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ABSTRACT Modified ceria-zirconia oxides were prepared in supercritical fluids in flow-type installation. Ni
was added by wetness impregnation. All materials were studied by a complex of physicochemical techniques
(XRD, TEM, H2-TPR). Catalysts have been investigated in a modern process – chemical looping methane dry
reforming (CLMDR). Conversions of CH4 and CO2, H2/CO ratio, H2 and CO productivities were calculated.
The features of CLMDR process were compared with results obtained in MDR steady-state conditions.
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1. Introduction

Methane dry reforming process (MDR) (1) is a route to utilize and convert two major greenhouse gases – CH4 and
CO2 – to syngas and hydrogen [1–3]. Syngas can be obtained with a low H2/CO molar ratio equal to 1, which is suitable
for obtaining valuable liquid hydrocarbons through Fischer–Tropsch synthesis [4].

CH4 + CO2 → 2H2 + 2CO, ∆H0
298 K = 247 kJ/mol. (1)

However, the side reaction of reverse water gas shift (RWGS) (2) caused by the simultaneous presence of CO2 and
hydrogen results to decrease of H2/CO ratio during MDR [5]. So, it is important to find a way to carry out the MDR
reaction in order to exclude the occurrence of RWGS reaction.

CO2 + H2 � CO + H2O, ∆H0
298 K = −41 kJ/mol. (2)

Another problem of conventional MDR is rapid coke formation which occurs due to methane decomposition (3) at
low temperatures and CO disproportionation (Boudouard reaction) at high temperatures (4) [6].

Both side reactions lead to active centers blocking and catalyst deactivation.

CH4 → C + 2H2, ∆H0
298 K = 75 kJ/mol, (3)

2CO→ C + CO2, ∆H0
298 K = −171 kJ/mol. (4)

Chemical looping methane dry reforming process (CLMDR) is the attractive way to resolve both these issues. In this
mode, consistent feed of CH4 and CO2 is implemented, which eliminates the contribution of RWGS side reaction [7–9].

The first step of CLMDR includes reaction of methane with support reactive oxygen with its partial oxidation and
selective production of syngas (5). Further, the reduced support would be re-oxidized by CO2 to regenerate the reactive
oxygen (6). Successive red-ox cycles drive the continuous conversion of CO2 and methane to syngas with a higher H2/CO
molar ratio. The total process stoichiometrically corresponds to the conventional catalytic MDR although it is divided in
time into two independent heterogeneous reactions [7–9].

CH4 + catOx → 2H2 + CO + catRed, (5)
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CO2 + catRed → catOx + CO, (6)

catOx = oxidized catalyst and catRed = reduced catalyst [8].

Moreover, compared with MDR process, during CLMDR, the carbon generated by CH4 pyrolysis can be oxidized
by CO2 at the oxidation step, which can reduce the carbon deposition to a certain extent and also produce syngas with
adaptable hydrogen/carbon molar ratio [7].

In the literature, catalysts for the chemical looping processes are called oxygen carriers. They consist of reducible
metal oxides, which must have the following characteristics: ability to generate oxygen ions or vacancies and electrons or
holes, facilitate their diffusion in the bulk phase and provide active sites for surface reactions [10–12].

Another important factor is strength of the surface M–O bonds. If they are too weak, the full oxidation will occur at
the reduction stage instead of partial one. However, they should also not be too strong, otherwise the material will be a
weak oxidant. An ideal oxygen carrier has intermediate bond strength and mobility of lattice O atoms to drive the process
both selectively and kinetically fast. Such materials include oxides with fluorite, perovskite and rocksalt structures, and
most of investigated catalysts are based on them [12].

Furthermore, for practical applications these materials should exhibit long-term redox stability, fast reaction kinet-
ics, reasonable oxygen and heat capacity and conductivity, be mechanically and thermally robust under the operation
conditions [12].

