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Abstract: The influence of Ce and W promoters on the performance of alumina-supported nickel
catalysts in the CO, methanation reaction was investigated. The catalysts were obtained by the
co-impregnation method. Nitrogen low-temperature adsorption, temperature-programmed reduc-
tion, hydrogen desorption, transmission electron microscopy, X-ray diffraction, and photoelectron
spectroscopy studies were used for catalyst characterization. An introduction of Ce and W promoters
(1-5 wt %) led to the decrease in mean Ni crystallite size. Gradual increase in the active surface
area was observed only for Ce-promoted catalysts. The increase in CO, conversion in methanation
reaction at low-reaction temperatures carried out over Ce-promoted catalysts was attributed to the
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Academic Editor: 1. Introduction

Enrique Garcia-Bordejé Mitigation of climate change affected by emission of greenhouse gases belongs to the

Received: 10 December 2021 most important challenges [1]. It requires multi-directional measures including, capture,
Accepted: 22 December 2021 storage, or utilization of carbon dioxide. The idea of converting captured CO; into methane
Published: 24 December 2021 using hydrogen produced by renewable energy is currently receiving widespread atten-

tion [2,3]. This concept can be used in a variety of economic sectors, including energy and
chemical production, as well as the agro-food industry. Although hydrogenation of carbon
dioxide can be conducted towards valuable products such as methanol, dimethyl ether, or
formic acid, its conversion to methane (reaction 1) is currently the most mature technology
and is likely to find wide application [4-6].

CO, + 4H,; — CHy + 2H,0 AH 506k = —165 k] mol ™! (1)
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Despite years of research studies, new low-cost catalysts with high activity and selec-
tivity towards methane at low temperatures and high resistance to sintering and poisoning
distributed under the terms and  are still being sought [2-6]. The selection of a suitable catalyst is often a compromise
conditions of the Creative Commons  Petween its catalytic properties and costs, which are influenced by the type of metal active
Attribution (CC BY) license (https:// ~ Phase, properties of supports, and the preparation methods. The most active catalysts in
creativecommons.org/licenses /by / CO;, methanation reaction include those containing Ru and Rh nanoparticles dispersed
40/). over oxide supports. On the other hand, the lower activity of catalysts based on non-noble
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metals, such as Ni or Co, is often compensated by using a higher metal content, introduc-
tion of promoters, and application of suitable supports. A number of catalytic systems
have been discussed in the literature [2-6]. Nickel catalysts with supports containing rare
earth metal oxides are among the most active and selective at low temperatures. Their
high activity was often ascribed to the enhanced activation of CO, on redox or basic sites
on the support. Such effects were often boosted by introduction of perturbations in the
lattice ordering, the formation of vacancies or the use of specific preparation methods
leading to an increase in the specific surface area, e.g., by the introduction of secondary
metals, as in the Ce1.,ZryO;-type oxides. High activity of catalysts can also be achieved
with less expensive carriers, such as alumina or silica. In this case, CO, can be activated
with the participation of acid-base centers. The proposed reaction mechanisms assume
often stepwise transformation of intermediate carbon containing surface species towards
methane with participation of hydrogen atoms adsorbed on metallic sites.

One of the simplest methods of improving catalysts” activity is the introduction of
promoters. They can be divided into several groups according to the most visible effect
induced by their presence. However, it should be borne in mind that they can often act in
complex ways, not fully explained yet. Promoters may increase the reducibility of nickel
oxide phases (e.g., Ru and Pt) and influence intrinsic properties of crystallites through
electronic interactions or the alternation of their morphology (e.g., formation of NiFe and
NiRu alloys), changing the way of activation of CO, through formation of additional
acid-base or redox sites, e.g., caused by introduction of alkali or alkaline earth metals, such
as K and Mg, and on the other hand addition of the small amounts of rare earth metals,
such as Ce, La, Y.

The positive effects of Ce promoter were reported in several studies of CO, metahan-
tion catalysts [7-12]. Cerium oxide species in nickel catalysts have often been considered
as structure-directing agents [13]. Their presence leads to the formation of new redox
sites, causing enhancement of carbon dioxide activation [7-12]. However, their role has
not been fully explained yet. In contrast, the effects of tungsten in catalysts used for CO,
methanation have not been widely discussed in the literature, although the beneficial role
of tungsten has been revealed in other reactions, including the steam and dry reforming of
hydrocarbons [14-16]. The impact of tungsten promoter was mainly associated with an
improvement in the sintering and coking resistance of the catalysts [14-16]. Early work of
Kelley indicated that pure tungsten can be active in CO methanation reaction at low tem-
peratures [17]. Zhang et al. suggested that the presence of cobalt-tungsten interaction may
increase the activity of catalysts in CO methanation reaction [18]. More recent studies of Ai
et al. of W-doped ordered mesoporous Ni/Al,Oj catalysts in CO methanation indicated
that tungsten may increase reducibility of catalysts and thus increase the number of active
sites and activity of catalysts if special preparation methods are applied [19].

We have recently presented detailed studies of the influence of nickel content and
support type on the structural and surface properties of catalysts and their catalytic perfor-
mance in CO, methanation reaction [20-22]. It was evidenced that an increase in the activity
of alumina supported nickel catalysts at low-reaction temperature can be achieved by the
increase in nickel content from 10 to 40 wt %. We have also revealed more advantageous
properties of highly loaded alumina supported nickel catalysts than similar ceria supported
catalysts (which showed very high activity at low temperatures), especially with regards of
H,S poisoning resistance [12].

The aim of the present study was comparison of the catalytic properties of alumina-
supported nickel catalysts promoted with cerium and tungsten in CO, methanation reaction
and elucidation of the role of promoters in the formation of active phase and the course of
the CO, methanation reaction.
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2. Results and Discussion
2.1. Structural and Surface Properties of Catalysts after Calcination

The properties of alumina-supported nickel catalysts promoted with cerium and
tungsten are presented in Table 1. The content of promoters varied from approximately 1
to 5 wt %. The effects of Ce and W introduction is compared for catalysts contained around
40 wt % Ni. Additionally, the influence of Ce is presented for catalysts contained smaller
amounts of Ni (around 20 wt %).

Table 1. Catalyst composition determined by the XRF method, specific surface area (SpgT), mean pore
diameter (Dgjy), and total pore volume (V}) of support and catalysts determined after calcination.
Mean nickel crystallite size estimated form the XRD data (dXXP ), an active surface area of catalysts

(Sa) determined after reduction of catalysts at 600 °C for 2 h.

