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INTRODUCTION
The selective catalytic reforming of methane to

synthesis gas (syngas) is a key stage in the production
of a variety of petrochemicals and alternative fuel
components from natural gas [1–11]. According to
experts, it is the syngas manufacturing process that
drives about 70% of costs in the chain of production of
petrochemicals from methane. Any improvement in
the syngas production process is a desirable task.
Teams of leading world and Russian research centers
are permanently working on its solution.

The main industrial process for producing synthe-
sis gas—steam methane reforming—is highly endo-
thermic and, as a result, energy-consuming. The
resulting syngas with a ratio of H2/CO = 3 cannot be
directly used for the production of petrochemicals. A
more convenient composition of the synthesis gas is
achieved in the processes of methane dry reforming—
(H2/CO = 1) or partial oxidation—(H2/CO = 2). The
latter process is also less energy consuming due to exo-
thermicity.

The embodiment of the process of dry reforming of
methane (DRM) has attracted increasing attention of
researchers around the world, since two main green-
house gases carbon-dioxide and methane- are utilized
in this process. This, in turn, contributes to solving the
problem of global warming. In addition, the DRM
process is considered as a promising way to obtain pet-

rochemical products from the renewable feedstock
biogas [12].

However, the realization of partial oxidation and
dry reforming of methane into the industry is largely
hampered by the lack of appropriate stable and selec-
tive catalysts. The implemented process of partial oxi-
dation of methane (POM) proceeds as a noncatalytic
reaction above 1100°C [1–3].

Known POM and DRM catalysts contain active
sites formed by Group VIII metals, mainly nickel [1–
11]. Numerous data on the use of catalysts based on
platinum group metals are mainly of theoretical inter-
est due to their high cost. At the same time, nickel cat-
alysts are capable of catalyzing the formation of carbo-
naceous deposits (especially during the DRM process)
and, in addition, are prone to strong interaction with
the support, which can cause the formation of com-
pounds that are inactive in catalysis. To overcome
these drawbacks, catalysts are often promoted with
platinum group metals, which significantly increase
their cost. In some cases, it is possible to increase the
stability of nickel catalysts by doping with cobalt or
other nonprecious metals; however, their activity is
often reduced.

A significant number of research papers and review
articles are published annually on the search for new
approaches to the design of active, selective, and stable
POM and DRM catalysts of various natures. In this
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article, we restrict ourselves to considering approaches
based on the improvement of certain nickel, cobalt,
and nickel–cobalt mixed oxide catalysts based on per-
ovskite and perovskite-like structures, as well as on the
use of nickel, cobalt, and nickel–cobalt catalysts dis-
persed in a matrix of mesoporous materials, micropo-
rous materials such as zeolites, and layered alumi-
num–magnesium complex oxides with the hydrotal-
cite structure. By using these approaches, it is
generally possible to obtain catalysts that hold promise
for the practical implementation of the POM and
DRM processes.

ON THE FEATURES OF THE POM 
AND DRM PROCESSES

Three main processes for the oxidative conversion
of methane to synthesis gas [1–11] are

steam methane reforming (SMR)

(1)

partial oxidation of methane (POM)

(2)

dry reforming of methane (DRM)

(3)

The processes are characterized by different ther-
mal effects and different compositions of the resulting
syngas. The ratio of H2 and CO, preferred for the syn-
thesis of certain compounds, is achieved by varying
the nature of the oxidizing agent or mixtures thereof.
In the steam methane reforming reaction (SMR), a
syngas of the СО : H2 = 1 : 3 composition is formed,
which contains a large amount of hydrogen and is used
to produce ammonia.

For the synthesis of methanol or the Fischer–
Tropsch hydrocarbon (HC) synthesis, the syngas with
a CO : H2 ratio of 1 : 2 is preferred (reaction (2)). That
is, POM is the most preferable reaction for obtaining
synthesis gas of this ratio. By the dry reforming of
methane (DRM), it is possible to get syngas with the
composition СО : Н2 = 1 : 1, which is favorable for the
synthesis of dimethyl ether and hydroformylation
reactions. Methane conversion by the action of several
oxidizing agents—H2O, O2, and CO2 [13, 14]—makes
it possible to vary the composition of the resulting syn-
thesis gas and the heat of the process.

Steam and dry methane reforming are strongly
endothermic reactions, whereas the partial oxidation
of methane with oxygen is an exothermic reaction, so
that it can be carried out in the autothermal mode.
According to thermodynamic calculations, in all three
processes, acceptable degree of CH4 conversion and
selectivity for CO and H2 can be achieved only at tem-
peratures above 800°C [15]. In addition to thermody-
namic limitations, the achievement of high selectivity

+ ↔ + Δ = +0
4 2 2  298СН Н O СО 3Н 206 kJ; H

+ ↔ + Δ = −0
4 2 2   2982СН O 2СО 4Н 36 kJ; H

+ ↔ + Δ = +0
4 2 2   298СН СО 2СО 2Н 247 kJ. H
and high syngas yield is constrained by factors associ-
ated with occurrence of some thermodynamically
favorable side reactions. In general, all the three
modes of the oxidative conversion of methane to syn-
thesis gas are high-temperature processes that occur
efficiently in the presence of Group VIII metals.

The complete noncatalytic conversion of a mixture
of methane and oxygen into synthesis gas is possible at
800–900°С and atmospheric pressure [9]. However,
such high degrees of conversion under these condi-
tions are frequently unattainable in practice because of
kinetic constraints on the reforming of methane. This
is due to the high energy required to activate this mol-
ecule: the homolytic dissociation energy of the Н3С–
Н bond is about 440 kJ/mol [16].

The first report on the catalytic oxidation of meth-
ane with oxygen in 1929 [17] describes the use of
metallic nickel mixed with Al2O3, which made it pos-
sible to obtain synthesis gas with 78% CO selectivity at
1000°C and a methane conversion of about 90%. Sim-
ilar nickel catalysts were used for steam methane
reforming. To date, it has been established that sys-
tems containing Ni, Co, Ir, Pd, Pt, Ru, or Rh have cat-
alytic activity in the POM and DRM reactions [1–15];
there are also examples of the use of Fe and Cu [9, 18].
Typically, POM and DRM catalysts are composites
containing the above elements in the form of a metal
or metal oxide phase dispersed on the surface or in an
oxide support matrix. The support must have thermal
stability in the operating temperature range of POM
and DRM. In most studies, Al2O3, MgO, and SiO2 are
used as supports [1–25]. Rare earth oxides, such as
La2O3, and titania, zirconia, thoria, AlPO4 and
Ca3(PO4)2 are also described as supports [26–34].

Today, the mechanism of partial oxidation of
methane to syngas is still under debate. Two main
mechanisms, one-step and two-step, are discussed
[1–10]. The former involves the direct oxidation of the
methane molecule with active oxygen to produce
hydrogen and carbon monoxide. In the two-step pro-
cess, the initial deep oxidation is assumed to give car-
bon dioxide and water, which then react with an excess
of methane to form the target product. Based on the
results of experiments in a pulsed reactor, the tem-
perature-programmed surface reaction (TPSR), and
measurements of the temperature profile of the cata-
lyst bed, the following sequence of POM steps on a
NiO/Al2O3 catalyst was proposed [35]:

( )+ → +4 2 2 2CH O CO H O on NiO ,

+ → + + 0
4 2 2CH NiO CO H O Ni ,

+ → +�

0
4 surfCH Ni Ni C 4 ,H

+ →surf surf 2H H H ,

δ+ δ−+ → �

0
2O Ni Ni O ,
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On NiO, methane is initially oxidized to carbon
dioxide and water, leading to an increase in tempera-
ture in the catalyst bed. Then, at a certain temperature,
along with the deep oxidation process, CH4 reduces
NiO to metallic Ni0, resulting in a slight decrease in
temperature in the reaction zone due to the endother-
mic nickel oxide reduction process. At the Ni0 sites
generated, CH4 dissociates to give Н2 and form Ni–C
bonds. Then, Ni–C intermediates can react with
Niδ+···Oδ– groups, which are formed as a result of acti-
vation of gaseous O2, leading to the formation of CO.
Presumably, the formation of carbon monoxide is a
rate-limiting step in this case. Studying POM on
Ni/Al2O3, Rodrigues et al. [36] came to the same con-
clusion. Thus, attribution of the POM process to a
particular mechanism depends on the chemical nature
and the oxidation state of the active metal; and the
possible presence of reactive oxygen species generated
by active sites or, in some cases, provided by the crystal
lattice of the oxide support. According to Au et al. [37],
nickel oxide can directly act as a supplier of active oxy-
gen. At the same time, it was shown in [29, 38] that the
selective formation of carbon monoxide on the
Ni/CeO2 catalyst is due to methane dissociation on
nickel metal particles, migration of active carbon par-
ticles to the interface between Ni and CeO2, and car-
bon oxidation to CO by ceria lattice oxygen. It is on the
CeO2 surface that oxygen activation occurs in this
case. It was shown [39–42] that in the presence of
Ni/La2O3, methane is completely oxidized on the sur-
face of lanthanum oxide and the conversion of the
products of complete oxidation to synthesis gas pro-
ceeds on metallic nickel. Thus, the stages of
oxygen activation in catalysts of this type are spatially
separated. Due to the significant exothermic
effect of the complete methane oxidation reaction
(ΔН0 = –890.3 kJ), so-called “hot spots” can be
formed, which are catalyst zones whose temperature is
100–200°C higher than the temperature in the reactor.
This may be due not only to the low efficiency of heat
removal by the gas stream, but also to the aforemen-
tioned microstructural features of the catalyst, which
are associated with the heterogeneity of the distribu-
tion of active sites in the composite [1].

The stability of POM catalysts is determined by two
main factors. One of them is the nature of the support
used. It is known [1–10] that prolonged use of the
Ni/Al2O3 catalyst in POM is accompanied by the for-
mation of inactive spinel: NiO + Al2O3 → NiAl2O4.
The presence of “hot spots” in the catalyst bed may
also contribute to this process. This problem can be
solved both by maintaining the reaction temperature

δ+ δ−+ → +��

0Ni C Ni O 2Ni CO,
δ+ δ−+ →�surf 22H Ni O H O,

δ+ δ−+ →� 2CO Ni O CO .
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at which the catalyst components do not interact and
by selecting a support that is inert with respect to the
active phase of the catalyst in a wide temperature
range. It should be noted that the growth in size of the
metal particles of the catalyst at high temperatures
leads to a decrease in its active surface area and a
decline in specific activity of the material. For exam-
ple, it was shown [43] that an increase in size of rho-
dium metal nanoparticles from 1.1 to 5.5 nm reduces
the yield of syngas in the POM reaction from 85
to 60%.

However, the main reason for the deactivation of
POM catalysts in most cases is catalyst coking [1, 32,
44]. The formation of carbon deposits can occur
according to the Boudouard reaction, proceeding at a
noticeable rate at 700–800°С:

The carbon produced, as a rule, forms porous
structures between catalyst particles; these structures
do not have a noticeable effect on the catalytic activity.

