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ABSTRACT On the first step using co-precipitation method from Ni-, Co-, Al-containing solution a precipitates
with a general composition of NixCo1−xAl2O4 (x = 0.1 – 0.5) were prepared. Calcination the obtained precip-
itates at 700 ◦C in air makes the precursors of catalysts for DRM with a stable spinel-like framework in which
nickel and cobalt species are homogeneously incorporated. Reduction of the precursors at 700 ◦C in H2 and
further work under reaction medium leads to formation of the active phase which represents by the ensembles
of Ni–Co alloy nanoparticles located on the surface of nanostructured spinel. The effect of the catalysts com-
position on catalytic properties in DRM was investigated. The high and stable catalytic activity of representative
samples in DRM conditions with extremely short contact time (τ = 30 ms) due to the formation of 17 – 18 wt. %
active phase which represents highly dispersed (3 – 4 nm) Ni–Co alloy nanoparticles stabilized on the spinel
with nanocristalline structure.
KEYWORDS sustainable environment, CH4 and CO2 utilization, dry reforming of methane (DRM), Ni–Co nanoal-
loy, spinel-based catalysts
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1. Introduction

Today the dependence of humanity on fossil fuels has resulted in detrimental effects of growing emission of green-
house gases, such as CO2 and CH4 [1], major contributors to climate change and resulting increase to the global temper-
ature. Therefore, there is an urgency to control these emissions. Dry reforming of methane (DRM) is environmentally
friendly catalytic transformation methane and carbon dioxide to syngas (1):

CH4 + CO2 = 2CO + 2H2 (∆rH
o = 247.3 kJ/mol) (1)

Due to a molar ratio of H2/CO is close to 1, this is suitable for the synthesis of oxygenated chemicals and long
chain hydrocarbons via Fisher–Tropsch synthesis [1–7]. Reaction (1) is also an attractive way to catalytically generate
hydrogen-containing gas and can be used for hydrogen production [8]. In light of the energy applications, DRM formed
H2 + CO mixture is a very suitable fuel for intermediate and high temperatures solid oxide fuel cells for electricity
production [9].

Among a large number of investigated catalysts for DRM, supported noble metals (Rh, Ru, Pd, Pt, Ir) can provide
high and stable catalytic properties without sintering and coking of the catalysts during the reaction conditions [7,10–13].
However, from an industrial standpoint, they are unsuitable for commercial use due to their high cost and limited avail-
ability. Therefore, it is more practical to develop non-noble metal-based catalysts [1, 2, 11]. It was shown that transitions
metals Ni, Co, Fe, Cu and Mo supported on common supports such as γ-Al2O3, MgO, SiO2, CeO2 and ZrO2 are al-
ternatives to the catalysts for DRM, containing noble metals. Among that Ni containing catalysts are the most studded
due to their high activity closed to noble metals [1, 2, 14, 15]. Thanks to the easy availability and low cost of γ-Al2O3,
MgO, SiO2, CeO2 and ZrO2, they have been widely studied for the DRM catalysts. Supports are not catalytically active
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but interact with the active site to facilitate dispersion of metal, strengthen the metal-support interaction, limit sintering,
accelerate reduction of the catalyst, and decrease or eliminate carbonaceous species development [12]. Due to low price,
affordability and very good activity Ni-based catalysts may be used for the DRM reaction. However, these catalysts are
prone to deactivation due to carbon deposition, as well as sintering of Ni nanoparticles under DRM conditions, that is the
major drawback in the development of stable Ni-based catalysts [16–27].

To increase the activity and stability of supported Ni-based catalysts Co often has been used as an additive in these
catalysts [11, 28–38]. Today, Ni–Co bimetallic catalysts have been widely explored as potential catalysts for use in DRM
due to their advantages in activity and low cost [1,33–37]. Thus, highly active and stable Ni–Co/Al2O3 catalyst for DRM
reaction was reported by Wu et al.in [36]. The high catalytic performance they attribute to the formation of Ni–Co alloy
under reaction conditions. Due to the similar Co and Ni electronic configuration, bimetallic Ni–Co alloyed nanoparticles
are easily formed during the DRM reaction. Investigation of these catalysts by EXAFS and microscopic analysis revealed
the lattice-strained configuration for the Ni–Co alloy and confirmed the strong interaction between Ni and Co atoms. The
average bond lengths between the metal atoms in the bimetallic catalysts are some different compared to those in the
parent metals, resulting in changes of the chemisorption properties [39]. Ni and Co easily form alloyed nanoparticles,
and thus exhibiting a synergistic effect on one another. In literature extensive investigations of combinations between
Ni and Co have been carried out for DRM. It has been reported that incorporation of Co into Ni catalysts inhibits the
agglomeration of the nickel particles due to the formation of Ni–Co alloy and leads to an increased dispersion of the Ni
particles [1, 11, 27].

