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The roles of alkaline-earth metal oxides on CO, methanation over modified Ni/SiO, catalysts were
investigated. Ni/MO/SiO, catalysts with variable elements (M = Mg, Ca, Sr and Ba) were prepared by the
sequential impregnation method. The results indicated that the presence of SrO promoted the catalytic

activity and enhanced the catalyst stability. In addition, BaO addition enhanced the reaction activity, but
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1 Introduction

Nowadays, the ~395 ppm level of CO, in the atmosphere has
caused a lot of severe environmental problems. To mitigate
them, capture and conversion of CO, have been investigated
extensively. Processes related to CO, chemical utilization, such
as providing various commodity chemicals and renewable fuels,
have been proposed.'” It is well known that methane as a
renewable fuel can be produced from the Sabatier reaction, i.e.,
hydrogenation of CO, to methane. If hydrogen in this reaction
is provided by solar energy, for example, via water photolysis,
the sustainable cycle can be achieved.

The Ru, Rh and Pd catalysts supported on Al,O3, TiO, and
MgO etc., have exhibited excellent catalytic properties in CO,
methanation,>'*** among which Ru is the most active compo-
nent at low temperature.”® Some supported or non-supported
transition metal catalysts have acceptable performance, such as
Nj,®91419 Co**** and Fe.””** Moreover, the promotion effect of
second transition metal addition to the Ni-based catalysts has
also been reported.”*?® If a proper amount of Mo is added to the
Ni-based catalysts, both the catalytic activity and selectivity of
CH, can be enhanced. It can be attributed to the formation of
MoOx species, which not only promotes Ni metal particle
dispersion, but also assists the partial electron transfer to Ni
sites.”®

Depending on the catalytic system considered, alkaline-earth
metal oxides act as structural promoters by increasing the
dispersion of the active phase and stabilizing the dispersed
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metallic phase against sintering.'**”*° In addition, these addi-
tives also act as chemical promoters by influencing the acid-
base properties of support®*> or the electron density of
dispersed metal crystallites.**** Park et al. have revealed that
MgO can initiate the reaction by binding CO, molecules via
forming magnesium carbonate species on the catalyst surface.
The supply of hydrogen atoms is essential for hydrogenation of
magnesium carbonate to CH,.>***

In this work, the effect of alkaline-earth metal oxides (MgO,
Ca0, SrO and BaO) with the same controlled contents of Ni/SiO,
catalyst for CO, methanation are reported. The results indicate
that the effect of alkaline-earth metal oxides was quite different.
Therefore, the results are discussed by considering the roles of
alkaline-earth metal-induced alterations of Ni/SiO, catalysts on
the physicochemical characteristics. The catalytic activity and
catalyst stability are also discussed to develop the catalysts with
enhanced activity and stability.

2 Experimental
2.1 Catalyst preparation

Using Ni(NOj;),-6H,0 as a metal precursor, 10 wt% Ni/SiO,
(denoted as Ni/Si) catalyst was prepared by wet impregnation
followed by spontaneous dispersion upon calcination. Prior to
impregnation, the support SiO, (20-45 mesh) was calcined at
500 °C for 6 h. After calcination, its specific area was 438 m* g .
The aqueous solution containing an appropriate amount of
Ni(NO;), was mixed with the calculated amount of support.
After the impregnation for 24 h, the precursor mixture was dried
further at 110 °C for another 24 h, and then calcined at 500 °C
for 6 h in an oven.

10 wt% Ni/4 wt% MO/SiO, (M = Mg, Ca, Sr and Ba) catalysts
were denoted as se-Ni/M/Si catalysts and prepared by the
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sequential impregnation method, in which impregnation of an
aqueous solution containing appropriate amount of Mg(NO3),,
Ca(NO3),, Sr(NO3),, or Ba(NO3), was followed by heat treatment
and then by impregnation of nickel nitrate aqueous solution.*
The two drying and calcination procedures were the same as for
the Ni/Si catalyst.

