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Abstract:

Hydrogenation of CO> to methane is a promising prospect for the utilization of carbon dioxide.
Ni-Mg-Al mixed oxides have been reported to be effective catalysts for this process. Their
promotion with cobalt not only allows to improve nickel reducibility, but also enhances surface
basicity, and both electronic and textural properties. Herein, the rapid solution combustion
synthesis was used r to optimize the introduction of cobalt to the Ni-Mg-Al oxide matrix. Three
synthesis strategies were applied to obtain different morphologies and to study their catalytic
performance in CO. methanation. A series of characterization techniques (ICP-MS, XRD, low-
temperature N2 sorption, H>-TPR, CO.-TPD, TEM, XAS) allowed us to conclude that
simultaneous combustion of all of the precursors (Ni, Mg, Al, and Co) led to dissociation of
both nickel and cobalt to the support Mg-Al oxides, which resulted in the reduction of catalytic
activity and blockage of active centers. Splitting the synthesis into two steps and deposition of
cobalt and nickel in a separate step increased the availability of active centers, improved surface

properties, and catalytic performance. Furthermore, it led to a decrease in the coordination



number of nickel, probably due to higher contribution of cobalt in the metal crystallites, which
resulted in improved catalytic activity. Our findings showed that cobalt addition in the second
step, in NiCo-D catalyst, enhanced the CO., and Hz conversions for methane production

compared to the other applied synthesis strategies.
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1. Introduction

Considering the latest IPCC report, the forecast of CO. emissions to the atmosphere, and
the forthcoming climate changes, it is necessary to develop technologies for the utilization of
carbon dioxide [1]. According to the 2050 long-term strategy of the European Union, the
member states should aim at achieving an economy with net zero greenhouse gas emissions by
2050 [2]. CO2 hydrogenation to methane reaction, developed by Sabatier at the end of the XIX™"

century is a promising pathway for the utilization of carbon dioxide (Eqg. 1).
CO2 +4H2 «> CH4 + 2H20 AH%s [kJ-mol?] =-165.0  Eq. 1 [3]

Hydrogenation of CO2 to methane, known also as CO, methanation, is a complex redox
reaction. The oxidation state of the carbon atom in the carbon dioxide molecule is related to the
high kinetic barrier of the eight-electron shift. Considering this, high reduction potential of the
catalytic material is necessary. Furthermore, the synthesis method, the loading of active
material, and the choice of the support are important as well [4], to obtain a catalyst with high
activity, stability, and selectivity towards methane production. The most suitable for CO>
methanation are d-block transition metals for which activity of the centers shows the following

sequence: Ru>Ir>Rh>Ni>Co>0s>Pt>Fe>Mo>Pd>Ag [5].

The most active catalytic centers are noble metals such as Ru or Rh [6-8].They require
low loading on the surface of the catalyst, but due to their very high cost, limited availability
and complex utilization, a more common option is the use of nickel [9]. Nickel in comparison
to noble metals needs significantly higher concentration on the surface of the catalyst, but its
low cost as well as high activity and selectivity allow them to be still considered a very
promising alternative to expensive noble metals [10]. Accordingly, many researchers focused
their attention on developing a useful method to prepare highly efficient Ni-based catalyst for

CO2 methanation. Well-dispersed nickel supported nanoparticles were found to positively



influence catalytic performance, showing that the right choice of a support is equally important.
Futhermore, well-developed specific surface area, optimized number and availability of
acidic/basic centers, and strong metal-support interaction play a significant role in the catalytic
reaction between CO> and Ha to produce CH4 [11-13]. Metal oxides with relatively high Sger
in the range of 100-200 m?/g and strong interaction with nickel allow the formation of well-
dispersed crystallites, which are resistant towards sintering [14]. The sintering is the most likely
cause of the catalysts’ deactivation during CO2 methanation. On the contrary to dry reforming
of methane (DRM) catalyst [15,16], deposition of coke on the surface of nickel particles is not
common. Under typical CO> methanation conditions (i.e., temperature range from 250 to 450
°C, atmospheric pressure, and H2/CO- ratio of 4) coke formation is not thermodynamically
favored and its influence on the deactivation of the catalyst is negligible, due to the countinous

gasification with hydrogen coming from the gas feed [17].

Hydrotalcites are promising precursors for the synthesis of an effective catalyst for CO-
methanation. Especially the presence of mixed-oxide support phase where magnesium and
aluminum are coexisting in an oxide form is advantageous [12,13,18-20]. Aluminum oxide
does have an influence on the development of the specific surface area and prevents Ni particles
from sintering. Moreover, it has been reported to be the source of weak Lewis acidic sites,
which tend to weaken the C-O bond, facilitating dissociation and formation of the final CO>
methanation products [21-23]. In turn, magnesium oxide structures are responsible for the
surface basicity that is essential for the adsorption of CO.. Mg-O metal-oxygen pairs with an
accessible cation are play an important role in medium-strength basicity, allowing the formation
of bidentate carbonates from CO,. Strong centers originating from basic low-coordination
oxygen anions (pure MgO) are attributed to unidentate carbonates [24,25]. Mg sites derived
from MgAIl2O4 ternary oxide present on the surface are recognized as weak basic sites [26].

NiAl2O4 is a source of strong basic centers due to oxygen vacancies which promote the



dissociation of COz to CO [26]. Additionally, in comparison to MgAIl>Oa, NiAl,O4 and CoAl204
are characterized by the presence of a partially occupied d-band. In general, the introduction of
cobalt allows to strengthen the basic sites and the shift of desorption temperature to higher
temperature regions [11]. CoAl>Os is similarly considered as a source of strong surface basicity

[27,28].

