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Abstract

Nickel-doped spherical silica (SSP) catalysts with ca. 10 wt% Ni were prepared via a
sol-gel method using cetyltrimethyl ammonium bromide as the structure directing agent with
different loading sequences of Ni and Si sources (Sil Ni2, Nil Si2, and Ni Alt Si). For
comparison purposes, the SSP supported Ni catalysts were also prepared by an impregnation
method (Ni/SSP (Imp)). All the prepared catalysts showed a spherical shape with high specific
surface area (357-868 m?%/g). The X-ray diffraction and H,-temperature programmed reduction
results revealed a stronger interaction between Ni and SiO, in the form of nickel silicate for
all the Ni-doped SSP catalysts except Ni/SSP (imp), in which only NiO species were detected.
For the reaction temperature 350 oC, the CO, conversion was in the order: Ni Alt Si (51%) >
Ni1 Si2 (49%) > Sil Ni2 (28%) > Ni/SSP (Imp) (10%) with methane selectivity 80-95%. The
superior performances of the Ni Alt Si catalyst were correlated well to the higher electron
density of Ni on the surface and higher CO, adsorption ability as revealed by the X-ray

photoelectron spectroscopy and CO,-temperature program desorption results.
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Table 1 Physical properties of the Ni/SiO, catalysts
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Figure 1. XRD patterns of Ni/SiO, catalysts after calcined at 550 for 6 h.

Figure 2. N, adsorption isotherms of Ni/SiO, catalysts.

Figure 3. H,-TPR profiles of the Ni/SiO, catalysts.

Figure 4. SEM images of Ni/SiO, catalysts after calcination.

Figure 5. TEM images of Ni/SiO, catalysts after calcination.

Figure 6. XPS spectra of Ni/SiO, catalysts after calcination.

Figure 7. XPS spectra of Ni/SiO, catalysts after reduction.
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Figure 8. CO, conversion and CH, selectivity of Ni/SiO, catalysts: reduced under H, at 500°C

3 h, Catalyst = 0.05 g, WHSV = 36000 cm*/g.,;h
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- X-ray diffraction (XRD) (Broker D8 advance with CuKQL Radiation in the 20 scanning
range of 10-909

- Atomic absorption spectrophotometer (AAS).



- N, adsorption-desorption measurements (Micrometrics ASAP 2020 instrument)
- Hy-temperature program reduction (H,-TPR)

- Transmission electron microscopy (TEM) (JEOL (JEM-2010) at 200 kV)

- X-ray photoelectron spectroscopy (XPS)

- Temperature-programmed desorption of CO, (CO,-TPD)

- Scanning electron microscope (SEM)
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C02.in—C02,out
XCO, (%) = - x 100,
C02,in
CH4
SCH,4 (%) = —_— x 100,
CH4+CO

where XCO, and SCH,4 were CO, conversion and CHg selectivity, respectively.
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Figure 1. XRD patterns of Ni/SiO, catalysts after calcined at 550 for 6 h.

Table 1 Physical properties of the Ni/SiO, catalysts

catalysts BET surface aré:;?mz/g) Pore volurﬁé (cm?/g) Pore diameter (nm)
SSP 1214 1.08 2.01
Ni1_Si2 a17 0.33 3.38
Si1 Ni2 868 1.08 3.02
Ni_Alt Si 357 0.35 3.55
Ni/SSP (Imp) 802 0.64 2.23

*Pore volume and pore diameter determined from the Barret-Joyner-Halenda (BJH) desorption

method.
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Figure 2. N, adsorption isotherms of Ni/SiO, catalysts.
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Figure 3. H,-TPR profiles of the Ni/SiO, catalysts.
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Figure 5. TEM images of Ni/SiO, catalysts after calcination.
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Figure 6. XPS spectra of Ni/SiO, catalysts after calcination.
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Abstract

