107.5 mL min�1,
and 100 mg of catalyst. The oxygen was added in the form of syn-
thetic air (79%N2, 21%O2). The reaction temperature was measured
and controlled by a thermocouple inserted directly into the top of
the catalyst bed.

Unconverted reactants and the reaction products were analyzed
in-line by a gas chromatograph (Varian, Model 3800) equipped
with two thermal conductivity detectors (TCDs) and an automated
injection valve. The products at the reactor outlet were divided
into two streams which were analyzed differently, to obtain an
accurate and complete analysis of the reaction products. In one
of the streams, hydrogen and methane were separated on a 13X
molecular sieve packed column, with nitrogen as carrier gas. In
the other, N2, CO2, CH4 and CO were separated on a Porapak-N
packed column, with helium as carrier. Separated gases were mon-
itored at each outlet with a TCD.

Carbon deposition was determined as the apparent gain in mass
of the catalyst during the reaction.
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The CH4 conversion was calculated as:

XRð%Þ ¼ ðMols R in�Mols R outÞ=ðMols R inÞ

The H2, CO, CO2 selectivity was calculated as:

Mol i prod:=MolCH4 conv¼Mols of i produced=Mols of CH4 converted

where R = CH4 and i = product (H2, CO2 or CO).

3. Results and discussion

3.1. Catalyst characterization

The surface areas of the catalysts are shown in Table 1. As was
previously reported [20,18], the monotonic growth of the surface
area with MgO content above 4% can be explained by the segrega-
tion of MgO particles on the surface. Table 1 also shows the chem-
ical composition of the catalysts. The measured content of Ni
(atomic%) was very similar to the theoretical value for each compo-
nent of the catalysts.

The XRD patterns of samples were shown in a previous report
[20], where it was demonstrated that the monoclinic phase of
ZrO2, only observed in the samples NiZ and Ni4MZ, disappeared
with larger amounts of MgO (in samples Ni20MZ and Ni40MZ),
while the peaks ascribed to the tetragonal phase of ZrO2 (JCPDS
17-923) were present in all samples. The tetragonal ZrO2 structure
was favored by the dissolution of MgO in ZrO2, which affected the
lattice parameter, calculated from the (111) peak for tetragonal
ZrO2 (Table 1). According to these values (all of which are lower
than that for pure ZrO2 (5.10 Å)), the ZrO2 crystal lattice suffered
a contraction, probably caused by Mg2+ ions substituting some
Zr4+ ions in the ZrO2 lattice, since the ionic radius of Mg2+(0.57 Å)
is smaller than that of Zr4+ (0.59 Å) [22]. The contraction increased
as more MgO was added. In the nomenclature of Kroger and Vink
[23], the formation of oxygen vacancies in the MgO–ZrO2 solid
solution can be represented by the following equation:

MgOþ Zrx
Zr þ Ox

o $Mg00Zr þ Vo�þ ZrO2 ð6Þ

where Zrx
Zr and Ox

o are zirconium cation and an oxygen anion in reg-
ular positions in the crystal lattice, Mg00Zr a magnesium cation at the
zirconium site and Vo� a negatively-charged oxygen vacancy in
place of the anion Ox

o.
The formation of the NiO–MgO solid solution led to an enlarge-

ment of the lattice parameter of NiO (Table 1). This is readily ex-
plained by the fact that the ionic radius of Mg2+(0.57 Å) is larger
than that of Ni2+(0.55 Å [22,24,25]) and confirms that Mg2+ cations
entered the cubic lattice of NiO. The parameter increases on further
addition of MgO. In the notation of Kroger and Vink [23], the sub-
stitutional solid solution of MgO in NiO can be represented by the
following equation:

MgOþ Nix
Ni $Mgx

Ni þ Ox
o ð7Þ

where Nix
Ni is a nickel cation in a regular position in the NiO crystal

lattice, Mgx
Ni a magnesium cation in place of nickel in the crystal lat-

tice and Ox
o an oxygen anion in a regular position in the crystal lattice.
Table 1
Physicochemical properties and chemical composition of catalysts analyzed by EDX (theo