Promotion with different metals can also positively influence the catalytic performance
of nickel-based materials. Cobalt was reported to improve the reducibility of Ni, increase
hydrogen uptake, provide additional basic centers on the surface, and function as both an
electronic and textural promoter [11,29,30]. However, a major drawback of cobalt addition to
a nickel catalyst is its tendency to favor the formation of large nickel crystallites on the surface
[31-33]. It is possible to add a promoter as a forth element to the Ni-Mg-Al hydrotalcite.
Thermal decomposition of such multielemental precursor leads to the formation of
homogeneous mixed-oxides [13,18,34]. Once the material is reduced, the promoter may coexist
with nickel inside the crystallites as a solid solution [17]. Mixed-oxides derived from
hydrotalcites are typically synthesized by co-precipitation method [35]. An alternative to this
commony used technique can be solution combustion synthesis (SCS). The SCS is a rapid and
facile method for the preparation of catalysts usually containing several coexisting oxide
phases with periclase-like or spinel-like structures [36]. In the case of Ni- and Co-containing
materials, the promoter may diffuse to the support phase, coexist with nickel in the active phase,

or both.

In this work, we focused our attention on the investigation of highly efficient Ni-based
catalyst promoted with colbalt. To the best of our knowledge, a solution combustion method
used for the synthesis of nickel catalysts has been scarcely reported for CO> methanation [37].
The aim of the current study was to investigate the sequence of cobalt introduction to the Ni-

Mg-Al mixed-oxide matrix with the SCS.



2. Materials and methods

2.1 Synthesis strategy

The catalysts were prepared with the reagents: Ni(NOs)2-6H>O (Sigma Aldrich, purity
99% for analysis), Mg(NO3),-6H20 (Sigma Aldrich, purity 99% for analysis), AI(NO3)s-9H20
(Sigma Aldrich, purity 99% for analysis), Co(NOz)2:-6H20 (Sigma Aldrich, purity 99% for
analysis), and urea (Sigma Aldrich, purity 99% for analysis).The 2M solution containing the
desired nitrate precursors and urea was placed in the beaker and left for 1 hour at 50°C under
vigorous stirring. Subsequently, the solution was poured into the ceramic vessel and placed in
the laboratory furnace preheated to 300 °C. The solution was kept at this temperature for 40
minutes. The synthesis of NiCo-D and CoNi-D catalysts was performed in two different steps.
For the former, the first step assumed Mg-Al-Ni oxide matrix preparation, which was
subsequently covered with cobalt in the second step. For the latter, the first step is regarded as
the synthesis of Mg-Al-Co matrix, covered with nickel in the second step. All the studied

samples are compared in Table 1.

The chemical reaction equation for urea-assisted synthesis is expressed by Eq. 2 [38,39].The

above stoichiometric urea ratio (o) of 175% was applied.
Me"(NOs), - mH,0 + 2 @CO(NH,); + 2 90, = MeO: + (m + ¢ ) H,0 + (S + 1) N, +

2@CO, +2v0, Eq. 2

Table 1. List of the presented samples

1t step  (solution  combustion 2" step (solution combustion
synthesis) synthesis)
NiCo-S Synthesis of Mg-Al-Ni-Co mixed oxides -
NiCo-D Synthesis of Ni-Mg-Al mixed oxides Deposition of cobalt on the
product from 1% step




CoNi-D Synthesis of Co-Mg-Al mixed oxides Deposition of nickel on the
product from 1% step

2.2 Physicochemical characterization

The catalysts were characterized by using the following methods: ICP-MS, XRD, low-

temperature N2 sorption, H>-TPR, CO2-TPD, TEM, XAS.

Inductively coupled plasma mass spectrometry (ICP-MS) measurement was performed on a
Thermofisher Scientific iICAP TQ ICP-MS apparatus. The samples were mineralized in a closed
system in concentrated nitric acid with the addition of hydrogen peroxide via microwave-
assisted mineralization. Each sample in the as-synthesized form was measured twice. X-ray
diffraction (XRD) study was carried out on a Panalytical Empyrean diffractometer for the
samples after combustion. The diffractometer working in Bragg-Brentano 0-0 geometry was
equipped with Cu Ka (A= 1.5406 A) radiation. Data were collected within a 20 range of 10-90
deg. Ex-situ XRD for the reduced and post-run catalysts was performed at the Swiss-Norwegian
beamline (SNBL, BM31) at the European Synchrotron Radiation Facility (ESRF) in Grenoble
(France). XRD data were collected with a 2D DEXELA detector using a Si (111) channel-cut
monochromator, set at a wavelength of 0.3380 A. XRD results were averaged for ca. 30 s [40].
The size of the Ni crystallite was calculated based on the Scherrer equation, considering the

correction related to the instrument broadening and the shape factor of 0.89 [41].

Low-temperature N2 sorption measurements were carried out with a Belsorp Mini Il (BEL
Japan). Prior to the measurement, the samples were outgassed for 2 h at 300 °C. Temperature-
programmed reduction (H2-TPR) and CO»-temperature-programmed desorption (CO.-TPD)
measurements were performed with the BELCAT-M apparatus, equipped with a thermal
conductivity detector (TCD). Before the Ho-TPR measurement, the catalysts were outgassed

for 2 h at 100 °C, and then reduced in a flow of 5% H; in Ar (50 ml/min) from 100 to 950 °C



with the heating ramp of 10 °C/min. CO.-TPD was performed on the reduced samples,
subsequently after H>-TPR measurement. Firstly, the catalyst was purged in He, then a mixture
of 10%CO2/He was fed for 1 h to adsorb CO- on the catalyst. Thereafter, pure He (50 ml/min)
was flowed for 15 min to remove weakly adsorbed carbon dioxide. The temperature range of
CO.-TPD measurements was from 100 to 800°C with a heating rate of 10 °C/min. The desorbed
volume of CO; was calculated from the area under the TPD curve. The setup was calibrated
before measurement with a known amount of CO, to precisely determine the area of one pulse

registered with the TCD.

Transmission electron microscopy (TEM) measurements performed for the reduced catalysts
were carried out with JEM-2010 and JEM-2100Plus (JEOL, Tokyo, Japan) transmission
electron microscopes operating at 200 kV. Prior to the measurement, the catalysts were
dispersed in ethanol and then transferred onto carbon film-coated TEM copper grids via a drop

casting method.