Nickel-doped spherical silica (SSP) catalysts with ca. 10 wt% Ni were prepared via a
sol-gel method using cetyltrimethyl ammonium bromide as the structure directing agent with
different loading sequences of Ni and Si sources (Sil_Ni2, Nil Si2, and Ni_Alt_Si). For
comparison purposes, the SSP supported Ni catalysts were also prepared by an impregnation
method (Ni/SSP (Imp)). All the prepared catalysts showed a spherical shape with high specific
surface area (357-868 m?/g). The X-ray diffraction and Hz-temperature programmed reduction
results revealed a stronger interaction between Ni and SiO: in the form of nickel silicate for all the
Ni-doped SSP catalysts except Ni/SSP (imp), in which only NiO species were detected. For the
reaction temperature 350C, the CO> conversion was in the order: Ni Alt Si (51%) > Nil Si2
(49%) > Sil Ni2 (28%) > Ni/SSP (Imp) (10%) with methane selectivity 80-95%. The superior
performances of the Ni_Alt_Si catalyst were correlated well to the higher electron density of Ni
on the surface and higher CO. adsorption ability as revealed by the X-ray photoelectron

spectroscopy and CO2-temperature program desorption results.

Keywords: CO; methanation; Ni/SiO> catalysts; Spherical silica; Nickel silicate.



1. Introduction

Reduction of carbon dioxide (CO) emission, one of the main greenhouse gases to global
warming, is the globally concerned topic [1]. This has been done by many routes including
reduction of the consumption of fossil fuels, carbon capture, separation and storage, and
transformation of CO> to value added chemicals or fuel [2, 3]. CO2 methanation is a simple reaction
widely used to produce the substitute natural gas. Production of biomethane from carbon dioxide
is considered a significant process to increase the value of natural gas (natural gas upgrade) and
biogas derived from biomass fermentation. The CO> methanation is highly exothermic reaction
and there are kinetic limitations [3, 4]. Therefore, the development of catalysts for this reaction is
important and the performance of several catalysts, such as Ru [1], Rh [5], Pd [6], Ni [1, 7], Co
[8], and Fe [7] supported on oxide supports TiO2 [9], Al203[1, 7], SiO: [4, 7], CeO: [8-10], and
ZrO> [8, 10], has been studied. Nickel-based catalysts were the most widely studied because of
their high catalytic activity and relatively low price but it is usually suffered from deactivation
because of the sintering of nickel particles and carbon deposition [3]. Many attempts have been
conducted to improve the catalytic performance of Ni-based catalysts, in order to possess both

high activity and resistance to coke deposition.

In addition, it was found that the formation of nickel silicate species have an advantage of
exhibiting a synergistic effect of both metal and support [11], high dispersion of nickel metal after
reduction, high surface area of catalyst, excellent reactivity and stability for hydrogenation
reaction, prevents particle agglomeration and stronger metal support interaction compared to NiO
[12], which are key parameters for the CO2 methanation. Nickel silicate has been used as catalysts
in various reactions such as deoxygenation of methyl palmitate to alkanes [13], carbon dioxide

reforming of methane [14], partial oxidation of methane to syngas [12], hydrogenolysis of 5-



hydroxylmethyl-2-furrylaldehyde to yield furanic fuels [15] and waste plastics-derived syngas
catalytic reaction [16]. Moreover, Le et al. [4] prepared Ni/SiO, catalysts by deposition-
precipitation methods and studied in CO and CO. methanation. The catalyst exhibited stronger
interaction between the nickel species and support than those prepared by a wet impregnation and
showed high Ni dispersion due to the availability of nickel silicate species, which resulted in high
catalytic activity for both reactions. Lu et al. [17] synthesized a Ni-grafted SBA-15 catalyst with
Ni phyllosilicate existed on the SBA-15 surface, which resulting in higher CO2 conversion and
CHa selectivity than NiO and had high thermal stability for CO2 methanation. The interaction
between metal and supports influence the catalytic performance and catalytic properties. SSP can
be prepared by a number of different techniques. The sol gel method was employed to prepare
high surface area spherical silica with tunable pore size and a narrow pore size distribution [18,

19].