In continuous efforts to develop Ni-based catalysts with the lowest carbon deposition and sustainable catalytic activity,
the catalyst preparation process, including the metal loading percentage, calcination temperature, and reduction tempera-
ture on the catalytic properties are investigated today. It was shown [1, 2, 11, 12, 40, 41] that catalysts synthesis methods
significantly affect catalysts activity in DRM. Impregnation, precipitation and co-precipitation, sol-gel, hydrothermal
method, solvothermal method, microwave method, atomic layer deposition (ALT), sonochemical method, solution com-
bustion are discussed. It was reported that catalysts prepared by a simple impregnation method have lower surface area
compared to catalysts synthesized with sol-gel method due to pore blockage of the support by metal particles. Similar
results were obtained in [11, 12] for catalysts prepared with sol-gel method in which Ni was highly dispersed on support
with the strong metal-support interaction. The importance of the synthesis method was also reported by Wu et al. [36]
who investigated the simultaneous and consecutive impregnation of the active phases (Ni and Co) on Al2O3 support for
the DRM reaction. The authors concluded that the second method resulted in stronger Co-Ni interactions, which favored
carbon gasification.

Our work proposed promising directions for the development of highly active and coke resistant catalysts for stable
work in DRM. It was carried out a comprehensive investigation of the stage formation the structure of precursor of
catalysts for DRM with a general composition of NixCo1−xAl2O4 (x = 0.1 – 0.5) prepared by using co-precipitation
method after calcination at 700 ◦C in air. Also it was studied that the reduction of the precursors at 700 ◦C in H2 and
under reaction conditions which leads to formation of the active phase which represents by the ensembles of Ni–Co alloy
nanoparticles of 3 – 4 nm in size located on the surface of nanostructured spinel. The effect of the catalysts composition
on catalytic properties in DRM with extremely short contact time (τ ) was investigated

2. Experimental

2.1. Catalyst preparation

Catalysts with a general composition of NixCo1−xAl2O4 (x = 0.1 – 0.5) were prepared by co-precipitation method.
For comparison, Co1Al2O4 sample was prepared too. Metal nitrate salts (Ni(NO3)2 · 6H2O, Co(NO3)2 · 6H2O and
Al(NO3)3 · 9H2O (Vekton, Russia) were used as Ni, Co and Al precursors respectively. All reagents were used without
additional purification. The required amounts of metal salts was dissolved in deionized water and then all individual
solutions were mixed together to obtain the resulting solution, which was precipitated with 12.5 % solution of NH4OH
at pH = 7.5 and temperature of 75 ◦C. The precipitate was filtered, washed with deionized water and dried at room
temperature and then dried overnight in air at 110 ◦C. The dried catalysts were calcined in static air at 700 ◦C for 4 h in a
muffle furnace with a temperature ramp of 5 ◦C/min.

2.2. Catalyst characterization

Bulk chemical composition of the calcined catalyst was determined using a Perkin Elmer ISP OPTIMA 4300DV
atomic emission spectrometer (Perkin Elmer, USA).

The specific surface area (SBET) of the samples was determined by BET method using argon thermal desorption with
a sorbtometr Sorby-M adsorption analyzer (META, Russia).

X-ray powder diffraction (XRD) analysis was carried out with Tongda TD3700 (Tongda, China) diffractometer using
CuKα-radiation and a Mythen2R 1D (Dectris, Switzerland) multistrip detector. Scanning was made over an angular
range of 2θ = 5 – 70◦ at a 0.03◦ step and counting time of 3 s. Phase analysis, refinement of unite cell parameters
and estimation of the quantitative content were performed by the full profile modeling of X-ray patterns by the Rietveld
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method. The calculations were made using the TOPAS v.4.2 software package [42], structural parameters were taken
from ICSD database [43]. Coherent scattering region (CSR) size was estimated by Rietveld method too.