It is well known that CeO2 has a good thermal stability and a high oxygen mobility/storage capacity due to its
redox couple (Ce4+/Ce3+) being perspective support for high temperature processes such as MDR and CLMDR [7–
9, 13, 14]. However, different ways to increase oxygen mobility of CeO2 oxide are under investigation. For example,
ceria modification by zirconium with solid solution formation leads to increased oxygen mobility [15]. Besides, partial
replacement of cerium with zirconium in CeO2 can improve the oxygen storage capacity and catalytic performance in
MDR process because of the easy formation of oxygen vacancies [16].

It was shown that Ni-containing catalysts based on ceria-zirconia are attractive for MDR process due to their low
price and high activity [13,17–19]. In recent years, the influence of dopant metals (Ti, Nb, Pr) in ceria or ceria-zirconia on
catalytic activity in MDR was investigated by our research group [20–25] and other groups as well [26–29]. Ni-containing
catalysts based on Ce–Pr mixed oxide show higher activity in MDR process at 700 ◦C compared with Ce–Zr-based
catalyst [23, 25, 30].

It is well known that the preparation method has a great influence on the properties of the resulting oxides, which
consequently affects their interaction with the supported metal component and catalytic activity in the target reaction.
There are a lot of various methods for the preparation of mixed Ce–Zr oxides described in the literature: solid-phase
synthesis [31], the Pechini method [32], coprecipitation [33], sol-gel technology [34, 35], hydrothermal synthesis [36],
solvothermal method [37], microemulsions [38], the microwave method [39], the sonochemical method [40], solution
combustion [41] and spray pyrolysis reactions [42].

In recent years, synthesis in supercritical alcohols is of growing interest, since it is characterized by low energy
consumption, simple implementation, allows obtaining mixed oxides with high structural homogeneity and affecting their
morphology by varying synthesis conditions such as pressure, temperature and nature of supercritical solvent [25, 43].
In our previous study [20], it was shown that synthesis in supercritical isopropanol allows obtaining single-phase mixed
Ce–Zr-(Ti/Nb) oxides, in contrast to the Pechini method.

The CLMDR was studied earlier using Ni-containing catalysts based on pure ceria [7–9] only. It was shown in [8]
that conversions of CH4 and CO2 were equal to 85 % after 12 cycles at 700 ◦C for initial reaction mixture containing
5 % of CH4 or CO2. However, this concentration is too low for practical use. It should be emphasized that CLMDR is a
process potentially capable of producing synthesis gas suitable for the synthesis of hydrocarbons, so the design of highly
active catalysts is an urgent task.

The objective of the present work is to study the Ni-containing catalysts based on modified ceria-zirconia prepared
in supercritical fluids in chemical looping methane dry reforming reaction. The novelty of this work is using namely
modified ceria-zirconia as supports in the process of CLMDR. Moreover, in our work, we use more concentrated reaction
mixtures containing 15 % of reagents.

Ni/Ce0.75Zr0.25O2, Ni/Ce0.75Ti0.1Zr0.15O2, Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2 and Ni/Ce0.75Pr0.1Zr0.15O2 composi-
tions were earlier investigated as catalysts for conventional MDR process [20, 25] and demonstrated high activity in this
reaction. So they were chosen in the present work for further studies as catalysts for CLMDR process. The influence of
dopant metals in supports and comparison with results obtained in MDR steady-state conditions are presented.

2. Experimental section

2.1. Preparation of Ni-containing modified ceria-zirconia materials

The modified ceria-zirconia supports were synthesized by the solvothermal method using supercritical conditions
in the flow-type reactor [20]. Ce(NO3)3 · 6H2O (pure for analysis, Vecton, Russia), Zr(OBu)4 (80 wt% in n-butanol,
Alfa Aesar, Germany), Ti(OC4H9)4 (Acros Organics, Belgium), NbCl5 (Acros Organics, Belgium) and Pr(NO3)3 · 6H2O
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(chemically pure, Krane, Russia) were used as supports precursors. Starting salts were dissolved in isopropanol (partic-
ularly pure, Soyuzkhimprom, Russia); only Zr(OBu)4 was dissolved in n-butanol (chemically pure, Komponent-Reaktiv,
Russia) with acetylacetonate (pure, Interhim, Russia) as complexing agent. Isopropanol was used as a supercritical al-
cohol in the synthesis process. The molar concentrations of Ce and Zr were 0.25 and 0.8 – 1 mol/L, respectively. The
temperature of oxide synthesis was 400 ◦C, the pressure in the reaction system was 120 atm, the feed rate of the salts so-
lution was 5 mL/min, and the solvent feed rate was 9 mL/min. After leaving the reactor, the exit stream was depressurized
and cooled, and suspension of solid particles in the mother liquid was collected in a storage container. Obtained powders
were decanted, dried at 200 ◦C and calcined at 700 ◦C during 2 h.