XAS and EXAFS measurements were performed at the Swiss-Norwegian beamlines (SNBL,
BM31) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. XAS
spectra were collected at the Ni K-edge using a Si (111) double crystal monochromator in the
transmission mode with continuous scanning between 8200 and 9200 eV and a step size of 0.5

eVv.

2.3 Catalytic tests

The catalysts were reduced for 1 h at 900 °C under the flow of 5%H./Ar (100 ml/min) before
the reaction. Catalytic tests for CO, methanation were performed with the use of a fixed tubular
bed quartz U-type reactor heated inside a vertical electric furnace. A K-type thermocouple
placed directly on the reactor outside the catalytic bed was used for temperature control. The

fixed-bed reactor was subjected to the gas mixture CO2/H2/Ar in the ratio of 1.5/6/2.5 and total



flow of 100 ml/min. Temperature-programmed surface reaction (TPSR) tests were performed
with GHSV of 12 000 h™. The reaction products and the unconverted reactants (CO2, CO, CHa,
and H) were analyzed with an online micro gas-chromatograph (Varian GC4900) equipped
with a thermal conductivity detector (TCD). The temperature range of the catalytic tests was
from 250 °C to 450 °C, with the catalyst kept at steady-state operation for 30 min at each
temperature, with a heating rate between steps of 10°C/min. The best among the studied
catalysts was additionally tested with different GHSV of 24 000 and 48 000 h™’. For those tests,
volume of the catalytic bed was reduced to 0.25 and 0.125 cm?. The stability test was carried
out at 300 °C for 30 h, under similar experimental conditions in terms of the mixture and GHSV

of 12 000 h.,

Equilibrium CO- conversion and selectivity to CH4 were calculated with HSC Chemistry 5.0

software.

The conversion of CO> and the selectivity to CH4 were calculated based on Egs. 3 and 4.

: Fco,inlet=Fcoyoutlet
CO; conversion xcp, = zinle soutle Eq. 3
l:Cozinlet

P FcHyoutlet
CH, selectivi = 2 Eqg. 4
4 ty XCH4 FCOoutlet+FCH4outlet q

3 Physicochemical properties

3.1. Textural properties of cobalt-promoted mixed-oxides

Low-temperature N2 sorption isotherms for the as-synthesized catalysts are compared in Fig. 1.
All the obtained isotherms can be classified as type IV, subtype H1 according to the IUPAC
classification. The isotherm of CoNi-D sample- is clearly varying from the remaining catalysts,
which suggests a different configuration of surface porosity, i.e., its domination with slit-shaped

pores. The isotherms drawn for NiCo-S and NiCo-D suggest the presence of bottle-shaped pores



with a narrow entrance [42,43]. This clearly shows the importance of the sequence of synthesis

steps assumed during the preparation of catalysts.

The textural properties of the studied catalysts are presented in Table 2. Similar specific surface
area was recorded for all as-synthesized catalysts and only small differences can be observed,
i.e., 87 m?/g for CoNi-D, 99 m?/g for NiCo-D, and 105 m?/g for NiCo-S. Total pore and
mesopore volumes recognized for NiCo-S and NiCo-D were also comparable, 0.080 and 0.055
cm? for the former and 0.075 and 0.057 m®/g for the latter. CoNi-D showed a slightly larger
total pore volume of 0.092 cm®/g and related volume of mesopores of 0.069 cm®/g. The same
average pore diameter of 3 nm was assigned to NiCo-S and NiCo-D, while CoNi-D showed

somewhat increased average pores (ca. 4.2 nm).

NiCo-D

)

/

\

Gas volume [cm’/g]

Figure 1. Low-temperature N2 sorption of cobalt-promoted mixed oxides



Table 2. Specific surface area and porous properties of the SCS-derived cobalt-promoted catalysts

Catalyst Seet [M?/9] Total pore volume [cm®/g] dp [NM]  Vimesopores [cm3/g]

NiCo-S 105 0.080 3.0 0.055
NiCo-D 99 0.075 3.0 0.057
CoNi-D 87 0.092 4.2 0.069

Elemental composition of the studied catalysts obtained from ICP is listed in Table 3. The
amount of promoter introduced to the matrix is comparable for all samples, in the range from
1.24 wt% for NiCo-D to 1.56 wt% for CoNi-D. The content of other elements varies, especially

between CoNi-D and other catalysts.

For the synthesis of all studied samples, similar (£0.05g) amounts of precursors were used. The
registered differences in the mass contribution of each of the detected elements to the overall
oxide matrix may be related to the actual type of oxide products formed during solution
combustion synthesis. When calculating the synthesis stoichiometry, based on the available
literature, it was assumed that each element forms the most feasible oxide form, such as: Ni —
NiO, Co — Co0304, Mg — M@0, and Al — Al20O3 [44-49]. Possible cross-interactions between
metals and their corresponding oxides were not taken into account due to the lack of necessary
knowledge about the side interactions. The present study was performed primarily to investigate
the influence of cobalt position in the matrix on the performance of Ni-Mg-Al mixed oxide

catalysts prepared by the solution combustion synthesis method.