In situ XRD analysis with H2 atmosphere was made by using a Bruker D8 Advance diffractometer (Bruker, Germany),
over an angular range of 2θ = 5 – 70◦ at a 0.03◦ step and counting time of 3 s. at each point using a LynxEye (1D) line
detector. The monochromatic CuKα-radiation (λ = 1.5418 Å) was used. The measurements were carried out using
an XRK-900 high-temperature reactor chamber (Anton Paar, Austria). The 10 % H2/ 90 % He mixture at a flow rate
of 90 ml/min was passed through the chamber during heating or cooling to room temperature with a heating rate of
10 ◦C/min. The lattice parameters and phase relationships were refined with the Rietveld method.

The reducibility of the catalysts was studied by TPR-H2 (temperature-programmed reduction) by 10 vol. % H2 in
Ar feed at flow rate of 40 ml/min during a linear temperature increase (10 ◦/min) in the range of 25 – 800 ◦C. Hydrogen
consumption was determined by the heat conductivity detector of a Tsvet 500 chromatograph (Tsvet, Russia). Water was
removed from the product by freezing at 77 K. The total H2 consumption was calculated by integrating the area under the
curve.

TEM (transmission electron microscopy) investigation was carried out using a JEM-2200FS transmission electron
microscopy (JEOL Ltd., Japan, accelerating voltage 200 kV, lattice resolution ∼ 1 Å) equipped with a Cs-corrector.
Dark-field images were obtained in a scanning mode using HAADF (High-Angle Annular Dark-Field) detector. The
microscope is equipped with an EDX spectrometer (JEOL Ltd., Japan) for local elemental analysis (locality up to 1 nm,
energy resolution −130 eV). 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.

X-ray photoelectron spectra (XPS) were recorded on a SPECS spectrometer (SPECS, Germany) equipped with a
PHOIBOS-150-MCD-9 analyzer and a FOCUS-500 monochromatic (MgKα radiation, hν = 1253.6 eV, 150 W). The
binding energy scale was calibrated using the levels of positions of the Au4f7/2 (Eb = 84.0 eV) and Cu2p3/2 peaks (Eb =
932.67 eV). Binding energy was calibrated against the position of the C1s peak (Eb = 284.8 eV), which corresponds to
hydrocarbon deposits on the sample surface [44]. A sample in the form of a powder was deposited on a conductive double-
sided copper adhesive tape. The survey spectrum and individual spectra of the elements were recorded at pass energy of the
analyzer of 20 eV. The atomic ratios of the elements were calculated from the integral intensities of photoelectron peaks,
which were corrected using appropriate sensitivity factors in terms of the Scofield photoionization cross sections [45].
The processing and analysis of the spectral data were conducted using the XPS Peak 4.1 software [46].

2.3. Catalytic tests

Catalytic tests were performed with 0.06 – 0.1 mm catalysts fraction in tubular quartz with an inner diameter of
4 mm which was installed in a furnace, where a thermocouple was placed into the annular space between the reactor
and the furnace. Before the reaction, the catalysts were pretreated in a 10 vol % O2/N2 medium at 600 ◦C for 30 min
with further reduction at 700 ◦C for 1 h in a 5 vol % H2/He medium. In all cases, the DRM reaction was performed
at a reaction mixture composition of (15 vol % CH4 + 15 vol % CO2) in N2, the volumetric flow rate was 8 l/h, the
volume of the loaded catalyst was 0.07 ml, a contact time (τ ) was 30 ms, and temperatures of 500, 550, 600, 650 and
700 ◦C with exposure of the catalyst at each temperature for 30 min. The concentrations of the reagents and products were
measured in the real-time regime on a Test-201 gas analyzer (Boner, Russia) equipped with IR optical, electrochemical,
and polarographic sensors.

The catalyst performance was characterized by CH4 conversion (XCH4 , %), CO2 conversion (XCO2 , %), yield of H2

(YH2
, %), and yield of CO (YCO, %), which were as follow:
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where C0
i , [vol. %] is the concentration of reagent at the inlet and Ci, [vol. %] – at the outlet of the reactor.