All catalysts were obtained by the incipient wetness impregnation of the supports with water solution of Ni(NO3)2 ·
6H2O (pure for analysis, Vecton, Russia) and subsequent drying and calcination at 700 ◦C during 2 h. Ni amount was
5 wt.% in all samples.

2.2. Catalysts characterization

X-Ray diffraction analysis (XRD) was carried out using a D8 Advance (Bruker, Germany) diffractometer with Cu Kα
radiation and LynxEye detector. The XRD pattern was collected in the 2θ range 20 – 85 ◦C with a 0.05 step size and 3 s
accumulation times.

The in situ XRD experiment was carried out using XRK-900 high-temperature flow chamber (Anton Paar, Graz,
Austria). The sample was placed in a chamber and purged with He flow. Next, the heating of the chamber was turned on
(heating rate 12 ◦C/min). The mixture of H2 in He (H2:He = 1:2) was fed at a temperature about 300 ◦C. The sample
was reduced by hydrogen to 700 ◦C. Then the chamber was purged with He for 0.5 h and flow of pure CO2 was supplied.
The first diffractogram under CO2 was recorded after 0.5 h, the second one – after 2 h. Then the sample was cooled to a
room temperature under He flow. The final diffractogram was recorded after night under air. The lattice parameters were
calculated using the least squares method by Polycrystal software [44].

Specific surface area (SSA) was defined by the BET method using a Quadrasorb evo (Quantachrome Instruments,
USA) installation.

Reducibility of samples pretreated in O2 at 500 ◦C were studied by the temperature programmed reduction by H2

(H2-TPR) with the temperature ramp 10 ◦/min from 60 to 900 ◦C using 10 % H2 in Ar mixture and GC Tsvet 500 (Russia).
TEM (transmission electron microscopy) micrographs were obtained with a Themis-Z3.1 instrument (TFS, USA)

equipped with X-FEG monochromator and CS/S double corrector, accelerating voltage 200 kV and with a JEM-2200FS
transmission electron microscope (JEOL Ltd., Japan, acceleration voltage 200 kV, lattice resolution ∼ 1 Å) equipped
with a Cs corrector. Elemental analysis was performed with a Super-X EDS detector (energy resolution about 120 eV)
in HAADF-STEM mode. Samples for the TEM study were prepared by ultrasonic dispersing in ethanol and subsequent
deposition of the suspension upon a “holey” carbon film supported on a copper grid.

2.3. Catalytic Tests

2.3.1. Chemical looping methane dry reforming technique (CLMDR). Before reaction the catalysts were pretreated in
10 vol. % O2/N2 at 600 ◦C for 30 min and then in 5 vol. % H2/He at 600 ◦C for 1 h. Chemical looping methane dry
reforming process (CLMDR) was carried out at 700 ◦C under atmospheric pressure in flow-type installation. Contact
time was 10 ms. The gas stream was switched periodically between inert gas (He) to one containing 15 vol.% CH4/He
at reduction step and 15 vol.% CO2/He at oxidation step. Each cycle consists of a reduction step of 1 min, He purge of
2 min, an oxidation step of 1 min, and again He purge of 2 min. Cycles were repeated 12 times.

During the cyclic supply of reagents, the concentrations of products in the reaction mixture were continuously mea-
sured using a gas analyzer Test-1 (Boner, Russia). The measured concentrations were recalculated to reagents and products
flow (mol·min−1) and integrated over time into the amount of substance in each cycle.