Table 3. Average Ni°crystallite size from XRD in the reduced SCS-derived catalysts promoted with Co,
based on Scherrer’s Equation; the content of Ni, Mg, Al, and Co in the obtained samples, based on ICP
results

Catalyst “\verage Ni® Ni content Mg content Al content CO content

size [nm] [Wt%6] [Wt%] [wt%6] [wt%o]
NiCo-S 7 19.4 17.9 9.5 1.4
NiCo-D 10 17.0 14.7 8.2 1.2

CoNi-D 8 26.4 20.5 6.7 1.6




3.2 Reducibility of the as-prepared samples

X-ray diffractograms for the cobalt-promoted samples prepared via an alternative sequence of
solution combustion synthesis are presented in Fig. 2. The diffractograms clearly differ among
the synthesized catalysts both in terms of crystallinity and phase composition. For NiCo-S and
NiCo-D, there is a visible shift in the position of the main periclase related peaks at 36.9 deg
(111), 42.9 deg (200), 62.3 deg (220), in comparison to the CoNi-D catalyst, suggesting the
distortion of the lattice by the Ni atoms present inside the Mg(Ni,Al)Ox crystalline structure
[50,51]. This observation was not registered in the CoNi-D sample due to the formation of
nickel-free Mg(Al)Ox periclase-like matrix without Ni-related deformations. On the other hand,
the beforementioned periclase reflections in CoNi-D sample presented an additional shoulder
at the right side of the peak. It may be assigned to the separate NiO phase, formed after the
deposition of nickel in the second step of the synthesis. Nickel oxide (ICDD 01-089-7101) is
typically characterized by reflections at 20 with corresponding (001) planes of 37.2 deg (021),
43.3 deg (202), and 62.9 deg (220). Furthermore, for the CoNi-D sample, sharp peaks were
recognized at the reflection characteristic for spinel (probably MgAl2Q4). This kind of ternary

oxide in the as-synthesized catalysts was distinguished only for the CoNi-D sample.
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Figure 2. X-ray diffractograms for the as-synthesized cobalt-promoted samples

The NiCo-D catalyst, similarly to the NiCo-S, in which the Ni-Mg-Al oxide matrix was
simultaneously synthesized, showed the main reflection characteristic of the periclase-like
oxide with a shift towards nickel oxide, discussed above. In the 26 range below 30 deg, the
NiCo-D sample showed low scattering characteristic of the amorphous phase. Additionally, two
wide, asymmetric peaks were recognized at 20 of 35.1 deg and 60.6 deg. They may correspond
to the residual phase of AlOy, probably Al.Oz [16,52]. Considering the shape of the reflections,
the NiCo-D catalyst is characterized by nanometric crystallites. Large and well-defined

crystallites were observed for the CoNi-D catalyst.
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Figure 3. H2-TPR profiles for the SCS-derived mixed oxides promoted with Co

H>-TPR profiles for Ni-Mg-Al mixed-oxides promoted with cobalt are compared in Fig. 3. The
results recorded for the catalysts in which nickel was simultaneously introduced into the matrix
with magnesium and alumina gave comparable profiles. An intense peak was registered with a
maximum at 464 °C for NiCo-D and 420 °C for NiCo-S. This peak can be assigned to the
reduction of Ni?* to Ni® from bulk nickel oxide [53,54]. For those catalysts, the broad peak
located at 831 and 873 °C, respectively, is usually assigned to the reduction of Ni>* to Ni® in a
periclase-like matrix [36]. The sample to which Co was introduced in a separate step resulted
in a reduction of the temperature by ca. 40 °C for both types of specimens, in comparison to the
catalyst synthesized in the single-step combustion method. These results suggest a different
interaction between cobalt and nickel. As reported elsewhere [11,32,55], cobalt facilitates the
reduction of nickel by improving the uptake of hydrogen. Similarly, in the case of NiCo-D
where Co is expected to be available at the surface, the reduction temperature of Ni was
significantly lower, probably due to the facilitated dissociation of hydrogen at the catalyst

surface. CoNi-D catalyst reduction profile varied from the former. The intense, explicit peak



typical of the reduction of a single type of sites has not been registered, instead the TPR profile
consists of two broad shoulders. The narrower one, located at low temperature with a maximum
at 335 °C suggests a continuous reduction of nickel in the first stage from weakly bonded and
poorly dispersed crystallites. The broader one with a maximum at 601 °C may correspond to a
well-dispersed nickel species with strong metal-support interaction, perhaps partially extracted
from a periclase-like matrix. Cobalt co-reduction is possible over the entire temperature range

because its position in the matrix is not limited to the support or active phase [11].

3.3 Basicity of the cobalt-promoted mixed-oxides

Temperature-programmed desorption of CO2 (CO.-TPD) results for the cobalt-promoted mixed
oxides are shown in Fig. 4. The registered profiles were deconvoluted into three Gaussian
curves, representing the desorption region of weak (118-145 °C), medium-strength (199-268
°C), and strong (340-436 °C) basic sites. Clearly, higher desorption temperatures were observed
for all types of basic centers for the NiCo-D catalyst. In this catalyst, Co was deposited as a
separate surface phase. Cobalt has been already reported to increase the desorption temperature
in the CO2-TPD measurements [11]. Considering the aforementioned, it is suggested that for
this catalyst the highest amount of cobalt is available on the surface. The CoNi-D sample, in
which cobalt was expected to coexist with Mg-Al oxide matrix as a support phase, showed the
lowest temperature of the desorption curve for weak basic centers followed by moderate
desorption temperatures for medium-strength and strong basic sites. It is evident that the
position of cobalt in the matrix does influence the strength of each type of basic centers, mainly
through increasing the strength of the interaction between CO2 on metal-oxygen pairs and low-

coordination oxygen anions [11].
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Figure 4. CO2-TPD profiles for cobalt-promoted Ni-Mg-Al mixed oxides

In Table 4, the distribution of registered basic sites is compared. The total number of basic sites
detected in NiCo-D and CoNi-D samples obtained in the two-step combustion is similar, and
about two times higher than for the one-step combustion catalyst (NiCo-S). The samples
synthesized in the two subsequent steps vary from each other in the predominant type of
basicity. The CoNi-D resulted in a very high share of medium-strength basic sites — ca. 95
umol/g which constituted ca. 57% of the overall share. Furthermore, this catalyst was
characterized by a relatively high amount of strong basic sites (ca. 51 umol/g) and a limited
amount of weak centers (ca. 20 umol/g). On the other hand, the NiCo-D catalyst was dominated
with strong basic sites (ca. 74 pmol/g). The content of weak and medium-strength basic centers
was comparable (44 and 50 umol/g respectively). Such strong basicity may be assigned to the

improved availability of surface cobalt.