Due to the change in volume during the reaction, the conversion values calculated from volume concentrations are
overestimated, which leads to a systematic error. In the conversion range from 10 % to 40 %, the relative error in
determining the conversion is from 26.2 to 16.1 %. With increasing of conversion, the relative error decreases and at
X = 80 % does not exceed 4.8 %.

Long-term tests for all investigated catalysts were carried out at 700 ◦C for 20 hours under DRM medium.
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3. Results and discussion

3.1. Catalytic properties

The catalytic properties of obtained catalysts NixCo1−xAl2O4 (x = 0.1 – 0.5) and comparison sample Co1Al2O4

were investigated in dry reforming of methane reaction under the identical reaction conditions. In Fig. 1 the influence
of the reaction temperature on the methane (XCH4

) and carbon dioxide (XCO2
) conversion, on the hydrogen yield (YH2

)
and on the molar ratio of H2/CO are presented for all catalysts under investigation. It can be seen that activity of all
catalyst as well as hydrogen production are increased with increasing reaction temperature from 500 to 700 ◦C, which is
in accordance with the strong endothermic character of the dry reforming of methane reaction [2].

It can be seen that the monometallic Co1Al2O4 catalyst is less active compare to bimetallic NixCo1−xAl2O4 catalysts.
In the case of Co1Al2O4 catalyst at 700 ◦C XCH4

= 61 %, XCO2
= 62 %, and the hydrogen yield YH2

= 32 %, H2/CO
= 0.62. A comparison of the bimetallic samples with each other shows that catalytic activity is increased with increasing
the nickel content in the catalysts. At the reaction temperature of 700 ◦C increase the x value in catalyst NixCo1−xAl2O4

from 0.1 to 0.5 leads to increase in the XCH4 from 64 to 77 %, the XCO2 from 65 to 76 %, the YH2 from 32 to 42 % and
H2/CO ratio from 0.63 to 0.69.

The rather low the values of H2/CO due to the reverse water gas shift reaction [2]:

CO2 + H2 = CO + H2O. (2)

According to the eq. (2), hydrogen reacts with CO2 and CO and H2O are formed. It leads to decrease in H2/CO ratio
in the reaction product compared to theoretical value H2/CO = 1.

All investigated catalysts passed the long-term tests for study of stability in DRM medium without loss of catalytic
activity (Table 1). Fig. 1(f) presents the results obtained during 20 hours of DRM reaction at 700 ◦C for the representative
samples Ni0.35Co0.75Al2O4 and Ni0.1Co0.9Al2O4 catalysts.

TABLE 1. Catalytic properties of NixCo1−xAl2O4 samples (x = 0.1 – 0.5) and the comparison sample
Co1Al2O4 after 20 hours in the dry reforming of methane reaction at 700 ◦C

Sample XCH4 , % XCO2 , % YH2 , % YCO, %
H2/CO,

mole/mole
Result of long-

term test

Co1Al2O4 61 62 32 49 0.62 passed

Ni0.1Co0.9Al2O4 64 65 34 52 0.63 passed

Ni0.25Co0.75Al2O4 71 70 38 57 0.67 passed

Ni0.35Co0.65Al2O4 76 73 40 59 0.68 passed

Ni0.5Co0.5Al2O4 77 76 42 61 0.69 passed

3.2. Structural features

According to X-ray fluorescence analysis, the chemical composition of the prepared catalysts corresponds to the
calculated one.

The structural properties of the obtained catalysts heated at 700 ◦C in air presented in Table 2 and Fig. 2. Based on
the X-ray diffraction data, it may be seen that the phase composition of NixCo1−xAl2O4 (with x = 0.1 – 0.5) samples are
the same. The main peaks located at 2θ = 18.96, 31.20, 36.76, 38.46, 48.97, 55.52, 59.22, 65.08◦ correspond to (111),
(220), (311), (222), (331), (422), (511), (440) crystallographic planers of spinel structure Fm3m (ICSD-78407).