The reagents conversions were calculated as follows:

XCH4
(%) =

υ0 − υ
υ0

· 100 %

at reduction step,

XCO2 (%) =
υ0 − υ
υ0

· 100 %

at oxidation step, where υ0, υ – initial and final reagent amount of substance, respectively (mol).
H2/CO ratio was calculated both at reduction step and taking into account the total amount of CO produced during

each cycle:
H2

CO
ratio =

υ(H2)

υ(CO)
.

H2 productivity was calculated at reduction step (mol·g−1):

YH2 =
υ(H2)

mcat
.
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CO productivity was calculated at reduction and oxidation step (mol·g−1):

YCO =
υ(COR) + υ(COO)

mcat
.

Carbon balances were calculated both separately at each stage and in total at each cycle using the following formulas:

CarbonBalance(R) =
υ(CH4

R)+υ(CO2
R)+υ(COR)

υ0(CH4)
· 100 %,

CarbonBalance(O) =
υ(CO2

O)+υ(COO)

υ0(CO2)
· 100 %,

CarbonBalance(All) =
υ(CH4

R)+υ(CO2
R)+υ(COR)+υ(CO2

O)+υ(COO)

υ0(CH4)+υ0(CO2)
· 100 %.

Hydrogen balances was also calculated:

HydrogenBalance =
2 · υ(H2

R) + 4 · υ(CH4
R)

4υ0(CH4)
· 100 %.

2.3.2. Methane dry reforming performance in steady-state conditions. Pretreatment before reaction was the same as in
the case of CLMDR. The experiments were carried out in the temperature range of 600 – 750 ◦C, contact time was 10 ms.
The initial mixture was 15 vol. % CH4 + 15 vol. % CO2 + balance N2 following the earlier described procedure [20, 22].

3. Results and discussion

3.1. Textural and structural properties

Figure 1 shows XRD patterns for catalysts. Reflections corresponding to the cubic fluorite lattice CeO2–ZrO2 (PDF
81–0792) and NiO phase (PDF 47–1049) are observed.

FIG. 1. XRD patterns of fresh catalysts

Table 1 shows specific surface area of studied catalysts and cell parameter and crystallite size of fluorite phase. The
SBET is close for three of studied catalysts, but is significantly lower for Pr-containing sample. The values of crystallite
size of fluorite phase estimated from diffraction patterns are 9 – 14 nm. The crystallite size of NiO is between 20 – 30 nm
for all samples. The change of cell parameter of ceria-zirconia fluorite phase after addition of Ti, Nb and Pr confirms
incorporation of dopant cations into fluorite lattice.

A more detailed characterization of the samples is presented in our previous works, where the presence of oxygen
vacancies in ceria-based catalysts prepared in supercritical isopropanol was shown based on XRD and Raman data [20,
21, 25].

The morphology of catalysts was studied by transmission electronic microscopy (TEM). The TEM images of fresh
catalysts are presented in the Figure 2. Particles of fluorite phase have near-spherical shape with sizes about 15 – 20 nm
and are packed into large (∼ 100 nm) agglomerates [20, 25].

Nickel is presented on the support surface in the form of NiO particles, the corresponding interplanar distances are
shown in the Fig. 2(b,d). NiO particles are also marked by blue circles in the Fig. 2(a,c). The particle size of NiO is about
10 – 20 nm for TiNb-doped sample and 20 – 30 nm for Pr-doped sample. It also should be noted, that NiO particles for
Pr-containing sample have close to cubic shape, which, together with their larger size, also suggests their weak bound
with the support.
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TABLE 1. Surface area (BET) and fluorite crystallites size (from XRD) of the studied catalysts

Catalyst
SBET

(m2/g)
dfluorite
(nm)

dNiO
(nm)

Cell parameter of
fluorite phase (Å)

Ni/Ce0.75Zr0.25O2 21 9.4 30 5.368

Ni/Ce0.75Ti0.1Zr0.15O2 23 10.4 20 5.379

Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2 26 14.5 24 5.392

Ni/Ce0.75Pr0.1Zr0.15O2 9 11 23 5.394

The homogeneous distribution of support cations in all catalysts was shown by dark-field images with EDX analysis
(Fig. 3).

