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Abstract: Using renewable H2 for CO2 hydrogenation to methane not only achieves CO2 utilization,
but also mitigates the greenhouse effect. In this work, several Ni-based catalysts with V species
using 3D-mesoporous KIT-6 (Korea Advanced Institute of Science and Technology, KIT) as
support were prepared at different contents of NiO and V2O5. Small Ni nanoparticles with high
dispersibility on 20Ni-0.5V/KIT-6 were identified by X-ray diffraction (XRD), TEM and hydrogen
temperature-programmed desorption (H2-TPD) analysis, which promoted the production of more
Ni active sites for enhancing catalytic activity for CO2 methanation. Moreover, TEM and hydrogen
temperature-programmed reduction (H2-TPR) characterizations confirmed that a proper amount
of Ni and V species was favorable to preserve the 3D-mesoporous structure and strengthen the
interaction between active Ni and KIT-6. The synergistic effect between Ni and V could strengthen
surface basicity to elevate the ability of CO2 activity on the 20Ni-0.5V/KIT-6. In addition, a strong
interaction with the 3D-mesoporous structure allowed active Ni to be firmly anchored onto the
catalyst surface, which was accountable for improving catalytic activity and stability. These results
revealed that 20Ni-0.5V/KIT-6 was a catalyst with superior catalytic activity and stability, which was
considered as a promising candidate for CO2 hydrogenation to methane.
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1. Introduction

In the recent decades, the amount of CO2 in the atmosphere rose rapidly due to the ongoing
consumption of carbon-based fuels, including coal, petroleum and natural gas, which are regarded as
the leading reasons for the greenhouse effect [1–4]. To alleviate CO2 emissions, numerous efforts have
been devoted to developing effective CO2 capture, storage, and utilization technologies [5–8]. Among
these schemes, the reaction of CO2 with renewable H2 to produce synthetic natural gas, also named
as CO2 methanation [9,10], is considered as a promising approach for CO2 reduction because the
generated CH4 can be readily stored in the existing gas grid or utilized as raw materials in the chemical
industry [11,12].
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CO2 + 4H2 → CH4 + 2H2O(∆Ho = −165 KJ/mol) (1)

As illustrated in Equation (1), CO2 methanation is an exothermic reaction. Correspondingly,
for yielding a higher equilibrium concentration of CH4, CO2 methanation should be performed at a
low temperature. Unfortunately, it is extremely difficult to activate CO2 due to the large activation
barrier for CO2 reduction [13,14]. Therefore, effective catalysts are in urgent need for CO2 methanation
to attain superior catalytic activity and stability.

Usually, precious metals, such as Ru [15–17], Rh [18,19] and Pd [20], are considered as the ideal
candidates to prepare catalysts for CO2 methanation because of their excellent catalytic performance.
Nevertheless, they are not widely applied in industry owing to their relatively high cost. In comparison
with the catalysts containing precious metals, Ni-based catalysts with comparable catalytic activity
and relatively low costs have been extensively investigated for CO2 methanation [21–25]. However,
Ni-based catalysts are apt to deactivate even under low temperature because of the aggregation of Ni
nanoparticles and carbon deposition [26].

In recent years, using a mesoporous Si molecular sieve as support is regarded as an effective way
to enhance Ni dispersion, anti-sintering and carbon-resistance, because they possess a large specific
surface area, adjustable pore size and high hydrothermal stability [27]. Bacariza et al. [28] fabricated
an Ni-based MCM-41 catalyst, which presented high CO2 conversion. Moreover, as reported by
Lu et al. [29], the Ni-grafted SBA-15 catalyst was suitable for CO2 methanation because its cage-type
mesoporous structure facilitated the formation of small Ni nanoparticles, resulting in an improvement
in the catalytic performance [30]. Although partial progress has been made, it is still hard to suppress the
coke formation and sintering of Ni nanoparticles while achieving a high catalytic activity. Recently, it has
been reported that V species as a promoter can reduce the energy barrier of CO2 methanation to promote
CO2 activation on the catalyst, subsequently enhancing the catalytic activity at low temperatures [31].
Furthermore, the addition of V species are able to facilitate Ni dispersion and accelerate CO dissociation,
enhancing catalytic CO2 methanation. Li et al. [32] revealed that, in V-containing catalysts, an intimate
contact between active Ni and the support greatly influenced the dispersion of active phase on the
support. Based on these promising results, it was concluded that catalytic CO2 methanation can
be significantly enhanced by the improvement of the catalytic structure and Ni dispersion using a
mesoporous Si molecular sieve as support and adding V species as promoter.

