Effect of cobalt promotion on hydrotalcite-derived nickel catalyst for CO2 methanation
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Abstract:

A series of cobalt-promoted Ni-Mg-Al hydrotalcite-derived catalysts were tested towards CO2
methanation reaction. The best among examined catalysts was the one with 1 wt% of cobalt in
fresh hydrotalcite, obtaining 77% of CO2 conversion and 99% of CH4 selectivity at 300 °C.
Above that temperature, the catalyst was working with-near-equilibrium parameters. It was also
stable for up to 24 hours on stream. Other cobalt-containing samples were likewise very active
and selective during the time on stream. Due to the use of a low amount of cobalt (0.5-4 wt%)
the Co-Ni alloy was not the subject of research — both materials formed probably solid solution
of cobalt in the nickel matrix. Although the behavior of cobalt as a textural and electronic
promoter was confirmed. Co was found to improve reducibility of nickel species, hydrogen
uptake, and the acidic/basic properties by increasing the number of medium strength and strong
basic sites. Tendency to sintering of nickel crystallites on cobalt-promoted catalysts was not
confirmed in this study, however, with increased content of Co, bigger metal crystallites were

formed under the reduction conditions.
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1. Introduction

The emission of CO2 to the atmosphere is constantly increasing since the industrial revolution.
Though before the XIX century, its concentration in the atmosphere varied, the medium value
was estimated to be ca. 280 ppm [1,2]. Since then, the CO2 level has been constantly increasing.
The current concentration is ca. 410 ppm [3]. However, some of the forecasts expect it to double
before the end of the XXI century [4,5]. Even though CO: is a crucial molecule for the Earth’s
ecosystem , the abundance in the atmosphere is related to long-term negative environmental

effects [6].

Several catalytic processes are commercially used to utilize CO2, e. g. production of cyclic
carbonates, dimethyl carbonate, and CO2 hydrogenation to methanol [7]. Furthermore, CO2
methanation which is an emerging process as well, is nowadays developed by Audi, DVGW,
and other companies [8]. Catalysts for methanation were extensively investigated in order to
find a better alternative to the currently applied Ni/Al203 [9]. Nickel-based catalysts are a
satisfactory compromise between costs and activity in the methanation process. However, these
catalysts are not stable during time on stream (TOS). The two main deactivation causes are
sintering of the Ni active phase and the carbon deposition during TOS[10]. The presence of
water vapor and hot-spots formation support agglomeration of active sites, which directly
reduces the dispersion of nickel and surface free energy [11]. Coke formation resulting in
carbonate and formate species is a reversible setback — deposit is easily gasified either with
hydrogen or water vapor. Stable carbon species such as filaments, fibers, and whiskers are

irreversibly deactivating the catalysts [12,13].

A variety of materials have been tested as CO2 methanation catalysts. Among them, the most
promising results were obtained with noble metal-based catalysts, but due to high cost and
limited availability, a more economical and accessible solution is necessary. The activity of

metallic centers for the methanation reaction is assumed to be correlated as follows:



Ru>Ir>Rh>Ni>Co>0s>Pt>Fe>Mo>Pd>Ag [14]. Additionally, the choice of a proper support
can modify the properties of the catalyst. Silica-based supports such as mesostructured silica
nanoparticles (MSN), MCM-41, and SiO2 were investigated, among which MSN gave the most
promising results. It may be attributed to a high concentration of basic sites and the presence of
intra- and inter-particle porosity [15,16]. ZrOz is interesting support due to CO2/CO adsorption
capability and optimal acidic/basic properties. In the monoclinic form, ZrOz exhibits high
thermal stability up to 1000°C [17]. CeOz2 is investigated either as a support material or a
support promoter as it was found to improve nickel dispersion and oxygen storage capacity
[18,19]. Especially CeO2-ZrO2 mixed supports were found to be remarkably active in CO2
hydrogenation to methane, influencing the surface Ni?*/Ni° ratio [20]. Mg-Al mixed oxides
with mixed periclase-spinel structure have shown high thermal stability. Moreover, the
presence of Mg-O groups on the surface provides adequate basic properties. Such catalysts may

be obtained through the thermal decomposition of hydrotalcites.

Hydrotalcites are layered hydroxides of bi- and trivalent metal ions with a brucite-like structure
where inside the interlayer region anions and water molecules are present. The possibility of
introduction of other metallic ions to the brucite-like structure with an atomic radius similar to
Mg?* and AI®*, are beneficial and lead to the formation of complex catalyst. During thermal
decomposition, hydrotalcites are decomposed to mixed nano-oxides. In such a way, a strong
interaction between the active material and support is obtained, which may result in reduced

sintering [21-23].

In CO2 hydrogenation to methane, several works were already reported either with cobalt as the
main active material or as a promoter. Cobalt doping of nickel catalyst was found to improve
Ni reducibility resulting in increased activity and selectivity towards methane [24]. Co species
allow an increase in hydrogen uptake and Ni-Co synergistic effect was reported for the

bimetallic catalyst [25]. Especially at low temperatures, the activity is enhanced. However, this
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kind of material was reported to undergo severe sintering [25,26]. On the other hand, Ni-Co
materials are resistant to coke formation and stable against metal oxidation [27]. It was also
noted, that in comparison to other promoters such as Cu and Fe, Co lowers the activation energy
of the reaction due to the reducing nature of cobalt [28]. Several Ni-Co bimetallic systems were
already reported as a CO2 methanation catalysts. Liu et al. tested mesoporous Ni-Co/Al203
catalyst, which resulted in high selectivity and stability, especially resistance towards sintering
[26]. Similar conclusions were found also by Alrafei et al. for Ni-Co/y-Al203, which

additionally resulted in a satisfactory CO2 conversion at low temperatures (below 350 °C) [24].