Composition (wt %) SBET Dgju Vp JXRD S,
Catalyst Ni Ce W (m?/g) (nm) (cm®/g) (m) (m?/g)
AlLO; - - - 251.7 12.2 0.79 - -
Ni20-Al,O3 19.2 - - 236.7 8.2 0.54 4.2 12.5
Ni20-Cel-Al,O3 19.6 1.1 - 2329 8.7 0.56 4.8 12.8
Ni20-Ce2-Al;03 18.6 2.0 - 239.6 8.2 0.54 4.5 134
Ni20-Ce5-Al,03 20.7 5.3 - 242.7 7.6 0.51 35 14.1
Ni40-Al, O3 36.9 - - 260.5 6.1 041 6.3 18.1
Ni40-Cel-Al,O3 44 1.1 - 250.1 8.5 0.54 6.0 19.1
Ni40-Ce2-Al,03 40.1 2.1 - 257.4 6.3 0.43 6.2 18.9
Ni40-Ce5-Al,03 39.2 5.5 - 228.9 7.7 0.49 6.4 19.6
Ni40-W1-Al, O3 32.2 - 1.03 235.8 8.3 0.53 5.3 14.8
Ni40-W2-Al, O3 38.5 - 1.88 269.5 6.2 0.44 6.2 12.9
Ni40-W5-Al, O3 354 - 5.02 279.2 5.9 0.42 6.3 11.6

The y-Al,O3 used as support showed high specific surface area (251.7 m?/g) (Table 1).
An introduction of 20 wt % Ni led to the decrease in specific surface area to 236.7 m?/g. The
course of nitrogen adsorption/desorption isotherms of the support and catalysts presented
in Figure 1 was similar, and can be considered as IV-type, in agreement with the IUPAC
recommendations [23]. The observed hysteresis loops, classified as H2(b), indicate the
presence of mesopores. The decrease of mean pore diameter (Dgj1) and total pore volume
(Vp) can be assigned to partial blockage of small pores of alumina support by nickel oxide
or nickel aluminate species.

An introduction of larger amount of nickel (36.9 wt % Ni) increased the specific surface
area, as well as further reducing the mean pore diameter and total pore volume (Table 1).
Such effects can be attributed to the formation of additional surface sites on the nickel
oxide species, changes in the specific arrangement of small alumina particles around NiO
nanoparticles and, at the same time, a decrease in the number of surface sites of the support
due to the blockage of small pores by NiO nanoparticles. The introduction of promoters
resulted in insignificant changes in the porosity of the catalysts or their specific surface
area (Figure 1, Table 1). Small changes in the properties of the catalysts can be ascribed to
variation in the size of nickel crystallites and /or formation of oxide phases of Ce and W.

The structural and surface properties of y-Al,O3 support, as well as the applied prepa-
ration method, especially the addition of citric acid to impregnating solution, facilitated
formation of relatively small NiO crystallites. X-ray diffraction curves of alumina support
and nickel catalysts after calcination are presented in Figure S1 in the Supplementary
Materials. The presence of wide reflection peaks of y-Al,O3 (PDF4 + 00-001-1303) point out
small particle size of alumina support. The approximate size of Al,O3 domains was in the
range of 4 nm. The reflection peaks of alumina partially overlapped NiO peaks (PDF4 +
04-016-6318), and hence it is difficult to determine the size of NiO crystallites with high
accuracy. Their size was approximately in the range of 3—4 nm.



Catalysts 2022, 12,13 4 of 23

600 600

—ALO, — ALO,
—— Ni20-Al,0,

— Ni20-Ce1-AlLO,
—— Ni20-Ce2-Al,0,
—— Ni20-Ce5-Al,0,

— Ni40-AL,0,

— Ni40-Ce1-ALO,

—— Ni40-Ce2-Al,0, .
—— Ni40-Ce5-Al,0, !

400 — 400 —

200 — 200

Nitrogen adsorption (cm® g' STP)
Nitrogen adsorption (cm? g-' STP)

0 — —— 0 — —
0 02 04 06 08 1 0 02 04 06 08 1
p/p° pip°
(a) (b)
600 300 20
— — ALO, « A
o — Ni40-AL0, ) ~ B 4 4
@ — Ni40-W1-AL0, - o A O QG reg
o — Ni40-W2-ALO, ) £ =
£ 4007 Niao-W5-ALO, / @ 2007 g
~ . = —12 ©
P ' © £
2 8 > g
o © B
2 5 ‘ [ ] a 8 g
® 200 o 100 g
© £ Al A S
> o3 L4 2
e 3 ®  Ni20-Ce-AlLOs
Z ®  Ni40-Ce-AlL,O;
T — 0=+ NMO-W-ALQ, 0
0 0.2 0.4 0.6 0.8 1 0 2 4 6
p/p° Content promoters (wt. %)
(c) (d)

Figure 1. Low-temperature nitrogen adsorption/desorption isotherms of catalysts (a—c); relations
between content of promoters and the specific surface area, as well as and mean pore volume of
catalysts (d).

It is also difficult to unambiguously reject the possibility of the coexistence of dispersed
nickel aluminate phases (NiAl,Oy4) due to similar position of reflection lines of such phases
and width of X-ray diffraction peaks. Isolated XRD peaks of cerium and tungsten containing
phases, such as CeO,, WOs, nickel aluminates, cerium aluminates, and aluminum or
nickel tungstates, were not visible, indicating the presence of very small nanoparticles and
their non-crystalline or amorphous nature. However, in comparing the narrow region of
XRD curves for promoted Ni40-Al,O3 catalysts (Figure 2), we were able to distinguish
weaker shift of overlapping NiO and Al,O3 peaks towards lower angles for W-promoted
catalysts (dashed lines) in comparison to unpromoted and Ce-promoted nickel catalysts
(solid and dotted lines, respectively). This effect can be attributed to the presence of
smaller NiO particles in W-promoted catalysts or participation of Ni in the dispersed nickel
tungstate phases.
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Figure 2. X-ray diffraction patterns of catalysts after calcination in selected region of 2 theta angle;
Ce-promoted nickel catalysts—dotted lines, W-promoted catalysts—dashed lines.

The crystalline structure of y-Al,Oj3 is often presented as a cubic defect spinel. The
oxygen atoms are in cubic close packing arrangement, and aluminum atoms occupy part
of octahedral and tetrahedral sites [24]. Nickel or cerium ions during initial stages of
impregnation and thermal treatment can be in part located in the vacant sites of alumina
spinel. Similar suggestions were recently proposed for more complex systems, including
Ni/xCeO;-Al; O3 [25]. Moreover, such effects may result in the corresponding changes
of the oxidation state of Ce. Damyanova et al. indicated the possibility of decrease in
the Ce3*/(Ce3* + Ce?") ratio as result of CeO, agglomeration with an increase of CeO,
content [25]. Treatment of tungsten precursor during calcination may lead to the forma-
tion of different oxide forms WOy, 2 < x < 3. Bulk tungsten (VI) oxide WOs3 contains
WOg-octahedra connected by corners, while edge-shared octahedral are present in WO,.
Other intermediate oxide phases may show more complex structure with linear defects.
Ostromecki et al. suggested that tungsten oxide surface species are deposited on the surface
alumina at low loadings as tetrahedrally coordinated monomers and can form a mixture of
tetrahedrally and octahedrally coordinated surface polymers at high loadings [26]. They
also indicated that the tungsten oxide species during impregnation may anchor to the
alumina support through interactions with surface hydroxyls, whereas nickel oxides pref-
erentially interact with the coordinatively unsaturated Al** Lewis acid surface sites. This
mutual spatial dispersion of ionic species in the initial stages of synthesis of catalysts may
retard the growth rate of clusters of nickel precursors [16]. Although the formation of
nickel tungstates was reported in literature as a result of high temperature treatment (above
400 °C, i.e., the calcination temperature of catalysts used in this work), the presence of such
surface or subsurface phases cannot be excluded, especially considering the high degree of
dispersion and the presence of very small NiO crystallites formed under co-impregnation
conditions [27].