Unit cell parameter of spinel lattice is practically the same in all samples. It may be due to a very close values of
ionic radius of Ni2+ and Co2+ (Ni2+ = 0.74 Å, Co2+ = 0.72 Å). But average size of a coherent scattering region (CSR) is
some decreased from 12.69 to 9.54 nm with increasing the Ni concentration in spinel structure. The specific surface area
of investigated samples is some increased from 109 to 128 m2/g when the mole fraction of Ni varies within (0.1 – 0.5).
It may be the reason of some reducing of particle size in the spinel structure when the mole fraction of Ni is increased,
which is in a good agreement with XRD data.

Figure 3 shows electron microscopy images of a Ni0.35Co0.65Al2O4 catalyst calcined in air at a temperature of
700 ◦C. It can be seen that the sample consists of agglomerated particles of similar morphology with the size of 5 –
10 nm. EDX-element mapping analysis indicated the complete incorporation of Ni and Co in to the spinel lattice. That is
in agreement with XRD investigations.

The structural characteristics of the catalysts after reaction presented in Table 3 and Fig. 4. In the CoAl2O4 catalyst
spinel and pure metallic Co0 phases were registered by XRD method. One can see the presence of spinel in comparison
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(a) (b)

(c) (d)

(e) (f)

FIG. 1. CH4 (a) and CO2 (b) conversions, hydrogen yield (c), CO yield (d), molar ratio H2/CO (e)
and their corresponding equilibriums curves as a function of temperature in DRM over Co1Al2O4,
Ni0.1Co0.9Al2O4, Ni0.25Co0.75Al2O4, Ni0.35Co0.65Al2O4, Ni0.5Co0.5Al2O4 catalysts. And time on
stream stability of DRM (f) over representative Ni0.35Co0.65Al2O4 and Ni0.1Co0.9Al2O4 catalysts
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FIG. 2. X-ray patterns of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),
Ni0.35Co0.65Al2O4 (4), Ni0.5Co0.5Al2O4 (5) samples, heated in air at 700 ◦C

(a)

(b) (c)

FIG. 3. TEM image (a), HAADF-STEM (b) image and corresponding EDX elemental mapping (c) of
the representative Ni0.35Co0.65Al2O4 sample calcined in air at 700 ◦C
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TABLE 2. Phase composition and structural properties of fresh catalysts NixCo1−xAl2O4 (x = 0.1 –
0.5) and the comparison sample Co1Al2O4 heated at 700 ◦C in air

# Sample Phase Lattice parameter, Å CSR, nm SBET, m2/g

1 Co1Al2O4 Spinel 8.0939 12.69 116

2 Ni0.1Co0.9Al2O4 Spinel 8.0947 11.90 108.2

3 Ni0.25Co0.75Al2O4 Spinel 8.0914 11.48 108.8

4 Ni0.35Co0.65Al2O4 Spinel 8.0908 10.18 123.7

5 Ni0.5Co0.5Al2O4 Spinel 8.0943 9.54 127.6

TABLE 3. Phase composition and structural characteristics of NixCo1−xAl2O4 (x = 0.1 – 0.5) cata-
lysts and the comparison sample Co1Al2O4 after work in DRM media

# Sample Phase Lattice parameter, Å CSR, nm

1 Co1Al2O4
Spinel (62 %)
Co0 (38 %)

8.042
3.540

3.62
3.99

2 Ni0.1Co0.9Al2O4
Spinel (83.5 %)

(0.33Ni–0.77Co) alloy (16.5 %)
8.031
3.537

3.69
3.90

3 Ni0.25Co0.75Al2O4
Spinel (82.9 %)

(0.3Ni–0.7Co) alloy (17.1 %)
8.049
3.539

3.06
3.67

4 Ni0.35Co0.65Al2O4
Spinel (82.3 %)

(0.29Ni–0.71Co) alloy (17.7 %)
8.041
3.540

2.93
3.04

5 Ni0.5Co0.5Al2O4
Spinel (81.7 %)

(0.42Ni–0.58Co) alloy (18.3 %)
8.039
3.530

3.89
3.75

sample Co1Al2O4 and bimetallic Ni–Co alloy phase in NixCo1−xAl2O4 (x = 0.1 – 0.5) due to the shift of characteristics
of the diffraction peaks at 2θ: 44.26 – 44.52◦. The X-ray diffraction patterns of the Ni–Co alloy shows the diffraction
peaks at 2θ: 44.26 – 44.52◦, 51.57 – 51.58◦, 75.92 – 76.44◦ which were attributed to the (111), (200), and (220) crystal
planes of the Ni–Co alloy (ICSD-76632, ICSD-646088).