Catalysts Lattice parameter (Å) a (ZrO2) a (NiO) Surface area (m2

NiZ 5.090 4.15
Ni4MZ 5.083 4.16
Ni20MZ 5.074 4.17
Ni40MZ 5.052 4.18
NiM – 4.18
The reducing profile of the nickel catalysts was investigated by
TPR-XANES analysis. The pre-edge peak intensity and white line
intensity were considered the main characteristics for monitoring
the reduction of the NiO species. The Ni K-edge XANES spectra
for samples NiZ, Ni4MZ, Ni20MZ, Ni40MZ and NiM, analyzed
in situ during the reduction reaction (NiO + H2 ? Ni� + H2O), are
shown in Fig. 1a–e. For all catalysts, the first spectrum at room
temperature resembles that of NiO (Fig. 1f), with a high intensity
white line caused by the Ni–O interaction [26].

A pre-edge feature is also observed, which is due to the forbid-
den dipole and allowed quadrupole transitions from the Ni 1s orbi-
tal to the Ni 3d orbital [27]. As the temperature is increased under
reduction with H2, the intensity of the white line falls and the spec-
trum assumes a profile like that of Ni�, showing that NiO is reduced
to Ni�.

Fig. 1a shows that the reduction of the NiZ catalyst occurred in
two steps, the first starting from 300 �C, where a slight decrease in
the intensity of the white line was observed. The second step began
at 420 �C, where the intensity fell sharply until the spectrum was
like that of Ni�. It may be concluded that there were NiO species
interacting differently with the support in NiZ, probably NiO inter-
acting weakly (reduced at low temperature) and strongly (reduced
at high temperature) with the surface of the support. The same ef-
fect was observed in Ni4MZ (with the two different regions at
420 �C and 520 �C) and Ni20MZ (regions at 450 �C and 620 �C).
The Ni40MZ sample showed a single reducing region that began
at 470 �C, implying that, due to the high MgO content, NiO species
were formed on the support in a very homogeneous environment.
The NiM sample did not show a perceptible reducing profile, be-
cause of the formation of NiO–MgO solid solution. Furthermore,
as the MgO content in the mixture was increased, the reducing
temperature shifted continuously to higher values, indicating that
the strong ionic interaction between MgO and NiO probably hin-
dered the reduction of NiO, owing to the formation of a NiO–
MgO solid solution [25]. The relatively low reducing temperature
of NiZ is expected, since it is known that NiO interacts only weakly
with ZrO2 [20].

Photoelectron spectroscopy was used to obtain further
information about the valence/oxidation state of the elements
and the surface composition of the NiO–MgO–ZrO2 catalysts. The
change in coordination number of Zr atoms (between monoclinic
and tetragonal crystal lattices) is confirmed by the change in the
measured binding energies (BE) of Zr 3d5/2 core levels (Table 2).
The BE for Zr in NiZ of 182 eV is very close to the theoretical
value for the Zr in ZrO2 (182.1 eV) [28]. This value decreased in
samples Ni4MZ, Ni20MZ and Ni40MZ. This decrease can be inter-
preted in terms of electron transfer from Mg2+ to Zr4+, because as
the MgO content increased, BE values for Mg increased (from
48.5 eV in Ni4MZ to 49.7 eV in Ni40MZ). This is consistent with
the XRD analysis, where it was shown that MgO and ZrO2 form a
solid solution.

According to the literature [29,30] the theoretical value of BE for
Ni 2p3/2 in Ni2+ (in stoichiometric NiO) is 855 eV. This value is very
close to that of Ni2+ in NiZ, showing that the addition of ZrO2 did
not affect the environment of Ni, probably due to the weakness
retical values are in brackets).

g�1) Chemical analysis (%)

Mg (at%) Ni (at%) Zr (at%)

16 – 39.7(34) 60.3(66)
16 1.2(2) 34.4(34) 64.4(64)
23 5.4(11) 34.8(32) 59.8(57)
26 10.0(20) 31.4(30) 58.6(50)
34 85.6(85) 14.4(15) –



Fig. 1. TPR-XANES of catalyst: (a)NiZ, (b)Ni4MZ, (c)Ni20MZ, (d)Ni40MZ and (e)NiM; and (f) Ni K-edge XANES spectra of NiO and Ni foil.