(a) (b)

(c) (d)

FIG. 2. TEM images of fresh catalysts Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2 (a,b [22]),
Ni/Ce0.75Pr0.1Zr0.15O2 (c [25], d). F denotes the fluorite phase. NiO particles are marked by
circles
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(a)

(b)

FIG. 3. HAADF-STEM images with EDX analysis of fresh catalysts a)
Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2, b) Ni/Ce0.75Pr0.1Zr0.15O2

3.2. Catalysts reduction by H2

Figure 4 shows H2-TPR curves for supports and corresponding catalysts calcined at 700 ◦C [20, 25, 45]. For ceria,
reduction peaks corresponding to removal of the surface/near-surface and bulk lattice oxygen are usually observed at
500 – 600 and 800 – 850 ◦C, respectively [46, 47].

FIG. 4. H2-TPR curves for supports (a) and corresponding catalysts (b) [20, 25]
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It is worth noting, that the introduction of doping cations can promote the oxygen mobility and reactivity in modified
CeO2. For example, zirconium cations incorporated into ceria lead to reduction of the lattice oxygen at temperature
below 800 ◦C [48]. In this work, the Ce0.75Zr0.25O2 has peaks at 565 and 802 ◦C corresponding to reduction of the
surface and bulk oxygen, respectively. The incorporation of Ti and Nb cations leads to a slight decrease of reduction
temperatures compared with ceria-zirconia [20, 45]. At the same time, for Pr-doped sample, reduction peaks are shifted
to lower temperatures by more than 100 ◦C which suggests its higher oxygen reactivity [25].

Amounts of hydrogen spent for the reduction of all samples are presented in the Table 2 and are quite close for all
supports.

TABLE 2. H2 consumption for studied supports and catalysts

H2 consumption, mmol/gcat

Support Ni/Support

Ce0.75Zr0.25O2 1.36 2.21 [20]

Ce0.75Ti0.1Zr0.15O2 1.20 2.32 [20]

Ce0.75Ti0.05Nb0.05Zr0.15O2 1.30 2.06 [20]

Ce0.75Pr0.1Zr0.15O2 1.21 2.14 [25]

The H2-TPR reduction curves of the Ni-containing catalysts are presented in the Fig. 4(b). It is well known that
metal-support interaction has very important role to red-ox properties of corresponding catalysts. This interaction can be
very complex and results in presence of various forms of Ni species in the catalysts.

A weak shoulder at 200 ◦C corresponds to reduction of highly reactive oxygen surface species [49, 50]. For
Ni/Ce0.75Zr0.25O2 sample, there are two peaks in the region of middle temperatures, in contrast to one peak for the
Ce0.75Zr0.25O2 support. The first peak at 322 ◦C is due to the reduction of nickel oxide weakly interacting with sup-
port [51], while the second peak at 459 ◦C can be associated with the reduction of NiO particles strongly interacting with
the oxide support [52].

Simultaneously with the reduction of nickel, the reduction of support cations also occurs [24, 45]. For Ti-containing
catalysts, shift of these peaks to higher temperature is observed suggesting stronger interaction of supported Ni with oxide
support [24].

For Pr-doped sample, on the contrary, reduction begins at lower temperature. In our earlier work [25], it was shown
by XRD with in situ H2 reduction, that peak at 250 ◦C can be attributed to reduction of active surface oxygen. Such
shift for Ni-containing samples is associated with the facilitation of support reduction due to hydrogen spillover in the
presence of nickel atoms [25]. The reduction of nickel also begins together with the support cations and finish at a lower
temperature due to its weaker interaction with the support.

A more detailed characterization of TPR data can be found in our previous works [20, 25, 45].

3.3. Kinetic features of CLMDR

Figure 5(a) demonstrates the typical dependence of reagents and products concentration on reaction time at 700 ◦C
using the Ni/Ce0.75Zr0.25O2 catalyst as an example.

The catalyst reacts separately with methane and carbon dioxide at the reduction and oxidation stages, respectively.
It is assumed that several parallel processes occur at the reduction stage. First, the lattice oxygen interacts with CH4

forming CO and H2 by reaction of partial oxidation (7). The concentration of methane gradually increases, while the
concentrations of H2 and CO first increase to a maximum and then decrease due to limited amount of reactive oxygen of
the catalyst.

