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ABSTRACT: CO2 methanation is a very promising technology for
the production of alternative fuels with the simultaneous use of
greenhouse gases. Therefore, intensive research is carried out on the
optimization of catalysts with excellent properties for operation in
the area of low temperatures. Here, we present research on a catalyst
composed of 19 wt % NiO supported on alumina/calcium
aluminate. The catalyst was modified with V2O5 in order to be
suited for extrusion and scale-up in the frame of power to gas
technology. Samples with various vanadium contents (Ni−xV,
where x represents the amount of vanadium) were prepared in the
form of ground granules obtained from 0.5 mm diameter spherical
grains. X-ray diffraction (XRD), transmission electron microscopy
(TEM), skeletal infrared (IR), diffuse reflectance ultraviolet−visible-
near-infrared (DR-UV−vis-NIR), and X-ray photoelectron (XPS)
spectroscopies, as well as H2 temperature-programmed reduction (H2-TPR), were used to characterize the samples. Catalytic
performances of the catalyst samples were tested in CO2 hydrogenation at 1 atm. Among the many supported Ni catalysts tested in
our laboratories, the catalysts of 0.5 and 1 wt % V showed very high activity, with the highest CH4 yield of 97% at 623 K. These
catalysts exhibited 100% CH4 selectivity up to 673 K. The excellent performances of the studied catalysts are attributed to the
possible formation of Ni−V solid solution alloy nanoparticles.

■ INTRODUCTION

CO2 and CO methanation over nickel as a catalyst was first
described by Sabatier and Senderens.1,2 Since the mid-1960s,
carbon oxides (COx) methanation has been used in the
preparation of N2 + H2 ammonia synthesis gas to remove
residual carbon oxides, usually at a very low concentration
(<0.5% vol).3 All producers of industrial catalysts commercialize
various types of Ni-based methanation catalysts of different Ni
contents.4−6 The 25 wt % NiO on alumina spheres (METH
134) is offered for activity above 473 K and a 43% NiO/Al2O3
catalyst (METH135) for enhanced activity at low temperatures
suitable for higher space velocities. The 0.3% Ru on alumina
tablets (METH150) presents high activity at extremely low
temperatures (below 443 K).4 Methanation can also be realized
under similar conditions for COx removal from hydrogen
produced during the steam cracking processes5 and from
hydrogen dedicated for fueling PEM fuel cells.7 The RANG and
RANG-PR series catalysts are designed for deep removal of COx
from hydrogen and synthesis gases by conversion to methane.6

This process, as the final stage of the purification of process gases
from COx, is of extreme importance in ammonia plants,
enhancing the ammonia synthesis process efficiency.6 Exother-

mic COx methanation, coupled with previous endothermic
methane steam reforming, was considered as a pathway to
transport and regenerate nuclear energy from nuclear fission
power stations to cities in the so-called ADAM-EVE project.8

The conversion of syngases (concentrated CO/CO2/H2
mixtures) from coal gasification to synthetic methane (or
substitute natural gas, SNG) was developed during the oil crises
of the 1970s. A commercial synthetic gas plant was opened in
1984 and is still operating in Beulah, North Dakota, USA.9

Several companies developed SNG technologies, also known as
“high-temperature methanation”, i.e., Johnson Matthey’s
DAVY10 or Topsoe’s TREMP.11 Also, several plants are under
construction or are already operating in China to produce SNG
from coal.9 The SNG production from biomass gasification
syngases was also realized, at least at the pilot plant level.9,12 In
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recent years, the methanation of CO2 from combustion plants
using hydrogen produced by water electrolysis, powered by
photovoltaic or eolic energy (power to gas), has been of great
interest.13−15 This approach is considered as carbon dioxide
reuse catalytic technology that enables greenhouse gas emissions
reduction and ensures more efficient energy transport. This is
one of the many applications of heterogeneous catalysis that can
be applied in the near future for sustainable and environmentally
friendly energy production and management. Enrico Tronconi
and his co-workers have made a very important contribution in
this broad field in the last 40 years.
The CO2methanation reaction is also considered byNASA to