2.2 Catalytic activity measurements

The catalytic performance was carried out in a fixed bed
continuous flow quartz reactor (i.d. 8 mm) using a mixture of H,
and CO, at molar ratio of 4 balanced with N, (30 ml min™ %),
which is depicted in Fig. 1. Typically, 0.2 g of catalyst was used
in each turn at GHSV of 15 000 ml h™" g™, Prior to a test, the
fresh catalyst was reduced in situ for 3 h under a 50 vol% H,-N,
mixture (60 ml min~") and then cooled down to room temper-
ature under the same conditions. The effluent mixed gases were
cooled in an ice-water trap to remove the gaseous water gener-
ated. The effluent gases were collected after half an hour of
steady-state operation, and the their separation and quantifi-
cation were attained on two on-line chromatographs equipped
with thermal-conductivity detectors (TCD). Nitrogen was used
as a carrier gas and internal standard for gas analysis. Experi-
mental error was typically within +4%. The conversion of CO,
and the selectivity to the products were calculated based on the
balance of carbon, which was estimated within 100% =+ 1%. CO,
conversion (Xco,), CH, selectivity (Scy,) and CO selectivity (Sco)
are described as follows:

Xco, = (Fco,in — Fco,ou)Feo,in (1)

SCH4 = FCH4out/(FCH4out + FCOout) (2)
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SCO = FCOout/(FCH4011t + FCOout) (3)

2.3 Catalyst characterization
Hydrogen-temperature programmed reduction (H,-TPR)

measurements were carried out by heating a sample (50 mg) at
10 °C min~ ' in a flow of 5 vol% H,/Ar gas mixture (40 ml min—").
The amount of consumed hydrogen was measured by TCD.

X-ray diffraction (XRD) was performed on the selected
samples using Cu Ko radiation (Philips X'pert MPD instrument)
at a scattering rate of 4° min~" at 40 mA and 50 kV.

The chemical states of the atoms on the catalyst surface were
investigated by X-ray photoelectron spectroscopy (XPS) on a VG
ESCALAB 210 Electron Spectrometer (Mg Ka radiation; hv =
1253.6 eV). XPS data were calibrated using the binding energy of
the Si 2p (103.4 eV) as a standard.

Transmission electron microscopy (TEM) images were
obtained using the FEI F20 (Netherlands) high-resolution
transmission electron microscopy operating at an accelerating
voltage of 200 kV. The sample for TEM analyses was treated
ultrasonically in ethanol and then transferred as a suspension
to a carbon-coated copper grid.

3 Results and discussion
3.1 H,-TPR analysis

H,-TPR measurements were conducted to understand the
reduction behavior of metal oxide-based supported catalysts,
which could further provide information about the interactions
between metal oxides and their supports. Profiles of H,-TPR for
the as-synthesized bare and modified Ni/SiO, materials are

E N »—|MFC
ﬁ__&)__ »—INIFC)
Vent
+ GC
Vent )
1 GC

et [y
0

Fig.1 Schematic diagram of the experimental system.
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presented in Fig. 2 and the quantitative data of Ni species are
given in Table 1, where significant effects of alkaline-earth
metal oxides on the reduction behavior of the Ni species were
observed. TPR profile of Ni/Si catalyst was composed of a sharp
peak and a shoulder peak. This sharp peak consisted of two
maxima at 395 (o peak, 27%) and 424 °C (B peak, 43%). The two
peaks were attributed to the reduction of some inhomogeneous
NiO phases that interacted weakly with the silica.**®” The
shoulder peak at 484 °C (y peak, 30%) could be attributed to the
stronger interactions between the bulk NiO phase and the
support.®®* The initial reduction temperature increased from
350 °C of Ni/Si catalyst to 440 °C of se-Ni/Mg/Si catalyst, 385 °C
of se-Ni/Ca/Si catalyst, and 365 °C of se-Ni/Sr/Si catalyst. In
addition, for all the modified Ni/SiO, catalysts, the reduction
peaks of alkaline-earth metal-modified Ni/SiO, materials
migrated gradually toward higher temperatures. For se-Ni/Mg/
Si sample, the peaks are constituted by two maxima at 456 (y
peak, 1%) and 634 °C (e peak, 99%). For the se-Ni/Ca/Si mate-
rial, two broad reduction peaks were observed, which consists
of different peaks at 435 (B peak, 17%), 472 (y peak, 34%), 588 (d
peak, 31%) and 640 °C (g peak, 9%). In addition, the H,-uptake
ratios of Ni/Si, se-Ni/Mg/Si and se-Ni/Ca/Si catalysts were
1:0.3:0.8. For se-Ni/Sr/Si and se-Ni/Ba/Si catalysts, H,-TPR
profiles were similar and the area of the high temperature peaks
increased evidently, which indicated that the amount of the
more stable Ni species increased. In addition, the H,-uptake
ratios of Ni/Si, se-Ni/Sr/Si and se-Ni/Ba/Si catalysts were
1:1.1:1.3.