Among the possible solutions, cobalt-promoted hydrotalcites were not extensively studied as a
CO2 methanation catalyst, although they have been examined for application in Fischer-
Tropsch synthesis. Co-containing hydrotalcites were successfully tested in reactions such as
steam reforming of methane [29,30], ethanol steam reforming [31-33], oxidative ethanol
reforming [34], dry reforming of methane[35,36], and other redox processes [37-39]. In
bimetallic catalysts, cobalt tends to form an alloy with nickel, which leads to improved electron
transfer. It especially enhanced the activity of dehydrogenation [40], which makes it likely to
assume that such an effect will be beneficial also for hydrogenation. In reforming reactions,
cobalt enhances activity at low temperatures, making it an alternative to noble metals. This
effect was assigned to cobalt, which plays the role of an oxidizing agent for the removal of
carbon species [41]. This latter reaction is important for preventing catalyst deactivation by
coking, together with a high affinity for CO2 adsorption and strong metal-support interaction
[29]. Additionally, hydrotalcite-derived nickel catalysts show satisfactory metal-support
interaction, which may prevent cobalt-promoted materials from sintering, which seems to be
the biggest obstacle for application of Co as promoter. On the other hand, Ni-Mg-Al
hydrotalcites require high temperature of reduction, ca. 900 °C, and possibly introduction of

cobalt to the matrix may decrease the reduction conditions, due to the well-known good



reducibility of Co. Moreover, reported in the literature Ni-Co methanation catalysts are
supported on alumina — addition of Mg to the matrix should improve surface basicity and
convey to better catalytic performance. All the above-mentioned qualities make cobalt-

promoted hydrotalcites interesting catalysts for CO2 hydrogenation to methane.

2. Experimental
2.1 Catalyst preparation

A series of cobalt-promoted nickel catalysts was prepared via co-precipitation at constant pH
(9.5-10) at 65 °C, as proposed by Cavani et al. [23]. The precipitate was aged in the mother
solution for 1h, at precipitation temperature, then washed with distilled water, and dried
overnight at 80°C in static air. The dried samples were calcined at 500 °C for 5h in static air.
The samples contained 15 wt% of nickel in fresh hydrotalcite, and cobalt in amounts of 0, 0.5,
1, 2, and 4 wt%. The amount of nickel and cobalt in calcined samples was calculated based on
the assumption that Mg, Al, Ni and Co ions present in the hydrotalcite matrix formed oxides

(MgO, Al203, NiO, Co30a) during the thermal decomposition [42].

Table 1. List of prepared materials and presumed content of active phase in uncalcined (hydrotalcites) and
calcined (mixed oxides) samples and content of active phase

Name Ni/Mg/Al Ni content [wt%] Co content [wt%o]
molar ratio

Fresh Calcined Fresh Calcined
(calculated) (calculated) (calculated) (calculated)

HTNi15 0.22/0.53/0.25 155 20.4 - -

HTNi15C00.5 0.22/0.53/0.25 155 20.3 0.5 0.7
HTNi15Col 0.22/0.52/0.25 155 20.2 1 1.2
HTNi15Co02 0.22/0.52/0.25 15.4 20.1 2 2.6
HTNi15Co4 0.22/0.50/0.25 15.3 19.7 4 51

2.2 Physico-chemical characterization

The samples were characterized by XRD, H2-TPR, low-temperature N2 sorption, CO2-TPD,
XPS, and TEM. X-ray diffraction (XRD) measurements were conducted using a Panalytical

Empyrean diffractometer, after each synthesis step (drying, calcination, reduction) and after



catalytic tests. The diffractometer working in Bragg-Brentano 6-60 geometry was equipped with
Cu Ko (A = 1.5406 A) radiation. The data were collected within a 20 range of 3-90 deg. To
calculate the Ni crystallite size, the Scherrer equation was utilized, with a correction related to
the instrument broadening and shape factor of 0.89 [43]. Low-temperature N2 sorption
measurements were carried out on TriStar 3000 (Micromeritics) to investigate textural
properties, such as specific surface area and pore volume. The samples were outgassed for 2
hours at 350 °C beforehand. Temperature programmed reduction (H2-TPR) and temperature-
programmed desorption (CO2-TPD) profiles were obtained using BELCAT-M equipped with a
TCD detector. The calcined samples were outgassed for 2 hours at 100 °C before the H2-TPR
measurement and then reduced at the heating ramp of 10 °C/min, from 100 to 900 °C under a
flow of a gas mixture containing 5% H2 in Ar (50 ml/min). CO2-TPD was carried out on the
reduced samples, firstly degassed for 2 h at 500 °C and cooled to 80 °C. Secondly, a mixture of
10%CO2/He was fed for 1 h to adsorb CO2 on the sample, and subsequently pure He (50
ml/min) was flowed for 15 minutes to remove weakly adsorbed carbon dioxide. The
temperature range of the CO2-TPD measurements was from 100 to 800°C with a heating rate
of 10 °C/min. The COz2 uptake was calculated from the number of desorbed volumes of the gas,
from the area under the TPD curve. The setup was calibrated prior to the measurement with

known amount of COz, to know the precise area of the one pulse, registered with TCD detector.

Transmission electron microscopy (TEM) analyses were carried out with JEM-2010 and JEM-
2100Plus (JEOL, Tokyo, Japan) transmission electron microscopes operating at 200 kV for the
reduced catalysts. Before measurement, the reduced samples (reduction condition: 900 °C for
1 hin5 % H2/Ar) were dispersed in ethanol before the suspension was added dropwise on a
copper grid covered with carbon film. Then the prepared materials were used for the

microscopy measurements.