regenerate water in spacecrafts using CO2 from astronauts’
respiration and hydrogen from the oxygen generation system by
water electrolysis.16 It can also be applied to convert biogas to
biomethane.17 In our previous studies, we characterized Ni/γ−
Al2O3 catalysts and their activity in CO2 methanation under
atmospheric pressure,18 also in comparison with Ru/γ-Al2O3
catalysts.19 Moreover, we reported efforts to improve Ni/γ−
Al2O3 catalysts’ activity and selectivity by adding silica and
lanthana to catalyst formulation.20,21 Calcium aluminates are
reported to represent useful stabilizing supports for commercial
extruded Ni-based catalysts to be used in steam reforming
reactions (SR).22−27 Moreover, such stabilization has been
proven in a pilot-test study applying both laboratory and
industrial testing protocols.23−27 We found that catalysts, which
are primarily designed for both methane or biogas reforming, are
also active in CO2 methanation.6,23−27 In this article, we report
on the addition of vanadium oxide (V2O5) on the Ni/CaO−
Al2O3 system in order to optimize the catalyst for CO2
methanation and improve its selectivity toward methane. We
placed particular attention on the reaction study in the low-
temperature region where the reaction is kinetically limited.
Similar catalysts were previously tested, exhibiting promising
performance for both hydrogenation and reforming reac-
tions.24−27

■ MATERIALS AND METHODS
The catalysts were designed, synthesized, and characterized
both in powder and structured form by Waste2Fuel and Ł-INS
Pulawy laboratories as reported previously.6,24−27 The vana-
dium (V) and calcium (Ca) oxide-containing NiO/Al2O3
catalysts series were prepared by a multistep combined
technique.27 Considering that the Ca content is the same for
all samples, the samples are denoted as Ni−xV, where x
represents the nominal V content in the catalyst (0, 0.5, 1, and 3
wt %). In the first stage, a Ni−Al hydroxycarbonate precursor
was synthesized by coprecipitation from an aqueous nickel
nitrate solution with a sodium aluminate and sodium carbonate
solution in a controlled pH range of 8.0−8.5 and at a
temperature of 348± 5 K. The obtained precipitate was washed
with distilled water to achieve filtrate conductivity below 300
μS/cm. The precursor slurry was subjected to spray calcinations
at 723 K, and a fine-grained Ni−Al mixed oxide powder (d50 =
40 μm) was obtained. Then, three powders of Ni−Al oxide,
Pural SB boehmite alumina (d50 = 45 μm), and monocalcium
aluminate CaAl2O4 (d50 = 45 μm) in the weight ratio of 1.33/
3.33/1.00 were homogeneously mixed during 8 h (Zet mixer).
The obtained mixture was formed into spherical grains by
wetting with redistilled water as granulation fluid using a Erveka
AR 403 pan granulator. The spherical precatalyst was dried at
378 K for 24 h, and then, a fraction of 5.0 ± 0.5 mm in diameter
was separated and subsequently treated.

Such an obtained precatalyst was divided into three parts.
Each part was introduced into a different aqueous solution of
ammonium metavanadate (99% purity, Standard, Lublin,
Poland) and oxalic acid (99% purity, POCH, Gliwice, Poland)
with a constant molar ratio of NH4VO3/C2H2O4·2H2O = 0.5
and heated to a temperature in the range of 328 ± 5 K. The
single incipient wetness impregnation was sufficient to prepare
the catalysts of nominal V content of 0.5 and 1 wt %, but in order
to prepare the catalyst of higher vanadium loading (3 wt %),
double impregnation was performed. After each impregnation,
the Ni−V−Al samples were dried at 393 K for 12 h and
subsequently calcined at 773 K for 3 h.

Characterization. X-ray diffraction (XRD) patterns were
collected using a D5000 powder diffractometer (Bruker AXS)
equipped with a LynxEye strip detector. Cu Kα radiation was
used with an X-ray tube operating at 40 kV and 40 mA. XRD
patterns of the spent catalysts were collected by means of an
X’Pert vertical powder diffractometer. Diffractograms were
collected in the 15−100° 2θ range with a step size of 0.03° and a
counting time for each step of at least 19 s. Measurements were
always performed in the Bragg−Brentano geometry. Powder
patterns were indexed by comparing experimental results to the
data reported in the JCPDS or in the Pearson’s Crystal Data
database.
Microscopic images of fresh catalysts were obtained using a

HRTEM TITAN 60−300 instrument with a X-FEG-type
emission gun operating at 80 kV. This microscope is equipped
with a Cs image corrector and a STEM high-angle annular dark-
field detector (HAADF); its point resolution is 0.06 nm in TEM
mode. For HRTEM analysis, the powder samples were
dispersed in ethanol and sonicated for 5 min. One drop of the
resulting solution was then placed on a copper grid with a holey
carbon film, after which the sample was dried at room
temperature.
Morphology and composition of the spent catalyst were

investigated by a Zeiss SUPRA 40 VP scanning electron
microscope, equipped with a field emission gun, a high
sensitivity “InLens” secondary electron detector, and an
OXFORD “INCA Energie 450 × 3” spectrometer. Samples
powders were directly mounted on high purity conductive
double-sided adhesive carbon tabs and then analyzed.
XPS measurements were performed to determine the