The second route of coking involves the dissocia-
tion of methane on the surface of metal particles. In
this case, carbon is produced in the form of dense lay-
ers, which impede the access of gas molecules to active
sites and noticeably reduce catalytic activity up to its
complete loss. According to [44], coking intensity
decreases in the order Ni > Pd > Rh > Ru > Pt, Ir.
Cobalt-containing catalysts are also less susceptible to
deactivation by coking [1]. High-temperature pyroly-
sis of methane can also contribute to the formation of
carbon deposits.

Bhavani et al. [33] carried out partial oxidation of
methane on Ni/Al–Ce–ZrO2 and found that the rate
of formation of dense carbon layers depended on the
size of nickel particles. Carbon atoms Cads formed as a
result of methane dissociation are involved in the par-
allel processes of the formation of the covalent C–C
bond and the buildup of a carbon phase layer on the
surface of nickel particles, as well as in migration to the
Ni/support interface and oxidation by lattice oxygen
to give CO or CO2. In the case of a large size of metal
particles, the concentration of surface carbon is higher
and the rate of formation of the dense carbon phase is
greater than the carbon oxidation rate. However, if the
particle size of the metal is sufficiently small and,
accordingly, its specific surface area is large, then the
oxidation process can prevail over coke formation due
to more efficient contacting of carbon and oxygen par-
ticles on the metal surface. Thus, control of the parti-
cle size of the catalyst can enhance its stability.

As in the case of POM, nickel catalysts are most
active in DRM. Catalysts based on Co, Fe, Pt, Pd, Rh,
and Ir [1–10, 12–15] supported on various carriers are
less commonly used. It is noted that basic supports
(MgO, La2O3, etc.) are able to participate in the acti-
vation of adsorbed CO2, which reacts with carbon via
the reverse Boudouard reaction.

= + 22СО С СО .



S4 MOISEEV et al.
Compared to steam reforming, DRM is an even
more endothermic process. Selectivities and conver-
sions close to 100% are achieved at 1000–1100°C,
although the Gibbs free energy is zero at 640°C. Below
this temperature, CO methanation intensively pro-
ceeds and the equilibrium shifts toward the formation
of CH4 and CO2. Along with the main reaction (3),
carbon formation can occur in a mixture of CH4 and
CO2:

(4)
In addition, oxidative coupling of methane can

occur under the influence of CO2:

(5)
In [45–47], the mechanism of the DRM reaction

was substantiated, including the steps of the formation
of adsorbed C, H, O, and CO particles on the
surface (S) of DRM catalysts, which subsequently
produce CO and H2:

In studies [48–50] at the Institute of Chemical
Physics, Russian Academy of Sciences, it was shown
that the main route of DRM on Ni/α-Al2O3 and
Co/α-Al2O3 catalysts includes methane chemisorp-
tion with the formation of C + 2H2, as well as the
interaction of carbon with CO2 by the reverse
Boudouard reaction. Methane practically does not
react with nickel and cobalt oxides, but actively inter-
acts with reduced metals, forming H2 and surface car-
bon, which, in turn, slowly reacts with lattice oxygen
and is able to react quickly with surface-bound oxy-
gen. Surface carbon also reacts rapidly with CO2 to
form CO and slowly with metal (Me) particles to form
CO and MeO.

Side routes are the interaction of chemisorbed C
and H2 with catalyst lattice oxygen and the dissociative
adsorption of CO2 on the metal. The competitive reac-
tion of surface carbon with surface-bound oxygen
decreases the conversion of CO2 in the main reaction;
therefore, the addition of O2 causes a decrease in the
rate of the reaction CH4 + CO2 (catalyst poisoning
with oxygen). However, the main problem of nickel-
containing DRM catalysts is the activity loss due to
coking [1–10]. The surface carbon particles formed in
the presence of nickel catalysts are actively involved in
the growth of carbon fibers and dense carbon layers
accompanied by catalyst deactivation.

In the following sections, we analyze approaches to
the design of nickel, cobalt, and nickel-cobalt catalysts

+ → + +4 2 2СН 2СО С 2СО 2Н О. 

+ → + +4 2 2 6 22CH CO C H CO H O. 

( ) ( )+ ↔ +2CO CO O ,S S

( ) ( )
( ) ( ) ( )

+ ↔
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4

2

CH CH
4 – H C 2H ,

xS S
x S S

( ) ( ) ( )+ ↔ +C O CO ,S S S

( ) ( )↔ +CO CO .S S
for POM and DRM, leading to enhancement of their
activity, selectivity, and stability.

PEROVSKITE-LIKE NICKEL, COBALT, 
AND NICKEL–COBALT CATALYSTS FOR POM 

AND DRM PROCESSES
The use of various complex oxide systems based on

perovskites; aluminates; or compounds with the struc-
ture of f luorite, pyrochlore, etc. in catalysis of POM
and DRM attracts the attention of researchers [1–10,
28, 51–57], since high activity, selectivity, and stability
in POM and DRM can be achieved in this way as a
result of the formation of a highly dispersed nickel
and/or cobalt metal phase stabilized by oxides of rare
earth and some other elements.

Among these compounds, catalysts with a per-
ovskite structure are distinguished [58–64]. Per-
ovskites, compounds of the general formula ABO3, are
characterized by a crystal structure containing octahe-
dral BO6 units. The octahedra are interconnected
through common vertices, forming endless chains in
three mutually perpendicular directions. In the model
of the closest spherical packings, the ABO3 perovskite
structure can be described as the closest cubic packing
formed by the atoms of oxygen and element A, in
which the B atoms occupy the octahedral voids. In the
case of an ideal cubic structure, cation A has cubic
octahedral coordination with a coordination number
of 12. The radius of cation A in the perovskite structure
should be larger than that of cation B, as characterized
by the Goldschmidt relation:

in which rA, rB, and rO are the radii of cations A, B, and
oxygen, respectively.

There are many known compounds that do not sat-
isfy this relation but have a perovskite structure. Their
cubic lattice is distorted because of an increase in the
difference of the radii of the ions. This distortion is
described by Goldschmidt’s tolerance factor t: t =
(rА + rО)/√2 (rВ + rО).

The perovskite structure is preserved at t from 0.86
to 1.1 [65].

Catalysts with a perovskite structure are actively
studied in oxidative processes, including the POM and
DRM processes. In this review, we do not consider
numerous publications on syngas production from
methane using oxygen-conducting membranes based
on perovskite-like materials [2, 61]. These systems
make it possible to combine the syngas generation and
air separation processes, eliminating expensive equip-
ment for oxygen production from the process f low
chart. However, the commercialization of POM
membrane reactors is hindered by the problems of
their insufficient resistance to poisoning, corrosion,
deformation, and high differential pressure. In addi-
tion, methane conversion and synthesis gas selectivity

√ + = +B О A О( ) ( )2 ,r rr r
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in this case are limited by oxygen diffusion inside the
membrane, which affects the extremely low produc-
tivity of such materials. For these reasons, we restrict
ourselves to considering the use of perovskite-like
materials as ordinary heterogeneous catalysts.

Zirconates and hafnates with the perovskite struc-
ture obtained by partial replacement of strontium or
barium by nickel (Sr0.8Ni0.2ZrO3, Sr0.8Ni0.2HfO3,
Ba0.8Ni0.2ZrO3) were comparable in activity in POM
with a catalyst containing metallic nickel [66]. A nitro-
gen-diluted 2 : 1 mixture of methane and oxygen was
used. Undoped SrZrO3 exhibiting no noticeable activ-
ity. According to X-ray diffraction (XRD) analysis,
there was no chemical degradation of perovskites or
significant change in their structure. The catalysts
were resistant to coking, retaining catalytic activity for
70 h. The authors attribute the absence of noticeable
coking to the fact that nickel atoms are integrated into
the perovskite crystal lattice.

In the case of POM catalysis by LaNi1 – xFexO3
solid solutions (x = 0–1) [67], the catalysts underwent
conversion into a mixture of lanthanum oxide, nickel
oxide, and a phase with a perovskite structure having
the iron predominantly in the B position. The catalytic
properties of the resulting composites correlate with
the cationic composition of perovskites formed. The
composites do not exhibit noticeable activity when
LaFeO3 and LaFe0.9Ni0.1O3 are formed, whereas in the
case of perovskites with a high nickel content, the for-
mation of CO occurs at 900°С with a yield of about
90%. Provendier et al. [67] attribute the increase in the
yield of POM products to the presence of the Ni0

phase in the composite.
Enhancement of catalytic activity in POM as a result of

the reductive decomposition of LaNi1 – xCoxO3 perovskites
and the formation of composites in which metal particles
uniformly dispersed in the oxide matrix was also reported
in [55]. The formation of a Co–Ni alloy during the reduc-
tion process was noted. That is, compounds of POM-
active 3d metals with a perovskite structure can be consid-
ered as precursors of catalytically active composites
formed by reductive degradation, although this contradicts
the results of the above-cited study [66], according to
which the perovskite precursor does not decompose
during the POM process.

Perovskites containing cobalt and iron, such as
LaCoO3, LaFeO3, and LaCo0.5Fe0.5O3, were inactive
in POM at 700°C even after preliminary reduction in
H2 [68]. At the same time, when LaNi1 – xCoxO3 solid
solutions (x = 0, 0.3, 0.5, 1), previously reduced with
hydrogen, were used in POM, an increase in the pro-
portion of nickel leads to an increase in methane con-
version and selectivity for CO and H2 [69]. In addi-
tion, hydrogen temperature-programmed reduction
(TPR) of the aforementioned perovskites has shown
that the replacement of nickel by cobalt is accompa-
nied by a shift in the H2 absorption maxima to higher
PETROLEUM CHEMISTRY  Vol. 59  Suppl. 1  2019
temperatures, which may be due to the greater stability
of cobalt-containing perovskites [70]:  LaCoO3 =

–1241 kJ/mol,  LaNiO3 = –1192 kJ/mol. The
perovskite LaFeO3, inactive in POM, is even more

stable, its  = –1373 kJ/mol. More stable per-
ovskites are characterized by a higher Goldschmidt
tolerance factor and are less active in POM. According
to [71], it is the resynthesis of compounds with per-
ovskite structure that is responsible for the loss of
POM activity of the reduction products of LnCoO3
perovskites (Ln = La, Pr, Nd, Sm, Gd).

It was shown [28] that perovskite-like Co- and Pt-
substituted lanthanum nickelates are significantly less
active and selective in POM compared with 5% Ni/γ-
Al2O3, which retains the values of CH4 conversion and
selectivity for CO and H2 at a 90% level even with
increasing volumetric f low rate. Based on XRD and
thermogravimetric data, Veila et al. [28] hypothesized
that the low catalytic activity may be associated with
the formation of a low-active La(OH)3 phase.

At the same time, perovskite Ca0.8Sr0.2Ti1 – yNiyO3
catalyzed the deep oxidation of methane at 600°С and,
with an increase in temperature to 800°С, the forma-
tion of synthesis gas. An increase in the degree of sub-
stitution y from 0.1 to 0.2 increased the activity in both
reactions [72].