Chemisorption experiments were carried out in a Micromeritics ASAP 2020. 200 mg of a
calcined material were loaded into a U-shaped quartz reactor and placed between quartz wool
plugs. The catalyst was reduced in situ in pure hydrogen from room temperature to 900 °C at a
heating rate of 10 °C/min. After reduction, the sample was treated in helium for 30 min at 900
°C. Thereafter, the material cooled down to 40 °C, and evacuation took place for 30 min. The
dispersion (D) of Co and Ni metals was calculated, based on the assumption that two metal sites
are covered by one hydrogen molecule. By assuming spherical particles, the particle size (dco

and dni) was calculated from D with the following formulas:

9%
dco[nm] = D] and dy;[nm] = DT 1)

For a mixture of Ni and Co, the particle size is averaged by:

Bes 100 o 100 @) [44]
Co Ni

dco—ni [Nm] =

X-ray photoelectron spectroscopy (XPS) results were obtained with an AXIS Ultra DLD
(Kratos Analytical) spectrometer equipped with a magnetic immersion lens and charge
neutralization system with a spherical mirror and concentric hemispherical analyzers with
monochromated Al anode. All of the recorded data were referenced to the C1s peak at 284.6
eV[45]. Quantitative analysis of the surface composition was determined using the peak areas

and the element-specific Scofield factors.

2.3 Catalytic tests

The CO2 hydrogenation to methane was carried out inside a tubular fixed-bed quartz U-type
reactor heated by the vertical electric furnace. The temperature was controlled with a K-type
thermocouple, placed outside the catalytic bed. The gas composition at the inlet to the reactor
was CO2/Hz2/Ar = 1.5/6/2.5 with a flow of 100 ml/min (GHSV = 12,000 h-!). The products of

the reaction (CO2, CO, CH4, and H2) were analyzed with an online micro-chromatograph



(Varian GC4900) equipped with a thermal conductivity detector (TCD). The tests were
performed in the temperature range from 250 °C to 450 °C, with the sample kept at steady-state
operation for 30 minutes at each temperature. The heating rate between steps was 10°C/min.
Prior to the catalytic tests, the materials were reduced for 1h at 900 °C in 5%H2/Ar. The stability
test was carried out at 300 °C for 5 h, under similar experimental conditions in terms of mixture
and GHSV. Equilibrium COz2 conversion and selectivity to CH4 were calculated with HSC

Chemistry 5.0 software.

COz2 conversion and CHj4 selectivity were calculated using the equations below:

F inlet—F u
CO, conversion as Xco, (%) = €02 ;et Cozoutlet . 100 (3)
COyinlet
F outle
CH, selectivity as Scy, (%) = CHaoutlet -100 (4)

FcHyoutlett Feooutlet

Where Fiinevoutlet denote the inlet/outlet flow of i species (i=CH4, CO2, CO) calculated from the

concentration of the gases.

According to M. Boudart, for high conversion, turnover frequency (TOF) should be avoided.
Site-time yield (STY), defined as the overall rate of the catalytic reaction within the reactor
normalized by the total number of active sites within the reactor [46], was then used and was

calculated according to the equation:

STY= 2t [0 ©)

Mcat gh
Where Fcha is the flow of methane in the outlet [mmol/h] and mcat is @ mass of a catalyst

[47,48].

The dispersion (D) was also calculated as:

p = ¢lin) 6)

dUtl



Where Vnm is the volume occupied by an atom in bulk metal (10.95 A3 for Ni), am is the area
occupied by a surface atom (6.51 A2for Ni) and dva is the mean diameter or metal particle from
TEM [49]. To simplify the calculations, the dispersion was defined based on the assumption
that we deal with pure Ni particles. This can be explained with the ratio of Ni/Co varying
between 5:1 (HTNi15Co4) to 40:1 (HTNi15C00.5) i.e. Ni atoms are the majority species by
far. Such simplification was impossible for Hz-chemisorption measurement, due to the possible

chemical interaction of cobalt with hydrogen.
Results and discussion
2.4 Physico-chemical properties of the hydrotalcite-derived catalysts

2.4.1. Structural and textural parameters, reducibility, and basic properties of

hydrotalcite-derived catalysts

Fig. 1 presents X-ray diffractograms for fresh (1a) and calcined (1b) hydrotalcite-based
catalysts. In the Fig. 1a, for a fresh hydrotalcite, a single crystalline phase was detected for all
the investigated fresh samples. Detected reflections corresponding to (00l) planes at 260 of 11.3
deg (003), 22.8 deg (006), and 34.5 deg (009) can be assigned to the multilayered hydrotalcite
structure (ICDD 00-022-0700). The lack of secondary phases such as cobalt hydroxide or cobalt
oxide may indicate successful incorporation of the promoter to the hydrotalcite structure while
the lack of alteration of background signal suggests lack of an amorphous phase, indicating a
high level of crystallinity. Hydrotalcite phase-related peaks are broad, suggesting a small size

of the crystallites.

The unit cell parameter ¢ was calculated as proposed by Rives et al. [50], from averaging the
position of three reflections corresponding to planes (003), (006), and (009) located at 26 range
of 10-40 deg as c=d(003)+2d(00s)+3d(09). For all the co-precipitated fresh hydrotalcites, the ¢

value is in a range of 23.4 to 23.6A which confirms a similar extent of electrostatic interaction
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inside the investigated structures [34]. Based on the ¢ parameter, it is possible to define the
interlayer anion which for this case is most probably nitrate and/or carbonate with an average

distance between the cations of 3.06A for each sample [22].

After calcination at 500 °C for 5 h (Fig. 1b), hydrotalcites were decomposed to mixed oxides
with periclase-like structure (ICDD 00-045-0946) confirmed with reflections at 26 of 36.9 deg
(111), 42.9 deg (200), 62.3 deg (220), 74.7 deg (311) and 78.6 deg (222). No diffractions lines
from additional oxide phases such as nickel or cobalt oxides were detected, which suggests a

high degree of phase purity, or their presence in highly dispersed, nano-crystalline form

[22,51,52].
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Fig. 1. XRD diffractograms for (a) dried hydrotalcite-based catalysts; (b) mixed-oxide catalysts after calcination