chemical state of the elements in the studied samples by a
Microlab 350 instrument (Thermo Electron). XPS spectra were
acquired using Al Kα (hν = 1486.6 eV) radiation. Survey spectra
and high-resolution spectra were recorded using pass energies of
100 and 40 eV, and the XPS signal intensity was determined
using linear or Shirley background subtraction. Peaks were fitted
using an asymmetric Gaussian/Lorentzian mixed function, and
the measured binding energies were corrected based on the C 1s
energy at 285.0 eV.
FT-IR spectra were registered with a Nexus Thermo Fisher

instrument with 100 scans and spectra resolution of 2 cm−1. KBr
pressed disks were used for skeletal characterization.
DR-UV−vis-NIR spectra were collected with a JASCO V570

instrument equipped with an integrating sphere. The samples
were gently pressed into the sample holder.
Hydrogen temperature-programmed reductions (H2-TPR, in

5%H2 inHe) were performed in a quartz tube reactor connected
to a quadrupole mass spectrometer (HPR 60, Hiden). Here, 45
mg of the catalyst sample was used for each test. These samples
were heated from RT to 773 K with a ramp rate of 10 K min−1.
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Catalytic Tests. Catalytic tests reported here have been
realized in a Genoa laboratory, while chemisorption and specific
activity data for the Ni−xV catalysts were conducted by
Waste2Fuel and Ł-INS Pulawy laboratories as reported
previously.6,17−20,25−27 A tubular silica glass flow reactor
containing a fixed bed with 88.2 mg of catalyst mixed with
700 mg of silica glass beads of 0.25−0.21 mm (Sigma-Aldrich,
calcined 1073 K for 5 h) was used in steady-state catalytic
experiments. Prior to catalytic experiments, catalysts were
reduced in a H2/N2 atmosphere (1023 K for 30 min). CO2
hydrogenation experiments were conducted with the following
feeds: 6% CO2, 30% H2, and N2 balance used as a carrier gas.
The gas hourly space velocity (GHSV) was equal to 55,000 h−1

(273 K and 1 atm, catalyst volume 0.85 cm3). In order to follow
any hysteresis, activation, or short-term deactivation effects,
experiments were performed both in ascending and descending
reaction temperatures (523, 573, 623, 673, 723, 773 K and
reverse). The full experiment indicates 7 h time on stream. The
online products analyses were performed using a Nicolet 6700
FT-IR instrument. The frequencies at which CO2, CH4, and CO
molecules absorb weakly were used: 2293, 2170, and 1333 cm−1

for CO2, CO, and CH4, respectively, after subtraction of the
baseline, with previous calibrations using gas mixtures with
known concentrations in order to have quantitative results.
Produced water was condensed upstream of the IR cell.

■ RESULTS AND DISCUSSION
The XRD patterns of the Ni-precatalyst and full composition
Ni−xV catalysts are shown in Figure 1. The data showed
characteristic signals of calcite (CaCO3, JCPDS 98-002-0179)
and NiO (JCPDS 98-024-6910) at 29.3°, 39.6°, 47.2°, 48.1°,
58.5°, 60.1°, 64.2°, and 37.3°, 63.2°.27,28

The diffraction peaks at 37.5°, 39,7°, 46.7°, and 66.3° (2θ) of
the alumina oxide phase corresponding to γ-Al2O3 (JCPDS 75-
0921)28 are mostly overlapped by calcite. Peaks related to
vanadium species at 21.3°, 26.7°, and 36.2° (2θ) assigned to the
V2O5 phase (JCPDS 01-089-0612) were detected with very
weak intensities. The peak at around 30° can be attributed to the
presence of CaAl2O4 (JCPDS 53-0191).27 Moreover, the two
peaks at (2θ), 20° and 26°, well distinguishable in all the
diffraction patterns, can be assigned to the presence of Ca2AlO7
(Ca2AlO7, mS48).

The skeletal infrared (IR) spectra of the samples are reported
in Figure 2. The vanadium-containing samples show the bands
of calcite (1460, 1410, 874, 724 cm−1),29 alumina (broad feature
around 800 cm−1 with a strong absorption down to 500 cm−1),30

and NiO (strong absorption at 500−400 cm−1),31 in line with
the XRD analysis. Also, the spectrum of the V-free sample shows
the features of the Al(OH)3 hydroxide gibbsite (1026 cm−1),
AlO(OH) oxy-hydroxide boehmite (1072, 744 cm−1),32 and
carbonate species (1500−1400 cm−1) together with Al−O
stretching modes (600−500 cm−1). It seems likely that this solid
underwent rehydration after the preparation procedure.
DR-UV−vis-NIR spectra of the investigated catalysts are

reported in Figure 3. In the UV range (240−300 nm), the V-
containing samples show a strong absorption at ∼280 nm. This
band is associated with two superimposed charge transfer
transitions (CT), i.e., O2− (2p)→ Ni2+(3d)31 and O2− (2p)→
V5+(3d).33 The presence of dispersed vanadyl centers was
superimposed, as confirmed by the slight increase of the band
∼280 nm upon increasing vanadium content. The Ni-3 V
sample shows an additional tail extended up to 560 nm, likely
due to condensed VxOy species.