CH4 + [O]→ 2H2 + COR. (7)

Figure 6(a) presents data of H2/COR ratio at reduction step. It is higher than 7 at the beginning of reaction and drops
to 3 – 4 for last cycles which is still higher than 2 for partial oxidation (7). The formation of superstoichiometric H2 can be
explained by the occurrence of the second process, namely, the decomposition of methane according to reaction at (2). It
can be seen that H2/COR ratio decreases with the cycle number, so decrease in the contribution of methane decomposition
reaction can be assumed.

Moreover, presence of a few amount of CO2 at reduction stage indicates occurring reaction of complete oxidation of
methane by highly reactive oxygen on the catalyst surface (8). Unfortunately, we have no information about formation
of water because products concentration was measured by gas analyzer. However, both these products were observed at
reduction step by Löfberg et al. [9].

CH4 + 2[O]→ H2O + COR
2 . (8)
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FIG. 5. Results of CLMDR experiment for Ni/Ce0.75Zr0.25O2: a) the dependence of reagents and
products concentrations on reaction time during 1st and 2nd cycles; b) the dependencies of CH4, CO2,
CO, H2 amounts on cycle number. COR/COR

2 is CO/CO2 produced at reduction step, COO/COO
2 is

CO/CO2 produced at oxidation step; c) CH4 and CO2 conversions; d) carbon balances. Conditions: 15
vol.% CH4 +15 vol.% CO2 + 70 vol.% He, T = 700 ◦C, τ = 10 ms

FIG. 6. a) The H2/CO ratio at reduction step; b) hydrogen balance at reduction step
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The hydrogen balances estimated at reduction step are presented in the Fig. 6(b). It can be seen that hydrogen balance
is rather close to 100 % for the most of catalysts and is slightly lower for the Pr-doped sample. Based on the TPR data, it
can be assumed that this sample contains more highly reactive oxygen, which leads to an increased oxidizing ability and
lower hydrogen balance due to water formation.

Based on the data of CO2 and CO formation at the reduction stage, the number of oxygen monolayers removed from
the catalyst was calculated. It reaches ∼ 7 – 9 monolayers for the Pr-containing sample and ∼ 3 – 4 monolayers for other
catalysts. So, this amount exceeds a monolayer even without taking into account the produced water, which indicates
participation both of surface and lattice oxygen in the reaction process.

At the oxidation step there are also two routes of CO2 consumption. The carbon generated by CH4 decomposition
can be oxidized by CO2 forming CO (9). In addition, a negligible formation of hydrogen is observed, probably due to
oxidation of CHx species on the catalyst surface. The second parallel route of CO2 consumption is oxidation of CexOy

reduced species, during which the lattice oxygen consumed at the reduction stage is replenished (10). Another parallel
route of CO2 consumption, Ni oxidation by CO2, is thermodynamically forbidden at the reaction temperature [8]. So,
during oxidation stage, CO2 conversion is gradually decreased due to replenishing of support oxygen and oxidation of
carbon deposits.

CO2 + Cads → 2COO, (9)

CO2 + [ ]→ COO + [O]. (10)

Both of these processes lead to return of the catalyst to its initial oxidized state, which was before the reduction cycle,
and the catalytic cycle is closed.

To some extent, this behavior is similar to that proposed for the red-ox Mars and Van Krevelen mechanism of such
type reactions. It has been suggested that the mechanism of action of catalysts based on fluorites and perovskites with a
high reactivity of lattice oxygen is of the red-ox type, and methane dry reforming proceeds with the participation of lattice
oxygen [53]. In the present study, this assumption is also confirmed, since without the participation of lattice oxygen, the
conversion of methane and CO2 during the periodic supply of these reagents would be impossible.

3.4. Influence of the support composition on catalytic activity

One of the key tasks was to compare influence of doping cation on catalytic activity in CLMDR. In earlier investiga-
tions of our group, all these compositions were investigated in the conventional MDR [20, 22, 23, 45]. Catalysts doped by
Pr and both Ti and Nb showed the highest activity due to their high defectiveness and presence of oxygen vacancies. So
it was interesting how these features will affect the activity in CLMDR mode.