The obtained catalysts may likewise attain high nickel dispersion due to the large
specific surface area of y-Al,O3 and the presence of some steric hindrances, resulting from
the micro-mesoporous structure and presence of promoter oxide species, which hinder
agglomeration of nickel surface species during thermal treatment. Relatively high nickel
dispersion, ascribed to citric acid presence in the impregnating solution, was recently
presented in several articles [20,28,29].
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Citric acid has three carboxylic groups that can participate in the formation of bonds
with nickel and cerium or tungsten. The equilibrium between citric acid and its deproto-
nated forms is related to the pH of the solution and nature of the ions [13,15,16]. In the
solutions of low pH, undissociated citric acid and nickel aqua complexes [Ni(H,0)6]%*
may prevail. An increase in pH may facilitate the successive formation of additional nickel
citrate complexes, such as [Ni(H,Cit)(H,O)s]*, [Ni(HCit)(H,0)4], [Ni(HCit)(Cit)(H,0)4]*~,
and [Ni(Cit),(H,O)4]*~, which can be adsorbed on alumina support [30]. The presence of
citric acid may also influence viscosity during drying and calcination stages, hindering the
migration of precursors, enhancing formation of “gel-like” rather than “crystalline-like”
phases [31].

Moreover, the impregnation at low pH or in the presence of some complexing agents
may result in partial dissolution of the support (via etching) and redistribution of metal ions.
Hence, during calcination of binary (Ni-Al) and ternary (Ni-Ce-Al or Ni-W-Al) systems, the
formation of complex oxides, phase segregation, and mutual diffusion of nickel, cerium,
tungsten, and aluminum ions can occur. The individual ions my diffuse through the
interfacial region of oxide phases. The diffusion rate in the mixed oxides systems depends
on temperature, the nature of oxide lattice, content of metals, the size of the ions, and the
extent of the interfacial border. Therefore, the increase in NiO dispersion simultaneously
leads to increase in the interface border and thus to the enhanced formation of nickel
aluminate phases, as well as nickel tungstate phases (NiWOy,) in the W-doped catalysts.

Nickel aluminate and tungstate species show low reducibility; hence, to restrict forma-
tion of such phases, the calcination of catalysts was performed at relatively low temperature
(400 °C) [20,21,32]. It seems, that the degree of the oxidation state of Ni2* in NiO crystallites
essentially does not change during thermal treatment; however, it is worth noting that Ni**
sites can be formed under certain conditions [33]. In turn, Ce3* ions introduced during im-
pregnation of the alumina support can change the oxidation state to Ce** in the drying and
calcination stages. Formation of solid solution between NiO and CeOx is relatively difficult,
but potentially possible. The ionic radius of Ce ions is larger than Ni; Vr(Ce3*) = 1.14 A,
VI Cet+) = 0.97 A, and VIr(Ni2*) = 0.69 A, respectively [34]. An incorporation of Ni** ions
in the CeO; lattice would cause large distortion of the crystal lattice. The solubility of nickel
in the particles with a micrometric size of CeO, is therefore relatively weak and falls below
1 atom % [35]. However, several recent studies have reported the possibility of increasing
the solubility limits of Ni** in CeO, nanoparticles [36-38]. In turn, formation other possi-
ble binary compounds, such as cerium aluminates (CeAlOs3), cannot be completely ruled
out [39,40].

2.2. Active Phase Formation

The temperature-programed reduction curves of alumina-supported nickel catalysts
are presented in the Figure 3. The catalysts were reduced in a wide range of temperatures.
One can observe small TPR peaks on the curve of Ni40-Al,O3 catalyst, located in the range
from 250 to 350 °C. The predominant reduction peaks occurred between 350 and 800 °C,
with large maximum at around 520 °C. The reduction of cerium-promoted catalysts de-
pended on the content of Ni and Ce. The effects of the presence of cerium were more visible
in the catalysts with low nickel loading and may have directly resulted from differences in
the Ce/Ni ratio in the catalysts. The introduction of the small amounts of Ce to the catalysts
with 20 wt % Ni led to the increase in reducibility. This effect was especially manifested in
the increase in the intensity of low-temperature peaks and small shift of high-temperature
reduction peaks to the lower temperatures. Similar effects were visible for the catalysts
with high nickel loading, but the extent was much weaker. Low-temperature peaks were
not visible in the W-promoted catalysts. The increase in the main peak intensity with an
increase in W content was observed. In the literature, low-temperature reduction peaks
on the TPR curves of nickel catalysts have been often attributed to the consumption of
hydrogen in the reduction of “free NiO” crystallites, weakly interacting with alumina
support, accordingly to the reaction NiO + Hy — Ni + H,O [41,42]. On the other hand,
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high-temperature peaks were attributed to the reduction of nickel oxide phases strongly
interacting with alumina. High reduction temperature may also lead to the formation of
oxygen vacancies and partial reduction of cerium (Ce** — Ce3*) in CeO, species [43].
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Figure 3. Temperature-programmed reduction curves of catalysts (a—c).

Low reducibility of alumina-supported catalysts has often been reported as the effect
of the presence of surface and bulk nickel aluminate spinels [44]. It is well established that
the extent of interactions between NiO and Al,O3; may increase with an increase in NiO
dispersion and increase in calcination temperature. The application of co-precipitation, sol-
gel, or high-surface area support impregnation methods can lead to the formation of highly
dispersed oxide systems. The presence of difficult-to-reduce phases allows formation of
relatively small nickel crystallites, mainly due to retardation of diffusion processes during
reduction stage.

It was discussed above that high calcination temperature may lead to the formation
of spinel oxide species or solid solutions, which complete reduction can be achieved at
very high temperatures, often above 800 °C [44]. Cerium and nickel precursors used in
the synthesis of Ni-Ce/Al,Oj3 catalysts by the co-impregnation method are simultaneously
deposited on the alumina support in the presence of citric acid, and hence the formation of
mixed Ni and Ce oxide phases can be expected. Thus, gradual increase in reducibility of
catalysts with an increase in Ce content (in the low-temperature region) may result from the
increase of the contribution of the direct interactions between NiO and CeO, phases [25],
while the shift of high-temperature reduction peaks to lower temperatures can be attributed
to the decrease in the interactions between nickel oxide and alumina support or aluminate
species. Such effects are more pronounced and observed for catalysts with high nickel
loading, where the Ce/Ni ratio is much smaller.
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Although in the obtained catalysts the molar ratio of W/Ni is relatively small, nickel
and tungsten precursors and then corresponding oxide phases may interact during im-
pregnation, drying, and calcination stages, leading to the formation of mixed nickel and
tungsten oxides (NiO, WOj3) and nickel tungstate species (NiWQ;,), together with suitable
compounds of Ni and W with alumina, including NiAl,O4 and Al,(WOy);3 [45,46]. Reduc-
tion of Ni-W-Al,O3 catalysts may occur through reduction of NiO species to metallic Ni’
and successive transformation of WO3; and NiWO, to WO,, with tungsten on the lower
oxidation state, accordingly to the reaction equation NiWOy, + 2H, — Ni + WO, + 2H,0,
following WO, + 2H; — W + 2H,0, and finally formation of Ni-W alloys. According to
literature data, transformation of NiWOy and reduction of supported WO3 and Al;(WOy)3
species occurs at high temperatures, above 700 °C [45,46]. However, this does not exclude
the possibility of partial reduction of tungsten phases at lower temperatures, facilitated by
hydrogen atoms, activated on nickel crystallites, which can spillover to WOy species (see
further discussion on XPS results). This may explain the increase in the size of the TPR
peaks in the temperature range 500-700 °C with increasing tungsten content. As a result,
the catalysts after activation for 2 h at 600 °C in hydrogen may contain nickel crystallites,
as well as partially reduced tungsten oxide phases or probably even metallic W and Ni-W
alloys. Such species may interact with CO; or H,O during methanation reaction and
participate in the successive elementary surface reactions via redox-type mechanism, mak-
ing W-promoted nickel catalysts similar to cerium promoted or ceria supported catalysts.
Although the presence of WOy or unreduced nickel aluminate species may prevent fast
migration of nickel nuclei during reduction stage, leading to the formation of high-active
catalysts, an increase in reduction temperature can simultaneously facilitate diffusion of
surface atoms and increase the risk of catalysts sintering. An application of high reduction
temperature (700-800 °C) may also bring some technical problems of the operation of
methanation units.