H2-TPR profiles for calcined hydrotalcites are presented in Fig. 2. All the catalysts show a wide
peak in the high-temperature region (610-860 °C) assigned to the reduction of nickel species in
the periclase-like structure. According to the literature, the observed shift in the peak position
was in the direction of lower temperatures with an increase of Co content [26]. The Ni-Co
synergistic effect is visible through the improved reducibility of the material [26]. Such a trend
is observed also for the as-prepared materials, excluding sample HTN15Co1l, for which the
center of the peak is at a temperature 10 °C higher than for the unpromoted material. This

indicates strong Ni-O interactions inside the matrix [27] or can be related to the residual
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hydrotalcite phase detected only in this sample [53]. For the cobalt-promoted material, small
peaks at low temperatures were registered. They are probably originating from the reduction of
small amounts of Co3O4, reducible at temperatures 270-400°C [54,55]. The peaks at 290-310°C
may be assigned to weakly bonded and well-dispersed cobalt (I11) oxide while those in the range
370-410°C originate from the reduction of Co®* ions dissolved in Mg-Al oxide matrix, reduced

to Co?* [30,56]. The remaining cobalt is probably reduced with nickel above 600°C [57,58].
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Fig. 2. H2-TPR profile for calcinated hydrotalcites based catalysts

Low-temperature N2 sorption was carried out to investigate the textural properties of the
examined materials. The isotherms are reported in Fig. S1. All the hydrotalcite-derived catalysts
have the shape of the isotherm typical for this kind of mesoporous materials, classified as type
IV according to IUPAC [59]. All the promoted materials can be characterized with H1 subtype
of isotherm, which suggests cylindrical and well-defined pores. Textural properties are
presented in Table 2. Specific surface area Sget for the examined samples is ca. 190-220 m?/g
for promoted materials and ca. 250 m?/g for the unpromoted. Additionally, shape of the

hysteresis loop for the HTNi15 samples is slightly different, than for the promoted materials —
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it suggests change of the shape of pores in the direction of more regular and cylindrical, with
the addition of cobalt. With the presence of cobalt, a decrease in specific surface area is visible,
although smaller than the experimental error for low-temperature N2 sorption. A change in the
porous properties of the hydrotalcite-derived materials is also observed with the increase of
cobalt promotion. For all the samples, total pore volume is practically dominated by mesopores,
as confirmed by the type 1V isotherm. A total pore volume of 0.65 cm3/g was found for the
HTNi15 sample, decreasing to 0.35 cm3®/g for HTNi15Co4. For the samples the mean pore
diameter was decreasing with the increase of cobalt promotion, with small abbreviation for
HTNi15Co2 sample, where mean pore diameter was larger than for neighboring samples. Such
trend may be assigned to the blockage of mesopores. In general, with increasing cobalt content,
a trend indicating decrease of porosity is visible. This effect has often been observed in the
literature for transition metal-promoted Ni/Mg/Al hydrotalcites, in which the promoter was

blocking the pores [60,61].

Table 2. Specific surface area and porous properties of the calcined catalysts

Sample SgeT Total dp Vmesopores
[m?/g] pore [nm] [cm®(g]
volume
[cm3/g]
HTNi15 256 0.65 14 0.62
HTNi15C00.5 215 0.49 13 0.47
HTNi15Col 213 0.50 10 0.49
HTNi15Co02 194 0.35 11 0.33
HTNi15Co4 212 0.35 9 0.33
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Fig. 3. X-ray diffractograms for the reduced hydrotalcite-derived catalysts

X-ray diffractograms for the reduced hydrotalcite-derived materials are presented in Fig. 3.
Three crystalline phases are distinguished, which are periclase (ICDD 00-045-0946) already
discussed in Fig. 1, spinel (ICDD 01-070-5187), and metallic nickel (ICDD 03-065-0380). The
nickel phase originates from the reduction of nickel species present in the periclase-like
structure and was confirmed with three sharp reflections at 26 of 44.3 (111), 51.7 (200), 76.1
(220), typical for a metallic nickel. Spinel is usually formed at high temperatures (above
700°C), so most probably this phase was formed from periclase-like oxide during the reduction
step at 900°C. Most probably the obtained spinel oxide is MgAIl204, as confirmed by the
reflections at 20 of 19.0 deg (111), 31.3 deg (220), 36.8 deg (311), 44.8 deg (400), 59.3 deg
(511), and 65.2 deg (440). The spinel formation is not always registered during the reduction
of hydrotalcites at 900°C, also catalysts with only periclase oxide structure have been reported

[22].
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Fig. S2 illustrates CO2-TPD profiles for the reduced hydrotalcite-derived materials. The profiles
were deconvoluted into three Gaussian curves with centers of the desorption peaks in the range
120-150°C for weak basic sites, 185-235°C for medium-strength basic sites, and 285-345°C for
strong basic sites [62]. In the unpromoted HTNi15 samples, the fraction of each type of basic
sites is similar. The low-loading promotion with cobalt (0.5-2 wt%) leads to a significant
increase in the number of medium-strength and strong basic sites. The HTNi15Co4 sample with
the highest content of cobalt resulted in a lower number of sites than in the unpromoted catalyst,
but with a uniform share of the strength of sites. Additionally, after the incorporation of cobalt,
a shift in desorption temperature in each range is also observed (cp. CO2-TPD profiles, Fig.
S3). The desorption temperature for weak, medium-strength and strong basic sites decreased
respectively by ca. 20, 30, and 50 °C for the HTNi15C00.5 catalyst, in comparison to HTNi15.
With the increase in the amount of cobalt promotion, the temperature of the desorption peak
center increases, suggesting a strengthened interaction between CO2 and the site. The 3d
orbitals of both metallic nickel and cobalt are not fully occupied with electrons, which may
promote activation of CO2 to form COz. As a result, Ni and Co form a Lewis basic complex
with the hydroxyl surface group. Such interaction with COz shifts the desorption temperature

to a higher range [54].

Table 3. The distribution of basic centers (from CO,-TPD) of the reduced catalysts

Weak Medium Strong Total Weak Medium Strong
[umol/g] [nmol/g] [umol/g] [umol/g] [%6] [%0] [%0]
HTNi15 23 25 25 74 31 35 34
HTNi15C00.5 10 78 82 170 6 46 48
HTNi15Co1l 18 66 94 178 10 37 53
HTNi15Co2 10 54 51 116 9 47 44
HTNi15Co4 16 35 44 95 17 37 47

It was already reported that basicity can be linked with the catalytic performance for CO:

methanation. Especially medium-strength basic sites were related to improved CO2 conversion
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[22]. In the case of nickel catalyst, the number of these sites can be increased by increasing the
nickel content or by addition of the optimal amount of a structural promoter such as copper,

iron, lanthanum, vanadium, etc. [8,53,60,63].