The dependencies of the substance amount of reagents and products on cycle number are presented in Fig. 5(b) using
the example of Ni/Ce0.75Zr0.25O2. Each point on the graphs is obtained by integrating the corresponding concentration
curve at the stages of reduction or oxidation. The H2 amount at oxidation step is not presented since it is close to zero.
Based on these data, reagents conversions, products productivities and carbon balances were calculated.

Figures 5(c,d) presents reagents conversions and carbon balances for Ni/Ce0.75Zr0.25O2 which are typical for all
studied catalysts. It is known that CO2 conversion is higher than CH4 conversion in conventional MDR reaction because
of influence of reverse water gas shift reaction (RWGS) [20]. However, in all cases in the present experiments in CLMDR,
the values of CH4 conversion are higher than CO2 conversion that corresponds to decreasing influence of RWGS due to
the separation of CO2 and H2 in time.

The features of carbon balances correspond to coke deposition at the reduction stage (< 100 %) with subsequent
oxygenation of deposited carbon at oxidation stage (> 100 %). The carbon balance at the reduction stage in the first cycles
is much lower, which, as was mentioned above, is due to higher contribution of the methane decomposition reaction. It
should be taken into account that before the first cycle the catalyst is already in a reduced state with most of the support
reactive oxygen being removed. Therefore, the contribution of the methane decomposition reaction is larger than that of
the methane oxidation reaction.

The larger amount of carbon formed at the reduction step also leads to higher carbon balance at the oxidation step
due to formation of additional CO from carbon deposits. It reaches 117 % and decreases with increasing cycle number.
As a result, the total carbon balance at each cycle is close to 100 %.

For all studied catalysts, the similar behavior is shown (Fig. 7). The CH4 and CO2 conversions decrease from first
cycles and reaches stationary values with an increase of the cycle number. The H2 and CO productivities similarly
decrease from 8 – 10 to 3 – 4 mmol/g.

Some differences are observed for the Pr-doped sample, for which, despite the highest methane conversion, lower H2

and CO productivities are obtained. Since this sample also exhibits the lowest hydrogen and carbon (not shown) balances
at the reduction stage, this may be due to loss of hydrogen in the form of water or CHx species.

Another notable difference is the lowest CO2 conversion for the TiNb-doped sample. This may be due to low methane
conversion and high carbon balance at the reduction stage. So, for this sample, there is less deposited carbon, which can
subsequently be oxidized at the oxidation stage, and less CO2 is converted.
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FIG. 7. The dependencies of CH4 and CO2 conversions (a,b), H2 and CO productivities (c,d) and total
carbon balances (e) on cycle number in CLMDR over studied catalysts

Catalysts after reaction were also investigated by HRTEM. Fig. 8 shows the micrographs for samples doped by
TiNb (a) and Pr (b). There are metal nickel particles with sizes from 10 to 110 nm and small amounts of carbon fibers
(not shown). However, there is no obvious difference in particle sizes depending on the composition of the oxide support.

To study the changes in catalyst structure at the oxidation stage, an additional in situ XRD experiment was carried
out for Ni/Ce0.75Pr0.1Zr0.15O2 sample. A detailed description of the experiment is given in the experimental part. Fig. 9
shows the diffraction patterns and the lattice parameters of fluorite phase.

As was mentioned above, peaks of the fluorite and NiO phases are observed for the initial sample. After treatment in
hydrogen, NiO is reduced to metallic nickel. The peaks of the fluorite phase shift towards smaller angles due to change
in the lattice parameter, which increases from 5.4166 to 5.4892 Å. As was shown in [54], such increase is associated not
only with the thermal expansion of the oxide crystal lattice, but also with the reduction of Ce4+ cations to Ce3+.