The XRD curves of the catalysts after reduction at 600 °C for 2 h are shown in the
Figure S2. Wide reflection peaks of y-Al,O3 and metallic nickel are partially overlapped,
indicating the presence of the small Ni crystallites. Reflection lines of cerium and tungsten
phases are not visible. Consequently, it is difficult to unambiguously estimate the size
of nickel crystallites, despite advanced Rietveld method. Mean size of Ni crystallites,
determined from the XRD results in the catalysts with ca. 20 wt % Ni, was equal to 4.2 nm
(Table 1). An increase in Ni loading to ca. 40 wt % led to the increase in mean Ni crystallite
size to 6.3 nm. XRD studies showed no strong changes in Ni crystallite size with increasing
Ce or W content (Figure 4, Table 1).
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Figure 4. X-ray diffraction patterns of catalysts after reduction in selected region of 2 theta angle;
Ce-promoted nickel catalysts—dotted lines, W-promoted catalysts—dashed lines.
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Transmission electron microscopy images of selected catalysts after reduction at 600 °C
are presented in Figure 5. Ni40-Al, O3 catalyst contained round nickel crystallites deposited
on highly dispersed alumina particles. More detailed inspection of catalysts” morphology
revealed the presence of some surface roughness and irregularities in the shape of nickel
crystallites. Some crystallites appeared to be partially covered by the support. The catalyst
promoted with cerium and tungsten (Ni40-Ce5-Al,O3 and Ni40-W5-Al; O3, respectively)
showed similar morphology (Figure 5). The inset in Figure 5 reveals the presence of
nickel particle in the Ni40-W5-Al,O3 catalyst partially covered by amorphous-like phases;
however, it is difficult to state their chemical nature. STEM images confirmed strong mutual
mixing of Ni, Al, Ce, and W elements in the catalysts.

S —

Ni40-Al,0,

R
> =4

Ni40-W5-Al,0,

Figure 5. TEM (left) and STEM (right) images of Ni40-Al,O3, Ni40-Ce5-Al,O3, and Ni40-W5-Al,03
catalysts after reduction.
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The Ce and W promoters were in part located close to Ni, suggesting direct interaction
between nickel particles and promoters. TEM images of promoted catalysts disclosed
the presence of some irregular nickel crystallites/agglomerates of the size around 6-8 nm
and very small, nearly atomically dispersed Ni crystallites. Electron microscopic studies
indicated the decrease of the mean size of nickel crystallites from around 12.7 nm in
Ni40-Al, O3 catalyst to 7.7 and 7.6 nm in Ni40-Ce5-Al,O3; and Ni40-W5-Al, O3 catalysts,
respectively (Figure 6).

30
g"‘i'\;v?'ﬁr';cs Ni40-Ce5-Al,0,
{ % /dav=7.6nm
Ni40-Al,0,
d, =12.7 nm

/

20 25

dy; (nm)

Figure 6. Nickel crystallite size distribution in selected catalysts after reduction determined from
TEM studies.

The active surface area of catalysts (S,) determined from hydrogen chemisorption
studies gradually increased from 12.5 m?/g for Ni20-Al,Oj3 catalyst with an increase in Ce
content to 14.1 m?/ g for Ni20-Ce5-Al,O3 (Table 1). Ni40-Al,O3 catalyst showed higher
active surface area than Ni20-Al,O3 and similar increase in the active surface area of
catalysts after introduction of cerium promoter was observed. The values of S, varied from
18.1 m?/g for N40-Al,O; to 19.6 m? /g for Ni40-Ce5-Al, O3 catalyst. The opposite direction
was visible for tungsten-promoted catalysts. An increase in the content of tungsten from
1to 5wt % led to the decrease in the active surface area to 11.6 m?/g. In the further part
of the article, we pointed out the complex role of the tungsten promoter in catalysts, the
possibility of the occurrence of metallic tungsten, tungsten alloys, and tungsten oxides,
limiting the hydrogen chemisorption.

The curves of hydrogen temperature-programmed desorption are presented in Figure 7.
In the case of Ni20-Al,O3 catalyst, the overlapped peaks were observed between —50
and 700 °C. The peaks below 500 °C can be in general ascribed to the desorption of hy-
drogen from the sites of different strengths on the surface of nickel crystallites [47,48].
High-temperature peaks, above 500 °C, in the literature have been often ascribed to the
re-oxidation of nickel by the contribution of hydroxyl groups from the support [49]. The
intensity of low temperature peak (—50-100 °C) and wide multiple peaks located between
100 and 500 °C increased with an increase in Ce content for Ni20-Ce-Al,O3 catalysts. Such
effects indicate an increase in the number of active nickel surface sites, resulting from the

decrease in nickel particle size. The intensity of desorption peaks increased with an increase
in Ni loading (Ni40-Ce-Al;O3).
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Figure 7. Temperature-programmed desorption of hydrogen from the Ce- and W-promoted nickel
catalysts (a,b).

The shape of desorption peaks and position of maxima for unpromoted and Ce-
promoted catalysts containing different amounts of nickel were similar, which may indicate
that cerium promoter does not strongly influence the strength of nickel-hydrogen bonds
and distribution of individual types of Ni sites [50]. In turn, an introduction of the small
amounts of tungsten led to the decrease in the intensity of the TPD peaks, indicating
the decrease in the number of active surface sites, which is consistent with static hydro-
gen chemisorption studies presented above. Note that the intensity of high-temperature
maxima increased with an increase with W content. This effect can be ascribed to the
enhanced re-oxidation of nickel active phase or reduced tungsten species by the participa-
tion of surface hydroxyl groups or water desorbed at high temperatures from the support
(Ni + H;O — NiO + Hp, WOy + yH,0 — WOx,y + yH>), suggesting changes in nickel
dispersion, enhancement of interactions between alumina, and reduced tungsten oxide
phases and nickel surface sites.