This work focused on the development of a series of Ni-based catalysts with V species using
3D-mesoporous KIT-6 as support for enhancing catalytic CO2 methanation. As one of the mesoporous
Si molecular sieves, 3D-mesoporous KIT-6, with a larger specific surface area and pore volume,
is composed of two interwoven subnetworks [33] which are favorable to the formation of highly
dispersed nanoparticles for enhancing catalytic performance. Moreover, the effects of NiO and V2O5

loading on catalytic CO2 methanation were explored, as well as X-ray diffraction (XRD), hydrogen
temperature-programmed reduction (H2-TPR), hydrogen temperature-programmed desorption
(H2-TPD), carbon dioxide temperature-programmed desorption (CO2-TPD), thermogravimetric
analysis (TGA), transmission electron microscope (TEM), and energy-dispersive X-ray spectroscopy
(EDX) were employed to characterize the catalysts. Furthermore, a 60h-lifetime test was performed to
investigate the catalytic stability.

2. Materials and Methods

2.1. Catalyst Preparation

KIT-6 with 3D mesopores was fabricated according to the experimental scheme reported by
Kleitz et al. [34]. Typically, 4 g P123 was added into the hydrochloric acid solution composing of
144 mL H2O and 6 ml HCl (35%) at 35 ◦C, accompanied by a subsequent addition of 1-butanol (4.9 mL)
and TEOS (9.2 mL) as the silicon source. The resulting slurry was hydrothermally treated in a Teflon
bottle at 100 ◦C for 24 h. The solid product collected by filtration and washing was dried at 100 ◦C for
24 h, followed by a 550 ◦C calcination in air for 4 h to obtain a white power with a synthesis yield of
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around 92%, denoted as KIT-6. As a support, KIT-6 modified by ethylene glycol was impregnated
into a Ni aqueous solution with 10 wt.% NiO. After evaporation at 60 ◦C for 10 h, the solid product
was dried and calcined at 550 ◦C for 4 h to acquire a KIT-6 supported Ni-based catalyst, named as
10Ni/KIT-6. Moreover, 10Ni-0.5V/KIT-6 was synthesized by employing a similar procedure as that
used in the literature [35]. KIT-6 modified by ethylene glycol was dispersed in an aqueous solution
containing 10 wt.% NiO and 0.5 wt.% V2O5 and then kept stirring at 60 ◦C for 10 h. After drying at
100 ◦C and calcination at 550 ◦C, the final product with a synthesis yield of around 95% was named as
10Ni-0.5V/KIT-6. In addition, 10Ni-yV/KIT-6 (y = 0.1, 0.5, 1, 2) was prepared with 10 wt.% NiO and
different contents of V2O5 (0.1 wt.%, 0.5 wt.%, 1 wt.%, 2 wt.%). Similarly, xNi-0.5V/KIT-6 (x = 5, 10,
20, 40) was synthesized with 0.5 wt.% V2O5 and various contents of NiO (5 wt.%, 10 wt.%, 20 wt.%,
40 wt.%).