33 In the visible range, these
samples show absorptions in the region of the d→ d transitions
of Ni2+. In particular, the two features at 650 and 722 nm
correspond well to those reported for bulk NiO.31 At the same
time, no evidence of Ni2+ in the defective aluminate structure,
usually predominant in NiO/Al2O3 systems, was found. This is
in agreement with the adopted synthesis procedure.
A different spectrum is observed for the vanadium-free sample

(Ni precatalyst). While the absorption in the UV range is far
weaker, the absorption in the visible range is strong, continuous,
and featureless, in agreement with the sample’s almost black
color. We found a similar spectrum in the case of other, mostly
amorphous samples, i.e., in the Ni−La/Al2O3 system, attributed
to nickel-containing defective perovskite-type structures.34 The
IR and UV−vis-NIR results are consistent, suggesting that the
structural and electronic composition of the V-free sample is
different from that of the V-containing samples. However, this
difference is not evident in the XRD patterns, suggesting the
possible presence of the amorphous phases.
Figure 4 shows TEM images collected for the fresh Ni and

Ni−xV catalysts. For all Ni−xV catalysts, the morphology of the
support was similar, andmostly calcite appeared as particles with
the largest thickness. The Ni and/or V components were
detected as homogeneously distributed dark particles with
spherical structures. The measured NiO particle size was in the
range of 7−11 nm in diameter (DP‑NiO), as reported in Table 1.
The EDX analysis performed during the TEM study (Figure

5) revealed the presence of vanadium and nickel only for the
sample with the highest vanadium content, i.e., Ni-3 V. The lack
of V and Ni signals for Ni−xV samples with a lower V content is
due to the small amount of the vanadium oxide precursor used in
the catalyst preparation compared to the amount of Ni and Al.27

The features at 1 and 8 keV are assigned to copper, used as a
sample holder for the TEM analysis. The differences in the EDX
spectra collected on the single particle (curves 2 in Figure 5) and
the sample bulk (curves 1 in Figure 5) indicate the sample
heterogeneity resulting from the adopted synthesis for a
pelletized catalysts.27

The Ni 2p core-level XPS spectra, due to the Ni 2p3/2 and Ni
2p1/2 doublet and their shakeup satellites, are reported in
Figure 6. The splitting of the peak at 854−856 eV indicates that
two different types of Ni species can be distinguished for all
investigated catalyst samples. One, with signals at 854.6−855.4

Figure 1. XRD patterns of the fresh Ni−xV catalysts. JCPDS reference
diffraction patterns are included for comparison purposes.
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eV, is related to Ni2+ (NiO) and, the second, at 856.1−856.4 eV,
is associated with Ni2+, which strongly interacts with alumina or
in the form of the spinel NiAl2O4, whose formation is limited to a
near-surface layer as discussed previously.24,28,35 For the
investigated catalysts, the most intense peak is associated with
Ni2+ as NiO, revealing that NiO species are present on the
catalysts surfaces in a higher proportion compared to spinel-type
species. The Ni2+ oxidic-to-spinel ratio increases with the
increase of the vanadium content (Figure S1). This could be
indicative that the vanadium incorporation prevents the
formation of hardly reducible spinel.24

Figure 7 shows deconvoluted high-resolution XPS spectra of
the O 1s and V 2p binding energy for the Ni-3 V catalyst. For all
Ni−xV samples, vanadium was detected as V3+(V2O3),
V4+(VO2), and V5+(V2O5) with a peak located at 515.6−
515.7, 516.2−516.4, and 516.9−517.2 eV, respectively. More-
over, the population of each species was similar for all catalysts,
regardless of the vanadium content. However, the presence of
vanadium influences the binding energy (BE) and shape of the
O 1s peak. It can be noticed that for a higher vanadium content,
the O 1s peak is red-shifted ca. 4 eV. Moreover, the peak at 530
eV becomes more pronounced following the order Ni-3 V > Ni-

Figure 2. Skeletal IR spectra of Ni−xV catalysts in the range of 1700−400 cm−1.