X-ray patterns of Ni0.35Co0.65Al2O4 catalyst at first heated in air at 700 ◦C and then in situ reduced in 10 % H2/ 90 %
He mixture in the temperature range of 200 – 700 ◦C presented in Fig. 5. It may be seen that the phase of intermetallic
Ni–Co alloy is formed under the reduction at 620 ◦C and higher.

It is visible from the data presented in Table 3 that in Co1Al2O4 sample the concentration of Co0 metal phase is
38 %. In NixCo1−xAl2O4 samples the concentration of Ni–Co alloy metal phase is increased from 16.5 % to 18.3 % as x
value increased from 0.1 to 0.5. At the same time Ni/Co ratio in bimetallic alloy does not change significantly (0.33/0.77;
0.3/0.7; 0.29/0.71) with x value increasing from 0.1 to 0.35. In a sample with x = 0.5 this value is increased to ratio
0.42/0.58.

Despite the high reaction temperature, the rather high dispersion of catalysts particles are observed in investigated
catalysts (Table 3). By comparison of data in Tables 2 and 3, one can see that the CSR value of spinel structure decreases
from 10 – 11 to 3.0 – 3.5 nm. Simultaneously, the highly dispersed particles of Ni–Co nanoalloy with the average size of
3 – 4 nm are formed.

As can be seen from the HAADF-STEM image of Ni0.35Co0.65Al2O4 catalyst after work in the reaction mixture
(Fig. 6a), the agglomerates of metal particles about 10 – 20 nm in size are observed on the surface of the spinel structure.
This fact is inconsistent with the XRD data in (Table 3). According to element mapping data (Fig. 6b) the Ni–Co
bimetallic alloy are formed. The formation of individual cobalt and nickel particles smaller than 1 nm on the surface
cannot be ruled out. Fig. 6c show that under reaction condition cobalt and nickel leave the spinel structure, stabilized as
nanodispersed Ni–Co alloy particles about 5 nm in size, collected in bigger aggregates on the outer surface, whereby the
spinel structure becomes nanocrystalline. It consists of incoherently fused small spinel particles of 3 – 4 nm in size. In this
case, the spinel CSR size decreases, but it lattice parameter does not change. This explanation agrees to the XRD results
presented above. Due to the extraction of nickel and cobalt cations from the spinel structure under reducing conditions,
their content in areas not containing metal particles decreases by about 1.5 times comparing to the initial catalyst.
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FIG. 4. X-ray patterns of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),
Ni0.35Co0.65Al2O4 (4), Ni0.5Co0.5Al2O4 (5) used catalysts with previous activation in hydrogen
at 700 ◦C

FIG. 5. X-ray patterns recorded during in situ reduction of representative Ni0.35Co0.65Al2O4 catalyst,
previously heated at 700 ◦C in air
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(a) (b)

(c)

FIG. 6. HAADF-STEM image (a), EDX elemental mapping (b) and HRTEM (c) of the representative
Ni0.35Co0.65Al2O4 sample after reaction

It was shown in the literature that formation of Ni–Co alloy configuration may exert a significant influence on the
electronic properties of Ni–Co and thus benefit the catalytic properties [2, 36]. Certainly Ni–Co alloy is the active phase
in DRM reaction. In our case, it is visible that increasing the concentration of Ni–Co alloy in NixCo1−xAl2O4 catalysts
lead to increasing their catalytic activity in DRM.

3.3. Catalysts reducibility (TPR–H2)

Before the reaction NixCo1−xAl2O4 (x = 0.1 – 0.5) catalysts and the comparison sample Co1Al2O4 previously
calcined at 700 ◦C in air, were activated by reduction of 5 vol. % H2/He mixture at 700 ◦C for 1 h. In order to study the
features of this activation, method of temperature-programed hydrogen reduction (TPR–H2) was applied. Obtained TPR–
H2 profilers for all catalysts are shown in Fig. 7. For CoAl2O4 sample hydrogen consumption peaks can be distinguished
at the temperature of 527, 670 and 774 ◦C. According to the literature [31, 47, 48] and XRD data in situ, the first peak
at 527 ◦C can be identified as the reduction of surface Co3+ to Co2+. The peak at 670 ◦C may be identified with the
reduction of the part of Co3+ ions to Co0 with formation of metal compound. The high temperature reduction peak at
774 ◦C may be associated with the reduction of some part of Co(2,3)+ ions localized in strong interaction in the volume
of the spinel structure.