2.3. Catalytic Performance and the State of Catalysts

Conversion of carbon dioxide and selectivity towards methane determined at different
temperatures in the CO, methanation reaction in the presence of Ce-promoted Ni20-Al,O3
catalysts are presented in Figure 8a. Thermodynamic constrains are represented here by
the dashed lines [21]. The catalysts show high activity at low reaction temperatures. CO,
conversion over Ni20-Al,Oj3 catalyst approached thermodynamic limit below 350 °C. The
drop in CO, conversion and selectivity to methane was observed above 350 °C. Such effects
are consistent with thermodynamic limits [21]. Thermodynamic values of CO, conversion
decreased from around 100% at 200 °C to around 65% at 600 °C (under 2 bar pressure).
The catalysts showed excellent selectivity to methane at low reaction temperatures (close
to 100%) [21]. The selectivity to CHy decreased at higher temperatures, in line with the
thermodynamics of the CO, methanation reaction. The only by-product of the reaction was
carbon monoxide [21]. An introduction of the small amount of Ce led to the increase in CO,
conversion at low reaction temperatures. Recently, we have demonstrated high durability
of unpromoted and Ce-promoted alumina-supported nickel catalysts in time-on-stream
of CO, methanation reaction [12,21]. Figure 8b shows the changes in CO, conversion at
selected temperatures (200, 240, 280, 320 °C) in the presence of catalysts containing different
Ni and promoter amounts. An increase in Ce content up to 5 wt % leads to increase in
CO; conversion at low reaction temperatures. An almost linear increase in CO, conversion
with an increase in Ce content up to around 2 wt % was visible at low temperatures for
Ni20-Ce-Al,O3; and Ni40-Ce-Al;O3 catalysts. An introduction of larger amounts of Ce
led to the less pronounced changes, especially at higher temperatures, 280 and 320 °C,
wherein the activity of Ni40-Ce-Al,Os catalysts was very high. The effects of the presence
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of tungsten in the catalysts on CO, conversion were more complex. Although selectivity
changes towards methane with an increase in reaction temperature were the same as in the
case of unpromoted catalyst, CO, conversion reached maximum at certain tungsten loading
(at low reaction temperatures) (Figure S3 in Supplementary Materials). A maximum of
CO; conversion at different reaction temperatures was attained at 2 wt % of W.
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Figure 8. CO, conversion and selectivity to methane for alumina-supported catalysts promoted
with Ce, containing 20 wt % Ni (a). Influence of catalyst composition on CO, conversion at selected
temperatures (b). The effects of active surface area on CO; conversion (c). The influence of Ce or W
content in catalysts on TOF values at selected temperatures (d).

It is worth referring at this point to the methanation reaction mechanisms presented
in the literature [51-56]. The overall process has been often regarded as the set of surface
reactions, starting from hydrogen and carbon dioxide dissociative adsorption on the surface
of metals; subsequent formation of hydrogen (H,q4), carbonyl (CO,q4), and oxygen species
(O4q); and then, depending on the assumed models, dissociation of carbonyl groups to
oxygen (O,q) and carbon (C,q) hydrogenated next to CHy species (carbide mechanism) or
hydrogenation of CO(,q) (hydrogen-assisted mechanism) to corresponding intermediates,
such as HCO and H,CO species. Therefore, in accordance with this model, an increase
in the activity of catalysts at low temperatures has been ascribed to the modification of
the nature of metal surface sites or to an increase in their number. However, the role of
peculiar surface sites and facets is still a matter of discussion [57,58]. Zhou et al. indicated
that methanation reaction is sensitive to the presence of low-coordinated Ni atoms that
enhances the C-O bond scission and correlated its rate on nickel planes in following order
Ni(211) > Ni(100) > Ni(111) [57]. On the other hand, Zhen et al. underlined the positive
role of Ni(111) planes in the increase in activity of catalyst during methanation reaction
with regards of low CO; dissociation barrier [58]. Numerous studies of CO, methanation
reaction were performed using supported metal catalysts, indicating the role of support
in the activation and transformation of CO, to methane [59,60]. The associative reaction
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mechanism assumes that suitable carbonate, hydroxycarbonate, or carbonyl groups are
formed on the support in the first step, which are then hydrogenated to methane with
participation of hydrogen atoms adsorbed on the surface of metallic crystallites [59,60].
According to this model, the improvement in catalysts activity can be achieved not only by
modification of support properties but also by increase in the dispersion of metal crystallites,
which result in the increase in the total number of periphery atoms. In our opinion, similar
effects may appear in the case of cerium-promoted alumina supported nickel catalysts,
given that cerium oxide species can be found in close proximity to nickel crystallites.

The obtained results of CO, methanation reaction performed in the presence of
alumina-supported catalysts promoted with cerium indicate that the activity of catalysts
is related to the number of active nickel surface sites. Indeed, a good correlation between
the increase in active surface area of catalysts and increase in CO, conversion at selected
reaction temperatures can be found for cerium-promoted catalysts (Figure 8c). An increase
in the active surface area of alumina supported catalysts (Ni20-Ce-Al,O3) from 12.5 to
14.1 m?/g corresponds with an increase in CO; conversion from 4.5 to 10.2% at 200 °C
(for Ni20-Al,O3 and Ni20-Ce5-Al,O; catalysts, respectively). The increase in conversion is
more evident at 240 °C (an increase from 18.2 to 37.9% is observed). The relative changes in
CO; conversion become less evident with further increase in reaction temperature. Similar
trends were observed for the second group of catalysts of higher Ni loading, promoted
with cerium. An increase in the active surface area of Ni40-Al,O3 catalyst from 18.1 to
19.6 m?/ g observed in Ni40-Ce5-Al,O3 corresponded with an increase in CO, conversion
from 6.6 to 14.4% at 200 °C, and from 27.2 to 53.0% at 240 °C, respectively. However, one
can observe that some catalysts within Ni20-Ce-Al,O3 group, even with the lower active
surface area, showed better catalytic performance than the catalysts containing 40 wt %
Ni of high active surface area. For example, compare CO; conversion for Ni20-Ce5-Al,O3
catalyst and Ni40-Al,O3 at 240 °C (Figure 8c).

The changes discussed above were not apparent for W-promoted catalysts. A decrease
in the active surface area with increasing tungsten content was observed, but the CO,
conversion decreased only after exceeding a certain W content (Figure 8c). It was even
possible to see an increase in CO, conversion at low W content for selected catalysts.

The turnover frequency values (TOF) determined at low conversion of CO; increased
with increasing Ce content in Ni20-Ce(x)-Al,O3 catalysts (Figure 8d). A similar trend was
observed for Ni40-Ce(x)-Al,O3 catalysts. Such effects suggest that improved properties of
cerium-promoted catalysts are not only related to the increased number of nickel surface
sites, although an increase in the active surface area may increase the ability of the adsorp-
tion and dissociation of H, and CO, molecules, which are transformed to CO,q4 or C,q
species, hydrogenated to formates, and finally transformed to CHy species and desorbed
from the surface of nickel crystallites [61]. It seems probable that formation of oxygen
vacancy sites or decrease in the oxidation state of Ce** to Ce3* in the species located in
the close proximity of nickel crystallites or on their surface may occur under reductive
conditions of the methanation reaction. Such changes were proposed for ceria-supported
nickel catalysts [20,21,62,63]. Hence, one can expect that the presence of vacancies or Ce3*
sites in the dispersed cerium oxide species or their basic nature may facilitate activation of
CO; molecules, dissociative adsorption, and conversion to carbonyl and formate species.

An increase in TOF was also observed for catalysts with low content of tungsten
(Figure 8d). In this case, the role of additional factors influencing activity of catalysts became
even more evident. The catalysts (with low tungsten content) did not lose their activity,
despite the decrease in active surface area. In our opinion a similar redox mechanism as
in the Ce-promoted catalysts discussed above may occur in W-promoted catalysts. The
oxidation state of tungsten may change under reaction conditions, leading to the facilitation
of the activation and then conversion of CO;. To confirm the presence of implied changes
in the catalysts under different operation conditions, we applied quasi in situ XPS studies.

Survey XPS scans of selected catalysts (Ni40-Al,O3, Ni40-Ce5-Al,O3, and Ni40-W5-
Al,O3) after calcination, activation in hydrogen at 600 °C, and after CO, methanation
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reaction performed at 350 °C are shown in Figure 54 in the Supplementary Materials. The
catalysts after reduction and methanation prior to the spectra recording were not exposed
to air. The results of deconvolutions of corresponding spectra are presented in Table S1.