2.2. Catalyst Characterization

Wide-angle XRD pattern from 10◦ to 80◦ was obtained at a scanning speed of 8◦/min using
a diffractometer with Cu Kα radiation (D/MAX 2500, Rigaku, Tokyo, Japan) and low-angle XRD
measurement was achieved at 1◦/min from 0.5◦ to 5◦. Ni crystallite size was estimated using the
Debye–Scherrer equation. TEM images with EDX were characterized to explore the morphology
and elemental distribution based on an equipment with a 200 kV acceleration voltage (Tecnai G2
F20, FEI, Hillsboro, OR, USA). The carbon content deposited on spent catalyst was assessed by a
thermogravimetric analyzer (STA449F3, Netzsch, Selb, Germany) with a temperature ramp of 10 ◦C/min
in air. H2-TPR profiles ranging from room temperature to 800 ◦C were recorded using an instrument in
10 vol.% H2/Ar with a heating rate of 10 ◦C/min (Auto Chem 2910, Micromeritics, Norcross, GA, USA).
H2-TPD was measured on the same instrument as H2-TPR. Prior to experiment, each sample was
heated to 550 ◦C and kept for 2 h in 30 mL/min H2 for reducing Ni2+ to Ni0. When the temperature
dropped to 50 ◦C, Ar flow was introduced to purge the physically adsorbed H2. H2-TPD curves
were obtained according to the amount of desorbed H2 in Ar flow by heating sample to 800 ◦C at a
ramping rate of 10 ◦C/min. Ni dispersion was calculated by referencing to the previous publication [36].
CO2-TPD was investigated following the same procedure as H2-TPD in addition to using CO2 instead
of H2 in the adsorption and desorption steps.

2.3. Catalytic Performance Measurement

Catalytic activity test for CO2 methanation was conducted at atmospheric pressure and at different
reaction temperatures in a continuous flow fixed-bed reactor. An amount of 50 mg catalyst, diluted with
500 mg quartz sand, was placed in the center of the quartz tube. The real-time reaction temperature of
the catalyst bed center was monitored by K-type thermocouple. Prior to catalytic activity test, an in
situ reduction of the catalyst was performed at 550 ◦C in 50vol.% H2/N2 for 2 h. Then, the mixture gas
of 80 mL/min at a ratio of H2/CO2/N2 = 4:1:3 was injected into the reactor, under a weight hourly space
velocity (WHSV) of 96,000 mL/g/h, while the temperature of catalyst bed cooled down to the desired
reaction temperature. After condensing and removing water by an ice bath, the effluent gas was
monitored online by a GC-SP2100 gas chromatograph with a TDX-01 column and thermal conductivity
(TCD) detector. In addition, a 60 h long-term stability test was performed at atmospheric pressure and
500 ◦C. In this experiment, the data related to CO2 conversion, CH4 selectivity and CH4 yield were
collected at stable state by performing the test on catalytic activity three times under each reaction
condition. Catalytic performance was estimated based on the following equations:

CO2 Conversion(%) =

(
VCO2,in −VCO2,out

)
VCO2,in

× 100% (2)

CH4 Selectivity(%) =
VCH4,out(

VCO2,in −VCO2,out

) × 100% (3)
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CH4 Yield(%) =
VCH4,out

VCO2,in
× 100% (4)

where Vi, in and Vi, out stand for various components (i = CO2, CH4) volume flow rates in and out of
the reactor, respectively.

3. Results

3.1. Characterization

As shown in Figure 1a, the low-angle XRD curve of KIT-6 exhibited a sharp peak (211) at 0.97◦

along with a weak peak (220) at 1.10◦, reflecting the structural feature of cubic Ia3d mesoporous
Si [36]. Similar peaks were also detected for 10Ni-0.5V/KIT-6 and 20Ni-0.5V/KIT-6, indicating that
the Ia3d mesoporous structure was retained after the introduction of Ni and V. Figure 1b displayed
wide-angle XRD curve of 10Ni/KIT-6 in the range from 10◦ to 80◦. It can be found that there was a
faint peak at 44.3◦ matching the Ni (111) plane [37], which revealed the formation of Ni nanoparticles
(2.4 nm from Table 1) due to their successful introduction inside the 3D mesopores. Similar peaks
were observed for 10Ni-0.5V/KIT-6 and 20Ni-0.5V/KIT-6, suggesting that the effective confinement
effect of 3D mesopores still existed after introducing the appropriate amount of Ni and V, which was
beneficial for yielding small Ni nanoparticles with high dispersion, corresponding to 2.5 nm and
2.7 nm (cf. Table 1), respectively. This meant that more Ni active sites were produced to promote
the catalytic performance for CO2 methanation. Additionally, no diffraction peak of V species was
observed on 10Ni-0.5V/KIT-6 or 20Ni-0.5V/KIT-6, implying that V species were well dispersed on the
catalyst surface.
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Figure 1. (a) Low-angle XRD patterns of support and catalysts; (b) Wide-angle XRD patterns of
Ni-based catalysts.