Table 2
Binding energies (eV) of principal peaks for calcined catalysts.

Catalysts Binding energies (eV)

Zr 3d5/2 Ni 2p3/2 Mg 2p

NiZ 182.0 855.1 –
Ni4MZ 181.7 854.6 48.5
Ni20MZ 181.9 855.0 49.6
Ni40MZ 181.9 854.8 49.7
NiM – 855.3 49.6

Y.J.O. Asencios et al. / Fuel 97 (2012) 630–637 633
of the interactions between NiO and ZrO2. In the NiM sample, the
BE for Ni (855.3 eV) was higher than the value of Ni in NiO
(855 eV), while the BE for Mg (49.6 eV) was lower than that of
Mg in MgO (50.5 eV), showing that electron transfer from NiO to
MgO took place. This strengthened the interaction between these
oxides, which formed a solid solution [5]. The non-uniform varia-
tion of the BE for Ni in Ni4MZ, Ni20MZ and Ni40MZ, may be ex-
plained in terms of various interactions among the NiO and ZrO,
and NiO and MgO species, probably favored by the mixing of the
three oxides together in the one-step polymerization method.

The degrees of dispersion of nickel, magnesium and zirconium
atoms on the surface of the catalysts, estimated by XPS, are shown
in Table 2. From these values, as expected, the surface of NiO–
MgO–ZrO2 catalysts was enriched in MgO as the Mg load increased
(Ni20MZ, Ni40MZ and NiM samples); conversely, zirconium atoms
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decreased as the Mg load increased. Simultaneously, the quantity
of Ni on the surface fell. This effect may be due to the strong inter-
action between NiO and MgO in the solid solution, which probably
favors the transport of nickel atoms into the bulk.

Finally, there is a large amount of nickel on the surface of sam-
ple NiZ, compared to that on the surface of the other samples, ow-
ing to the weak interaction between NiO and ZrO2 (as found in
TPR-XANES analyses) that did not favor the internal diffusion of
NiO into the bulk.
3.2. Catalytic activity

Fig. 2 shows the profiles of CH4 conversion (a) and the H2/CO ra-
tios in products (b) against time on stream. The highest conver-
sions were achieved on NiM, Ni40MZ and Ni20MZ. It can be seen
that the conversion rate decreased as follows: NiM > Ni40MZ =
Ni20MZ > Ni4MZ > NiZ; in other words, with falling MgO content.
Catalytic activity was very similar on Ni40MZ and Ni20MZ. The
rates of carbon deposition rose monotonically with MgO content:
on the catalysts NiZ, Ni4MZ, Ni20MZ, Ni40MZ and NiM they were
7, 8, 12, 48, and 64 mmol h�1, respectively. These values indicate
that Ni20MZ showed the most balanced performance in the POM
reaction, because it achieved a high rate of conversion (Fig. 2a)
and relatively low carbon deposition, as well as the highest value
of H2/CO (Fig. 2b). The highest H2/CO ratios were produced by sam-
ples Ni20MZ, Ni40MZ and NiM: around 1.7, which is nearly stoichi-
ometric. The low values of H2/CO for NiZ and Ni4MZ are in
agreement with the low conversion values seen on these catalysts.
Fig. 2. Partial oxidation of methane on catalysts over 6 h: (a) conversion of CH4, and
(b) H2/CO ratios in products (conditions: T = 750 �C, CH4/O2 = 2/1).
The value and variation of the H2/CO relative to the stoichiom-
etric value (approximately 2) can be explained in term of reactions
occurring in parallel with the POM reaction.

Two general mechanisms have been proposed for the POM reac-
tion to produce synthesis gas: (i) the combustion-reforming mech-
anism, in which CO2 and H2O are the primary products of the total
combustion of methane (TCM), which is followed by dry reforming
of methane (DRM) and steam reforming of methane (SRM) to pro-
duce syngas [10]; (ii) the pyrolysis mechanism, in which the syn-
gas is produced directly [8]. In both cases CO and H2 are the final
products, with the stoichiometric H2/CO ratio of 2. However, in this
Fig. 3. Selectivity of the catalysts in the partial oxidation of methane over 6 h: (a)
selectivity of H2, (b) selectivity for CO, and (c) selectivity of CO2 (conditions:
T = 750 �C, CH4/O2 = 2/1).