After CO2 supply, the lattice parameter decreases to 5.4599 Å as a result of the Ce3+ cations being oxidized back to
Ce4+. It is important to note that the formation of NiO does not occur. This is consistent with the results of thermodynamic
calculations in [8], where it was shown that nickel is not oxidized by CO2 at these temperatures. The second diffraction
pattern under CO2 stream was recorded after 2 hours later. During this time, the fluorite lattice parameter is further
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FIG. 8. TEM images of catalysts a) Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2; b) Ni/Ce0.75Pr0.1Zr0.15O2 after
testing in CLDRM. Ni particles are marked by circles

FIG. 9. Results of in situ XRD experiments on Ni/Ce0.75Pr0.1Zr0.15O2: a) diffraction patterns; b) de-
pendence of lattice parameters of fluorite phase vs temperature

decreased to 5.4586 Å. Thus it can be concluded that the kinetics of support oxidation by CO2 is quite slow [8]. However,
this should not affect the catalytic activity, since the surface oxidation process is faster than the O diffusion in the bulk [55].

The last diffractogram was recorded after the sample was cooled in an inert environment and kept overnight in air.
The lattice parameter is 5.4202 Å, which is slightly higher than the initial value and indicates a higher content of Ce3+

cations, so it can be concluded that complete oxidation of the oxide support to the initial state does not occur.
Thus, it was confirmed by in situ XRD that reduced oxide support is oxidized, while nickel remains in the metallic

state under the CO2 stream. Thus, even under conditions of CLMDR process, nickel particles remain in metallic form and
only the support undergoes reduction and oxidation.

3.5. Comparison of MDR in steady-state condition and CLMDR

Detailed description of catalysts investigation in conventional steady-state MDR reaction is presented in our earlier
works [20, 25] and will not be completely repeated here for the brevity. In general, the methane conversion at 700 ◦C
decreases in the series Ni/Ce0.75Pr0.1Zr0.15O2 (50 %) > Ni/Ce0.75Ti0.05Nb0.05Zr0.15O2 (44 %) > Ni/Ce0.75Zr0.25O2

(35 %) > Ni/Ce0.75Ti0.1Zr0.15O2 (27 %). It is clear that the catalytic performance in the processes of CLMDR and
MDR is not entirely correct to compare directly. However, it can be concluded, that carrying out reaction in the CLMDR
mode for the studied samples eliminates the difference between various support compositions compared with conventional
MDR process. Probably, it can be due to methane decomposition reaction, which occurs on metal nickel particles without
participation of oxide support.

The ability of studied catalysts to conduct a cyclic process confirms our assumption that these catalysts with a high
reactivity of oxygen implement a staged mechanism with independent stages of methane and CO2 activation. The presence
of reactive oxygen species makes it possible to separately feed the reagents, which leads to minimization of the influence
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of RWGS side reaction. Indeed, if we compare the ratios of H2 to total CO, it becomes clearly seen that these ratios on all
catalysts are close to unity, being much higher than those in the course of the conventional MDR process (Fig. 10). If we
take into account that in this study, the reduction step takes 1/6 of the cycle time and assume that the productivity by H2

at the reduction stage tends to the value of 3 – 4 mmol·g−1h−1, then we can estimate some average performance, which
will be about 0.5 – 0.7 mmol·g−1h−1. The productivity can be multiplied by using a two-reactor unit, in one reactor it is
possible to carry out the reduction stage, in the other – the oxidation stage, alternately switching the oxidizer and reductant
flows.

FIG. 10. The values of H2/CO ratios for MDR and CLMDR (at the last cycle) processes. T = 700 ◦C,
τ = 10 ms

4. Conclusions

The principle of chemical looping methane dry reforming reaction for Ni-containing catalysts based on modified
ceria-zirconia was demonstrated. During the process, nickel remains in the form of metallic particles, and the support
consistently participates in the processes of CH4 oxidation and CO2 reduction. Support modification has a weak effect on
catalytic activity in CLMDR process compared with conventional MDR reaction. Using the CLMDR process, synthesis
gas with a high H2/CO ratio was obtained, which is acceptable for using as a feedstock for the production of hydrocarbons,
which cannot be achieved on these catalysts with a conventional MDR process. The possibility of separating gas flows
after the stage of oxidation and reduction can be used to obtain hydrogen-enriched gas for the needs of hydrogen energy.
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