For NixCo1−xAl2O4 (x = 0.1 – 0.5) series, in all samples also three regions of hydrogen consumption can be
observed: 512 – 409 ◦C (I region), 631 – 587 ◦C (II region), and 784 – 812 ◦C (III region), whose positions are dependent
on the Ni content. With increasing x value from 0.1 to 0.5 peaks observed in I and II regions slightly shift towards lower
temperature ranges and peaks observed in region III some shift to higher temperature range. The value of H2 consumption
increases from 4.9 to 5.6 mlmol H2/g with an increase in the nickel content in the samples from x = 0 to x = 0.5.

Based on the analysis of literature data [2,28,31,47,48] and the results of studying samples by XRD method, the H2

consumption in the I temperature region may indicate the reducibility of Ni2+ to Ni0 in (Ni–O–Co, Ni–O–Al) structures
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FIG. 7. TPR-H2 profiles of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),
Ni0.35Co0.75Al2O4 (4), Ni0.5Co0.5Al2O4 (5) samples

localized on the surface of the spinel structure. Decreasing in Co3+ reduction temperature from 527 to 512 ◦C under
addition of Ni to CoAl2O4 indicates the decreasing strength of the metal-support interaction in these catalysts [36]. This
region of hydrogen uptake is associated with the reduction of Co3+ cations localized on the surface of spinel structure.
The peaks in the region II may be due to the formation of Ni–Co alloy. This process becomes easier as the x value
increases. According to [1, 2, 36], this shift indicates ease of reduction of the metallic oxides to the metallic forms. The
high temperature reduction peak localized in III region may be associated with the reduction of some part of Co and Ni
ions localized in strong interaction in the volume of the spinel structure [47].

Hence, the introduction of Ni into CoAl2O4 greatly changes their reducing properties. Thus, in the NixCo1−xAl2O4

samples, as a result of activation, reduction of Ni2+ and Co3+ cations on the surface of spinel structure lead to their
exsolution and bimetallic alloyed Ni–Co nanoparticles are formed.

3.4. XPS study

Figure 8 presents the survey X-ray photoelectron spectrum of Ni0.35Co0.65Al2O4 sample heated in air at 700 ◦C. The
surface composition of this sample corresponds to the declared one because no additional elements and contamination
were detected. To investigate the valance states of individual elements the narrow spectral regions were analyzed. These
spectra are presented in Fig. 9(a – d). One can see that binding energy (BE) of Ni2p3/2 peak is 854.8 eV which corresponds
to Ni2+ state [49, 50]. In Co2p spectrum peak position is 781.2 eV corresponding to Co2+ state [51, 52].

After reaction in the spectra of investigated sample in the spectral region of Ni2p additional shoulder with BE =
852.6 eV is appeared, which corresponds to Ni0 state [44]. Simultaneous, in Co2p spectrum additional shoulder with
BE = 778.2 eV is appeared. Such value of BE indicates the presence of Co0 state [53]. The chemical state of alumina was
carried out from Al2p peak position. In both samples (fresh and after reaction), the value of the BE of this peak is 74.3 eV
and is characteristic of Al3+ state [54,55]. XP spectra recorded in O1s region (Fig. 9d) indicate the peak at ∼531 eV due
to O− in the Al2O3 lattice.

Obtained results indicate that in fresh catalyst nickel is predominantly in the Ni2+ state and cobalt in Co2+ state,
alumina in Al3+ state. In the catalyst after reaction nickel in Ni0 state, cobalt in Co0 state are appeared. In both samples
Al3+ state is observed.