Table 4. Distribution of weak, medium-strength and strong basic sites for the studied catalysts

Weak  Medium Strong Total Weak  Medium Strong

Sample [pmol/g] [pmol/g] [pmol/g] [pmol/g] [%] [%0] [%0]
CoNi-D 20 95 51 167 12 57 31
NiCo-D 44 50 74 168 26 30 44
NiCo-S 20 22 34 76 26 29 45

3.4. Evolution of nickel crystalline structure after reduction of Co-Ni-Mg-Al

mixed-oxide matrix

The X-ray diffractograms for reduced cobalt-doped samples are compared in Fig. 5. By using
the XRD equipped with a channel-cut monochromator of Si (111), it was possible to obtain a
better overwview on the crystalline composition, especially considering the expected presence
of several types of spinel-like oxides, distinguishable only at high 26 values. The reported
difractograms chracterize highly crystalline catalysts with no scattering from the amorphous
phase. The most intense among the distinguished phases is metallic nickel (ICDD 03-065-0380)
with reflections at 20 of 9.53 deg (111), 11.00 deg (020), 15.59 deg (022), 18.29 deg (131),
19.12 deg (222), and 22.11 deg (040). The periclase-like phase (ICDD 00-045-0946) was
confirmed with the sharp reflections at 26 of 7.97 deg (111), 9.21 deg (200), 13.03 deg (220),
15.29 deg (311), 15.98 deg (222), 20.68 deg (420), 22.67 deg (422) which suggests extraction
of nickel from the structure during the reduction step. Three spinel-type phases could be
observed. First six diffraction lines characteristic for MgAI.O4 (ICDD 01-070-5187) spinel are
overlapping with signal from CoAl>O4 and NiAl>Os. The aforementioned peaks are located at
20 of 4.16 deg (111), 6.79 deg (022), 11.77 deg (242), 12.49 deg (151), 13.60 deg (044), and
15.78 deg (353). Due to the presence of reflections at 20 18.47 deg (731), 23.00 deg (931),
23.63 deg (844), 24.97 deg (951) CoAl>O4 presence (ICDD 00-038-0814) was suggested. The

strongest reflections assigned to this phase are typically at 20 of 7.94 deg (311), 12.64 deg



(511), and 13.58 deg (440), however, they are superimposed with a more intense phase i.e.

MgAl204, which is expected to show bigger contribution to the overall matrix.

Similarly, NiAl,O4 (ICDD 00-010-0339) is recognized with reflections at 20 of 7.98 deg (311),
12.53 deg (511), 13.64 deg (440), 15.83 deg (533), 18.57 deg (731), 23.75 deg (844), although,

those located above 15 deg confirm this kind of ternary structure.

Metallic cobalt (ICDD 00-001-1259) was possible to be separated from nickel considering the
reflections above 20 deg. The main three reflections assigned to those metals are at 20 angles
9.50 deg (111), 15.41 deg (220), and 18.17 deg (311). Additional diffratcion lines at higher 26
angles assigned in this system to cobalt appeared in the diffractogram (24.08 deg (331), 24.39
deg (420), 28.35 deg). Cobalt-related reflections with low intensity were registered in all

samples, although for NiCo-D their signal was higher than for the other catalysts.
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Figure 5. XRD diffractogram of the reduced cobalt-promoted mixed-oxide catalysts

3.5. Morphology of the surface metal particles of mixed-oxide catalysts

Transmission Electron Microscopy was performed to study the distribution of metal
particles and the morphology of nickel and cobalt on the surface of the reduced catalyst. TEM
images of the reduced cobalt-promoted mixed-oxide catalysts are presented in Fig. 6. 1 (a)-(c)
with the corresponding histograms (Fig. 6. 2(a)-(c)). The Ni° crystallite size distribution was
calculated based on the Rice estimator for the width of the bin [56]. Considering the wide
distribution of the metal crystallites, Gaussian curve was drawn for the histograms. The
maximum of the curve was used to determine the mean crystallite diameter of the metal
particles. The widest particle diameter from ca. 5 to 200 nm was recognized for the CoNi-D

catalyst. The average Ni° crystallite size of ca. 30 nm was considered as large for the CO;



methanation catalyst, where usually the goal of the synthesis is to minimize the diameter of
nickel particles. It has been reported that large crystallites are prone to coking at high reaction
temperatures [57,58]. Additionally, the bigger the diameter of metal crystallites, the lower the
dispersion, which limits the availability of catalytically active centers. Thus, with such surface

morphology, lowered CO> conversion and selectivity to CH4 could be expected [59].

The NiCo-S catalyst was characterized by the narrowest distribution of metal crystallites among
the studied series (diameter range from 13 to 65 nm). Nonetheless, the average Ni° particle
diameter was comparable to CoNi-D with the value of ca. 31 nm. Intermediate particle
distribution was registered for the NiCo-D sample, in the range from 5 to 145 nm. The Ni°
crystallites smaller than 50 nm dominated on the surface of latter catalyst. The mean diameter

of the metal particles is ca. 27 nm, which is the smallest value among the studied series.

The average Ni° particle diameter calculated with the Scherrer’s equation is clearly smaller than
the one estimated by TEM. Two main factors may explain such results: (i) the value obtained
on the basis of XRD is averaged for the Ni° crystallites present inside the bulk of the studied
catalysts and may therefore vary from the TEM results; (ii) as confirmed later by HRTEM, the
nickel crystallites were covered with a layer of nickel and cobalt oxides which gave a signal at
different 20 angles than metallic Ni°, and thus did not affect the reflection parameters of the

nickel.