Figure 2 displayed H2-TPR profiles of Ni-based catalysts. The H2-TPR profile of 10Ni/KIT-6
presented a successive absorption peak of H2, for which their corresponding temperatures were
342 ◦C, 395 ◦C and 530 ◦C, respectively, suggesting the presence of three different NiO species [35].
The H2-TPR curve of 10Ni-0.5V/KIT-6 slightly shifted to a higher temperature as compared to that of
10Ni/KIT-6. The low temperature peak decreased sharply, and the high temperature peak increased
rapidly until it turned into the main peak, corresponding to a temperature of 535 ◦C. Such changes
revealed that the introduction of V species boosted the metal-support interaction to enhance the
reduction performance of NiO. The reduction of NiO species produced different numbers of defects in
relation to interaction intensity with the support, which offered the anchoring sites for highly dispersed
Ni nanoparticles. In contrast, 20Ni-0.5V/KIT-6 exhibited two distinct reduction peaks located at lower
and higher temperatures with larger peak areas relative to those of 10Ni-0.5V/KIT-6 due to more
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Ni loading, significantly promoting the reduction of NiO to Ni. This responded to desorption of a
large number of hydrogen species in the H2-TPD curve with H2 uptake of 168.5 µmol/g, implying its
strong ability to activate H2. Meanwhile, as the main peak, the high temperature peak shifted to a
higher temperature of 561 ◦C, which was very close to the reduction temperature of 550 ◦C, indicating
that more Ni active sites could be produced, thereby improving CO2 conversion and CH4 selectivity.
Considering the above analysis, 20Ni-0.5V/KIT-6 possessed the best reducibility of Ni and generated
the most active Ni sites.

Table 1. Physicochemical properties of Ni-based catalysts.

Catalyst
Ni Particles Size (nm) H2 Uptake

(µmol/g) D (%) b Mass Loss (%) c

dNi
a

10Ni/KIT-6 2.4 106.0 15.8 -
10Ni-0.5V/KIT-6 2.5 157.0 23.4 -
20Ni-0.5V/KIT-6 2.7 168.5 25.1 -

spent 20Ni-0.5V/KIT-6 2.9 - - 1.2
a Particles size calculated by the Debye–Scherrer equation according to Ni (111) plane. b Ni dispersion estimated
on the basis of hydrogen temperature-programmed reduction (H2-TPR) and hydrogen temperature-programmed
desorption (H2-TPD). c Mass loss was obtained by thermogravimetric analysis (TGA).
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Figure 2. H2-TPR profiles of Ni-based catalysts.