Figure 3. DR-UV−vis-NIR spectra of fresh Ni−xV catalysts. In the inset, vis-NIR regions are magnified.
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1 V >Ni-0.5 V > Ni. This can be directly related to the increased
amount of oxidic species on the catalysts surfaces and the
oxidative storage capacity of the V-modified samples.24,27

The reduction characteristics of the Ni−xV (x = 0, 0.5, 1, and
3) catalysts were studied over a temperature range from 298 to
773 K with a ramp rate of 10 K min−1. In Figure 8, the H2
responses as a function of temperature are presented. The TPR
profiles revealed significant differences between the samples.
The results show a systematic change in the reduction of Ni
species with an increase in vanadium loading. Importantly, the
TPR profiles, reduction temperature, and amount of hydrogen
consumed were strongly influenced by the catalyst composition.
The TPR profile of the referenceNi precatalyst (Figure 8) shows
peaks with maxima at 583, 700, and 753 K, which can be
associated with the reduction of NiO bulk, small NiO crystallites
(583 K) and noncrystalline NiO (700 K) species, respec-
tively.36,37 The Ni2+ species reduction strongly interacting with
alumina or NiAl2O4 reduction was evidenced far above 753 K.

26

According to the literature, the reduction of the bulk NiO is

usually evidenced by the peak at ∼650 K, while the feature at
∼750 K is related to the reduction of noncrystalline NiO.36,37

On the other hand, nickel aluminate spinel-type species are
characterized by high reduction temperatures above 973 K.38,39

In contrast, freeNiOweakly interacting with the support is easily
reduced at 573−623 K. Nickel species which are not completely
associated with spinel are reducible at intermediate temper-
atures of 623−773 K. The reduction temperature differs slightly
from those reported in the literature, which can be mostly
related to the metal−support interaction due to the presence of
Ca and modifiers.
For the Ni-0.5 V and Ni-1 V catalysts, the hydrogen

consumption starts at 553 K, while for the Ni-3 V sample it is
shifted toward a higher temperature by 70 K. For both Ni-0.5 V
and Ni-1 V catalysts, a broad peak is observed, with maxima
located at 663 K, while for Ni-3 V it is above 773 K. They can be
related to NiO probably modified by V2O5 or to Ni−V mixed
oxides.27 Moreover, the amount of hydrogen consumed at
intermediate temperatures of 600−700 K increased significantly
for the Ni-0.5 V and Ni-1 V catalysts compared to that for the V-
free catalyst. It suggests enhanced reducibility of the modified
catalyst or an increase in the population of nickel species that are
not entirely associated with aluminate spinel but associated with
Ni−Vmixed oxides.40 Although Vmodification did not strongly
influence the Ni particle size and morphology according to XPS,
the vanadium presence changes both the type and population of
surface Ni species (Figure S1). Presumably, V limits the Ni
diffusion into the support and the hardly reducible spinel
structures formation, thus producing Ni−V mixed oxides which
are more easily reducible than Ni aluminate species but less than
pure NiO.27 On the other hand, it is also expected that together
with Ni species V2O5 undergoes simultaneous reduction, which
increases the H2 uptake. For the V2O5/Al2O3 catalyst, the
reduction onset was reported to occur at 600 K, and the peak
maximum was located at 800 K, indicating V5+ to V3+

reduction.41

CO2 Hydrogenation. The results of the online analyses by
FT-IR spectroscopy of the effluent gases are presented in Figure
9. Catalytic experiments were performed on all samples with a
previous step of catalyst reduction to bring Ni to its reduced
state. The data are reported as absorbances of the diagnostic
bands of CO2, CH4, and CO. The decrease in the CO2
absorbance resulting from its conversion is accompanied by
the detection of the CH4 and CO methanation products, the
absorbance of which increases correspondingly. No other C-
containing products are observed in remarkable amounts (0.1
mol %). Water is a reaction product and was also quantified.
Thus, the observed reactions are the methanation of CO2 (eq 1)

Figure 4. TEM images of fresh Ni−xV catalysts. Ni and/or V nanoparticles are highlighted by yellow circles.

Table 1. Physicochemical Properties of Studied Ni−xV
Catalysts

DP‑NiO, nm

Catalyst Denoted TEMa XRDb BET, m2 g−1

Ni/Al2O3 Ni <7 <8 198
Ni-0.5 V/Al2O3 Ni-0.5V <11 <10 135
Ni-1 V/Al2O3 Ni-1V <9 <10 135
Ni-3 V/Al2O3 Ni-3V <10 <9 135

aObtained from TEM. bCalculated from XRD diffractograms.