In the present work, nickel-doped spherical silica catalysts were synthesized by modified-
sol gel method with cetyltrimethyl ammonium bromide (CTAB) as the structural-directing agent
and different loading sequences of Ni and Si source. The properties of Ni/SiO; catalysts were
investigated by X-ray diffraction (XRD), N> physisorption, atomic absorption spectrophotometer
(AAS), Ho-temperature-programed reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS),
temperature-programmed desorption of CO2 (CO2-TPD), transmission electron microscopy

(TEM), and their catalytic activities were evaluated in CO2 methanation.



2. Materials and Methods
2.1 Preparation of SiO2 support

SSP were prepared according to the reference procedure [18]. Tetraethoxysilane (TEOS)
was used as silica source and CTAB as the structure-directing agent. The SiO2 support was
prepared by gel synthesis with the following molar ratio: 17TEOS: 0.3CTAB: 11NH3: 58ethanol:
114H,0. At first, ethanol and aqueous ammonia were added to distilled water (DI) with continuous
stirring at room temperature and CTAB was dissolved in this solution. A mixture solution was
then stirred for 15 min followed by slow addition of TEOS and the solution was further stirred for
2 h. After that, the white precipitate was separated by filtration, washed with distilled water, dried

at 110<C overnight and calcined in air at 550<C for 6 h with a heating rate of 2<C/min.

2.2 Preparation of Ni/SiO2 catalysts by modified sol gel and impregnation method.

Incorporation of 10wt% Ni in SSP were prepared using the modified sol gel method with
three different loading sequences during SSP synthesis. The Ni-doped spherical silica were
synthesized using the previous procedure except that nickel nitrate hexahydrate as Ni precursor
was added into the solution with sequences as following: adding Ni previous to TEOS, adding Ni
and TEOS altogether, and adding TEOS previous to Ni. The obtained catalysts are referred to
Nil_Si2, Ni_Alt_Si and Sil_Ni2, respectively. Ni/SSP (Imp) was also prepared by a incipient
wetness impregnation for comparison as follows, the SSP support was impregnated with an
aqueous solution of nickel nitrate, following to drying at 110<C overnight and calcination at 550<C

for 6 hin air.



2.3 Catalysts characterization

The properties of all catalysts were examined by several techniques. The X-ray diffraction
(XRD) was tested by using a Broker D8 advance with CuKa Radiation in the 26 scanning range
of 10-90° Ni loading was determined by atomic absorption spectrophotometer (AAS). The specific
surface area, pore volume and pore diameter were determined by N2 adsorption-desorption
measurements with a Micrometrics ASAP 2020 instrument. Ho-temperature program reduction
(H2-TPR) was used to measure the reduction temperature and reducibility of prepared catalysts.
The catalyst samples (0.1g) were pretreated with 30 cm®/min of N2 flow at 300<C for 1.5 h and
then cooled to room temperature. Subsequently, gas mixture of 10%H2/Ar (30 cm®/min) was
introduced to the catalyst while the sample was heated from 30<C to 800<C. After that, TPR profiles
were recorded as a function of temperatures. Transmission electron microscopy (TEM) images
were obtained with JEOL (JEM-2010) at 200 kV to observe the morphology of the catalysts. X-
ray photoelectron spectroscopy (XPS) analysis was employed to investigate the binding energy
and surface properties of catalysts with using an AMICUS photoelectron spectrum spectrometer
equipped with an MgK, X-ray as primary excitation and KRATOS VISION2 software.
Temperature-programmed desorption of CO, (CO2-TPD) was carried out in a quartz u-tube. 50
mg of the catalysts were reduced at 500<C under H flow for 3 h and then purged with He for 10
min. After that, the catalysts were cooled down to 40<C with He flow. The CO2 was introduced to
the catalyst samples for 1 h at 40<C to achieve saturation. The samples was then heated from 40<C
to 800<C at heating rate of 10<C/min with He flow. Finally, the CO>-TPD profiles were recorded
during increase of temperature. The morphological properties of the support and the prepared

catalysts were observed using scanning electron microscope (SEM).