Figure 3 described the H2-TPD profiles of 10Ni/KIT-6, 10Ni-0.5V/KIT-6 and 20Ni-0.5V/KIT-6.
All profiles presented a low temperature peak below 500 ◦C stemming from the weak adsorption
of hydrogen on defective Ni nanoparticles and a high temperature peak of about 700 ◦C arising
from strongly adsorbed hydrogen on the subsurface of catalyst and/or spillover H2 [35]. The low
temperature peak area below 500 ◦C was closely related to H2 uptake and Ni dispersion, which was
considered as a key discussion, as in reference [38]. In comparison to 10Ni/KIT-6, the peak area at low
temperature for 10Ni-0.5V/KIT-6 and 20Ni-0.5V/KIT-6 increased remarkably and the peak temperature
shifted to higher temperature, which was ascribed to an increase in the number of Ni active sites
and the high dispersion of Ni nanoparticles. Further confirmation was provided by H2-uptakes and
Ni dispersion summarized in Table 1. 10Ni-0.5V/KIT-6 exhibited better hydrogen absorption and
Ni dispersion as compared to those of 10Ni/KIT-6, corresponding to H2 uptake of 157.0 µmol/g and
Ni dispersion of 23.4%, resulting from an improvement in H2 storage due to a suitable V loading.
As reported by Liu et al. [39], the H adsorbed on the Ni active site at high temperatures was transferred
to low valence V species for storage, and could flow back to the Ni active site during desorption, which
was responsible for high Ni dispersion. In addition, H2 absorption capacity was directly related to Ni
loading. Comparing this with 10Ni-0.5V/KIT-6, 20Ni-0.5V/KIT-6 possessed better catalytic performance
owing to the incorporation of 20 wt.% NiO, which facilitated the production of more Ni active sites,
suggesting that Ni nanoparticles were highly dispersed on the catalyst surface (Ni dispersion of 25.1%).
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As mentioned above, the dispersion of Ni nanoparticles on 20Ni-0.5V/KIT-6 catalyst presented the best,
which facilitated the conversion of the maximum amount of CO2 to CH4.
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Figure 3. H2-TPD profiles of Ni-based catalysts.

TEM images of KIT-6, 10Ni/KIT-6, 10Ni-0.5V/KIT-6 and 20Ni-0.5V/KIT-6 were illustrated in
Figure 4. The 3D mesopores were regularly arranged in Figure 4a, which was indexed as (211) and (220)
planes of KIT-6, respectively, according to a low-angle XRD pattern. After the introduction of Ni and V,
3D-mesoporous structure was still well preserved and no aggregation of Ni nanoparticles was observed
on the outer surface of KIT-6 in Figure 4b–d. Such observations revealed that Ni nanoparticles were
uniformly scattered into the internal pores, stimulating the production of small Ni nanoparticles due
to the valid confinement effect of 3D mesopores and intense interaction between active Ni and KIT-6.
Furthermore, dark spots on the TEM image of 20Ni-0.5V/KIT-6 stood for Ni nanoparticles, of which
50 particles were randomly chosen to estimate the particle size. The inset in Figure 4d revealed the
distribution of Ni nanoparticles was mainly concentrated in 2–3 nm with an average size of around
2.8 nm, which was in line with XRD result. In Figure 4e, the EDX profile of 20Ni-0.5V/KIT-6 presented
pronounced peaks involving Ni, Si, O and V species, meaning that these elements were immobilized
into 3D mesopores. Therefore, abundant Ni active sites forming on the interior surface were conducive
to enhancing the catalytic performance for CO2 methanation.
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3.2. Effect of V2O5 and NiO Loading

The effect of V2O5 loading on the catalytic performance for CO2 methanation was described in
Figure 5. Noting that, CO2 conversion of 10Ni/KIT-6 and 10Ni-yV/KIT-6 present a volcanic curve
with increasing temperature and achieved a peak value at 400 ◦C. This was because CO2 methanation
was an exothermic reaction and the high temperature was detrimental to the forward reaction due
to the thermodynamic equilibrium limitation [17]. As a comparison of 10Ni/KIT-6, the addition of V
species remarkably enhanced CO2 conversion, and enabled the equilibrium conversion temperature
to shift from 450 ◦C to 400 ◦C. Moreover, the V-containing catalyst possessed the best catalytic
performance when V2O5 loading was 0.5 wt.%, and its catalytic performance displayed a downward
trend with loadings either more or less than 0.5 wt.%, especially for 2 wt.%. It was worth noting
that CO2 conversion of 10Ni-2V/KIT-6 was only 75.4% at 400 ◦C, which was lower than 82.0% for
10Ni-0.5V/KIT-6. This was because excessive V species covered some of Ni active sites and subsequently
lowered the ability of absorption and dissociation for CO and H2 [35], leading to a decline in the
catalytic performance. Furthermore, the CH4 yield showed a similar trend over reaction temperature as
CO2 conversion, and 10Ni-0.5V/KIT-6 possessed CH4 yield of 82.0% at 400 ◦C, which was higher than
81% of 10Ni-0.1V/KIT-6. In addition, CH4 selectivity of 10Ni/KIT-6 reached the lowest value at 300 ◦C
due to the formation of a large amount of CO by-products by reverse water-gas-shift (RWGS) reaction.
As reported by Sun et al. [40], high temperature was detrimental to RWGS reaction. Further increasing
the temperature, CH4 selectivity of 10Ni/KIT-6 exhibited an upward trend with a subsequent decline
and achieved the maximum value of 90.9% at 450 ◦C. The decreased CH4 selectivity was ascribed to
the occurrence of a methane steam reforming reaction, which was promoted at high temperatures [41].
In contrast, 10Ni-yV/KIT-6 held 100% CH4 selectivity at 400 ◦C, which was attributed to an improved
ability for CO dissociation due to the incorporation of V species [36]. Based on the above discussion,
V species were able to boost the catalytic performance for CO2 methanation, and the best catalytic
performance was achieved when V2O5 loading was 0.5 wt.%, corresponding to 82.0% CO2 conversion
and 100% CH4 selectivity at 400 ◦C.
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Figure 5. Catalytic performance on 10Ni/KIT-6 and 10Ni-yV/KIT-6 for CO2 methanation: (a) CO2