4. Conclusions

Highly active bimetallic Ni–Co catalysts supported on spinel-based structure with a general composition of
NixCo1−xAl2O4 (x = 0.1 – 0.5) for DRM reaction were prepared by co-precipitation method. Preparation of the catalysts
by precipitation method allow on the first stage to obtained precursors containing homogeneously distributed Ni and Co
species in its volume, which on the further calcination at 700 ◦C in air spinel structure with homogeneous distribution of
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FIG. 8. Survey XP spectrum of the Ni0.35Co0.65Al2O4 catalyst before the reaction

(a) (b)

(c) (d)

FIG. 9. Ni2p (a), Co2p (b), Al2p (c), O1s (d) spectra of representative Ni0.35Co0.65Al2O4 catalyst
before (1) and after (2) reaction
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Ni2+ and Co2+ ions in the spinel structure. During the reduction in H2 or in situ reaction condition Ni0 and Co0 formed
by the reduction can no longer stay in the spinel lattice, resulting in the migration to the surface to form the highly dis-
persed Ni–Co bimetallic alloy particles. It should be noted that under these catalytic conditions, not all nickel and cobalt
are completely reduced to the metallic state in the spinel structure. The content of metal Ni–Co alloy particles is about
17 – 18 wt. %. The rest part of the nickel and cobalt remains stabilized in the spinel structure. According to the obtained
and some literature data, it may be concluded that the high activity of this catalysts are due to the highly dispersed and
stable Ni–Co alloy particles (3 – 4 nm in size) on the surface of spinel structure, from which the nickel and cobalt species
partly evolve from the cations homogeneously distributed in spinel matrix. The synergy of Ni and Co in alloy bimetallic
catalysts provides high activity with extremely short contact time (τ = 30 ms) and high stability during time on steam in
DRM reaction.

A comparison of experimental data obtained in this work for catalytic activity in the DRM reaction with literature
analogues (Table 4) indicates the significant potential of the our catalysts among catalysts described in the literature.

TABLE 4. A comparison of experimental data obtained in this work for catalytic activity in the DRM
reaction with literature analogues

# Catalyst
Preparation

method
DRM reaction

conditions
Best performance

achievements
Time of stream
(TOS) stability Ref.

1
3.37 % Co –

11.2 % Ni/MgAl2O4

Incipient
wetness

impregnation

18825 ml/g·h;
CH4:CO2:N2 =

1:1:3;
600 ◦C

XCH4= 9 %;
XCO2

=13 %;
H2/CO = 0.5

Only an initial
slight drop of
XCH4

; XCO2

after TOS 1.5 h

28

2
7.5 % Co –

7.5 % Ni/MgAl2O4

Incipient
wetness

impregnation

10000 ml/g·h;
CH4:CO2:N2 =

1:1:3;
600 ◦C

XCH4
=16 %;

H2/CO = 0.45

A small decrease
of XCH4

in the
first 90 min

38

3 8 % Co – 1 % Ni/Al2O3

Excess
volume

impregnation

22000 h−1

(GHSV);
CH4:CO2 = 1:1

700 ◦C

XCH4
=71 %;

XCO2
= 80 %

Deactivation
after 6 h 37

4 Ni0.375Co0.375Mg0.25Al2O4
Wet

impregnation

60000 h−1

(GHSV)
CH4:CO2:N2 =

2.3:4.6:1
(20 ppm H2S)

850 ◦C

XCH4=40 %;
XCO2

= 32 %

Performance
decreases

in the first 6 h
56

5 NiCoAlO

One pot
evaporation-
induced self-

assembly

CH4:CO2 = 1;
700 ◦C

XCH4
=52 %;

XCO2
= 60 %;

H2/CO = 0.82
— 57

6 Ni/Al2O3 Impregnation
12000 ml/g·h;

700 ◦C
XCH4

=57 %;
XCO2

= 70 %

Performance
decreases

in the first 3 h
58

7
Ni0.5Co0.5Al2O4 (a);

Ni0.35Co0.65Al2O4 (b)
Co-

precipitation

120000 h−1

(GHSV)
(15 % CH4 +

15 % CO2)/N2

700 ◦C

XCH4 =77 %;
XCO2 =76 %;

H2/CO = 0.69 (a);
XCH4

= 76 %;
XCO2

= 73 %;
H2/CO = 0.68 (b)

Stable
performance

for 20 h

This
work
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