2.4 Catalytic activity

The CO; methanation reaction was carried out in fixed-bed quartz reactor under
atmospheric pressure. Prior to the catalytic test, the catalysts were reduced under H> flow with
flow rate 30 cm®/min at 500<C for 3 h. The reactant feed were introduced into reactor at H2/CO;
ratio of 10/1 with weight hourly space velocity (WHSV) of 36000 cm?®/(gcath) and N2 was added
as an internal standard. The reaction was performed at the temperature range of 350-500C in steps
of 50<C and then kept constant for 1 h at each temperature. The effluent gases were analyzed by a

gas chromatograph with a thermal conductivity detector to separate CO,, CH4 and CO.

The catalytic performance was presented as CO> conversion and CHj selectivity, which

were defined as following:

C02.in—C02,0out

Xcoz (%) = <220 100,
ScHs (%)= —— x 100,

where Xco. and ScHa were CO2 conversion and CHy selectivity, respectively.



3. Results and Discussion

3.1 Characteristics of the Ni/SiO; catalysts

The XRD patterns of Ni/SiO> catalysts prepared by the modified sol-gel and impregnation
methods are shown in Fig. 1. The SSP support has only a broad peak, which correspond to
amorphous silica, in the XRD pattern. The diffraction peaks at 26 = 33.8-36.13 60.89 which were
assigned to nickel phyllosilicate [13], were shown in all XRD patterns for all the Ni incorporated
SSP catalysts. On the other hand, the sharp peaks at 37.2, 43.3; 62.9, 75.4and 79.4, which indicated
the characteristic peaks of nickel oxide [3], were found for the patterns of the Ni/SSP (Imp) catalyst
indicating that the different preparation methods had significant influence on the formation of
nickel species. The formation of the nickel phyllosilicate with low crystallinity were observed on
Nil_Si2, Ni_Alt_Si and Sil_Ni2 catalysts, suggesting that the nickel particles were directly
incorporated during SSP synthesis to form the nickel phyllosilicate for catalysts prepared by the
modified sol gel method. The N2 adsorption-desorption isotherms of all catalysts are shown in Fig.
2. All the samples exhibited the characteristic type 1V isotherms in the IUPAC classification with
H1 and H4 type hysteresis loop. The H1 type hysteresis loop describes a cylindrical-shape pore
structure [20-22], indicating that the agglomerates or spherical particles arranged in a fairly
uniform way. The H4 type loops shows the existence of slit-like pores, indicating that hollow
spheres with walls composed of ordered mesoporous silica [21, 22]. The BET surface area, pore
diameter and pore volume of bare SSP support and Ni/SiO> catalysts are presented in Table 1. The
order of specific surface area values of the catalysts was: SSP (1214 m?/g) > Si1_Ni2 (868 m?/g)
> Ni/SSP (Imp) (801 m?/g) > Nil_Si2 (417 m?/g) > Ni_Alt_Si (357 m?/g). It can be noted that the
deposition of Ni metal on the SSP support caused a decrease in the surface area and pore volume

values of the catalysts while pore diameter was not obviously changed, indicating that silica pores



were partially blocked by nickel species. In addition, Sil_Ni2 and Ni/SSP (Imp) showed larger
surface area than Nil_Si2 and Ni_Alt_Si. This result would show that most of the Ni particles
were formed inside the pores in Nil_Si2 and Ni_Alt_Si sample, which made the pore blockage

and pore volume and surface area values decreased.

H>-TPR was carried out to investigate the reducibility of the catalysts and the interaction
between metal and the support. Fig. 3 shows TPR profiles of the nickel-doped spherical silica
catalysts prepared by different loading sequence of Ni addition and impregnation methods. The
peak below 500<C was assigned to the reduction of NiO on a silica support [12], while the high
temperature peak (500-800<C) was due to the reduction of Ni?* located in nickel phyllosilicates
[12, 15, 23, 24]. For the Ni/SSP (Imp) catalyst, two reduction peaks were observed in the TPR
profile. The first peak appears at low temperature (380<C), which can be attributed to the reduction
of nickel oxide and the second peak at higher temperature exhibited a small peak around 580<C.
On the other hand, the modified sol gel catalysts showed a board reduction peak in a range of 350-
800<C, which is corresponding to the reduction of nickel phyllosilicates. It can be observed that
most of the nickel species on Nil Si2, Sil Ni2 and Ni_Alt_Si were in the form of nickel
phyllosilicates, which are in good agreement with the XRD results of calcined catalysts. In
addition, the reduction peak of the modified sol-gel catalysts were shifted to higher temperatures
compared to impregnation catalyst. This indicated that the interaction between the Ni particles and

the SiO2 support were stronger than that of the impregnation catalyst.