It was shown [73] that during the POM, the per-
ovskite-like structure of LaMO3 (M = Rh, Ni, Co) is
decomposed to La2O3 and the metal phase of the tran-
sition elements. The most active and stable catalyst
was formed by LaRhO3 decomposition products: a
methane conversion of 95% and CO selectivity of 98%
remained stable for 120 h. The products of LaNiO3
decomposition were deactivated after 17 h on stream,
probably, because of coking. The LaCoO3-based cata-
lyst mainly resulted in deep oxidation products, but it
was reduced after 30 h on stream to Co0 dispersed in
the La2O3 matrix, after which the reaction shifted
toward the formation of CO and H2.

According to Toniolo et al. [74], the partial
replacement of Co in LaCoO3 by Cu ions made it pos-
sible not only to prevent coke deposition and the sub-
sequent deactivation of the catalyst, but also to lower
POM temperature.

The LaNi1 – xFexO3 (x = 0–1) POM catalysts
described in [67] were also active in DRM. On a com-
posite formed from LaNi1–xFexO3, 100% conversion
of CH4 and CO2 was achieved at 800°C [75]. As in the
POM process, the perovskite-like structure of the cat-
alyst was destroyed; Ni–Fe alloys formed at x = 0.3–
0.8. The authors believe that the formation of alloys
prevents catalyst poisoning with carbon by inhibiting
carbon diffusion through Ni particles. Less active cat-
alysts are obtained by supporting such perovskites on
silica [76]. Composites formed during the DRM pro-

Δ 0
298f H

Δ 0
298f H

Δ 0
298f H



S6 MOISEEV et al.
cess consist of individual oxides and silicates of per-
ovskite-forming elements.

Perovskite-like DRM catalysts La1 – xSrхNiО3 and
La2 – хSrхNiО4 were studied in [77]. The maximum
activity was observed for La0.9Sr0.1NiО3 and
La1.8Sr0.2NiO4. According to XRD data, catalysts turn
into a mixture of La2O2CO3, SrCO3, and metallic Ni
under DRM conditions. It was suggested that the high
activity of the catalysts is due to the presence of CO2-
activating La2O3 and CH4-activating Ni.

Santos et al. [78] found that the POM results
depend on the procedure for reducing lanthanum–
nickel–cobalt perovskite. The reduction of LaNi1–

xCoxO3 perovskites (x = 0.0, 0.2, 0.5, and 1.0) with
hydrogen resulted in the formation of La2M2O5 (M =
Ni and Co), which then transform into Ni1 –

xCox/La2O3. At the same time, during the reduction of
LaNi0.8Co0.2O3 with a CH4 + O2 mixture, La2MO4
spinel (M = Ni and Co) was initially formed, which
also transformed into Ni1 – xCox/La2O3. Preliminary
reduction with hydrogen led to the formation of
smaller nickel crystallites, which catalyze the produc-
tion of synthesis gas with H2/CO = 2. In the absence
of prereduction, a composite was formed that signifi-
cantly catalyzed the reverse water-gas shift reaction,
leading to the production of syngas with H2/CO = 1.6.

According to Jang et al. [79], it is with the use of
perovskite-based catalysts that highly dispersed stable
nickel DRM catalysts can be obtained. Testing of the
LaNiO3 perovskite in a DRM puls reactor after hydro-
gen reduction showed that syngas formation started at
700°C and 100% CH4 conversion and 92% CO2 con-
version were achieved at 800°C. At 800°C, catalyst

consisted of La2O3 and metallic nickel, whereas it con-
tained spinel La2NiO4 at 700°C [80]. This finding was
assumed to be evidence for the occurrence of DRM
according to the scheme:

High stability of the LaNiO3 perovskite reduction
products in DRM was noted in [81]. A catalyst regen-
eration method by reoxidation to perovskite and
repeated reduction was proposed. The instability of
the catalyst in steam reforming was noted, and it was
associated with the oxidation of nickel particles in the
presence of water.

The presence of manganese ions in LaNi1 – xMnxO3
perovskites (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) increases
the temperature of Ni3+ reduction to Ni0, thereby
leading to an increase in the number of nanosized Ni0

particles in the MnOx–La2O3 matrix [82]. Perovskites
with x ≤ 0.8 turned out to be more active and stable in
DRM because of the formation of Ni0 dispersed in the
La2O2CO3–MnO–Mn2O3 matrix.

Over LaNi1 – xCoxO3 (x from 0 to 1) DRM catalysts
that were not subjected to preliminary hydrogen
reduction, the syngas yield increased with increasing
temperature from 600 to 800°C, the enhancement
being associated with the formation of active compo-
nents as a result of the reduction of the initial per-
ovskites [83]. The catalysts with x < 0.6 were less
active. The inhibition of catalyst coking was associate
with the formation of solid solutions of cobalt and
nickel metal nanoparticles, as well as with the presence
of lanthanum oxide, which facilitates the reactions:

A similar effect of lanthanum oxide in the case of
POM catalysis was noted in [77].

Valderrama et al. [83] found that the La2O2CO3
phase does not form in the absence of nickel and that
hydrogen-rich synthesis gas is produced at x ≤ 0.6 via
the following reactions:

Partial replacement of lanthanum by strontium
(catalysts based on La1 – xSrxNi0.4Co0.6O3 and
La0.8Sr0.2Ni1 – yCoyO3 perovskites) facilitates the for-
mation of Ni0 and Co0 nanoparticles dispersed in the
matrix formed by La2O2CO3 and SrO in the DRM
process; these particles catalyze DRM and are not
prone to coking [84]. The introduction of strontium

makes it possible to obtain active and stable DRM cat-
alysts based on nickel-free La1 – xSrxCoO3 [85].

In the series of perovskites obtained by the partial
replacement of lanthanum with cerium (La1 – xCexNiO3,
x = 0.05, 0.4, 0.7) [86], the most active DRM catalyst
was the one based on La0.95Ce0.05NiO3, which con-
tained highly dispersed nickel metal. The cerium-free
catalyst was less stable. At a higher cerium content, a
composite containing CeO2, NiO, and La2NiO4 was
formed instead of the perovskite structure. The
authors attribute the coke resistance of the catalyst to
the occurrence of the reactions:

The use of complex perovskite-like oxides of
3d elements with the general formula A2BO4 belong-
ing to the K2NiF4 structural type as POM and DRM

+ + ↔ +0
2 3 2 2 4Ni La O CO CO La NiO ,

+ → + + + 0
4 2 4 2 2 3CH La NiO CO 2H La O Ni .

2 3 2 2 2 3 4 2 3 2La O CO La O CO CH La O 2CO 2H .+ → + → + +

= + Δ =4 2 298CH C 2H , 74.85 kJ,H

+ = +
Δ =

2 2 2

298

CO H O CO H ,
–41.17 kJ.H

+ → +2 3 2 2Ce O CO 2CeO CO,

+ → +2 2 3 24CeO C 2Ce O CO .
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catalyst precursors also attracts increasing attention of
researchers. This structure can be described as an
alternation of AO and BO2 layers in a 2 to 1 ratio along
the crystal lattice parameter c [87]. The interest in
these compounds is largely due to their unusual mag-
netic properties and high mobility of oxygen ions in
the crystal lattice [88–94].

As noted above, in this review we do not consider
numerous publications on syngas production using
oxygen-permeable membranes and confine ourselves
to the use of materials of this kind as ordinary hetero-
geneous catalysts. An example of such a compound
having special electrophysical and high-temperature
properties is NdCaCoO4 with the structure of tetrago-
nal K2NiF4 [93]. Materials based on it turned out to be
active POM and DRM catalysts [11, 95–98]. In the
POM reaction at 920°С, 100% selectivity for CO was
achieved at a methane conversion of 90%. These char-
acteristics did not decline for 140 h. During the POM
process, NdCaCoO4 is decomposed to give Nd2O3,
CaO, CoO, and metallic cobalt.

LaSrCoO4 appeared to be more resistant to reduc-
tion than NdCaCoO4 and less active in catalysis [96].
This difference is due to the larger ionic radii of La3+

(1.22 Å) and Sr2+ (1.31 Å) compared to Nd3+ (1.16 Å)
and Ca2+ (1.18 Å), respectively, which should ensure a
more stable structure according to the Goldschmidt
model and complicate the formation of a catalytically
active composite.

High activity of the NdCaCoO4 degradation prod-
ucts was achieved at temperatures above 920°C, but
the introduction of nickel can significantly reduce the
POM and DRM temperature [54, 55, 69]. At tem-
peratures less than 800°C, an increase in the amount
of cobalt, on one hand, reduces the degree of conver-
sion of the reactants but, on the other hand, increases
the coke resistance of the catalysts by limiting the size
of nickel particles.

The catalysis of partial oxidation of methane by the
reduction products of single-phase Nd2 – yCayCoxNi1 – xO4
complex oxides having the K2NiF4 structure was stud-
ied in [99]. The ability of the obtained mixed Ni–Co
catalysts to provide comparatively high syngas yields
below 850°C indicates that not only metal nanoparti-
cles, but also resynthesis products—phases of complex
oxides—can participate in the catalytic POM and
DRM processes.

An analysis of the studies surveyed in the review
[100] on the use of perovskite-like catalysts in DRM
shows that the most active and stable catalysts contain
nickel and rare-earth ions, and the synthesis of starting
materials is rather complicated, whereas the actual
POM and DRM catalysts are almost always the prod-
ucts of the decomposition of the materials in question
to oxides and metals. In [101], it was proposed to
obtain POM and DRM catalysts by the accelerated
method, without achieving the formation of a single-
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phase precursor. The nitrates of cobalt, nickel, neo-
dymium, and calcium oxide taken in the required
ratios were dissolved in water, followed by evapora-
tion, drying, and calcination for 5 h at 900°C. The
reactant ratio simulated the composition of per-
ovskites and perovskite-like materials of the K2NiF4
structural type. The multiphase material similar in
composition to NdCaCoO4 studied in [11, 95–98]
showed in POM a methane conversion of 98% and
selectivities for CO and H2 of 96 and 98%, respectively,
already at 890°C. A calcium-free material, corre-
sponding to the composition of NdCoO3, provided
90% methane conversion and CO and H2 selectivity of
93 and 100%, respectively, already at 860°C. The com-
plete replacement of Co by Ni resulted in a more active
POM catalyst. At 775°C, the methane conversion was
92%, and the selectivity for CO and H2 was 91%. The
mixed Nd–Co–Ni catalyst at 800°C showed a meth-
ane conversion of 92%, a CO selectivity of 94%, and
an H2 selectivity of 98%, not inferior to the nickel-
containing sample. In the DRM reaction, the nickel
catalyst at 850°C showed a methane conversion of
97%; a CO2 conversion of 98%; and CO and H2 yields
of 98 and 97%, respectively. The mixed Nd–Co–Ni
catalyst showed the same results in DRM at 880°C.