Fig. 4. POM-XANES profiles of catalyst: (a)Ni4MZ, (b)Ni20MZ, and (c)NiZ.

Table 3
Atomic ratios for calcined catalysts.

Catalysts Atomic ratios (%)

Mg Ni Zr

NiZ – 25 75
Ni4MZ 9 16 76
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study, traces of H2O were collected and CO2 was found during each
catalytic test, so that the combustion-reforming mechanism oc-
curred on these catalysts. The combustion-reforming mechanism
of the POM reaction is described [10] by the following reactions:

TCM : CH4 þ 2O2 $ CO2 þ 2H2O DH
� ¼ �890 kJ mol�1 ð8Þ
Ni20MZ 16 14 70
Ni40MZ 32 12 56
NiM 90 10 –
DRM : CH4 þ CO2 $ 2COþ 2H2 DH

� ¼ 260:5 kJ mol�1 ð2Þ
Fig. 5. XRD patterns of catalysts after 6 h of reaction: tetragonal ZrO2 (T),
monoclinic ZrO2 (M), graphitic carbon (C).
SRM : CH4 þH2O$ COþ 3H2 DH
� ¼ 225:4 kJ mol�1 ð1Þ

Moreover, as CO2 was found in the catalytic test, and H2 was a
product of the reaction, the reverse water–gas shift reaction
(WGSR) (9) is very likely to occur, as it is known that this reaction
is favored at high temperature. This reaction consumes H2 and CO2

to produce CO and H2O:

Reverse WGSR : CO2 þH2 $ COþH2O DH
� ¼ 34:3 kJ mol�1

ð9Þ

The occurrence of the WGSR and the occurrence of TCM as the
initial and rapid step in POM may explain why the H2/CO ratio does
not reach the stoichiometric value. Given that the molar ratio of
reactants CH4:O2 in the feed is 2 and that POM proceeds by reac-
tions (8), (2), and (1), then according to the stoichiometry, the va-
lue of H2/CO should be 2, which would indicate that the reactions
DRM and SRM occur in parallel. Ericksson et al. [11] found a H2/CO
ratio close to 3, which they attributed to a greater contribution of
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SRM than of DRM to the reaction. The values of H2/CO ratio found
in the present study (Fig. 2b) demonstrate that SRM and DRM
make similar contributions.

To explore the catalytic tests, in more detail, selectivity results
for H2, CO and CO2 are shown in Fig. 3. According to these results,
the selectivity for H2 and CO followed a similar trend to that of CH4

conversion, in that NiZ and Ni4MZ showed the lowest selectivity
for H2 and CO. Despite the fact that NiM sample had the highest
methane conversion rates, its selectivity for H2 and CO decreased
continuously during the reaction. It is probable that this catalyst
breaks the CAH bonds readily, to form coke (the highest amount
of coke was recorded on this sample), but does not have sufficient
active sites for decomposition of O2 molecules (O2(g) + active si-
te ? 2O(s) [31]), owing to the absence of MgO–ZrO2 solid solution.

In generals, samples showed low selectivity for CO2, NiZ and
Ni4MZ being the most selective for CO2, among all samples. Fur-
thermore, the selectivity to CO and H2 of samples NiZ and Ni4MZ
tended to decrease continuously during the reaction, implying that
the reverse WGSR and/or TCM were more favored during the reac-
tion. The trend found in CO2 selectivity, indicates that the addition
of more MgO to the catalysts led to lower production of CO2; prob-
ably due to the formation of more oxygen vacancies, which acti-
vate CO2 molecules (CO2 + active site ? CO + O(s) [31]), as well as
the basic character of the MgO added (which forms intermediate
carbonate species that decompose rapidly), favoring the conver-
sion of CO2 in the POM reaction. The role of basic additives (e.g.
MgO) in the catalysis of DRM reactions has been studied previously
and details are found in the literature [32,33].