conversion; (b) CH4 selectivity and (c) CH4 yield.

Figure 6 described the effect of NiO loading on the catalytic performance for CO2 methanation.
The catalysts with various NiO loadings exhibited a similar trend in CO2 conversion with increasing
temperatures like Figure 5, and CO2 conversion showed a decline above 350 ◦C due to the
thermodynamic equilibrium limitation during the exothermic CO2 methanation reaction [17].
CO2 conversion was increasingly enhanced as NiO loading increased from 5 wt.% to 20 wt.%. Clearly,
5Ni-0.5V/KIT-6 realized its maximum CO2 conversion of 76.3% at 425 ◦C, while 20Ni-0.5V/KIT-6
attained the maximum CO2 conversion of 87.2% at merely 350 ◦C. However, the corresponding
CO2 conversion did not continue to elevate when NiO loading increased to 40 wt.%, implying that
an appropriate amount of NiO loading could facilitate the improvement of catalytic performance.
Moreover, a similar trend was observed between CH4 yield and CO2 conversion with increasing NiO
loading and the catalyst containing 20 wt.% NiO displayed the best catalytic performance. Noting that
CH4 selectivity, for all the catalysts other than 40Ni-0.5V/KIT-6, remained almost unchanged at 100%
below 425 ◦C and decreased at above 425 ◦C. Nevertheless, CH4 selectivity of 40Ni-0.5V/KIT-6 had
dropped drastically at above 400 ◦C. This phenomenon indicated that excess NiO caused aggregation
of Ni particles to partly cover V species and subsequently reduce contact between V species and
intermediate product CO, which was detrimental to CO dissociation, thus resulting in a decrease in
CH4 selectivity. To sum up, the right amount of NiO loading was conducive to the enhancement of
CO2 conversion and CH4 selectivity. Among all the catalysts being tested, 20Ni-0.5V/KIT-6 displayed
the best catalytic performance for CO2 methanation, corresponding to 87.2% CO2 conversion and 100%
CH4 selectivity.
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Figure 6. Catalytic performance on xNi-0.5V/KIT-6 for CO2 methanation: (a) CO2 conversion; (b) CH4

selectivity and (c) CH4 yield.

To further explore the relationship between the surface basicity and catalytic activity, the CO2-TPD
of 10Ni/KIT-6 and 20Ni-0.5V/KIT-6 was performed and the results were shown in Figure 7. Apparently,
the CO2-TPD profile of 10Ni/KIT-6 displayed two CO2 desorption peaks. One was the main peak at
190 ◦C, which was related to medium basic sites; the other was the secondary peak at 90 ◦C, which was
assigned to weak basic sites [42]. Compared with 10Ni/KIT-6, 20Ni-0.5V/KIT-6 presented a larger peak
area with the main peak shifted to a higher temperature around 200 ◦C, indicative of an increase in
surface basicity due to the synergistic effect from the incorporation of a correct amount of Ni and
V. The strengthened surface basicity could boost the number of basic sites, which promoted CO2

adsorption to improve catalytic performance during CO2 methanation.
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Figure 7. Carbon dioxide temperature-programmed desorption (CO2-TPD) profiles of 10Ni/KIT-6 and
20Ni-0.5V/KIT-6.