The catalyst NdNiCoO4 discussed in [100] con-
tained 18 wt % Ni and Co. Other well-known per-
ovskite and perovskite-like POM and DRM catalysts
also contain significant amounts of nickel and cobalt,
more than 2 wt %. A high nickel content can affect the
stability of the catalysts, leading to the formation of
larger nickel particles prone to coking. Indeed, after 50
h on stream in POM at 920°C, the NdNiCoO4 catalyst
described in [100] lost its activity, the graphite phase
appeared in its composition, and microphotographs
showed the presence of carbon deposits [102]. Thus,
the stability of nickel-containing POM and DRM cat-
alysts is achieved in the case of maintaining a small
size of nickel particles during long-term operation. In
[33, 43], a decline in catalyst activity with an increase
in the size of metal particles was noted. Stable per-
ovskite catalysts are formed by introducing small
amounts of nickel [33] or in the presence of REE
oxides, for example, cerium oxide, promoting the oxi-
dation of carbon [86]. The stability of the catalysts is
also ensured by the selection of a support that does not
bind metal particles into inactive phases and facilitates
their preservation in a finely dispersed state.

MESOSTRUCTURED NICKEL, COBALT, 
AND NICKEL–COBALT POM

AND DRM CATALYSTS

The use of heterogeneous catalysts with a meso-
porous structure in the catalysis of POM and DRM is
considered an effective approach to increasing activity,
selectivity, and stability [100].
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Gonzalez et al. [103] used Ni, Co, and Ni + Co
catalysts introduced by impregnation into a meso-
porous silicate material containing channels of about
2.5 nm in diameter for DRM catalysis. The most
active, selective, and stable material was found to con-
tain 10 wt % Co and 15 wt % Ni. At 700°C and with the
nitrogen-diluted reactants, the hydrogen-reduced cat-
alyst showed a methane conversion of 72%; a CO2
conversion of 74%; and CO and H2 selectivities of 85
and 78%, respectively. Under similar conditions, the
LaCo0.4Ni0.6O3 perovskite-based catalyst turned out to
be more active, but less selective for hydrogen to
ensure a methane conversion of 91%; a CO2 conver-
sion of 99%; and CO and H2 selectivities of 89 and
27%, respectively. The researchers associated the
results with the occurrence of the Boudouard reaction
and the reverse water-gas shift reaction. Both catalysts
underwent coking, but the perovskite-based catalyst
had an on-stream stability of 100 h, demonstrating the
above results.

A hydrogen-reduced 10 wt % NiO/TiO2–SiO2
(50 : 50) mesoporous material with a pore diameter of
14 nm, synthesized using the template-free sol–gel
method, showed stable CH4 and CO2 conversions of
88 and 97% for 30 h at atmospheric pressure and
850°C [104]. The catalyst stability was attributed to
the formation of the Ni2.44Ti0.72Si0.07O4 phase, which
prevents the sintering of nickel nanoparticles. How-
ever, carbon fibers are detected in the microphoto-
graphs of the catalyst after POM.

Damyanova et al. [105] deposited nickel and palla-
dium on a MCM-41 mesoporous silicate support
(pore diameter 3 nm). The Ni/Si ratio varied between
0.2–0.4. The DRM reaction was carried out at low
temperatures, not above 550°C. Thus, the yields of
hydrogen and CO on the nickel catalyst were 11 and
15%, respectively, and increased to 20 and 25% by
promoting with palladium. The formation of carbon
fibers was observed on both the catalysts. The particle
size of nickel increased from 18 to 24 nm after POM on
the monometallic nickel catalyst and from 8 to 12 nm
in the case of the palladium-promoted catalyst. There-
fore, deactivation of the bimetallic catalyst was slower.

The same research group [106] used alumina-sup-
ported nickel catalysts (10 wt % Ni) doped with cerium
oxide (1–12 wt %) in DRM; the pore diameter of the
materials was 12–14 nm. The catalysts were tested by
feeding a reactant mixture diluted with nitrogen. At
550°C, the supported catalyst containing 6 wt % CeO2
showed the maximum methane and СО2 conversions
of 57 and 69% and the hydrogen and СО yields of 29
and 46%, respectively. These parameters did not
change over 6 h. Raising the temperature to 750°C
increased the methane and CO2 conversions to 90 and
98%, respectively. The catalysts after POM contained
up to 3 wt % carbon, the amount of which correlated
with the size of nickel particles. On the catalyst con-
taining 6 wt % CeO2, the size of nickel particles after
POM increased from 5 to 6 nm, and their size in the
absence of CeO2 increased from 6 to 8.5 nm. Accord-
ingly, the amount of carbon in the latter sample
was 7%.

The mesoporous NiO–SiO2 catalyst, synthesized
using the hydrothermal method with a structure-
directing agent (pore diameter 4 nm) and character-
ized by uniform distribution of Ni in the silicate
matrix, was tested in the DRM reaction [107]. On the
catalysts with a nickel loading of 3–5 wt %, a CO2 con-
version of 90–95% and a CH4 conversion of 93–94%
were achieved at 750–800°C. After 70 h of continuous
testing, the amount of carbon on the catalyst surface
did not exceed 1 mmol/g of catalyst.

By impregnating foamed silicon carbide, which
had mesopores of a 14 nm diameter in its structure,
with an aqueous solution of nickel nitrate, a 7 wt %
Ni/SiC DRM catalyst was obtained; this catalyst
retained CH4 and CO2 conversion values at 94 and
95.0%, respectively, for 100 h at 800°C [108].

Liu et al. [109] compared the properties of DRM
catalysts obtained by the introduction of nickel into
the matrix of mesoporous silicates MCM-41 (pore
diameter 3 nm) and SBA-15 (pore diameter 7 nm)
using the conventional impregnation technique or
through evaporation of a toluene solution of nickel
acetylacetonate, in which these supports had been
immersed. Over all the catalysts tested, methane con-
version increased with increasing temperature,
exceeding 90% at 800°C. The most stable catalyst was
5 wt % Ni/SBA-15 obtained from a toluene solution of
nickel acetylacetonate. After 70 h on stream, the car-
bon content in the catalyst did not exceed 9% and the
size of nickel particles was 8–9 nm. A less stable anal-
ogous catalyst based on MCM-41 contained 23%
coke, despite the smaller nickel particle size of 7 nm.
Liu et al. explained the result by the lower stability of
the MCM-41 structure.

The catalysts of the same composition obtained by
impregnating the supports with an aqueous nickel salt
solution were not stable enough. Relatively high stabil-
ity was observed for the 5 wt % Ni/MCM-41 catalyst
containing 14-nm nickel particles and producing a
large amount of coke (34%). The catalyst 5 wt %
Ni/SBA-15 was less stable and formed less coke, but it
contained large 31-nm nickel particles, which were
deactivated as a result of formation of carbon fibers.

The 4 wt % Ni/MCM-41 DRM catalyst, contain-
ing 4-nm nickel particles formed from nickel nitrate
introduced at the support synthesis step, underwent
rapid coking [110]. Additional introduction of plati-
num in an amount of 0.8 wt % led to a stable catalyst,
which retained a 90% methane conversion for 72 h at
750°C.

The introduction of Co into Ni/SBA-15 (Ni/Co = 4/1)
makes it possible to reduce agglomeration of nickel
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particles and catalyst coking in the DRM process due
to the formation of a Ni–Co alloy [111]. At 750°C, cat-
alyst shows methane and carbon dioxide conversion
values of 73 and 89%, respectively.

Deposition of 12 wt % Ni on a SBA-15 support
containing Ce ions in the crystal lattice (Ce/Si = 0.04)
made it possible to obtain an active and stable DRM
catalyst [100]. The presence of cerium ions increases
the dispersion of nickel particles and coke resistance.

Formation of nickel–cerium (Ni/Ce = 1/1)
nanoparticles in the mesopores of SBA-16 silicate
made it possible to obtain a DRM catalyst with a uni-
form size distribution (6 nm) of nickel particles [112].
Addition of cerium facilitates the reduction of nickel to
metal. Catalyst was stable in DRM at 700°C for 100 h;
the authors attribute the stability to the combined
effect of the mesoporous structure and the presence of
cerium dioxide on the state of nickel particles.

 Ni–Ce/SBA-15 catalyst (5 wt % Ni, 6 wt % Ce)
[113], obtained by sequentially impregnating SBA-15
with cerium and nickel compounds, showed 100%
CH4 conversion in DRM at 650°C. The reverse order
of introduction of ions worsened the catalyst proper-
ties.

In [114], a DRM catalyst was obtained by introduc-
ing cyclopentadienylnickel vapor into the cerium-con-
taining mesoporous silicate MCM-41. The size of Ni
particles was 2–4 nm. Methane conversion at 800°C
was 94%, which approaches the thermodynamically
equilibrium value of 96%. CO2 conversion reached
100%. Catalyst remained stable at 750°C for 20 h with
negligible coking.

The DRM reaction on a mesoporous silicate,
called KIT-6, containing nickel ions introduced at the
synthesis stage is described in [115]. The size of nickel
particles dispersed on the surface of mesopores did not
exceed 5 nm. The introduction of nickel at the synthe-
sis step led to a significant increase in the mesopore
diameter of this material from 5 to 16–17 nm. Cata-
lysts containing 4 and 6 wt % nickel showed the same
degrees of methane and СО2 conversion of 85 and
90% at 800°С, close to thermodynamically equilib-
rium values. These values were retained for 180 h,
which is explained by the resistance to coking of the
catalyst. After 5 h on stream, the carbon content was
less than 1 wt %.

In [116], a nickel compound to form stable nano-
sized (2–6 nm) nickel particles catalyzing DRM was
introduced into SBA-15 pores as a solution in ethylene
glycol. Catalyst was pyrolyzed in an inert atmosphere,
which led to the formation of nickel particles dispersed
in carbon in the support channels. Next, the carbon
was removed by annealing in air. At 800°C, methane
conversion of 90% and a CO2 conversion of 98% were
achieved. The catalyst operated stably for 20 h at
750°C, showing an 87% conversion of methane and
96% of CO2. Such results are due to the contribution
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of the reverse water-gas shift reaction. The catalyst
after 20 h on stream contained 3.8 wt % coke in the
form of graphite and nanotubes.

Guo et al. [117] synthesized DRM catalysts by
introducing lanthanum nickelates of various composi-
tions into the matrix of KIT-6 and SBA-15. The sup-
port was immersed in a solution of nickel and lantha-
num nitrates and citric acid, dried, and calcined.
La2NiO4/KIT-6 catalyst at 800°C and a CO2/CH4 = 1.1
gas mixture feed rate of 33.6 L/(gcat h) showed the
100% conversion of the reactants and a syngas yield
close to 100%. At 850°C, the yield of CO increased
and the yield of H2 decreased because of the reverse
water-gas shift reaction. As in the case of catalysis by
the same unsupported materials, the lanthanum oxide
phase prevented the aggregation of nickel active cen-
ters. The catalyst based on the unique cubic structure
KIT-6 was more stable in DRM than its analogue
based on SBA-15, whose channel structure impeded
the diffusion of the reactants and products. In addi-
tion, SBA-15 is less thermostable. Nevertheless, after
30 h of stable operation of the La2NiO4/KIT-6 cata-
lyst, methane conversion noticeably decreased.