HRTEM images (Fig. 6. 3 (a)-(c)) show the recognized lattice fringe (with its value given in
A). For each of the studied catalysts, several Ni- and Co-containing surface specimens were
recognized. Metallic Ni species with (020) plane dominated in all samples [60]. For CoNi-D
catalyst, at the edge of the crystallites, species with lattice fringes of 2.44-2.45A were observed.
Commonly, such d-spacing corresponds to spinel oxide, in this case probably NiAl.O4 or
CoAlO4 (2.44 A for (311) plane) [61]. As a result of the exposure of the samples to the

atmospheric air, the formation of nickel (I1) oxide or hydroxide on the surface of the reduced



Ni° crystallites was expected. In this case d-spacing of NiO (111) is 2.41 A and for Ni(OH)
(012) 2.60 A [62,63]. Two more specimens were recognized at the edge of the metal crystallites,
with d-spacing of 2.08 and 2.12 A. Considering the nature of the samples, the former can be
assigned to the NiO (200) plane, and the latter to CoO (200) plane [64]. The lattice fringe of
2.17 A resulted from the (100) plane of Co-Ni alloy [65]. The lowest registered distance of 1.75

A can be assigned to the Ni (020) plane.

NiCo-S resulted in a similar type of registered lattice fringe parameters. The value of 2.17 A
assigned to the Ni-Co alloy was also observed. The specimens formed during the surface
oxidation of nickel crystallites, such as NiO and Ni(OH). with the corresponding values of 2.08
and 2.1 A, and 2.6 A matching Ni(OH). (012) plane. Moreover, Ni (020) plane was dominating
with the lattice fringe distance of 1.8 A. In the obtained images, no planes typical for
NiAl204/CoAl204 were detected, which does not exclude the formation of such species in the

bulk of the studied materials.

The NiCo-D catalyst, similarly to the former samples, showed lattice fringes corresponding to
the plane of metallic nickel (020), oxidized surface specimens such as NiO (200) and CoO (200)

(2.08 and 2.13 A respectively), and formation of the Ni-Co alloy (2.17 A).

The energy dispersive X-ray (EDX) mapping analysis of the studied catalysts after reduction is
shown in Fig. 7. The presence of Ni, Co, Mg, Al, and O elements was demonstrated. In the
CoNi-D catalyst, the position of Co is highly correlated with the position of Ni. As confirmed
by HRTEM, the negligible content of cobalt was present in the support oxide matrix, suggesting
its arrangement mainly in the nickel crystallites, probably as a Ni-Co solid solution. The
observed distribution of magnesium and aluminium was uniform throughout the sample. In
addition, the presence of oxygen was detected over the places considered metal crystallites,

which confirmed the formation of a thin oxide layer on the surface. The EDX mapping of NiCo-



S catalyst showed that cobalt and nickel were partially localized in the metallic crystallites
forming an alloy, and dissociated in the oxide matrix of the support. The distribution of Mg in
the support was uniform. Aluminum showed an enhanced presence locally, in place of metal
crystallites, suggesting that either NiAl2O4 or CoAl204 is to be expected in those spots. For the
NiCo-D sample, as in the case of CoNi-D, cobalt coexists with nickel to form metallic
crystallites, but additionally to a certain extent (significantly smaller than in NiCo-S) it was
dissociated in the support oxide matrix. The recognized distribution of Mg in the support phase
was homogeneous, while Al seemed to agglomerate in some places, suggesting the formation

of ternary spinel-type oxides there.
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Figure 6. 1(a-c) TEM images of the reduced mixed-oxide catalysts; 2(a-c) histograms corresponding to the
studied catalysts in the reduced form; 3(a-c) HRTEM images
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Figure 7. EDX mapping analysis of the reduced cobalt-promoted mixed-oxides



3.6. The effect of synthesis on nickel coordination number in cobalt-promoted Ni-

Mg-Al mixed oxides

XANES spectra for the reduced catalysts are presented in Fig. 8 and compared to NiO and Ni
foil as a reference. The recorded spectra suggest that nickel exists mainly in its reduced metallic
form. Only the NiCo-S catalyst showed partial oxidation of nickel, which is particularly visible

in the energy shift registered in the area of the rising edge.
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Figure 8. XANES spectra of ex situ reduced catalysts

Considering the EXAFS spectra presented and compared to the metallic nickel standard in Fig.
9, the dominance of the Ni° phase is suggested. The first shell was fitted for all the samples and
the main parameters are compared in Table 5. The fittings for the second shell and higher were
rejected because the fit parameters could not be characterized with a low statistical error. The
multiphase composition of the catalysts after reduction resulted in differences in the presented

parameters. Considering the XRD results and HRTEM images, expected types of nickel-related



bonds are Ni-Ni (2.479 A), Ni-O from NiO (2.100 A), Ni-O from NiAl,04(2.040 A and 2.070

A). Co-Co bond is usually characterized with the length of 2.498 A.

The most accurate fit was obtained for NiCo-D sample. The bond between nickel and
nickel(cobalt) was characterized with a coordination number of 9.2, which is lower than for the
NiCo-S (9.8), and higher than for CoNi-D (8.7). The former may be characterized by a higher
contribution of Ni-Co phase, suggested not only by the higher coordination number, but also a
shift in radial distance in the direction of Ni-Co bonding. NiCo-S was also characterized with
the largest value of R. CoNi-D showed the lowest radial distance value, suggesting a smaller

content of cobalt coexisting within the nickel phase.

Table 5. Coordination number (CN), Radial Distance (R), Debye—Waller Factors (c), and R-Factor
Determined by EXAFS fitting of the Ni K-Edge of the reduced mixed-oxide catalyst promoted with cobalt

NiCo-S
Path CN R (A) 62 (A? R-factor (102)
Ni-Me* 9.8+£0.7 2.488 = 0.01 0.0074 £ 0.0006 0.8
Ni-O 05+£01 2.050 £0.01 0.0115 £ 0.004 '
NiCo-D
Path CN R 6° R-factor (10?)
Ni-Me* 9.2+0.5 2.486 = 0.01 0.0076 £ 0.0004 0.3
Ni-O 0.3+0.1 2.055 £ 0.02 0.0027 £ 0.0008 '
CoNi-D
Path CN R ¢° R-factor (10?)
Ni-Me* 8.7+£05 2.483 £ 0.02 0.0069 £ 0.0005 0.3

* where Me is Ni or Co
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Figure 9. EXAFS results of the studied samples after reduction

4. Catalytic tests

4.1 TPSR tests

The results of TPSR catalytic tests performed on the Ni-Mg-Al mixed oxide samples
promoted with cobalt are compared in Fig. 10. At the initial test temperature (250 °C), the
samples did not show high catalytic activity. However, NiCo-D catalyst improved the CO>
conversion by 10% in comparison to the other catalysts. All the presented samples showed
an evident increase in activity at the temperature of 300 °C. Under these conditions, the
most effective NiCo-D catalyst resulted in 88% of CO- conversion, followed by CoNi-D
(83%), and NiCo-S (72%). At 350 °C, the studied samples showed similar catalytic activity,
from 84% (NiCo-S) to 90% (NiCo-D). At temperatures of 400 °C and above, all cobalt-

promoted catalysts reached the CO> conversion close to the thermodynamic equilibrium.