2.4.3. Transition Electron Microscopy and Surface analyses of Co-Ni hydrotalcite-
derived catalysts
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Fig. 4. 1-5(a) - Transmission Electron Microscopy (TEM) images of reduced hydrotalcite-derived catalysts; 1-
5(b) — histograms with particle size distribution for the studied materials.

TEM measurements were carried out to determine the nickel particle size in the studied
catalysts. From Fig. 4, one can see that the most uniform distribution of nickel particles was

obtained for the HTNi15Col sample. In this catalyst, small nickel particles with a relatively
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narrow size distribution are identified. With the increase in cobalt content, the nickel particle
size is significantly increasing. The Ni particle size distribution for the samples such as
HTNi15Co02 and HTNi15Co4 is quite wide, including particles with sizes of ca. 10-15 nm and
60-70 nm with dominating crystallites of ca. 20-30 nm. The presence of 2-3 times larger
particles is in general not beneficial. It is well known that large Ni particles are prone to coking,
and result in less availability of active sites. HTNi15C00.5 catalyst shows small nickel particles
on the surface, but some bigger particles are also present. The average diameter of nickel
particles for this sample is ca. 12.8 nm. The unpromoted catalyst (HTNi15) is characterized by
a uniform distribution of nickel particles, whit an average diameter of ca. 15 nm. For the
majority of samples, the obtained TEM average particle diameter values are close to those

calculated from Scherrer’s equation, based on XRD (Table 9).

XPS was performed to analyze the oxidation state of nickel and cobalt in the reduced
hydrotalcite-derived materials. Fig. 5(a) presents fragments of the spectra corresponding to the

binding energy of nickel.
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Fig. 5. XPS spectra for hydrotalcite-derived catalysts (a) regions of Ni 2p, (b) regions of Co 2p, (c) regions of O
1s

After deconvolution of the Ni 2ps/2 peak (Fig. 5(a)) for the HTNi15 sample, it may be assumed
that the Ni 2p 312 peak is composed mostly of energies resulting from Ni° (peak at ca. 852.3 eV
[64]), Al2NiO4 at 857.0 eV [65], and NiO at 855.4 eV [66]. The main peak assigned to Ni 2p 312
is located at 855.5 eV for the HTNi15 sample and shifts to lower energies with the increase of
cobalt content, up to 854.2 for HTNi15Co4. This may indicate electron transfer from Ni species

resulting in higher electron density, related to the formation of a CoNi solid solution [26]. The
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appropriate satellite peaks are located at ca. 5.5 eV above the main peak [66]. For the cobalt
promoted samples, it was possible to distinguish the fourth peak at 852.9-853.1 eV. In all the
Co-containing samples, the peak area corresponding to NiO is ca. 18-25% of the area of the
whole peak, while it reaches ca. 78% for the unpromoted. The surface content of the Ni(OH)2
phase is present in ca. 10-20% in each sample. It was probably formed in parallel to NiO, from
contact with air during transportation of the reduced sample before the actual measurement
[67]. The metallic Ni° species are present in ca. 38-50% in the Co-promoted catalyst. The
highest amount of ca. 49% was observed in HTNi15Col. The catalyst with the smallest
contribution from metallic nickel detected on the surface was HTNi15, containing only 8% of
Ni. For the samples with the addition of cobalt, the peak with binding energy higher than that
of Ni° can most likely be assigned to the Ni-Co solid solution of those two elements [68]. The
content in the materials is similar, ca. 20%. The above results suggest that nickel is present

mainly in reduced, metallic form or together with cobalt in the solid solution.

Figure 5(c) presents the cobalt 2p region. For all the samples except HTNi15Co4, due to the
low presence of cobalt, it was impossible to deconvolute representative peaks. However, for
higher cobalt loadings the main Co 2p 312 peak was located at ca. 780 eV with a corresponding
satellite located 6.0 eV above the main peak [69]. The Co 2p 12 peak had a maximum at ca. 796
eV with a satellite at 802 eV. Moreover, more particularly on HTNi15Co4, four oxidation states
were distinguished from the Co 2p 312 peak, as assigned to Co20s3 at ca. 780 eV, CoO at ca. 781.2
kV, Co%at ca. 777.3kV, and Co-Ni at ca. 778.4 eV [28,68-70]. For the peak assigned to metallic
cobalt, we can assume that a shift in the direction of higher energies was detected - from 778.0
in HTNi15Co00.5 to 778.5 at HTNi15Co4, which suggests the formation of the solid solution
between nickel and cobalt. This is especially visible for the sample with the highest
concentration of Co [25]. The peak assigned to Co203 contributes to ca. 18-25% of the cobalt

phase in the deconvoluted Co 2p 32 peak. Probably this oxide was partially formed from contact
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with air during transportation. Co?* cobalt originating from CoO was likewise partially formed

before the XPS measurement.

Furthermore, the peak related to O 1s is for all samples located at ca. 530.4 eV (Fig. 5(b)). The
peak can be deconvoluted into two Gaussian curves, one with the maximum at 529.4 eV
corresponding mostly to the NiO phase [71] and to the cobalt oxides which give a peak at
similar binding energy [72]. The second peak at 531.4 eV was assigned most probably to -O-H
groups present in the material as Ni(OH)2, formed during contact of the sample with

atmospheric air [73].

The relative area of 2ps2 peaks of nickel is presented in Table 4. As mentioned before, the
samples were partially oxidized during contact with air. The highest amount of nickel oxide
phase was detected in the unpromoted catalyst. Based on the results reported in Table 4, it may
be deduced that the presence of cobalt influences the nickel oxidation state — the majority of
nickel is present in the reduced form which can be assigned to the improved reducibility ensured

by cobalt addition.