The SEM and TEM analysis of the Ni-doped SSP catalysts are shown in Fig. 4 and 5,
respectively. The SEM images show that the SSP support and the Ni-doped SSP catalysts exhibited
spherical shape with 350-600 nm. The surface of the spherical silica particles was relatively

smooth and roughly spherical after nickel loading. Then, TEM analysis was employed to confirm



results obtained by SEM images, the particles had a spherical shape. After Ni loading, the TEM
micrograph showed that the SSP supports were covered by nickel phyllosilicate layer, as shown
by fibrous morphology [15]. According to the BET results, Sil_Ni2 showed most of Ni forming
on the surface thus the layer of nickel silicate was more apparent, compared to the Nil_Si2 and
Ni_Alt_Si catalysts. In case of the impregnation catalyst, larger nickel particle agglomerated on
outer surface of SiO2 support and partially cover the pore as lower pore volume than SSP. In
addition, Sil_Ni2 exhibited higher surface area and pore volume than the impregnation catalysts

because of the presence of layered structure of nickel phyllosilicate [15, 24].

XPS analysis was conducted to investigate the chemical state and surface composition on
the catalysts. Fig. 6 shows XPS spectra for Ni-doped spherical silica catalysts after calcination.
For the XPS spectra of the Ni/SSP (Imp) catalyst, the binding energy of Ni2pz»was centered at
about 857 eV, which can be attributed to nickel oxide [12, 25]. While for Nil_Si2, Ni_Alt_Si, and
Si1_Ni2 catalysts, the Ni2ps;2 peak was shown at 858.7 eV , which was assigned to Ni?* species
in nickel phyllosilicate [13, 26]. According to the XRD results, no NiO species was formed in the
modified sol-gel catalysts after calcination. In addition, XPS analysis on the Ni/SiO; catalysts
which were reduced using H at 500<C was also carried out. For all the modified sol-gel catalysts,
a broad main peak of the Ni2ps/; at around 852-859 eV assigned to nickel metal was observed
along with nickel phyllosilicate. According to the TPR results, strong interaction between Ni and
SSP in form of nickel silicate resulted in partial reduction of nickel phyllosilicate to nickel metal
at the reduction temperature of 500<C. However, the XPS results showed that the peak
corresponding to the binding energy of Ni 2p for Nil_Si2 and Ni_Alt_Si shifted to lower binding
energy than Sil_Ni2 catalysts, indicating the electron density of nickel species in Nil_Si2 and

Ni_Alt_Si were higher than Sil_Ni2 catalysts.



Temperature-programmed desorption of CO, was carried out to obtain CO. adsorption
ability over the catalysts and the results are shown in Fig. 8. All the prepared catalysts showed
only a desorption peak at low temperature in range of 90 to 200<C. The amount of CO, adsorbed
on the modified sol gel catalysts was larger than on the impregnation catalyst. This indicated a
larger number of active centers on the surface of modified sol gel catalysts, which faciliated the
CO:2 dissociation and this would improve the CO2 conversion. In addition, oxygenated species may
be created by the dissociation of CO,, which resulted in the elimination of coke deposited and

improved stability of the catalyst [4, 27].