The selectivity of the studied samples is presented in Fig. 10 (b). Due to the low activity
at the initial test temperature (250 °C), the catalysts did not show total selectivity towards
the formation of CH4. From 300 °C, NiCo-D catalyst was considered the most active among
the studied samples, and obtained selectivity to methane was at the thermodynamic
equilibrium. The other two samples, NiCo-S and CoNi-D, were also very selective to CHa,

although their performance was slightly (ca. 1-2%) worse than that of the latter catalyst.

a) b)
100 . : 100 4 ~ = -
i X 2 R
» : ~ w
N
80 + 4 — i 90 4
o) =
15 o~
= 604 = g0
5 z
o 2
g g
5 404 @ 70 4 CoNi-D
°, e » NiCo-D
3 < CoNiD 3 NiCo-3
20]” » NiCo-D Equilibrium
y NiCo-5 60+
b | Equilibrium
044 . . . : . . . . 50 L . ' . r . . . T
250 300 350 400 450 250 300 350 400 450
Temperature [ C] Temperature ['C]

Figure 10. (a) CO2 conversion and (b) selectivity to CH4of the Ni-Mg-Al mixed oxide catalysts promoted
with cobalt

4.2 On the influence of GHSV

To study the influence of different gas hourly space velocities (GHSV) on the results of the
catalytic tests, additional tests with increased GHSV of 24,000 h'* and 48,000 h were carried
out on the NiCo-D sample. The results are reported in Fig. 11. At GHSV of 24,000 h?, the
observed catalytic activity is significantly higher (CO2 conversion of 60%) than at 12,000 and
48,000 h* (22 and 0% respectively) at the initial test temperature. Such improvement may be
assigned to the lowered mass transfer limitations of the gases diffusing through the catalytic

bed, due to its smaller size (0.25 cm?®). On the other hand, at the highest studied GHSV of 48,000



h, the bed might have been too short (0.125 cm®) to provide sufficient contact time between

the reacting gas mixture and the catalyst which originated in the lack of catalytic activity.

At the elevated temperature range of 300 °C to 450°C, the performance of NiCo-D catalyst at
GHSV of 12,000 and 24,000 h* is comparable. With the highest GHSV of 48,000 h, the
sample activity is still satisfactory, reaching 72% of CO> conversion at 300 °C and increasing
to 79 and 80% at 350 and 400 °C, respectively. It was only at 450 °C that the catalyst reached

the thermodynamic equilibrium of CO2 conversion at the GHSV of 48,000 h.,

Selectivity towards methane formation reached the thermodynamic equilibrium for tests at
GHSV of 12,000 and 24,000 h! at the temperatures from 300 to 450 °C. At 250 °C, the results
varied, which can be interpreted as the consequence of the low activity at the initial test
temperature, except for the test at 24,000 h*. For the test at 48,000 h't, the measured selectivity
is very high at temperatures from 300 to 400 °C, equal to 98%, later decreasing to 96% due to

the thermodynamic limitations.
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Figure 11. (a) CO2 conversion and (b) selectivity to CH4 for NiCo-D catalyst at GHSV of 12,000; 24,000;
48,000 h? in the TPSR test

The catalytic activity of the presented catalysts can be easily corelated with their

physicochemical properties. Indeed, NiCo-D sample presented the highest CO. conversion at



300 °C for CO, methanation. It was characterized with the smallest size of nickel crystallites
(according to TEM) and the highest number of strong basic sites (74 umol/g). On the other
hand, in case of surface basicity, both catalysts synthesized with a two-step synthesis (CoNi-D
and NiCo-D) showed almost identical total basicity (167-168 umol/g). The CoNi-D sample was
dominated with medium-strength basic centers (95 pumol/g), which in this study were of
secondary value. Considering the similarity of the specific surface area of the studied materials,

this factor can be excluded from the further discussion.

The neighborhood of nickel atoms is an additional factor that influences the catalytic
performance. The coordination number of the NiCo-D catalyst of 9.2 was moderate, compared
to other samples. Additionally, the intensity of crystalline nickel phase diffraction lines in XRD
and likewise the significantly stronger signal of CoAl204 spinel oxide were recognized for this
catalyst. Referring to the EDX TEM mapping, it is visible that most of cobalt phase coexists
with nickel in metal crystallites, however, partially it is also dissociated to support matrix,
probably in the CoAl.O4 spinel form, reported to be the source of strong basic sites. As a result
of the partially occupied d-band, spinel-derived centers are responsible for the adsorption and
further dissociation of carbon dioxide [11,27]. The catalyst by the lowest activity, NiCo-S, was
characterized with the highest coordination number of nickel, and visible dissociation of
significant amounts of Ni and Co to the support matrix. It is likely that, as a result of such
phenomenon, the sites available on the surface were limited, in comparison to those of the other
catalysts, prepared with two-step synthesis. Additionally, a higher coordination number

suggests lower content of cobalt coordinated with nickel.