Figure 5. EDX analysis of fresh Ni−xV catalysts (1) on bulk and (2) on
a single particle.
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+ +CO 4H CH 2H O2 2 4 2V (1)

and the reverse water gas shift reaction (rWGS, eq 2)

+ +CO H CO H O2 2 2V (2)

In Table 2, the corresponding calculated values for CO2
conversion, methane, and CO selectivities are reported. The
observed data are compared with the corresponding data
calculated assuming that thermodynamic equilibrium is
established among CO2, CH4, CO, H2, and H2O under applied
pressure, temperature, and initial composition conditions and
when production of CO by rWGS is excluded.

The data show that for all catalysts at 523 and 573 K the CO2
conversion is well lower than that allowed by thermodynamics;
thus, the reaction is limited by kinetics. For these conditions,
CH4 selectivity is 100%, andCO is not observed at all. Instead, at
623 and 673 K, over Ni-0.5V and Ni-1V, the experimental data
coincide, within experimental error, with those allowed by
thermodynamics for the methanation reaction only, with
apparently the rWGS reaction not occurring at all. When both
methanation and rWGS reactions are allowed to occur, the
thermodynamic equilibrium implies a small, but non-negligible,
amount of CO formed. Thus, these catalysts selectively catalyze

Figure 6. HR-XPS data for Ni 2p region with deconvoluted spectra for Ni and Ni−xV catalysts.

Figure 7. XPS data for O 1s and V 2p regions for fresh Ni−xV catalysts.
The inset shows the deconvoluted V 2p spectrum for the Ni-3 V
catalyst.

Figure 8.TPR for fresh Ni−xV catalysts performed for 5%H2 +He and
a flow rate of 70 mL min−1 at a temperature range from RT to 773 K
with a ramp rate of 10 K min−1. The weight of the catalyst was 45 mg.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.0c05556
Ind. Eng. Chem. Res. 2021, 60, 6554−6564

6559

https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05556?fig=fig8&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.0c05556?rel=cite-as&ref=PDF&jav=VoR


methanation only at temperatures up to 673 K. Moreover,
although for both the V-free and Ni-3V catalysts only methane is
formed, the CO2 conversion is much lower than that allowed by
thermodynamics. This suggests that an optimal vanadium
content is needed to maximize methanation yield and selectivity
at 623−673 K.
In the temperature range of 723−773 K, the conversion of

CO2 decreases due to thermodynamics, which becomes less
favorable, and CO appears among the products. The catalysts
show even slightly higher conversion than that allowed by
thermodynamics, indicating a 2%−4% experimental error in the
V concentration evaluation. The catalysts with intermediate
vanadium content also exhibited a slightly higher conversion at
these temperatures. The selectivity to CO is similar in all cases
and lower than that expected by thermodynamics. A slight
deactivation effect is observed for all catalysts comparing their

activities at 523 and 573 K for both ascending and descending
temperatures steps. However, continuous experiments showed a
substantial stability of the performances for experiments during
more than 30 h at 623 K.27

Active Ni surface area and specific activity data are collected in
Table 3. The TOF value for Ni/Al2O3 at 513 K is equal to 0.014
s−1 and stays in agreement with the literature data for Ni-based
catalysts varied with chemical composition and preparation
method. According to Vogt et al., the TOF value at low
temperature (473−573 K) for Ni deposited on different
supports is in the range of 0.01−0.20 s−1.42 According to Liu
et al., TOF at 503 K for 5%Ni deposited on an Al−Ca
nanocomposite is equal to 1.02 × 10−3 s−1.43 Other authors
provided similar values of TOF at low temperature CO2
methanation: 0.06 s−1 at 548 K for 12%Ni deposited on γ-
Al2O3,

44 0.6−2.4 × 10−3 s−1 at 493 K for Ni/Al2O3 systems45,

Figure 9. Online IR analyses for catalytic activities of Ni (left) and Ni-0.5 V catalysts (right). Catalyst weight was 88.2 mg. Temperature interval was
523−773 K, and GHSV was 55,000 h−1 (evaluated on a catalyst volume basis).

Table 2. Carbon Dioxide Conversion (X, mol %) and Selectivities (S, mol %) to Products in CO2 Hydrogenationa