Rivas et al. [118] synthesized LaNiO3,
La0.8Ca0.2NiO3, and La0.8Ca0.2Ni0.6Co0.4O3 per-
ovskites in the SBA-15 matrix according to a proce-
dure similar to that described in [117]. The introduc-
tion of these complex oxides into the SBA-15 matrix
led to an increase in the diameter of mesopores from 4
nm to 7, 13, and 26 nm, respectively. This change,
along with the TPR data, indicates a strong interaction
of perovskites with the support. All the supported cat-
alysts turned out to be more active in DRM in com-
parison with the unsupported perovskites. The best
results were shown by LaNiO3/SBA-15. At 700°C, the
methane and CO2 conversions were 88 and 91%,
respectively. The methane conversion did not change
for 24 h.

Comparison of the DRM results on LaNiO3,
LaNiO3/SBA-15, LaNiO3/MCM-41, and
LaNiO3/SiO2 catalysts [119] showed that all the sup-
ported catalysts were superior to the unsupported per-
ovskite in activity. At 800°C, LaNiO3/SBA-15 and
LaNiO3/MCM-41 showed a CO2 conversion of about
80% and methane conversions of 90% and 100%,
respectively. The catalyst LaNiO3/MCM-41 under-
went faster deactivation. After 60 h, the specific sur-
face area of this catalyst decreased from 409 to
63 m2/g, the diameter of mesopores increased from 2
to 3.5 nm, and the size of nickel particles was 13 nm.
In the case of more stable LaNiO3/SBA-15, the spe-
cific surface area decreased from 246 to 76 m2/g, the
diameter of mesopores increased from 4 to 5 nm, and
the size of nickel particles was 8 nm. It can be seen that
this catalyst has a more stable structure and nickel par-
ticles do not form large clusters.
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Similar results were obtained in [120].
LaNiO3/SBA-15 (specific surface area of 150 m2/g)
was reduced to Ni/La2O3/SBA-15 (specific surface
area of 50 m2/g), which catalyzed DRM at 800°C,
showing a conversion of the reactants close to 90%
and practically not coking for 48 h at 700°C.

In [121], DRM was carried out over mesoporous
NiO–Al2O3 catalysts obtained by template synthesis
from a gel containing aluminum isopropylate and
nickel nitrate. Nickel particles of the freshly prepared
reduced catalysts were too small to calculate their size
using X-ray diffraction data. In the catalyst after
DRM, the size of nickel particles was 6 nm. All the
catalysts had an ordered cylindrical mesoporous struc-
ture with an average pore diameter of 6–10 nm. The
mesopore diameter of the material containing 10 wt %
Ni decreased from 9.4 to 6.5 nm after reduction and
remained almost unchanged after DRM. Catalysts
with nickel loadings of 5, 7, and 10 wt % showed
almost the same results in methane reforming. At
800°C, the methane and CO2 conversions were about
90%. The catalyst with 10% Ni at 700°C remained sta-
ble for 100 h (reactants conversion of about 80%). Cat-
alyst after 10 h on stream in DRM contained more
carbon deposits than after 100 h. It is known that the
Boudouard reaction barely proceeds at 700°C, and
coking is due to methane pyrolysis. At the same time,
carbon can be consumed in the periodic reactions C +
CO2 → 2CO and C + H2O → H2 + CO, an assumption
that is consistent with the cyclic change in the Н2/СО
ratio observed in the 100-h run.

Newnham et al. [122] studied DRM catalysts sim-
ilar to [121] in the synthesis procedure. Samples con-
taining 7, 10 and 15 wt % nickel on mesoporous Al2O3
had the size of nickel clusters of 10, 11, and 19 nm and
mesopore diameters of 14, 10, and 9 nm, respectively.
Catalyst containing 10 wt % nickel showed stable val-
ues of methane conversion of 80%, CO2 conversion of
90%, CO selectivity of 80%, and H2 selectivity of 70%
for 200 h at 800°C, at 900°C, the conversion of the
reactants was close to 100%. It was noted that catalyst
coking decreased with increasing DRM temperature.

An additional introduction of calcium ions into
mesoporous NiO–Al2O3 catalysts diminished coking
during the DRM process by more efficient binding of
carbon dioxide to the catalyst surface [123].

In [124], a mesoporous alumina–nickel catalyst
was doped with magnesium. The template synthesis
method for the catalyst was similar to that described in
[121–123]. The introduction of magnesium had
almost no effect on the results of DRM in comparison
with the mesoporous alumina–nickel catalyst without
magnesium. Shen et al. [125] studied how the deposi-
tion of mesoporous silica on a nickel–aluminum com-
plex oxide catalyst prepared from layered aluminum–
magnesium double hydroxide affected the dry reform-
ing of methane. After calcination and reduction, the
catalyst contained nickel particles of 8 to 9 nm size
coated with mesoporous silica layer of 12–15 nm in
thickness, as well as phases of the Ni–Mg–O solid
solution and MgAl2O4 and NiAl2O4 spinels. The cata-
lyst at 800°C showed stable values of methane and
CO2 conversion at the level of 90% for 8 h due to the
resistance of nickel particles to aggregation, which
leads to catalyst coking.

The oxide catalysts synthesized in [126] having a
bimodal distribution of mesopores and containing Ni,
Ce, Mg, and Al ions were obtained by adding sodium
hydroxide to aqueous metal nitrate solutions, followed
by prolonged boiling. The catalysts contained 5 wt %
MgO and CeO2 and variable amounts of nickel and
aluminum oxides. Freshly prepared catalysts had nar-
row closed pores with a diameter of 4 nm and open
pores with a diameter of 7–10 nm. A more active and
stable catalyst initially contained 15 wt % nickel oxide.
As a result of hydrogen reduction and use in DRM, the
average pore diameter of the catalyst consistently
increased from 8 to 9 and then to 14 nm. The size of
nickel particles was 7 nm after reduction and increased
to 9 nm after DRM. At 750°C, methane conversion of
97%, a CO2 conversion of 80%, and CO and H2 yields
of 95 and 85% were achieved. An increase in the feed
rate of the reactants worsened the results. An increase
in the DRM temperature to 800°C did not affect the
CO2 conversion but increased the conversion of meth-
ane to 100%. During a 100-h test at 750°C, the conver-
sion of methane and CO2 decreased by 3%. In this
case, a significant amount of carbon nanotubes (9 wt
%) was formed, which could block the reactor. Various
routes were distinguished for the formation of nickel
particles. Calcination and reduction at 550–650°C
was accompanied by the reduction of nickel oxide to
the metal, whereas similar procedures at 650°C were
characterized by the formation and subsequent reduc-
tion of NiAl2O4 spinel, which led to the production of
more stable nickel particles.

Zirconia-based DRM catalysts of the Ni–CaO–
ZrO2 composition were prepared by adding sodium
hydroxide to aqueous solutions of nitrates of the ele-
ments to precipitate their hydroxides [127]. For the
formation of mesopores, the precipitate was sus-
pended with a solution of Pluronic P123 (a copolymer
of polyethylene oxide and polypropylene oxide) as a
structure-directing agent. After aging, the precipitate
was washed to remove sodium ions and calcined to
anneal the template. The catalyst reduced with hydro-
gen showed stable methane conversion of 77% and
CO2 conversion of 87% for 100 h of testing at 700°C at
a feed rate of the undiluted reactants of 12 L/(gcat h). A
decrease in temperature and an increase in the reac-
tants feed rate led to rapid coking of the catalyst.

Zirconia with a mesopore diameter of 3–10 nm
obtained using dodecylamine as the structure-
directing agent, treated with ammonia, and loaded
with 5 wt % nickel, catalyzed DRM at 750°C, showing
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a methane conversion of 75 and 87% hydrogen selec-
tivity [128]. The activity and selectivity of the catalyst
were higher than those of an analogue based on zirco-
nia obtained by simple precipitation.

Sokolov et al. [129] compared the activity of 5 wt %
Ni/La2O3–ZrO2 catalysts in DRM at 400°C. Nickel
was deposited on supports of various structures: amor-
phous, mesoporous, and macroporous. The meso-
structured catalyst, unlike the others, did not change
activity for 180 h. The researchers believe that the
cause of activity loss is not only coking, but also the
formation of an oxide layer on the nickel surface,
which is a very likely process at a low DRM tempera-
ture and low (less than 10%) syngas yields.

A number of publications that are not cited in this
review can be found in [130]. In general, the material
in this section shows the efficiency of stable meso-
structured oxides of various natures as a support or
matrix for nickel and nickel–cobalt particles catalyz-
ing the POM and DRM reactions. The localization of
active sites in mesopores and partly the possibility of
their interaction with the support prevent the agglom-
eration of metal particles, thereby increasing the sta-
bility of the catalysts.

However, as shown in [131–133], preservation of
the initial mesoporous structure is not compulsory for
preparing active and stable POM and DRM catalysts.
Mesoporous 5 wt % Ni(Co)–Gd0.1Ti0.1Zr0.1Ce0.7O2
materials described in [131] were synthesized by
coprecipitation of ions from aqueous nitrate solutions
with potassium hydroxide. The mesoporous structure
was formed using ultrasonic treatment. The materials
washed to remove potassium ions and calcined at
500°C were characterized by narrow pore distribution
with a diameter of 2–5 nm. After the catalysis of POM
and DRM, a multimodal pore distribution with a
diameter of 10 to 50 nm was observed. At the same
time, the specific surface area decreased from 50–70
to 3–6 m2/g. In the POM reaction at 870–880°C on
cobalt and mixed (2.5 wt %) nickel–cobalt contact
catalysts, the yields of CO and hydrogen were 60%,
wherein the nickel catalyst turned out to be less selec-
tive. However, the nickel catalyst showed better results
in DRM. At 850°C, the yields of CO and hydrogen
were 69 and 55%, respectively. In [132], it was found
that in the optimal molar ratio in a mixed nickel–
cobalt catalyst is Ni/Co = 8. The yields of CO and H2
in POM were 88 and 84% at a temperature of 800°C
and increased to 96 and 91%, respectively, at 850°C.
The CO and hydrogen yields of 86 and 64%, respec-
tively, were observed in DRM on the same catalyst at
840°C. An increase in the DRM temperature to 950°C
led to an increase in the CO and hydrogen yields to 96
and 80%, respectively.

The catalyst that had shown the best results of
POM and DRM in [132] was modified in [133] by par-
tially replacing nickel and cobalt ions with manganese,
iron, or copper ions. The amount of the modifier ion
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was 10 or 20 wt % of the initial total content of nickel
and cobalt ions. This amount did not lead to a notice-
able change in the POM results, whereas the yields of
CO and H2 in the DRM reaction at 800°C were 80 and
84% due to the introduction of manganese, and they
increased to 91% at 850°C. Long-term testing of this
catalyst in POM for 60 h (920°C; CH4/O2 = 2; W =
9 L/(gcat h)) [102] did not reveal a tendency to a
decrease in the syngas yield. The diffraction pattern of
the catalyst after POM exhibited intensive reflections
of CeO2, as well as trace amounts of MnO2, Co3O4,
and metallic nickel, cobalt, and manganese. After 60 h
on stream, the catalyst was slightly coked.