High resolution Ni 2p XPS spectra are presented in Figure 9. A good fit of the Ni
2p XPS peaks in the spectra of calcined Ni40-Al, O3 catalyst based on the peaks positions
and energy separation was achieved, assuming the presence of surface NiAl,O, spinel.
Similar positions and shape of corresponding peaks can be found booth on the spectra
of Ni40-Al,O3 and Ni40-Ce-5-Al,03 calcined catalysts. The main component of Ni 2p3/,
observed at 854.6 eV (FWHM equal 2.54 eV), with strong accompanied satellite peaks at
856.1 and 861.3 eV, was located in a slightly higher binding energy than corresponding peak
of bulk NiO reported by Biesinger [64,65]. However, it should be stressed that chemical
state of Ni** in NiO phases on alumina support can be different from that in bulk NiO.
As an example, Arranz et al. identified Ni 2p3,, peaks for NiO grown on polycrystalline
aluminum at 854.0 and 856.2 eV (with FWHM value of 2.2 eV) [66]. Simultaneously, they
also observed the presence additional broader peak at around 856 eV (with FWHM value
of 2.6 eV) attributed to Ni™ located at the aluminum oxide-nickel oxide interface. Hence,
one can infer that nickel oxide particles in the obtained catalysts can be decorated by nickel
aluminate species, which is in good agreement with the TPR results. The same fitting model
was used for deconvolution of the spectra of calcined Ni40-W5-Al,O; catalyst. In this case,
the main and satellite lines were slightly shifted to higher energies (Table S1). Moreover,
the intensity of Ni 2p satellite peaks was much higher than on the spectra of unpromoted
catalyst. Similar effects were reported by Solsona et al. for Ni-W-O mixed metal oxide
catalysts and attributed to a different local environment of the Ni atoms resulting from the
presence of tungsten in the structure of catalysts [67]. However, in contrast to the mentioned
work, we observed a very weak intensity of W 4f photoelectrons (Figure 10), which could
be attributed to the presence of diverse oxide species with tungsten in different chemical
environment or the specific locations of tungsten species in the catalyst [67,68]. Similarly,
very low intensities were observed for cerium, which prevented correct interpretation of
the spectra (Figure S4).
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Figure 9. Ni 2p3, XPS spectra of catalysts after calcination (-calc.) (a), activation in hydrogen (-Hy)
(b), and CO, methanation reaction (-Hy /CO») (c).
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Figure 10. W 4f and W 5p XPS spectra of catalysts after calcination (-calc.), activation in hydrogen
(-H3), and CO, methanation reaction (-H /COy).

The spectra of reduced alumina-supported catalyst (denoted here as Ni40-Al,0O3-Hj)
showed distinct Ni 2p;,, peak located at 852.5 eV with corresponding smaller satellite
peaks at 856.2 and 858.6 eV, which can be attributed to the presence of metallic nickel
(Ni®) [64,65]. In addition, it was possible to distinguish several peaks located at higher
energies, ascribed to Ni®*, the nature of which is difficult to determine unambiguously
(Figure 9). The best fit was obtained through assuming the presence of NiOOH-like phases.
The formation of such species could result from the reoxidation of surface nickel atoms
lying in the immediate vicinity of the alumina support (or alumina species decorated the
surface of crystallites) by the participation of hydroxyl groups from Al,Os. Similar phases
were identified by the analysis of the XPS spectrum of Ni40-Ce5-Al,03-H; catalyst sample.
A good fit was achieved by additional assumption of the presence of small amounts of
NiAl,Oy (Table S1). Slightly smaller contribution of NiOOH phases could be a consequence
of the presence of dispersed CeO, particles lying in the direct vicinity of surface nickel
atoms (Table S1).

XPS studies evidenced that activation of Ni40-Al,O3 and Ni40-Ce5-Al,O3 catalysts
prior to the reaction resulted in the formation of metallic nickel crystallites and small
amounts of nickel oxide or nickel aluminate species. More complex changes were identified
in tungsten promoted catalyst. The first Ni 2ps3,, peak on the XPS spectrum of Ni40-
W5-AL,O3-H; catalyst was broader and its maximum was shifted to higher energies in
comparison to the discussed above spectra. The best fit was achieved through assuming the
presence of two types of metallic nickel atoms, which can be attributed to metallic nickel
Ni® identified by the presence of the peak at 852.6 eV, together with accompanying satellite
peaks at similar position as in the unpromoted nickel catalyst, as well as metallic nickel
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atoms of different chemical environments, probably in contact with tungsten, denoted here
as Ni’-W (where W is necessarily not a metallic tungsten). Additionally, small amounts of
nickel aluminate spinel and oxide species were identified.

The same samples after collecting the XPS spectra were transferred to the reaction
chamber and exposed to the reaction mixture of Hy and CO, at 350 °C for 1 h. The XPS
spectra of catalysts, denoted here as Ni40-Al,O3-H-CO, and Ni40-Ce-5-Al,O3-H,-CO5,
recorded after methanation reaction, revealed slight changes in the oxidation state of nickel,
identified mainly by the increase in the contribution of NiOOH-type species (Table S1).
Such effects can be explained by partial reoxidation of surface nickel sites with surface
hydroxyl groups or water formed during methanation reaction.

More visible changes were observed in the case of tungsten-promoted catalyst. In
addition to the reoxidation of nickel phases discussed above, a decrease in the contribution
of the Ni’-W peak was observed. This peak was also shifted towards lower energies. Such
effect can be associated with a decrease in the contribution of W being in direct contact
with nickel, probably due to reoxidation of tungsten and /or Ni’-W phase segregation.

Such changes correspond with perturbation of the W 4f XPS spectra (Figure 10). The
spectra of tungsten were fitted with the doublets of 4 f;,, and 4 f5,, peaks, together with
corresponding W 5p3 /» peaks of tungsten at different chemical environments, attributed
to metallic tungsten (W?), metallic tungsten interacting with surface oxygen atoms (W-O),
tungsten dioxide (WO,), and tungsten trioxide (WO3) of different interactions with alumina
support [67-70].

The XPS results indicate that reduction of tungsten-promoted catalysts may lead to
the formation of oxides with the lower oxidation state of tungsten (WOXx, x < 3) and also
development of metallic tungsten. Such deep reduction can be ascribed to the interaction
between dispersed tungsten oxide species and nickel crystallites, as well as enhanced
breaking of W-O bonds by participation of hydrogen atoms activated on metallic nickel
surface sites. Thus, metallic tungsten may interact with nickel (Ni%), forming corresponding
alloys or composite oxide systems (Ni’-W). The presence of multiple forms of tungsten
oxides may indicate that their contribution will depend on the presence of reducing and
oxidizing agents in the reaction zone, including Hy and CHy, as well as CO, CO,, and H;O.
The XPS spectra of catalysts recorded after the methanation reaction revealed the decrease
in the contribution of metallic tungsten (W) (which is line with discussed above Ni 2p
spectra for Ni’-W forms), W-O-type species, and WO,, and simultaneously an increase in
the contribution of WOj3-like forms.