Ni Ni-0.5V Ni-1V Ni-3V Thermodynamic equilibrium
Thermodynamics
methanation only

T, K X CO2 S CH4 S CO X CO2 S CH4 S CO X CO2 S CH4 S CO X CO2 S CH4 S CO X CO2 S CH4 S CO, % X CO2, %

523 12 100 0 33 100 0 31 100 0 12 100 0 99.99 100.00 0.00 99.994

573 62 100 0 91 100 0 89 100 0 67 100 0 99.80 100.00 0.00 99.8

623 87 100 0 97 100 0 97 100 0 91 100 0 97.39 99.92 0.08 97.37

673 89 100 0 93 100 0 91 100 0 90 100 0 89.89 99.20 0.80 89.58

723 80 98 2 83 99 1 82 99 1 80 98 2 79.84 95.59 4.41 78.02

773 72 89 11 74 89 11 72 89 11 71 89 11 71.27 83.60 16.40 64.81

723 81 98 2 83 99 1 81 99 1 80 98 2 79.84 95.59 4.41 78.02

673 89 100 0 93 100 0 91 100 0 89 100 0 89.89 99.20 0.80 89.58

623 84 100 0 98 100 0 98 100 0 90 100 0 97.39 99.92 0.08 97.37

573 56 100 0 91 100 0 90 100 0 59 100 0 99.80 100.00 0.00 99.8

523 7 100 0 27 100 0 24 100 0 5 100 0 99.99 100.00 0.00 99.994
aExperimental results and calculated data at thermodynamic equilibrium.

Table 3. Chemisorption and Specific Activity Data for Ni−xV catalystsa

Chemisorption Specific activity (523 K)

Catalyst SNi, m
2 gNi

−1 Dispersion, % DP‑Ni, nm r, μmolCO2 m
−2

Ni s
−1 TOF, s−1

Ni 91.1 21.3 7.4 0.357 0.0140
Ni-0.5V 75.7 19.8 8.9 1.188 0.0464
Ni-1V 72.5 15.5 9.3 1.172 0.0458
Ni-3V 63.0 12.3 10.7 0.533 0.0208

aSNi [m
2/gNi] is based on the assumption of complete NiO to Ni reduction before chemisorption measurements. r and TOF calculations are valid

for “far from equilibrium” conditions. therefore, XCO2 conversions at 523 K = 0.12 were taken. r and TOF calculations were performed based on the
assumptions of (a) gradientless reactor, (b) kinetic regime, and (c) Vinlet = Voutlet.
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and 7.4−18.3 × 10−3 s−1 at 200 °C for MoOx- and La2O3-
modified Ni/SiO2 catalysts (6 wt % Ni).46

The results of our study show substantial TOF value
differences at the temperature of 523 K. Taking into account
the decrease of specific Ni surface area and the TOF value
increase with increasing vanadium loading, it appears that Ni/
Al2O3 doping with V2O5 creates Ni−V surface species of higher
activity toward CO2 conversion. Despite the lower number of Ni
atoms exposed on the Ni−xV surface compared to the vanadia-
free catalyst, vanadia doping of the Ni-based catalysts enhances
the Ni-specific activity resulting in higher CO2 conversion per
single active site exposed. This conclusion is valid for a moderate
vanadia content (up to 1 wt %) and in very good agreement with
the H2-TPR results. The opposite effect was observed for the
higher V2O5 loading. Therefore, it is justified to conclude that
both the Ni surface area and the modification of the surface Ni
species with vanadia are crucial for the Ni-based catalyst’s final
catalytic effect. The V2O5 over addition results in a decrease of
the catalytic activity, mainly due to the formation of worse
dispersed and less reducible nickel active sites with significantly
lower activity per active site.
The obtained data show that the catalysts with an

intermediate V content, i.e., Ni-0.5V and Ni-1V, have very
high activity in the methanation reaction without CO formation.
The best temperature to achieve maximummethane yield is 623
K. For laboratory-scale stability testing, and no significant
activity/selectivity changes were recorded for more than 30 h at
623 K and 1 atm.27 In Table 4, we compare our data with the
data obtained for the same conditions with other previously
tested catalytic materials. One can conclude that the Ni-0.5 V

and the Ni-1 V catalysts are significantly more active than those
previously reported.

Characterization of Spent Catalysts. After the catalytic
experiments in CO2 hydrogenation, the catalysts were
characterized by XRD and field emission scanning electron
microscopy (FE-SEM). In Figure 10, the X-ray diffraction
patterns of the spent catalysts are reported. As expected, for all
catalysts, the main features are those assignable to metallic Ni
(JCPDS 71-4655), with the characteristic features of the cF4-Cu
prototype at 44.72°, 52.19°, 76.49°, 93.14°, and 98.81° in 2θ.
Vanadium can largely enter a cubic solid solution alloy with
nickel.47 In our case, the alloy formation cannot be excluded
because no other vanadium compounds are observed in the
XRD patterns of the spent catalyst. The peak observed in all
cases at 2θ = 67° is assignable to the presence of γ-alumina. The
sharp features observed in all diffraction patterns are instead
assignable to residuals of the material used as a diluent in the
catalytic experiments (not shown).
Figure S2 shows the SEM images of the spent catalysts. The