Table 4. The relative area of Ni 2ps2 peaks for hydrotalcite-derived samples based on XPS measurement

HTNi15 HTNiC00.5 HTNiCol HTNiCo2 HTNiCo4

Ni° 8 38 49 39 45
Ni-Co - 21 21 19 20
NiO 78 25 19 21 25
Ni(OH), 14 16 11 21 10

2.5 COz2 catalytic methanation and structure-activity analysis

2.5.1. On the effect of the temperature

Results of the catalytic tests towards the methanation reaction are presented in Fig. 6.
Due to the construction of the experimental setup, the expected temperature of the catalytic bed
deviates from the actual temperature measured with the thermocouple in the high-temperature

range of the measurements (400-450°C). The presented results are in agreement with the
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temperature measured at 1 mm of the catalytic bed. CO2 conversions (Fig. 6(a)) obtained for
all the Co-promoted hydrotalcite-derived catalysts are higher in the entire temperature range
than the conversion levels obtained for the unpromoted HTNi15 sample. At 250°C none of the
catalysts are exceeding 25% of CO2 conversion. An increase in temperature to 300°C resulted
in a significant leap in the activity for samples with 0.5, 1, and 2 wt% of Co. The best catalytic
performance was obtained for the HTNi15Co1 catalyst, which shows conversions close to the
thermodynamic equilibrium at 350°C and above. HTNi15C00.5 and HTNi15Co2 show similar
activity throughout the temperature range, almost reaching the thermodynamical equilibrium at
400°C. In comparison to the best sample, the catalysts promoted with 0.5 and 2wt% of cobalt
showed only a few percent lower conversions. Among the Co-containing materials, the worst
performance was registered for HTNi15Co4, which did not reach CO2 conversion close to
equilibrium in the entire temperature range. Values of CO:2 conversion and CHas selectivity are

compared in the Table 5.

The selectivity towards CHs formation, presented in Fig. 6(b), confirms the good
performance of cobalt as a promoter for CO2 methanation. Thus, at 250°C, HTNi15Co0.5,
HTNi15C02, HTNi15Co04 showed the formation of carbon monoxide (23-50%), whereas both
HTNi15 and HTNi15Col gave high selectivity to methane (92-96%). At temperatures higher
than 300°C, all the catalysts were selective for methane, with a CHa selectivity not falling under

94%, and reaching ca. 97-99% for all the Co-containing materials.
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Fig. 6. (a) CO2 conversion as a function of temperature; (b) CH selectivity as a function of temperature for
hydrotalcite-derived catalysts

Table 5. CO; conversion and CH4 selectivity registered for hydrotalcite-derived catalysts

Temper CO; conversion [%0] CH, Selectivity [%]

ature HTN  HTNil5 HTNil5 HTNil5 HTNil5 HTN HTNil5 HTNil5 HTNil5 HTNil5

[°C] i15 Co0.5 Col Co2 Co4 i15 Co0.5 Col Co2 Co4
250 1 9 24 17 9 96 50 92 69 77
300 27 74 77 72 45 96 99 99 97 94
350 61 83 89 81 74 97 99 97 99 95
385 74 84 85 84 82 97 99 98 99 98
430 74 80 79 78 77 94 98 96 97 96

2.5.2. On the effect of time on stream

A stability test of 5 hours was carried out at 300 °C for all the examined catalysts (Fig. 7(a)).
Moreover, for the promoted catalyst showing the best activity, a 24h stability test was also
performed at the same temperature. It is worth noting that the cobalt-containing samples
remained stable during TOS. HTNi15Co1 did not lose activity during 24 hours on stream while
CO2 conversion decreased by 1-1.5 % for unpromoted HTNil5 (Fig. 7(b)). The cobalt-
promoted catalyst was already reported as the most stable, in comparison to Fe and Cu for NiO-

MgO systems [28].
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Fig. 7. (a) CO, conversion and CH, selectivity at 300°C during 5h stability test; (b) CO, conversion and CH4
selectivity at 300°C during 24h stability test for the hydrotalcite-derived samples

Ni° particle size on reduced samples was determined using Scherrer’s equation based on XRD
measurement (medium value of crystallite size for all the significant nickel reflections at 44.44,
51.78, and 76.27 deg.), Hz2-chemisorption, and TEM. Ni° Values are compared in Table 6. The
general tendency is similar for all studied samples. The smallest particles (11-13 nm) were
detected for low loading cobalt catalysts, such as HTNi15C00.5 and HTi15Col. The largest
(24-27 nm) nickel crystallites were found in samples with higher cobalt content: HTNi15Co2
and HTNi15Co4. An intermediate size (15 nm) was found in the unpromoted material. These
results confirmed that the promotion of Ni catalyst by Co led to the formation of large Ni
particles as already discussed [25,26]. Furthermore, for HTNi15Col and HTNil15Co2, the
crystallite sizes obtained via chemisorption and XRD vary significantly. Although for the latter
catalyst, the XRD result is confirmed by TEM. In this sample, the distribution of particle size
was very wide and both nanometric crystallites and larger agglomerates were present on the
surface. Considering the results, the most reliable is the particle size result obtained via TEM.
Nickel crystallite size calculated from XRD is an average value, dependent additionally on the
experimental set-up: calibration, chosen shape factor, limitations in detection of the crystallites

below 4 nm, etc.