The increased activity of Ce-containing nickel catalysts has been often ascribed to the
improved activation of CO, on the specific sites on CeO,, regarded as redox and basic Lewis
centers. In the case of W-promoted catalysts, the nature of oxides with different oxidation
state of tungsten (and/or crystallographic structure of oxides) may vary, depending on
the reaction conditions, including local and temporal changes in the concentration of the
reducing and oxidizing agents over the catalysts surface (H;, CHy, H,O, and CO;). Such
species may also participate in the elementary stages of the methanation reaction, affecting
the rightward shift of the equilibrium state of surface reactions. It may be thought that
under methanation reaction conditions, partially reduced forms of tungsten oxides (formed
under activation steps of catalysts, WOx + yH, — WOx_y + yH,0) or even metallic (W?)
or intermetallic Ni’-W phases may undergo oxidation through binding surface oxygen
atoms produced during dissociative adsorption of CO, or via the reaction with hydroxyl
groups or water formed in the intermediate surface reactions (COs(,q) — CO(ag) + O(aqy;
WOx—y + ZO(aq) = WOx—y+2; WOx—y + zZHy0 — WOx_y+, + zH3) (schematically presented
in Figure 11) [46,67-72].
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Figure 11. Schematic illustration of oxide phase transformations in alumina-supported, tungsten-
promoted nickel catalysts under reduction and CO, methanation reaction conditions.

XPS studies indicated that intermediate oxide species can be also formed on the
surface of nickel crystallites. They can be reduced again with the participation of hydro-
gen atoms activated on the nickel surface sites in subsequent steps of the redox cycle
(NiO(surfy + 2H@qy — Ni® + H,O; WOy + yHy — WO4_y + yH>O). However, additional
experimental and/or theoretical studies are necessary to verify such hypothesis.

Studies pointed out that positive effect of tungsten can be observed if suitable balance
between corresponding surface oxidation-reduction reactions is achieved. They can partici-
pate in the redox cycles, enhancing activation and transformation of surface intermediate
products. On the other hand, an increase in tungsten loading may lead to the partial
coverage of nickel crystallites; formation of less-active WY or WOy sites; and decrease in
the number of Ni® surface sites, capable for activation of Hy and COj, thus participating in
successive oxidation-reduction cycles of tungsten oxide species. It is likely that an increase
in the concentration of oxidizing agents in the gas phase interacting with the catalyst surface
of catalysts or the presence of catalysts additives hindering reversible redox changes may
act in a similar direction.

3. Materials and Methods
3.1. Catalysts Preparation

Two series of alumina-supported nickel catalysts promoted with cerium and tungsten
were prepared by the modified impregnation method. The nominal nickel content in
the catalysts was 40 wt %. In addition, the effect of Ni loading was investigated for Ce-
promoted catalysts by the preparation of catalysts containing 20 wt % Ni. The alumina
support (y-Al,O3z, p.a., Alfa Aesar, 1/8” pellets) was initially finely ground in an agate
mortar to a grain size of approximately 0.1-0.3 mm and then dried at 110 °C for 12 h. Pure
alumina-supported nickel catalysts were obtained through dissolving proper amounts
of nickel nitrate hexahydrate (Ni(NOs3),-6HO, p.a., Merck Sp. z o.0., Poland) and citric
acid (p.a., Merck Sp. z 0.0., Poland) in 300 mL of demineralized water, keeping the molar
ratio of nickel nitrate to citric acid equal 1:1, as described earlier [20]. Then, 5 g of support
was introduced into the resulting aqueous solutions. The pH of the initial solutions was
approximately 1. Water was slowly evaporated at around 90 °C on a water bath heater
over several hours. The samples were dried overnight at 120 °C. To avoid formation
of hardly reducible oxide species, we calcined the catalysts at 400 °C for 2 h. Alumina-
supported nickel catalysts promoted with cerium or tungsten were prepared in a similar
way using an aqueous solutions containing nickel nitrate, citric acid, and cerium nitrate
hexahydrate (Ce(NO3)3-6H,0O, p.a., Merck Sp. z 0.0., Poland) or ammonium metatungstate
hydrate ((NH4)sHaW12049-HO, p.a., Merck Sp. z o.0., Poland), keeping the molar ratio of
metal salts to citric acid equal to 1:1. Similar thermal treatment was used as in the case of
unpromoted catalysts [12,20]. The cerium and tungsten content varied from 1 to 5 wt %.

3.2. Characterization of Catalysts

The elemental composition of catalysts was determined by the use of X-ray fluores-
cence method employing ED-XRF Canberra-Packard 1510 spectrometer (data presented in
Table 1). Nitrogen adsorption/desorption isotherms were collected at —196 °C using ASAP
2405N analyzer (Micromeritics Instrument Corp., Norcross, GA, USA) [20]. The specific
surface area (Spgr) after outgassing of catalysts under the pressure of around 1072 Pa at
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200 °C was calculated from the adsorption data using the standard Brunauer-Emmett-
Teller (BET) method. The total pore volume (V) of catalysts was calculated from the single
point adsorption at p/p° = 0.98. Pore size distribution and mean pore diameter (Dgjr;) was
determined by the application of the Barret-Joyner-Halenda (BJH) method from the data
of the desorption branch of isotherms.

X-ray diffraction studies (XRD) of catalysts after their calcination and reduction
were carried out using Empyrean, PANalytical diffractometer with Cu K« radiation
(A =1.5418 A). Samples were reduced in the flow of hydrogen at 600 °C for 2 h and
then passivated at room temperature. The Rietveld method with HighScore Plus software
was used for determination of mean nickel crystallite size (AXRP). The catalysts after reduc-
tion at 600 °C were studied by the transmission electron microscopy (TEM) using a Tecnai
G2 20 X-TWIN microscope (FEI Company, Hillsboro, OR, USA), which was equipped
with an LaBg source, HAADF detector, and EDS spectrometer with an accelerating voltage
of the electron beam 200 kV [20]. The spatial distribution of elements was determined
using the STEM method. On the basis of EDS spectra collected from each image point, we
constructed element distribution maps consisting of a matrix of pixels of appropriate color
and intensity related to the concentration of elements.

Temperature-programmed reduction (TPR) and hydrogen desorption studies (TPD)
were performed by the application of the Autochem II 2920 (Micromeritics Instrument
Corp., Norcross, GA, USA), equipped with the TCD detector [20]. Reduction of the cat-
alysts (sample weight m = 0.05 g) was carried in the flow of 5% vol. Hj in Ar mixture
(30 mL min~!) with 10 °C/min ramp rate. In the TPD studies, samples (m = 0.1 g) were
initially reduced at 600 °C for 2 h. To overcome hydrogen adsorption activation barrier,
we cooled down the catalysts in the flow of hydrogen from 600 to —60 °C. Desorption was
carried out in the flow of Ar (30 mL/min) with the linear ramp rate 10 °C/min. Water
evolved during reduction and desorption steps was removed in a cold trap maintained in
the liquid nitrogen (LN)-isopropyl alcohol mixture at around —90 °C, which was installed
between the reactor and the detector.

The active surface area of catalysts (Sa) was estimated by the static volumetric chemisorp-
tion method using ASAP 2020C apparatus (Micromeritics Instr. Corp.). The catalysts were
reduced at 600 °C for 2 h. The stoichiometry of H/Ni chemisorption was assumed to be
1/1, and the area occupied by one hydrogen atom was 0.0649 nm? [20,21].