Thus, the mesoporous structures of supported
nickel and nickel–cobalt catalysts in some cases facil-
itate the selective and stable occurrence of POM and
DRM reactions, mainly because of the prevention of
agglomeration of nickel particles.

ZEOLITE-CONTAINING NICKEL, COBALT, 
AND NICKEL–COBALT POM AND DRM 

CATALYSTS
Natural and synthetic zeolites of various nature are

crystalline aluminosilicates or metallosilicates, the
framework of which is formed by [AlO4] (or [MeO4])
and [SiO4] tetrahedra, making a system of micropores
of various diameters. The presence of a microporous
structure determines the molecular sieve effect of zeo-
lites capable of selectively sorbing molecules of a cer-
tain size. The structure of aluminosilicate zeolites also
contains ions of hydrogen or various metals, which
compensate for the excess negative charge that is
formed when silicon ions are replaced by aluminum in
the crystal lattice. Zeolites are widely used as adsor-
bents. Due to the presence of Brønsted and Lewis acid
sites, many zeolites are used in various catalytic pro-
cesses. The high specific surface area of zeolites and
the presence of a developed microporous structure
suggest that these materials can also be used as sup-
ports for the formation of finely divided metal particles
on their surface and in pores. Zeolites of the structural
type MFI (trade name ZSM-5), which have high ther-
mal stability and contain ordered pores of about
0.5 nm in size, are of particular interest for the prepa-
ration of POM and DRM catalysts. The use of zeolites
of other types in POM and DRM is also reported.

To prepare DRM catalysts, Chang et al. [134] cal-
cined a mixture of nickel nitrate or nickel, potassium,
and calcium nitrates with ZSM-5 zeolite (Si/Al > 200)
containing 20% alumina as binder. A nitrogen-diluted
mixture of methane and CO2 was fed into a reactor.
The CO yield on the 5.3 wt % Ni/ZSM-5 catalyst at
700°C was 77%, with noticeable coke formation being
observed. The addition of K and Ca ions slightly
increased the yield of CO and eliminated coking. A
decrease in the Ni loading of Ni/ZSM-5 to 2.4 wt %
led to a decrease in the yield of CO to 70%, but also
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suppressed coking. The increase in the Ni loading to
9.7 wt % increased the CO yield to 83%, but enhanced
coking. Apparently, a decrease in the nickel loading
prevents the formation of large nickel particles that
facilitate coking. The KNiCa/ZSM-5 catalyst pro-
vided a quantitative yield of synthesis gas at 900°C. At
800°C, it showed a stable CO2 conversion of 90–93%
over 140 h, practically without coking.

Catalysts containing 5–7 wt % Ni on zeolite Y
turned out to be more active in DRM than
catalysts obtained by depositing Ni on zeolites A, X,
and ZSM-5 [135]. At 800°C for 5 h, methane and CO2
conversions remained stable at 92% with a hydrogen
selectivity of 65%. The catalyst containing 3% Ni
showed similar results at the beginning of the experi-
ment, but its performance deteriorated over time. It
should be noted that less active catalysts were less sub-
jected to coking.

 Catalytic activity in DRM at 600–640°C of nickel
(1 wt %), platinum (0.5 wt %), and mixed nickel–plat-
inum catalysts supported on dealuminated zeolites
FAU, Y, and BEA was estimated as the number of
moles of methane converted per gram of metal per
hour [136]. The mixed nickel–platinum catalysts were
less active than the platinum catalysts, whereas the
nickel catalysts were inactive and were heavily coked.
The best support was dealuminated zeolite BEA; the
activity of NiPt/BEA was 1.9 mol/(g h) and that of
Pt/BEA, 3.2 mol/(g h). The bimetallic
Ni(2.5%)Rh(2.5%)/BEA catalyst [137] at 700°C
showed methane and CO2 conversion of 73 and 78%,
respectively, which coincided with the results on 5%
Rh/BEA. However, the rhodium catalyst did not
undergo coking, whereas the bimetallic catalyst con-
tained 3% coke after 2 h on stream. The 5% Ni/BEA
catalyst showed close values for the initial conversion
of the reactants, but it was quickly deactivated as a
result of strong coking (7% coke after 2 h).

The addition of 0.1 wt % Rh to the 7.5% Ni/NaY
DRM catalyst made it possible to achieve the 100%
conversion of CO2 and methane at 560–585°C [138].
The La2NiO4/ZSM-5 DRM catalyst [139] was
obtained by immersing the zeolite in an aqueous solu-
tion containing nickel and lanthanum nitrates, citric
acid, and ethylene glycol followed by evaporation and
calcination. The dispersion of La2NiO4 spinel on the
surface and in the pores of the zeolite was found to be
uniform. The reduced catalyst contained nickel parti-
cles of a 13.5 nm size, which changed to 17.5 nm after
DRM. According to X-ray diffraction data, the spinel
decomposed to the oxides and the La2O2CO3 phase
was formed in the DRM process. The extremely low
intensity of zeolite reflections in the X-ray diffraction
patterns presented in the paper is surprising. The
authors do not explain this fact. At 700°С, the conver-
sions of CO2 and CH4 on La2NiO4/ZSM-5 remained
at 70 and 65% for 36 h, with a selectivity of 95% for CO
and 90% for H2. The coke content periodically
changed from 0 to 5 wt %. The Ni/ZSM-5 and
La2NiO4/γ-Al2O3 catalysts were significantly less
active and stable and underwent coking.

By depositing 5–10 wt % Ni on BEA zeolite, a
POM catalyst was obtained, which showed a quantita-
tive yield of CO at 700–900°С [140]. The dealumina-
tion of the zeolite increases the stability of the catalyst,
and a decrease in the nickel loading to 1 wt % signifi-
cantly reduces its activity.

For the synthesis of Ni DRM catalysts, a silicate
with a ferrierite (FER) zeolite structure, a silicalite
with the MFI structure, and a silicate with the ordered
mesoporous MCM-41 structure were used [141]. The
Ni loading was 5 wt %. The catalysts showed compa-
rable degrees of conversion of methane (63–77%) and
CO2 (83–90%) at 700°C; however, the best results
were obtained on Ni/FER, stable for 30 h.

Nickel, cobalt, and mixed nickel–cobalt catalysts
deposited by impregnation onto ZSM-5 zeolite
(Si/Al = 11.5) were also studied in dry reforming of
methane [142]. The metal loading of the catalysts was
7 wt %. Close values of hydrogen yield, 58–65%, were
observed in the range of 600–800°C on the catalysts,
with the exception of the cobalt-loaded one. On the
cobalt catalyst, such a hydrogen yield was reached only
above 700°C. At the same time, this catalyst was most
selective for CO at 600°C (68%). At 800°C, the CO
selectivity of all the catalysts was approximately the
same, 60–62%. The nickel catalyst was prone to cok-
ing, being inferior to the mixed nickel–cobalt contact
catalysts in the conversion of methane and CO2. In
general, a catalyst with a ratio of Ni/Co = 0.5 turned
out to be more active and stable. The conversion of
CO2 at 800°C was 85%; that of methane, 75%; the
syngas selectivity was 63%; and the degree of coking
was less than 1%.

Ultrasonic treatment of a catalyst containing cobalt
supported on zeolite H-Y made it possible to obtain
more active DRM catalysts by increasing the disper-
sion of cobalt particles [143]. The catalyst with a cobalt
loading of 10 wt % ensured hydrogen and CO yields of
61 and 80%, respectively, at 850°C or 55 and 77% at
750°C. However, conversion of methane and CO2 on
the catalyst markedly decreased after 10 h on stream.

Nickel–platinum catalysts supported on a silicalite
of the MFI structure and encapsulated in a silicate
shell were tested in the DRM reaction [144]. Catalyst
containing 1.5 wt % Ni and 0.5 wt % Pt showed meth-
ane and CO2 conversion of about 80% at 800°C; how-
ever, these values decreased to 60% after 20 h on
stream. The platinum-free catalyst deactivated much
faster. The catalysts that had not been encapsulated in
SiO2 completely lost their activity after 1–6 h.

The results of DRM depend on the Si/Al ratio in
Ni catalysts supported on NaZSM-5 zeolite [145]. At
800°C, the best performance was obtained on the cat-
alyst with a Ni loading of 5 wt % and Si/Al = 30: CO2
PETROLEUM CHEMISTRY  Vol. 59  Suppl. 1  2019
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conversion, 98%, CH4 conversion, 95%; H2/CO
ratio, 0.91. The catalyst operated stably for 30 h. The
amount of coke deposits did not exceed 1 wt %. At a
higher silica ratio, the results worsened, with the sili-
con-free 5% Ni/γ-Al2О3 catalyst being the most active
in DRM, although its stability was not examined.

10% Ni/25% CeO2–ZrO2/ZSM-5 catalyst, pre-
pared by depositing nickel from a nitrate solution on a
ceria–zirconia mixture with the zeolite and subse-
quent sonicating, showed activity in POM already at
400°C, providing a 50% methane conversion and a
CO yield of 10%. At 700°C, methane conversion
reaches 90% [146]. These characteristics remained
unchanged for 25 h. The zeolite-free Ni/CeO2–ZrO2
catalyst quickly deactivated at 700°C after 4 h of POM.

Catalysts with a variable amount of Ni and Co sup-
ported on zeolite Y in the H form (Si/Al = 2) from
aqueous nitrate solutions under ultrasonic treatment
were used for DRM in [147]. The maximum H2 and
CO yields of 92 and 98%, respectively, were obtained
on the 7%-Ni3% Co/Y catalyst at 850°C and a reac-
tants (CH4/CO2 = 1) feed rate of 24 L/(gcat h). The
catalyst remained stable in DRM for 10 h.

In [148], the POM and DRM reactions were stud-
ied using nickel, cobalt, and nickel–cobalt catalysts
deposited by impregnation on H-form MFI zeolites
synthesized by various methods. A commercial sample
with Si/Al = 38 and 20 wt % alumina binder contained
zeolite synthesized by the conventional hydrothermal
method (denoted by MFIht). Another zeolite MFImw
(Si/Al = 20), synthesized with the use of microwave
radiation as described in [149], was binder-free. The
catalysts contained 2 wt % nickel or cobalt or both in
an amount of 1 wt % each. The POM and DRM reac-
tions were carried out without preliminary reduction
of the catalysts. In the POM reaction at 800°C, meth-
ane conversion values of 95 and 93%, CO yields of 92
and 89%, and H2 yields of 92 and 86% were observed
on the NiMFImw and NiCoMFImw catalysts,
respectively. With an increase in temperature to
900°C, methane conversion on NiMFI and
NiCoMFI catalysts increased to 97 and 98%, respec-
tively, and the yields of CO and H2 increased to 97%.
CoMFImw was inactive throughout the entire tem-
perature range. The unreduced NiMFIht and
NiCoMFIht catalysts showed activity in POM only
when they were heated in a methane–oxygen
mixture to 900–920°C. The most active catalyst was
NiCoMFIht, which showed a methane conversion of
70%, a CO yield of 65%, and an H2 yield of 60% at
920°C.