SEM images of the V-free spent catalyst (Figure S2a and b)
reveal that Ni forms crystals from 15 to 300 nm in diameter,
which are not homogeneously distributed on the catalyst
surface. Moreover, the smaller nanoparticles are agglomerated in
some parts of the alumina supports, as shown in Figure S2b. The
back-scattered electron (BSE) SEM images of Ni−xV, shown in
Figure S2c and d, exhibit that the sample is not entirely
homogeneous considering both the composition and morphol-
ogy. This is in good agreement with the adopted synthetic
procedure and the harsh procedure applied for the reduction
step. Metals, i.e., Ni and the (Ni, V) solid solution possibly

Table 4. Comparison of Performances of Ni Catalysts in CO2 Hydrogenation at 623 K and Atmospheric Pressure

Symbol wt % Ni Other catalysts components YCH4, % YCO, % ref

Ni 19 CaO, Al2O3 87 0 26, this work
Ni-0.5V 15 V2O5 ,CaO, Al2O3 97 0 26, this work
Ni-1V 15 V2O5, CaO, Al2O3 97 0 26, this work
Ni-3V 15 V2O5, CaO, Al2O3 91 0 26, this work
Ni0LA 13.5 Al2O3 73 1 32
Ni37LSA 13.5 La2O3, SiO2, Al2O3 90 0 20
Ni14LA 13.5 La2O3 ,Al2O3 92 0 32
JM57-4Qa 24 CaO, Al2O3 74 1 22

aCommercial methane steam reforming catalyst from Johnson Matthey. Ref. 22, 23.

Figure 10. XRD of spent catalysts, after the CO2 methanation experiment, impured by calcined sand used as a diluent in the catalytic bed.
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formed, are found with particles in the range of 15−300 nm.
Vanadium content ranges in between 0.1 and 2.7 wt %, while Ni
is found with 20−50 wt % loading.

■ DISCUSSION
This work points out that many of the obtained catalysts show
very good activity and selectivity in CO2 methanation. As said,
for the best conditions (623 K), methane is found as the only
product, with a very high CO2 conversion (97%). The
preparation of the catalyst was chosen to have extra-durable
materials useful for industrial application.26 Indeed, the data
indicate that the materials obtained, both before and after the
reaction, are quite heterogeneous with a very limited dispersion
of nickel both in the form of NiO in the unreduced fresh catalyst
and Ni metal in the spent catalyst. It seems likely that the
presence of (formally) CaO tends to limit the dispersion of Ni2+,
which is complete when alumina only is present as the support.
Presumably, the used composition allows NiO nanoparticle
production of intermediate sizes, which results, by reduction,
into metallic nickel particles. As previously reported, small cubic
nickel nanocrystals are very selective in the methanation, while
larger nickel particles are more active on the rWGS reaction.18 In
fact, our V-free Ni catalyst, which contains Ca oxide as the
Johnson Matthey JM57-4Q catalyst, exhibits lower activity than
the Ni−Al2O3 catalysts in the methanation (Table 4). However,
the presence of vanadium clearly modifies the situation. In
particular, V significantly modifies the NiO particles’ reduc-
ibility, changing the reduction profiles of nickel species, i.e., not
completely associated with spinel, NiO bulk, and small NiO
crystallites as shown by TPR. Thus, a V−Ni interaction is quite
evident. Even if this is not proven here, it is possible (and not
excluded by our data) that the reducible element vanadium
enters nickel particles forming a cubic solid solution known to be
stable and improves catalytic activity.

■ CONCLUSIONS
The main conclusions arising from this work are briefly
summarized as follows:

(1) The proposedmethodology can be applied successfully to
the preparation of active catalytic powders and extrudates
of potential use in industrial reactors.

(2) The physicochemical characterization data provide
evidence of a significantly different structure of the V-
free catalyst from the V2O5-containing ones. In particular,
vanadia modifies the reducibility of NiO as evidenced by
TPR experiments.

(3) All catalysts are active for the CO2 hydrogenation in the
investigated temperature range of 523−773 K and
atmospheric pressure. However, Ni−V catalysts with the
intermediate vanadium loading of 0.5 and 1 wt % are
markedly more active than those without vanadium and
higher vanadium content. Over these catalysts, 97%
methane yield with no CO production is obtained at 623
K.

(4) The catalysts with such an optimal vanadia content are
also markedly more active than the previously tested
catalysts based on Ni/Al2O3 containing SiO2 and/or
La2O3, and also than a Ni/Ca aluminate catalyst, in the
selective methanation of carbon dioxide.

(5) According to the presented data, the higher catalytic
activity of V-containing samples can be related to the Ni
surface area. Despite the lower number of Ni atoms

exposed on the surface in Ni−xV/Al2O3 systems
compared to the vanadia-free one, the catalysts doping
with vanadia enhance Ni-specific activity resulting in
higher CO2 conversion per single active site exposed.
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