24

CH, selectivity [%]



The nickel dispersion for the investigated catalysts is listed in Table 6. The dispersion values
obtained with H2-chemisorption and TEM are having a similar sequence, but due to
uncertainties, the values are slightly different since hydrogen spillover on the support may occur
during Hz chemisorption [74]. Likewise, Hz-chemisorption measurements were performed in
the atmosphere of pure hydrogen, while samples were normally reduced at the mixture of
5%H2/Ar, which may explain the observed differences. On the other hand, with H-
chemisorption it is not possible to detect buried particles, which can be achieved with TEM
[75]. Additionally, choosing optimal temperature conditions for H2-chemisorption
measurement on bimetallic Ni-Co catalyst is difficult. Near zero activation energy of hydrogen
adsorption at 300 K for nickel, and a kinetic barrier at low temperature for cobalt (for which
recommended measurement temperature is 400 K) may affect the adsorption of a well-
established monolayer. However, it was already reported that with an increase of the amount of
cobalt promoter in nickel catalyst, the dispersion value obtained via Hz-chemisorption is
decreasing [44,76]. Results obtained with H2 chemisorption are however in agreement with the
sequence for catalytic activity — HTNi15Co1 (11.8%) > HTNi15C00.5 (10.5%) > HTNi15Co2
(5.5%) > HTNi15Co4 (4.7%) > HTNI15 (3.2%). This may be assigned to overall hydrogen
uptake on the surface of the catalyst, rather than particle size itself. In comparison, the highest
dispersion according to crystallite size based on TEM images was obtained on the most active
sample HTNi15Col (8.6%). Slightly lower dispersion of 7.9% was found in the second-best
material HTNi15C00.5. The unpromoted catalyst resulted in a dispersion of 6.7%, which is
higher than the dispersion for HTNi15Co4 (4.2%). Site time yield (STY) values calculated for
reaction at 300 °C are reported in Table 6. STY was defined as the number of molecules of a
specified product obtained per mass of catalyst and per unit time [77]. STY values seem more
valid for this kind of study, when CO: is formed in several reactions, not allowing for a precise

definition of TOF. Catalysts with Co content 0.5-1 wt% resulted in STY values higher than for
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other materials, of 76.63 mmol-g*-ht for HTNi15C00.5 and 49.64 mmol-g*-ht for
HTNi15Col. According to this result, the highest yield of methane formation was obtained for
a sample with 0.5 wt% of cobalt, due to the lowest density of this catalyst. The remaining
samples HTNi15, HTNi15Co2, and HTNi15Co4 resulted in similar STY values of 27.28, 25.59,

and 24.39 mmol-g*-h-tsubsequently.

Table 6. The particle size of Ni° of reduced catalysts calculated from XRD, TEM, H,-chemisorption; dispersion
calculated from TEM and H-chemisorption measurements; Site Time Yields calculated at 300°C

HTNil5 HTNi15C00.5 HTNil5Col HTNi15C02 HTNi15Co04

Ni° particle size (XRD) (nm) 15 12 16 27 21
Ni° particle size (TEM) (nm) 15 13 11 27 24
Ni° particle size (H.-
17 10 9 18 22
Chemisorption) (nm)
Dispersion calculated from H,-
3.2 10.5 11.8 5.5 4.7
chemisorption (%0)
Dispersion calculated from
6.7 7.9 8.6 3.7 4.2
TEM (%)
STY [mmol-g*-h?]
27.28 76.63 49.63 25.59 24.39

Calculated from TEM

In comparison to other promoters used with Ni-hydrotalcite-derived catalysts (Table 7) cobalt
is one of the most promising promoters. As reported in Table 7, at similar conditions at 300°C,
the promotion with 1 wt.% of cobalt is comparable to 2 wt% of vanadium and 1.5 wt% of iron.
CO2 conversion reached ca. 75-79% with close to equilibrium selectivity to methane for all
presented catalysts. Cobalt may be an interesting alternative for the iron-doped hydrotalcites.
Iron promotion provides better dispersion of nickel, but cobalt-promotion results in higher
basicity and improved reducibility. It should be mentioned, however, that lanthanum and
yttrium showed better activity than the Co-promoted hydrotalcite-based catalysts studied in this

work. Thus, CO2 conversion of 80% and 88% were obtained for 0.4 wt% of La and 0.4% of Y
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in a 20 wt% Ni catalyst with selectivity to CH4 close to 100%. However, the effect of these

promoters on hydrotalcite-based catalysts was not tested for 24h runs. Furthermore, copper

addition is not as effective in CO2 methanation as other promoters, and similarly as vanadium,

in increased concentrations promotes the reverse water-gas shift reaction (RWGS) [53].

Table 7. Comparison with other hydrotalcite-derived catalysts for CO, methanation with nickel content ca. 20

wit%
Ni content €Oz CH, "
No. [Wt%)] Promoter  conversion Selectivity Conditions Reference
[%6] [%0]

t=300°C

1 21 La 0.4% 80 99 GHSV=12 000 h! [8]
Hz/C02:4
t=300°C

2 15 V 2% 75 99 GHSV=12 000 h! [53]
Hz/C02:4
t=300°C

3 20 Cu 1% 61 98 GHSV=12 000 h! [63]
Hz/C02:4
t=300°C

4 20 Fe 1.5% 79 99 GHSV=12 000 h*! [60]
Hz/C02:4
t=350°C

5 n.m. Ru 0.5% 86 99 GHSV= 24000 h*! [78]
H,/CO,=4
t=300°C

6 16-20 Y 0.4% 88 98 GHSV=12 000 h*! [79]
Hz/COzZ4
t=300°C

7 20 Co 1% 77 99 GHSV=12 000 h*! This work
H2/COz=4

*n.m. — not mentioned

2.5.3 Structure-reactivity analysis of Co-promoted hydrotalcite-derived Ni catalysts
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From Fig. 8, one can see a direct correlation between catalytic activity and the number of basic
sites on the surface. The most active was the sample with the highest total number of basic sites
and the highest number of strong basic sites. In the case of the total number of sites, the order
of the samples with the highest to the lowest number is the same as the order for samples at
300°C from the most active to the least active, which is HTNi1l5Col > HTNi15Co00.5 >
HTNi15Co02 > HTNi15Co4 > HTNIi15. Since the fraction of weak basic sites in the promoted
samples was negligible in comparison to medium-strength and strong, it is possible to conclude

that the content of the latter is most influential for the catalytic activity. The presence of cobalt
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increased the strength of the basic sites on the surface which was beneficial for the catalytic

performance in this case.