In the DRM reaction at 800°C on the NiMFImw
or the NiCoMFImw catalyst, methane conversion of
73 or 88%, CO2 conversion of 80 or 90%, CO yield of
76 or 88%, and H2 yield of 58 or 72%, respectively,
were observed. With increasing temperature, the
results of DRM improved, with the mixed nickel–
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cobalt catalyst being more active and selective. At
920°C, the yields of CO and H2 reached 97%.

NiMFIht and NiCoMFIht, which are based on the
commercial zeolite with the binder and exhibit low
activity in POM, proved to be much better in DRM.
Upon reaching 800°C, the NiMFIht and NiCoMFIht
catalysts showed degrees of methane conversion of 81
and 90%, CO2 conversions of 81 and 92%, CO yields
of 80 and 89%, and H2 yields of 81 and 76%, respec-
tively. The results improved with increasing tempera-
ture, but the mixed nickel–cobalt catalyst also
remained more active and selective. At 900°C, the
yields of CO and H2 reached 97 and 91%, respectively,
but the hydrogen yield decreased at higher tempera-
tures as a result of hydrogenation of CO2 to CO.

In general, the mixed nickel–cobalt catalyst based
on MFI zeolite synthesized using microwave treat-
ment effectively catalyzed POM and DRM without
suffering from coking. The analogues terpart based on
the commercial zeolite with the binder was effective
only in the catalysis of DRM, but carbon nanotubes
are visible in its micrographs after DRM. It should be
noted that all the catalysts studied in [148] retained the
MFI structure intact after carrying out catalytic exper-
iments.

In [102], we studied the stability in the POM and
DRM processes for the nickel–cobalt catalyst
described in [148], which was supported on the MFI
zeolite prepared by microwave-assisted synthesis.
Testing of the catalyst in the cyclic POM process
revealed its on-stream instability. The freshly prepared
catalyst heated to 900°C in a f low of CH4/O2 = 2 at a
feed rate of 12 L/(gcat h) operated stably for 5.5 h,
showing CO yields of 95–99% and H2 yields of 90%.
However, after cooling and reheating in a methane–
oxygen mixture, the catalyst turned out to be com-
pletely inactive in POM. An increase in the total Ni
and Co (1 : 1) loading from 2 to 8% led to similar
results. At the same time, the 1% Ni1% CoMFImw
catalyst heated to 900°C in a stream of CH4/CO2 = 1,
fed at a rate of 15 L/(gcat h), stably catalyzed the DRM
reaction for 31 h in a cyclic mode. The yields of CO
and H2 were 90%. The 8% Ni8% Co/MFImw catalyst
showed stable CO and H2 yields of 96–97% for 70 h.
The diffraction patterns of the catalysts after DRM
exhibited intensive reflections of MFI zeolite, less
intense reflections of Ni and Co metal particles, and
the absence of noticeable amounts of nickel and cobalt
oxides. Thus, an effective approach to the design of
active and stable nickel and nickel–cobalt catalysts for
DRM reaction is the introduction of these metals into
the matrix of microporous zeolites. The resulting cat-
alysts are superior to the alumina-supported. The data
on the use of zeolite based  catalysts in POM are con-
troversial.
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NICKEL, COBALT, AND NICKEL-COBALT 
POM AND DRM CATALYSTS BASED 

ON ALUMINUM–MAGNESIUM 
HYDROXIDES OF HYDROTALCITE 

STRUCTURE

In the aforementioned study [125], the effect of the
deposition of mesoporous silica onto a nickel–alumi-
num-magnesium complex oxide catalyst, prepared
from a layered aluminum–magnesium double
hydroxide of a hydrotalcite structure, on the DRM
process was investigated. The on-stream stability of
the catalyst at 800°C for 8 h (methane and CO2 con-
version of 90%) was attributed to the formation (after
calcination and reduction) of 8–9 nm nickel particles,
Ni–Mg–O solid solution, and MgAl2O4 and NiAl2O4
spinels.

According to [1–10], the formation of the NiAl2O4
spinel is one of the reasons for the deactivation of
Ni/Al2O3 POM catalysts. At the same time, as shown
in [126], it is via the formation and subsequent reduc-
tion of NiAl2O4 spinel leading to the production of
more stable nickel particles that oxide catalysts having
a bimodal distribution of mesopores and containing
Ni, Ce, Mg, and Al ions generated DRM active sites.
Numerous published data also show that the
presence of magnesium oxide in the catalysts generally
have a positive effect on the course of POM and DRM
[1–10].

Extensive studies of nickel catalysts in the alumi-
num–magnesium oxide matrix were carried out with
the aim of creating coke-resistant DRM catalysts.
Thus, MgAl2O4 spinel, the formation of which often
occurs during catalysis by nickel–MgAl–hydrotalcite
systems, was used as a support for a nickel catalyst
[150]. The 16% Ni/MgAl2O4 catalyst prereduced with
hydrogen at 550°C was more active in DRM than cat-
alysts containing 1–2 wt % platinum metals supported
on aluminum-stabilized magnesium oxide. No data
on conversion and selectivity was given in the cited
paper, limited to reporting the catalyst turnover num-
ber.

A catalyst with an atomic ratio of Ni/Mg/Al =
10/61/29 (which corresponds to Ni content of
15 wt %) at 800°C and short contact times ensures the
complete conversion of oxygen in a helium-diluted
methane–oxygen mixture and a methane conversion,
as well as selectivity for CO and H2, of more than 90%
[151]. Significant catalyst coking is due to the forma-
tion of large nickel particles, on which the following
reactions can occur: CH4 → C + 2H2; 2CO →
C + CO2, while POM mainly proceeds on small nickel
particles (on the order of 12 nm, which are not dis-
played on the diffraction patterns). In experiments on
POM with short contact times, a higher temperature
was recorded at the end of the catalyst bed, which is
inconsistent with the generally accepted POM mech-
anism, the initial step of which is the combustion of
methane to give CO2 and H2O, which then react with
an excess of methane to form synthesis gas.

The data presented show the effectiveness of the
approach to the formation of DRM and POM cata-
lysts by dispersing nickel and cobalt ions in an alumi-
num–magnesium oxide matrix. A comparatively new
approach to the design of such catalysts is the disper-
sion of nickel and cobalt ions in the structure of lay-
ered aluminum–magnesium hydroxides of a hydrotal-
cite structure, accompanied by partial replacement of
magnesium ions in the structure of the materials.

Hydrotalcite-derived nickel catalysts for
CO2/steam reforming have been patented [152]. The
catalysts were reduced with hydrogen at 850°C and
20 atm and tested in carbon dioxide reforming of
methane at 800–900°C, 7–20 atm, and a four-fold
molar excess of CO2 with various amounts of feed
steam. The catalysts with a variable ratio of Ni, Al, and
Mg at 850°C and 7 atm showed close methane and
CO2 conversions of 92–96 and 54–69%, respectively.
The absence of noticeable coking was reported. No
data on DRM results is given in [152].

Shishido et al. [153] studied the use of aluminum
magnesium hydrotalcites, to which nickel was intro-
duced by coprecipitation or impregnation, as precur-
sors of DRM catalysts. Catalysts containing 25 wt %
nickel were formed after calcination. A nitrogen-
diluted mixture of methane and CO2 was fed to the
reactor. The catalysts obtained by either coprecipita-
tion or impregnation did not mediate methane con-
version at temperatures below 750°C, whereas the
conversion sharply increased to 80% when this tem-
perature was reached. At 800°C, the methane conver-
sion was as high as 94%, being stable for 6. The catalyst
obtained by coprecipitation formed more coke per
unit mass of the catalyst, but a smaller amount per unit
surface. According to the XRD data, the spent cata-
lysts contained phases of metalic nickel, magnesium
and nickel oxides, and aluminum–magnesium spinel.

The results of POM at 600–800°C depend on the
Mg/Al ratio in a hydrotalcite-based catalyst contain-
ing 20 wt % Ni [154]. The catalysts were previously
reduced in a stream of hydrogen. After POM, the
hydrotalcite phase was absent and the phases of MgO,
NiO, NiAl2O4, and metallic Ni were present in the
samples. The presence of NiAl2O4 makes it difficult to
reduce NiO to the metal. The catalyst obtained on the
basis of the sample with Mg/Al = 4.85, which had the
highest degree of crystallinity, showed better results
and higher coke resistance due to both the small size of
the formed nickel particles and the presence of
NiAl2O4 spinel, which prevents methane dissociation.
Above 700°C, the complete oxygen conversion was
achieved, and methane conversion and selectivity for
H2 and CO reached 97, 95, and 94%, respectively, at
800°C.
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Tsyganok et al. [155] collated the catalytic proper-
ties in the DRM for Ni–Al–Mg hydrotalcite catalysts
obtained by the conventional coprecipitation tech-
nique and catalysts into which nickel ions were intro-
duced in the form of ethylenediaminetetraacetate
(EDTA) complexes. In the latter case, instead of iso-
morphic substitution for magnesium ions in the
hydrotalcite structure, nickel ions were located
between layers in the layered structure of the hydrotal-
cite matrix. The catalysts were reduced in a nitrogen–
hydrogen mixture at 600°C and, after cooling in a
stream of nitrogen, heated to 800°C in a methane–
nitrogen–carbon dioxide stream. Conversion and
selectivity values close to 100% were observed for a
NiMg11Al3.3O17 sample, into which nickel was intro-
duced by ion exchange of MgAlNO3 hydrotalcite with
[NiEDTA]2–, and a NiMg11Al3O16.5 sample obtained
by treating calcined MgAl hydrotalcite with an aque-
ous [NiEDTA]2– solution. The catalysts contained
approximately 9 wt % nickel. They were somewhat
superior to the catalyst obtained by coprecipitation of
magnesium and aluminum ions from their salts and
nickel from [NiEDTA]2–. The composition of this
material after calcination—NiMg7Al2O11—corre-
sponded to a nickel content of 13 wt %. The advantage
of this catalyst was higher resistance to coking (5 wt %
after 6 h) relative to more active catalysts containing
13–15 wt % carbon after 6 h on stream. The more
coke-resistant catalyst contained 16-nm nickel parti-
cles, and the others had a particle size of 23–24 nm.

The Ni0.5/Mg2.5Al catalyst prepared from a hydro-
talcite-like material and containing 16.3% Ni [156]
was no worse than 1% Rh/MgO in terms of methane
conversion in the POM process. Nickel particles of a
6–7 nm size formed in the reduced catalyst provided
reaching a methane conversion of 93% at 800°С. No
data on selectivity were reported in the cited paper.
Before the POM experiments, the reduced catalyst
contained the phases of MgAl2O4, MgO(NiO), solid
solution, and metallic Ni.

The results of DRM using MgAl2O4 spinel catalysts
varied depending on the nickel content in the range
from 1 to 15 wt % [157]. After reducing the catalyst
with hydrogen at 750°C, an undiluted mixture of
methane and CO2 was fed into the reactor at the same
temperature. The methane and СО2 conversions
increased from 72 to 84% and from 85 to 94%, respec-
tively, with an increase in the nickel content from 1 to
15%. At the same time, the catalyst stability increased
as monitored over 10 h. An increase in the amount of
coke from 1.5 to 39 wt % was also noted. On the 5 wt %
Ni/MgAl2O4 catalyst, the methane and СО2 conver-
sions remained stable at 83 and 87%, respectively, for
55 h; the СО and Н2 selectivities varied in the range of
97–99%, and coking made 4.6 wt %. In addition to
MgAl2O4 reflections, X-ray diffraction patterns of the
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catalyst after DRM displayed reflections of metallic
nickel with a particle size of 10–12 nm.