3.2 Reaction results

The catalytic performances of the prepared catalysts were tested in the CO, methanation.
Fig. 9 presents the CO. conversion and CHy selectivity over the Ni-doped spherical silica catalysts
at a WHSV of 36000 cm®/g.h at the temperature range of 350-500<C as a function of reaction
temperature. The catalysts were reduced in the Hz flowing at 500<C for 3 h prior to the reaction.
The CO conversion over all the catalysts increased with increasing reaction temperature and
reached a plateau at the reaction temperature at around 500<C. At 350<C, the CO_ conversion
increased in the order: Ni_Alt_Si (~51 %) > Nil_Si2 (~ 49%) > Sil_Ni2 (~30 %) >Ni/SSP (Imp)
(~ 10%) with methane selectivity of 80-95%. Despite their lower surface area than the
impregnation-catalysts, all the nickel silicate catalysts exhibited superior performances in CO>
methanation. Prior to the reaction, the catalysts were reduced at 500<C with H flow, which led to
partly reduction of nickel phyllosilicate to nickel metal as confirmed by the TPR and XPS results.
The existence of both nickel metal and nickel silicate on the catalyst surface appeared to be

responsible for the high catalytic performance. Meanwhile, the nickel silicate catalysts may



produce metallic nickel with high dispersion after reduction and improved the catalyst stability
[12, 24]. Among the silicate catalysts, Nil_Si2 and Ni_Alt_Si showed high CO; conversion at all
reaction temperatures with high methane selectivity (90-95%) and the best CO, methanation
performance was obtained on the Ni_Alt_Si catalyst. It is suggested that the higher electron density
of Ni on the surface as well as higher CO, adsorption ability over Nil_Si2 and Ni_Alt_Si catalysts
were essential for catalytic activity in CO2 methanation. In addition, energy of CO desorption
from differential scanning calorimetry (DSC) on Ni/SSP (Imp) (1.229 J/gcat) Was larger than both
of Sil Ni2 (0.586 J/gca) and Ni_Alt_Si (0.983 J/gcar), suggesting that too strong interactions
between the CO, and the catalysts surface resulted to low CH4 production. Consequently, it can
be concluded that the modified sol gel method by Ni and Si source added alternately during SSP
synthesis is a useful method for preparing a highly active and stable Ni-incorporated SSP catalysts

for CO2 methanation.

4. Conclusions

The hydrogenation of CO, was studied over Ni-containing spherical silica catalysts prepared with
different Ni loading sequences. The prepared catalysts exhibited outstanding textural properties with
a spherical shape and high specific surface area. Nickel catalysts prepared by the direct
incorporation of Ni during SSP synthesis exhibited a stronger interaction between Ni and SiOz in
the form of nickel silicate, which led to better performances in CO2 methanation than the SSP
supported NiO prepared by conventional impregnation. Alternate loading between Ni and Si
(Ni_Alt_Si) resulted in the highest CO> methanation activity and methane selectivity due to high

electron density of Ni on the surface and high CO; adsorption ability.
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Table 1 Physical properties of the Ni/SiO; catalysts

catalysts BET surface area (m?/g)  Pore volume (cm®/g)  Pore diameter (nm)
SSP 1214 1.08 2.01
Nil_Si2 417 0.33 3.38
Sil_Ni2 868 1.08 3.02
Ni_Alt_Si 357 0.35 3.55
Ni/SSP (Imp) 802 0.64 2.23

*Pore volume and pore diameter determined from the Barret-Joyner-Halenda (BJH) desorption
method.



Figure captions

Figure 1. XRD patterns of Ni/SiO- catalysts after calcined at 550<C for 6 h.
Figure 2. N2 adsorption isotherms of Ni/SiO: catalysts.

Figure 3. Ho-TPR profiles of the Ni/SiO- catalysts.

Figure 4. SEM images of Ni/SiO; catalysts after calcination.

Figure 5. TEM images of Ni/SiO> catalysts after calcination.

Figure 6. XPS spectra of Ni/SiO> catalysts after calcination.

Figure 7. XPS spectra of Ni/SiO> catalysts after reduction.

Figure 8. CO2-TPD of Ni/SiO> catalysts.

Figure 9. CO2 conversion and CHg selectivity of Ni/SiO2 catalysts: reduced under Hz at 500°C 3

h, Catalyst = 0.05 g, WHSV = 36000 cm®/gcath
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