Combined with XRD, TEM and H2-TPD results, 20Ni-0.5V/KIT-6 possessed small-sized Ni
nanoparticles with the best Ni dispersion, which was mainly responsible for the highest catalytic
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activity. Additionally, the optimal reducibility of 20Ni-0.5V/KIT-6 was determined by H2-TPR,
which could produce the largest amount of Ni active sites, considerably promoting the catalytic
hydrogenation of CO2 to CH4. Furthermore, an increased surface basicity could intensify the ability of
CO2 chemisorption, progressively enhancing the reaction with CO2.

3.3. Stability Test of 20Ni-0.5V/KIT-6

Excellent catalytic materials for CO2 methanation should possess both high catalytic activity at
lower temperature and good catalytic stability at higher temperature. Therefore, a stability test was
essential to identify superior catalytic materials. In this work, a 60 h-lifetime test on 20Ni-0.5V/KIT-6
was performed at 1atm, 500 ◦C and 96,000 mL/g/h, and the experimental results were illustrated in
Figure 8. For 20Ni-0.5V/KIT-6, CO2 conversion and CH4 selectivity were constant at around 67%
and 85%, respectively. Such performance was superior to those of Ni/Sr/Si catalysts, in which CO2

conversion was less than 66% after 50 h-lifetime test at 1atm, 350 ◦C and 15,000 mL/g/h [43], indicating
that 20Ni-0.5V/KIT-6 possessed better catalytic stability at high temperature.
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Ni-1MgO/SiO2 10 a  400 <75 <100 15,000 10 [44] 

14Ni7CeUSY 14 a 400 68.3 95.1 - - [45] 
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Figure 8. Catalytic stability test of 20Ni-0.5V/KIT-6.

For further analyzing the catalytic performance of 20Ni-0.5V/KIT-6, we made a comparison between
our experimental results and these data reported in the literature [30,31,44–48]. As described in Table 2,
several reported results with respect to various catalysts for CO2 conversion and CH4 selectivity at 1atm
(with optimal reaction temperatures) were listed. It was apparent that 20Ni-0.5V/KIT-6 developed in
this work possessed 87.2% CO2 conversion and 100% CH4 selectivity at 1atm, 350 ◦C and 96,000 mL/g/h,
while it also exhibited a good stability at 500 ◦C for a 60 h-lifetime test, which was better than the
previous reported results. Based on the above comparative analysis, 20Ni-0.5V/KIT-6, with superior
catalytic activity and stability, presented a broad application prospect for CO2 methanation.

Table 2. Comparison of CO2 conversion and CH4 selectivity for 20Ni-0.5V/KIT-6 in our study and
some catalysts reported in the literature at 1atm with the optimum temperature.

Catalyst
Ni/NiO
Content
(wt.%)

Topt (◦C)
CO2

Conversion
(%)

CH4
Selectivity

(%)

WHSV
(ml g−1 h−1)

Stability
(h) Ref.

Ni-1MgO/SiO2 10 a 400 <75 <100 15,000 10 [44]
14Ni7CeUSY 14 a 400 68.3 95.1 - - [45]
15Ni/SBA-15 15 450 ~70 <95 86,000 - [30]

2Ce-20Ni/Al2O3 20 a 350 72.7 100 18,000 10 [46]
Ni-20Ce/MCM-41 20 a 380 85.6 99.8 9000 30 [47]

25Ni-Al2O3 25 a 350 74 99 9000 10 [48]
10Co/Al2O3 10 a 400 77.8 96.5 3600 - [10]