DRM catalysts containing Ni, Mg, and Al oxides as
obtained from a hydrotalcite-like precursor synthe-
sized by coprecipitation with a sodium carbonate solu-
tion had a mesoporous structure with a pore diameter
of 4–19 nm [158]. Depending on the Mg/Al ratio,
their specific surface area varied from 145 to 220 m2/g.
The amount of nickel was 10% of the total magnesium
and aluminum oxides (9% of catalyst weight). The cat-
alyst was reduced in a stream of hydrogen at 800°C,
and an undiluted equimolar mixture of methane and
CO2 was fed. An increase in the Mg/Al ratio from 0.25
to 4 led to a decrease in the size of nickel particles in
the catalysts after DRM from 19 to 11 nm. When the
size of nickel particles was less than 15 nm, the coking
of the catalyst ceased. The methane and СО2 conver-
sions remained almost unchanged with a change in the
Mg/Al ratio and amounted to 81–86 and 84–87%,
respectively.

Perez-Lopez et al. [159] studied DRM in the pres-
ence of catalysts similar to those described in [158],
but containing >25 wt % Ni. The catalyst was reduced
with a nitrogen–hydrogen mixture at 700°C. Then, a
nitrogen-diluted 1 : 2 methane–carbon dioxide mix-
ture was fed with increasing the temperature from 500
to 700°C. As the temperature was increased to 700°C,
the methane conversion reached 90–93% and the
CO2 conversion did not exceed 50%. The more active
catalyst contained 5-nm nickel particles. It was found that
the use of catalysts with molar ratios of 5 > Ni/Mg > 1,
Mg/Al > 1/3, and MII/MIII = 2 is preferable.

The POM catalysts, obtained by coprecipitation of
magnesium and aluminum oxides, with Mg/Al ratios
of 0.25 and 0.5 and a Ni loading of 5 wt % [160]
showed methane conversion and CO selectivity close
to 100% at 900°C. The hydrogen selectivity was about
90%. A gas mixture strongly diluted with helium was
fed to the reactor, and the catalyst was tested with a
gradual increase in temperature without preliminary
reduction. The formation of synthesis gas began after
heating to 800°C. During 72 h of testing, a decrease in
methane conversion to 90% and hydrogen selectivity
to 80% was observed. Adding gold in an amount of
5 wt % to the catalyst stabilized high methane conver-
sion and CO selectivity, reduced coking, but did not
affect hydrogen selectivity. After reduction of freshly
prepared catalysts in a stream of hydrogen at 900°C,
the phases of metallic Ni and MgAl2O4 or NiAl2O4
were detected on the X-ray diffraction pattern of the
sample with Mg/Al = 0.25 and no reflections due to
crystallized MgO were found. At an Mg/Al ratio of
0.5, only wide low-intensity reflections of MgAl2O4 or
NiAl2O4 were observed. The addition of gold to the
catalysts sharply increased the intensity of the reflec-
tions and led to the appearance of the MgO reflection.
Gold, according to the authors, was present in the
form of an alloy with nickel.
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Lanthanum-promoted NiMgAl oxide DRM cata-
lysts derived from hydrotalcite-like precursors were
studied in [161–164]. Comparison of the properties of
catalysts containing 2 wt % Ni and from 0 to 2 wt % La
showed a decrease in activity and an increase in stabil-
ity in DRM with an increase in the lanthanum content
[161]. The experiments were carried out at 750°C and
a low conversion of the reactants (less than 50%).

An increase in the Mg/Al molar ratio decreased the
activity, but the stability of the catalysts
increased [162]. On a catalyst with an atomic ratio of
Mg/Al = 2.3, containing 2.8 wt % nickel and 1.9 wt %
lanthanum, the CO2 conversion at 750°C for 300 h
retained a stable value of about 92% and the methane
conversion was lower by 2 to 3%. The formation of
carbon nanotubes and nanofibers was noted. The rate
of coking was 2 mg/(gcat h) [163, 164].

In [165], DRM catalysts obtained by coprecipita-
tion of Co, Al, and Mg nitrates with sodium carbonate
were studied; after calcination, they contained from 34
to 53 wt % cobalt. According to X-ray powder diffrac-
tion data, the phases of Co3O4 and CoAl2O4 were
hardly distinguishable. In contrast to the data on the
low performance of cobalt catalysts in DRM [1–3],
the obtained catalysts after reduction with a hydro-
gen–nitrogen mixture made it possible to achieve a
methane conversion of 65% at a relatively low tem-
perature of 550°C. De Souza et al. [165] attribute the
results to the promoting effect of magnesium and the
presence of a significant amount of Co3O4, which is
easier to reduce to metallic cobalt than CoAl2O4. The
disadvantage of the catalysts is the significant forma-
tion of carbon fibers.

The use of mixed Ni–Co–Mg–Al oxides obtained
from precursors of a layered hydrotalcite structure
(synthesized by coprecipitation from nitrate solutions)
in DRM was studied in [166]. The composition of the
catalysts after calcination is described by the general
formula CoxNiyMgzAl2, where x and y = 0, 1, 2, 3, or 4;
z = 2 or 4; and x + y + z = 6. This formula corresponds
to an approximate cobalt and/or nickel content of 29
or 49 wt %, respectively. The catalysts were precondi-
tioned for 2 h in a hydrogen–argon flow at 800°C and
cooled in argon to 400°C, after which an argon-
diluted equimolar mixture of methane and CO2 was
fed into the reactor. The temperature in the reactor
was gradually raised to 800°C. Over the entire tem-
perature range, no significant differences were
observed in the values of CO2 conversion achieved on
catalysts of various compositions and with different
nickel and cobalt contents. Below 700°C, the methane
conversion on the cobalt-rich catalysts Co2Mg4Al2
and Co3NiMg2Al2 was noticeably lower. The same cat-
alysts were more resistant to coking. At 800°C, the
methane and CO2 conversions increased to 93–98%.
In this case, the yield of hydrogen reached 65% and
the yield of CO, 75%. Despite the close yields of the
desired products, the Co2Ni2Mg2Al2 sample contain-
ing the equivalent amount of nickel and cobalt, a total
of 49 wt %, was the most effective according to the
authors of the cited paper. By the XRD method,
phases of carbon, metallic nickel and cobalt, magne-
sium oxide, and nickel–cobalt and nickel–aluminum
carbides were detected in the spent catalysts.

All the catalysts described above contain a signifi-
cant amount of nickel and/or cobalt and are generally
not free of coking. Aluminum–magnesium hydrotal-
cite-based DRM catalysts containing less than 5 wt %
nickel showed methane and СО2 conversions of less
than 90% with noticeable coking [157], or being addi-
tionally promoted with lanthanum, could provide
methane and CO2 conversion values of about 90%, but
did not eliminate the formation of carbon nanofibers
and nanotubes [163, 164].

The catalysts developed in [167] based on hydroxo
salts of the general formula [AlMg2Nix-
Coy(OH)6.08][(NO3)nH2O], where x = 0, 0.02, or 0.04
and y = 0, 0.02, or 0.04, with hydrotalcite-like struc-
ture, contain Ni and/or Co in an amount of no more
than 2 wt % in total. It has been shown that the Ni-
containing catalysts make it possible to achieve a 90%
syngas yield in POM and 97% in DRM. Only an insig-
nificant amount of carbon nanotubes is formed.
Simultaneous Ni and Co presence makes a catalyst
not to form carbon nanotubes at all during dry meth-
ane reforming.

Testing these catalysts for stability showed [102]
that after short-term heating to 950°C in a stream of
methane–oxygen mixture (CH4/O2 = 2; feed rate of
12 L/(gcat h)), the aluminum–magnesium hydrotal-
cite-derived catalyst containing 2 wt % Ni continues to
work stably in the POM reaction at 900°C for 50 h,
demonstrating a high (over 90%) yield of synthesis gas.
Micrographs of the catalyst after POM showed no
signs of catalyst coking.

The same catalyst in the DRM reaction stably
operated for 60 h, showing a high (more than 95%)
syngas yield. Microphotographs of the catalyst surface
after DRM showed fragmentary accumulations of
particles of nickel or its oxide, as well as minor carbon
deposits associated with them, which apparently
do not affect the stability of the catalyst in DRM. The
X-ray diffraction patterns of the catalyst after POM
and DRM were identical and allowed the detection of
only MgO and spinel phases containing magnesium or
nickel and cobalt along with aluminum. A likely rea-
son for the stability of the catalyst in POM and DRM
is the small size of the nickel particles formed, which
do not give reflections on X-ray diffraction patterns.
This finding is consistent with the data obtained by
Shishido et al. [153], who studied DRM on alumi-
num–magnesium hydrotalcite catalysts containing
10% nickel. They found that when the size of nickel
particles is less than 15 nm, catalyst coking stops.
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The analysis of the literature data presented in this
section shows that catalysts containing nickel and
cobalt dispersed in an aluminum–magnesium hydro-
talcite matrix hold promise for use in the POM and
DRM processes. The activity, selectivity, and stability
of the catalysts are usually associated with the forma-
tion of nickel nanoparticles and the presence of mag-
nesium oxide and magnesium–aluminum spinel. The
addition of cobalt reduces the coking of catalysts in
some cases. Aluminum–magnesium hydrotalcite
proved to be the preferred support for preparing of a
2% nickel catalyst, which provides a stably high yield
of synthesis gas in the processes of both partial oxida-
tion and dry reforming of methane [102]. This catalyst
can be considered promising for the practical imple-
mentation of the POM and DRM processes.

CONCLUSIONS
The analysis of the cited material shows that the

formation of stable nanosized (less than 15 nm) parti-
cles of metallic nickel is a key approach to the creation
of active, selective, and stable nickel, cobalt, and
nickel–cobalt catalysts for partial oxidation and dry
reforming of methane. The particles of this size pre-
clude the intensive coking of the catalysts and, in some
cases, promote the oxidation of the carbon particles
formed. Stable nanosized nickel particles can be
formed by means of all the methods discussed in the
review:

—the use of REE-containing perovskite and per-
ovskite-like complex oxide systems as catalyst precur-
sors;

—dispersion of nickel particles in a mesoporous or
microporous (zeolite) matrix;

—the formation of nickel-containing catalysts
based on preliminarily synthesized nickel-containing
aluminum–magnesium hydroxides of hydrotalcite
structure;

—doping of nickel catalysts with optimal amounts
of rare earth elements and/or cobalt.

Each of these approaches makes it possible to
obtain catalysts for the partial oxidation and dry
reforming of methane into synthesis gas, which ensure
comparable high yields of synthesis gas and high sta-
bility during long-term tests. The final selection of
promising catalytic systems for the implementation of
these processes requires pilot testing on a large scale.
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