Quasi in situ X-ray photoelectron spectroscopy (XPS) studies were carried out by
the application of the multi-chamber UHV system (PREVAC), which was equipped with
the load lock, flow reactor, distribution, and analytical chambers [22]. The spectra were
collected by the application of a Scienta SAX-100 X-ray source (Al Ke, 1486.6 eV, 0.8 eV
band) with the XM 650 X-ray Monochromator (0.2 eV band) and a hemispherical Scienta
R4000 electron analyzer. Survey spectra (with 500 meV step) were collected using the pass
energy of the analyzer equal to 200 eV. High resolution spectra were recorded for selected
regions, including Ni 2p, W 4f, and C 1s, using 50 eV pass energy. The base pressure in the
analytical chamber was equal 2 x 10~ mbar. The samples, prior to the XPS studies, were
pre-reduced at 600 °C using argon of high purity and then passivated at room temperature
in the external system (Autochem II 2920, Micromeritics). Next, the samples were pressed
into thin wafers (10 mm diameter), mounted on the sample holders, and then inserted into
the load lock. The catalysts were degassed for 16 h, then were transferred through the
distribution chamber into the flow reactor chamber, which was coupled to the UHV system.
Initially, the samples were reduced in the flow of a mixture consisting of H (40 mL min~1)
and Ar (60 mL min~!) over 1 h at 350 °C under 1 bar pressure. Next, the temperature was
decreased, and the reaction gases were pumped out. The entire holders were transferred
to the analytical XPS chamber under vacuum conditions (without exposure to air). The
samples after collection of the XPS spectra were transferred again to the reactor chamber
and heated up in the flow of the reaction mixture consisting of H, (40 mL min 1), CO,
(10 mL min~!), and Ar (50 mL min~!) (H,/CO, = 4/1) to 350 °C. The samples after a
treatment at 350 °C for 1 h were cooled down to room temperature again, and then the
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reaction mixture was replaced by Ar. Subsequent XPS spectra were collected after pumping
out the gas and transferring the samples to the analytical chamber. Data processing was
performed using CasaXPS software (v2.3.23 PR1.0). The spectra were charge-corrected for
a C 1s peak binding energy equal 284.7 eV. The deconvolution and fitting procedures of Ni
2p spectra were similar to that proposed in [22].

Activity and selectivity studies of catalysts in the CO, methanation reaction were
carried out by the application of PID Engé&Tech automated reactor system, which was
equipped with fixed-bed continuous-flow quartz reactor, worked under the pressure of
1.9 x 10° Pa [12,20,21]. The catalysts samples (0.200 g) were mixed with quartz crumbs and
introduced to the reactor. The samples were reduced in the flow of hydrogen stream at
600 °C for 2 h. The temperature after activation was decreased to 200 °C; then, hydrogen
was replaced by the reaction mixture. The total flow rate was equal 100 mL min~!. The
stream was composed from hydrogen (61.6 vol %), carbon dioxide (15.4 vol %), and Ar
(23 vol %) with Hy /CO; ratio equal to 4/1. The space velocity referenced to the total flow
rate of reaction mixture divided by the catalyst weight was equal 30,000 mL h~'g~!. The
temperature of the catalyst bed was steeply increased from 200 to 600 °C. The customized
Bruker’s Rapid Refinery Gas Analyzer was utilized for determination of the composition of
the outlet stream. Water vapor was removed from the stream in a cold trap separator prior
to the GC analysis. CO; conversion and selectivity towards CH; and CO were calculated
from the following equations:

Cin _ Cout
Xco, = =20 ——02 5:100% )
CCo,
Cen
Scr, = ——SH 0 100%, 3)
* Cep, +Ceo
C,
Sco= =——C9 % 100%, (4)
Cen, T Cco

where Cg‘oz and Cg‘(l)tz are concentrations of CO; in the feed stream and in the post-reaction
mixture, and Cry, and C¢q are concentrations of CHy and CO in the post-reaction mixture,
suitably corrected, taking into account changes in the volume of the reaction mixture, using
Ar as an internal standard [21]. Thermodynamic limits in the CO, methanation reaction
were identified by the application of Gibbs free energy minimization method, using Gibbs
reactor model and Soave-Redlich—-Kwong equation of state [21]. The estimated turnover
frequency (TOF) values were calculated at low CO, conversion (determined at 200 °C and
240 °C) as number of CO, molecules consumed per number of nickel surface sites in the
unit time (s~!). The number of nickel surface sites was taken from the static volumetric
hydrogen chemisorption studies.

4. Conclusions

Alumina-supported nickel catalysts containing 20 and 40 wt % Ni were prepared
by the impregnation of y-Al,O3 support using an aqueous solution of nickel nitrate and
citric acid. The catalysts were promoted with cerium and tungsten (1-5 wt %) by applying
the co-impregnation method. The catalysts after calcination showed high nickel oxide
dispersion. The presence of Ce and W oxide species with small crystallite size was inferred
from XRD, TEM, and XPS studies. Temperature-programmed reduction studies indicated
an increase in reducibility of catalysts with an increase in Ce content. An opposite direction
was observed for W-promoted catalysts. Quasi in situ XPS studies evidenced partial
reduction of tungsten oxide species and formation of metallic tungsten during activation
in hydrogen. Chemisorption and temperature-programmed hydrogen desorption studies
indicated that an active surface area of catalysts was increased with an increase in Ce
content and decreased with an increase in W content. In turn, electron microscopy studies
pointed out an increase in nickel dispersion induced both by the introduction of cerium and



Catalysts 2022, 12,13 20 of 23

tungsten. An increase in CO; conversion in the methanation reaction at low temperatures
with an increase in Ce content was evidenced. This effect was correlated with increase in the
active surface area of catalysts. More detailed analysis of the methanation reaction based
on TOF changes pointed out that an increase in activity was additionally influenced by the
presence of dispersed cerium oxide species, which enhance activation and hydrogenation of
CO; molecules. In turn, a slight increase in CO, conversion in the presence of W promoter,
despite the decrease in active surface area of catalysts, was observed. Such an effect was
ascribed to the participation of tungsten oxide species in the transformation of carbon
dioxide with hydrogen to methane through the successive oxidation-reduction surface
reaction. Quasi in situ XPS studies evidenced changes in the oxidation state of tungsten
under methanation reaction conditions. In contrast to Ce promoter, the positive effect was
observed in the presence of small amounts of tungsten, at around 2 wt % W in the catalysts
containing 30-40 wt % Ni.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12010013 /51, Figure S1: X-ray diffraction patterns of catalysts after calcination (a—c).
Figure S2: X-ray diffraction patterns of catalysts after reduction (a—c). Figure S3: CO, conversion
(a,c,e) and selectivity to CHy (b,d,f) of cerium and tungsten-promoted, alumina-supported nickel
catalysts in CO, methanation reaction. Figure S4a: Survey XPS scans of Ni40-Al,O3 catalyst after
calcination (-calc.), activation in hydrogen (-Hj), and CO, methanation reaction (-H, /CO;). Figure
S4b: Survey XPS scans of Ni40-Ce5-Al,O3 catalyst after calcination (-calc.), activation in hydrogen
(-Hy), and CO; methanation reaction (-H; /CO;). Figure S4c: Survey XPS scans of Ni40-W5-Al,03
catalyst after calcination (-calc.), activation in hydrogen (-Hj), and CO, methanation reaction (-
H,/CO,). Table S1: The analysis of XPS peaks from the XPS studies of catalysts after calcination
(-calc.), activation in hydrogen (-Hj;), and CO, methanation reaction (-H, /CO;).
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