From the above analysis, we propose that the NiO–MgO–ZrO2

catalyst has two types of active site: the first is the Ni� active centre
that dissociates CH4 molecules and the second is the oxygen va-
cancy that activates the O2 and CO2 molecules. Furthermore, it is
possible that the NiO–MgO solid solution formed favored an opti-
mal dispersion of Ni�, increasing the number of its active sites and
thus increasing the conversion of CH4. During these reactions, the
oxygen vacancies generated by the MgO–ZrO2 solid solution can
speed up the dissociation and transferral of adsorbed oxygen (by
activating O2 molecules) [34,35], assisting in coke removal and
thus resulting in higher stability of the POM reaction.

The POM-XANES analyses were carried out to explore further
the state of the nickel metal on the catalyst during the POM reac-
tion, for the best (Ni20MZ) and the two worst catalysts (Ni4MZ and
NiZ). The results are shown in Fig. 4a–c. They reveal that the low
POM activity of samples NiZ and Ni4MZ can be explained by the
oxidation of Ni� active centers, because, according to Fig. 4a and
c, under reaction conditions (in a stream of CH4 and O2 and the
reaction products formed: H2, CO, CO2 and H2O) introduced imme-
diately after the TPR reduction processes, the XANES profile returns
to that of NiO. Moreover, as discussed above, the samples NiZ and
Ni4MZ have a relatively high selectivity for CO2 (Fig. 3). Thus, we
propose that the presence of CO2 and H2O, and the O2 of the inlet
stream, favors the oxidation of Ni� particles on the surface of these
samples. In other words, the presence of O2, H2O and CO2 in the
stream affected adversely the catalytic performance of these two
samples.

As seen in the surface atomic ratios shown in Table 3, NiZ and
Ni4MZ had more nickel on the surface than Ni20MZ, probably in
aggregated form, so that in these samples these Ni� particles may
have been in positions that favor their oxidation to NiO. In the sam-
ple of Ni20MZ, which had a lower nickel content on the surface and
a relatively high MgO content (resulting in greater formation of
NiO–MgO solid solution), Ni� particles were finely dispersed and
not so readily oxidized to NiO. It appears that a larger amount of
NiO–MgO solid solution in samples inhibited deactivation of the
catalyst, as the sample with 20% of MgO (Ni20MZ) showed no oxi-
dation of Ni� active sites in the POM-XANES test.
After the catalytic test, XRD patterns of the spent catalysts were
collected, and these are shown in Fig. 5. It can be seen that all sam-
ples produce peaks of Ni� (JCPDS 04-0850) after 6 h of reaction.
These peaks are weaker in sample NiM, reflecting its resistance
to reduction, due to the solid solution formed (resulting in a low
concentration of Ni� on the surface of the catalyst), as shown by
TPR-XANES (Fig. 1e).

Additionally, Fig. 5 suggests that the addition of MgO to the
NiO/ZrO2 system favored the formation of graphite carbon, since
the characteristic peak of this component (26.2�) only appears in
the catalysts with higher amounts of MgO (NiM, Ni20MZ and
Ni40MZ). The carbon on these catalysts seem not to be prejudicial,
since they exhibited higher conversion of methane than NiZ and
Ni4MZ catalysts.

4. Conclusions

The results presented here demonstrate that the addition of
MgO to NiO/ZrO2 catalyst synthesized by the one-step chemical
polymerization method improved the performance of the catalysts
in the POM reaction. Thus, Ni20MZ, Ni40MZ and NiM showed the
highest conversion rates and the sample Ni20MZ formed the low-
est amount of coke among these catalysts.

XRD analyses showed that Mg2+ ions replaced Zr4+ in some ZrO2

unit cells, resulting in contraction of the crystal lattice. In addition,
Mg2+ entered the NiO unit cells, resulting in the expansion of the
crystal lattice of that phase. Synergy between these solid solutions
may be involved in the good performance achieved in both the cat-
alytic process and coke removal by the sample with 20 mol% MgO.

The POM-XANES analyses demonstrated that the low POM
activity of samples with low and without NiO–MgO solid solution
can be explained by the oxidation of Ni� active centers.
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