The most active catalysts — HTNi15C00.5 and HTNi15Co1l were also those which present the
smallest size of nickel crystallites. Although in the case of other catalysts — HTNi15Co02 and
HTNi15Co4, the correlation between nickel particle size and catalytic activity is not so evident.
A direct correlation is visible between catalytic activity and dispersion calculated from H2
chemisorption measurements, which is related rather to the hydrogen uptake on the catalyst,

than to the actual particle size obtained with this method.

The specific surface area decreases with the increase of cobalt content. There is a certain
tendency that the catalysts with higher surface area and lower amounts of cobalt were found to
be more active. The best catalytic performance was also observed for materials with the better
reducibility of nickel at the surface, as confirmed by XPS. Thus, for HTNi15Col which was
also the most active, the Ni® amount at the surface was 49%. Furthermore, the ranking of Ni° at
the surface was as follows: HTNi15C00.5 (38% Ni°), HTNi15Co02 (39% Ni°), HTNi15 (8%

Ni®), which is in line with the catalytic activity (Fig. 8).

The beneficial influence on the catalytic performance of the Ni-Co solid solution formation in
the bimetallic catalyst has been widely reported in the literature [26]. However, our data do not
clearly confirm such correlation. According to the XPS results, for the higher loading in Co,
the presence of a Ni-Co phase was identified. Considering the cobalt loading on the catalysts,
it is hard to speculate on the role of cobalt species, since it is well known that Ni° are the active
sites for the methanation reaction. However, from CO2-TPD, low-temperature N2 sorption, and
H2-TPR and chemisorption, cobalt is clearly playing the role of a textural and electronic
promoter, improving the reducibility and surface basicity of the catalyst. Based on the drawn
correlation, the most significant factors, which are the closest to the sequence for activity of the

tested catalysts, are basicity and hydrogen uptake of the materials. Both of those factors are
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related to the improvement of adsorption of the reagents on the surface of the catalysts and

support the dissociation of the reacting species on the active sites.

2.6 Post-run characterization

X-ray diffractograms for the spent catalysts are presented in Fig. 8. Spinel, periclase, and
metallic nickel which were present in the reduced material were also detected in the post-
reaction materials. Additionally, a residual phase of hydrotalcite was visible in all the materials.
Hydrotalcites do present a memory effect, where in an environment rich in CO2 and H20, the
layered structure may be partially rebuilt. Such conditions may be found in the methanation
reaction, where gases rich in both carbon dioxide and water vapor flow through the catalytic
bed, allowing the thermally decomposed hydrotalcites to partially rebuild their structure [38].
However, the intensity of the crystalline phase assigned to mixed oxides is much weaker in
comparison to metallic nickel, than for the samples before the reaction. On the other hand, no
scattering from the amorphous phase emerged in the diffractograms, which suggests high
crystallinity of the samples, however, the presence of a small amount of amorphous phase
cannot be definitely excluded. The reflections assigned to nickel are very sharp. The crystallite
size presented in Fig. 8 is an average value of crystallite sizes calculated by the Scherrer
equation for all significant nickel reflections at 44.44, 51.78, and 76.27 deg. Neither direct
information on favoring sintering nor nickel redispersion was drawn by the addition of cobalt
on Ni-hydrotalcite-derived catalysts. The Ni® crystallite size for the unpromoted catalyst
increased after the methanation test. In the case of cobalt-promoted catalysts, an increase in
crystallite size in post-run samples was detected for HTNi15Col and HTNil15Co4. The two-
remaining cobalt-containing samples were found to have smaller Ni° particle sizes after the test
than on reduced pre-run catalyst. However, the increase in particle size for the samples
promoted with cobalt is smaller than for the unpromoted HTNi15. This suggests no obvious

increase in sintering by promotion of nickel catalyst with small concentrations of cobalt.
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Additionally, no crystalline carbon-related reflections were detected by XRD in the samples
after reaction, proving that such type of carbonaceous species was not formed on the surface of
the catalyst during the methanation test in quantity allowing for its identification with such
method. Generally, coke formation is not a thermodynamically favored reaction in the
temperature range of the methanation test (250-450°C) due to continuous hydrogenation of the

carbon species formed at such temperatures [12].
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Fig. 9. Post-reaction X-ray diffractograms for hydrotalcite-derived catalysts
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3. Conclusions

Cobalt-promoted hydrotalcite-derived catalyst is an interesting material for the CO:2
methanation reaction. Cobalt plays a role as a textural and electronic promoter, improving the
surface properties such as acidic/basic properties and reducibility of nickel. Co-Ni synergy
effect cannot be excluded although this work does not provide conclusive information on this
subject, foremost due to low concentrations of cobalt in the active phase. The Ni-hydrotalcite
sample promoted with 1 wt% cobalt, was the most active with 77% CO2 conversion at 300 °C
and near-equilibrium activity above that temperature. Moreover, all the cobalt-containing
samples were very active and selective in the CO2 methanation reaction. Cobalt promotion does
not favor the sintering of nickel crystallites. The structure and activity of the catalyst remained
stable during the 24 hours test at 300 °C. Despite the relatively large metallic nickel crystallites
in the reduced Co-promoted catalysts, samples were maintaining the activity and selectivity for
methanation, which is probably due to the dominating Ni° species at the surface of the catalysts
as reported in XPS for HTNi15Col. The most significant factor for the increased activity of the
HTNi15Col sample was the number of basic sites — highest among the tested samples. It may
be concluded that addition of cobalt in low amounts (0.5-1 wt%) is providing optimum
improvement of the surface properties, such as basicity, hydrogen uptake and additionally is
related to formation of relatively small Ni° crystallites on the surface, which resulted in catalytic

material with satisfactory performance.

In comparison to other Ni-Co catalytic systems reported in the literature [24,26], certain
properties such as good stability, increased activity, improved reducibility etc. were confirmed.
Itis hard to clearly compare which among the catalysts available in the literature and this study
is the most optimal for the methanation reaction, due to the different loadings of Ni and Co

used, however, many factors make Ni-Co catalysts promising material for the CO2 methanation.
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