4.3 Stability test

By using the same GHSV, a 26 hour stability test at 300 °C was performed on NiCo-D catalyst

which appeared to be the best among the studied samples. During the entire time on the stream,



CO- conversion remained constant at the level of 88%, similar to the activity registered in the
TPSR test. Simultaneously, the selectivity towards methane formation was found to be higher
than 99% for the first 16 hours of test. Negligible fluctuations (ca. 1-1.5%) were registered after
that time. The overall test suggests satisfactory stability of both CO. conversion and CHa

selectivity, with no visible premises of deactivation.
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Figure 12. CO2 conversion and selectivity to CHs during the 26h stability test
at 300 °C and GHSV of 12,000 h*!

5. Post-run characterization

To investigate possible changes in the composition of the crystalline phase, the XRD was
performed on the post-run samples. The diffractograms with corresponding crystallite size
calculated from the Scherrer’s equation are presented in Fig. 13. Similarly to the reduced
catalysts, six phases were identified, such as three spinel-type ternary oxides MgAl.Os (ICDD
01-070-5187), NiAl,O4 (ICDD 00-010-0339), and CoAl.O4 (ICDD 00-038-0814), periclase-
like oxide (ICDD 00-045-0946), and two metallic phases of nickel (ICDD 03-065-0380) and

cobalt (ICDD 00-001-1259). The intensity of the signal corresponding to all the types of spinel-



like species decreased after the catalytic test. The most explicit and intense reflections among
the registered phases are those originating from metallic nickel. As reported elsewhere [45],
this phenomenon may be associated with the weak stabilization of nickel inside the support-

oxide matrix, which may result in its migration and sintering [46].

The scattering related to the presence of any amorphous phase was not observed, similarly to
the reflections corresponding to the possible formation of crystalline carbon deposits. Taking
into account the resolution and sensitivity of the recorded diffractograms, the formation of the

latter species can be omitted due to their absence or presence in a negligible amount.

An increase in the average nickel crystallite diameter was observed for all the samples after the
catalytic test. Especially, Ni° crystallite size increased for the NiCo-S catalyst (from 7 to 17

nm). Thus, promotion with cobalt may lead to increased Ni° sintering.
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Figure 13. XRD of the cobalt-promoted mixed oxide catalysts after the catalytic test



XANES for the post-run catalysts is presented in Fig. 14. XANES spectra of the catalysts NiCo-
D and NiCo-S are comparable to the ones collected for the reduced catalysts, suggesting the
presence of nickel mainly in its reduced form. Sample CoNi-D is clearly different, an explicit
shift is observed in the rising edge region towards to the direction of nickel oxide. This latter

result may be assigned to the partial oxidation of this catalyst during the time-on-stream.
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Figure 14. XANES spectra for the post-run catalysts

EXAFS spectra are compared in Fig. 15 and the corresponding fitting parameters are listed in
Table 6. The increase in the Ni-Me coordination number of NiCo-S and NiCo-D suggests a
higher contribution of Ni-Ni bonds. This is even more pronounced in the NiCo-S sample, where
the first shell interatomic distance reached 2.479 A, which corresponds to the value of the Ni°
bond. Indeed, the cobalt could be extracted from the Ni-Co solid solution to form a separate
phase, i.e., CoAl.O4. This was confirmed by XRD of the post-run catalysts (Figure 13). On the
other hand, considering the severe sintering on NiCo-S catalyst, the contribution of Co could
have decreased due to the migration of nickel weakly interacting with the surface, and its

agglomeration with the existing crystallites. Larger Ni particles are characterized with higher



coordination number, ca. 12, and the higher observed CN for the NiCo-S catalyst is likewise
associated with the increase in the Ni° crystallite size [66,67]. For CoNi-D, the coordination
number of metal-metal interaction remained comparable to that of the reduced catalyst. Then,
it was possible to fit Ni-O interaction to all the presented samples. Furthermore, the decreasing
of the length of Ni-O bond suggests a decrease in the contribution of nickel oxide (I1), which
was probably reduced during the time-on-stream, in favor of a shorter Ni-O bond, which could
correspond to Ni-O in NiAl>O4 ternary oxide or Ni(OH). in which the Ni-O bond is found ca.

1.97 A [68].

Table 6. CNs, Radial Distance (R), Debye—Waller Factor (o), and R-Factor Determined by EXAFS fitting
of the Ni K-Edge of the post-run mixed-oxide catalyst promoted with cobalt

NiCo-S
Path CN R (A) 62 (A? R-factor (109
Ni-Me* 11.1+£0.7 2.479 £0.02 0.0075 £ 0.0006 0.7
Ni-O 0401 2.055 = 0.02 0.0045 £ 0.0005 '
NiCo-D
Path CN R (A) 62 (A? R-factor (109
Ni-Me* 10.1+£ 0.9 2.487 £0.01 0.0074 £ 0.0007 0.8
Ni-O 05+0.2 1.991 £0.03 0.0021% 0.0005 '
CoNi-D
Path CN R (A) 62 (A? R-factor (109
Ni-Me* 8.4x0.7 2.488 £0.01 0.0071 £ 0.0007 0.8
Ni-O 0.8x0.2 2.036 = 0.02 0.0029 £ 0.0005 '

* where Me is Ni or Co
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Figure 15. EXAFS for the post-run catalysts

6. Conclusions

Solution combustion synthesis can be an efficient method for the preparation of multielemental
catalysts if the promoter (cobalt in this case) is introduced separately from the active phase. The
use of two-step synthesis led to the formation of a material with increased availability of both
the active material and promoter, which improved the development of the surface medium-
strength and strong basicity. This led to improvement of the catalytic performance in CO:
methanation. Additionally, the introduction of nickel separately from cobalt led to a material
with enhanced reducibility, compared to the catalyst obtained by one-step synthesis. In all
studied samples, nickel formed an alloy with cobalt. The simultaneous combustion of all the
precursors (NiCo-S catalyst) led to the dissociation of both Ni and Co to the Mg-Al oxide matrix

and a further formation of catalytically inactive NiAl,O4 and CoAl.O4. All of the reported



strategies led to the formation of relatively large nickel crystallites, especially for the sample

prepared by one-step synthesis.
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