0.5Ru/Na-TiO2 0.5 a 450 ~60 ~90 90,000 - [15]
10Ni-0.5V/KIT-6 10 b 400 82.0 100 96,000 - This work
20Ni-0.5V/KIT-6 20 b 350 87.2 100 96,000 60 This work

a—Ni, Co content, b—NiO content.
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After stability testing, spent 20Ni-0.5V/KIT-6 was characterized by TEM, TGA and XRD to further
explore the sintering and carbon deposition of Ni nanoparticles on the catalyst surface. As shown in
Figure 9a, spent 20Ni-0.5V/KIT-6 presented a similar TEM image as the fresh one and no aggregation
of Ni nanoparticles was detected, implying that Ni nanoparticles were still highly dispersed in the 3D
mesopores. From Figure 9b, spent 20Ni-0.5V/KIT-6 exhibited a similar XRD profile with a very weak
diffraction peak of Ni nanoparticles at 44.3◦, similar to fresh 20Ni-0.5V/KIT-6. Moreover, the average
size of Ni nanoparticles estimated by the Debye–Scherrer equation was 2.9 nm, reflecting no occurrence
of Ni sintering. There were two reasons for this phenomenon: firstly, the mesopore channel of the
support could effectively limit Ni nanoparticles in a fixed space; secondly, strong metal support
interaction blocked the migration of Ni nanoparticles on the catalytic surface during reduction and
reaction at high temperatures, restricting the growth of Ni nanoparticle size. Furthermore, the carbon
content deposited on spent 20Ni-0.5V/KIT-6 was assessed at only 1.2% according to TGA (cf. Table 1).
Simultaneously, the XRD profile of spent 20Ni-0.5V/KIT-6 did not present the diffraction peaks of
graphite carbon, and no carbon film was observed on the corresponding TEM image, suggesting an
excellent anti-coking property. As identified by XRD and TEM, the sizes of Ni nanoparticles were
still very small, around 3 nm after lifetime test, which could reduce the rate of carbon deposition [49].
In addition, 3D mesoporous channels also played a central role in inhibiting carbon film formation.
Combining the above analysis with stability test results, 20Ni-0.5V/KIT-6 displayed excellent catalytic
performance with good stability at high temperatures due to a strong metal-support interaction and
effective 3D mesopores confinement effect.
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4. Conclusions

In this work, several Ni-based catalysts with V species well dispersed on 3D-mesoporous
KIT-6 were synthesized for the production of CH4. Characterization results revealed that both the
reducibility and dispersion of Ni were enhanced by the incorporation of V species, and further
boosted with suitable amount of NiO loading. 20Ni-0.5V/KIT-6 demonstrated the best reducibility
and Ni dispersion with H2 uptake of 157.0 µmol/g and Ni dispersion of 23.4%, which facilitated
producing the largest amount of Ni active sites. The synergistic effect between Ni and V could
strengthen surface basicity to elevate the ability of CO2 activity on the 20Ni-0.5V/KIT-6. Additionally,
3D mesoporous channels still remained after introducing the appropriate amount of Ni and V, which
was beneficial for yielding small Ni nanoparticles. Superior catalytic performance was attained at 1 atm,
96,000 mL/g/h and a low temperature of only 350 ◦C, and 20Ni-0.5V/KIT-6 possessed the best catalytic
performance, corresponding to 87.2% CO2 conversion and 100% CH4 selectivity. The exceptional
catalytic performance was ascribed to the formation of well-dispersed small Ni nanoparticles, enhanced
reducibility of NiO, intensified surface basicity and the effective confinement effect of 3D mesopores.
Furthermore, an intimate metal-support interaction and 3D mesopores limiting effect made active
Ni species tightly immobilize on the catalyst surface, resulting in a remarkably improved stability
of 20Ni-0.5V/KIT-6. The catalyst with 20 wt.% NiO and 0.5 wt.% V2O5 presented better catalytic
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stability in a 60 h-lifetime test for CO2 methanation at 500 ◦C, implying promising stability under
the high exothermic reaction environment. Our research indicated that the 20Ni-0.5V/KIT-6 catalyst
possessed superior catalytic activity and stability and was a promising candidate for applications in
CO2 hydrogenation to methane.
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