Hy Consumption (a.u.)

300 400 500 600 700
Temperature (°C)

Fig. 2 H,-TPR profiles of fresh catalysts.

Table 1 H,-TPR quantitative data of fresh catalysts

Fraction
Tm (°C) of total area (%)
Samples o B % d € o B % d 3
Ni/Si 395 424 484 — — 27 43 30 — —
se-Ni/Mg/Si  — — 456 — 634 — — 1 — 9
se-Ni/Ca/Si — 435 472 588 640 — 17 34 31 9
se-Ni/Sr/Si 409 — 467 564 — 35 — 44 24 —
se-Ni/Ba/Si 401 — 460 569 — 21 — 45 30 —

This journal is © The Royal Society of Chemistry 2014
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3.2 XRD analysis

XRD patterns of bare and modified Ni/SiO, catalysts pretreated
in a 50 vol.% H,-N, mixture (60 ml min~") at 450 °C for 3 h are
presented in Fig. 3. The typical broad diffraction peaks of SiO,
support could be observed. For the Ni/Si catalyst, the diffraction
peaks located at 26 = 44.5°, 51.8° and 76.4° (JCPDC Card no. 87-
0712), indicate the existence of the characteristics of Ni metal
phase.’”*® The NiO peaks were located at 20 = 37.2°, 43.3° and
62.8° (JCPDC Card no. 89-5881), which suggested that some NiO
species exist in the bulk phase of the catalysts.>*! In addition,
the relative intensity of diffraction peaks of metallic Ni and NiO
phases was 5.76. The diffraction peaks of Ni metal were very
sharp, which indicated that Ni crystal phases were compara-
tively well crystallized. By comparison to Mg-modified Ni/SiO,
catalyst, it was found that the XRD peaks could be attributed to
NiO and MgO mixed phases (near 37.2°, 43.3° and 62.8°, JCPDC
Card no. 03-0988) and small amounts of Ni phase (near 44.5°,
51.8° and 76.4°). For the se-Ni/Ca/Si, se-Ni/Sr/Si and se-Ni/Ba/Si
catalysts, the relative intensities of the diffraction peaks of
metallic Ni and NiO phases were 0.97, 3.42 and 4.19, respec-
tively, which suggested that Ni species over alkaline-earth
metal-modified Ni/SiO, catalysts were more difficult to be
reduced than those over Ni/Si catalyst under some given
conditions. Moreover, there was Ba,SicO;¢ diffraction peak
observed in the se-Ni/Ba/Si catalyst. In addition, the metallic Ni
particle sizes on the Ni/Si, se-Ni/Mg/Si, se-Ni/Ca/Si, se-Ni/Sr/Si
and se-Ni/Ba/Si catalysts estimated from XRD of the peaks at 26
= 44.5° calculated by the Scherrer formula were 50.9, 19.6, 35.8,
36.9 and 45.2 nm. It demonstrated that alkaline-earth metal
oxides enhanced the dispersion of nickel species.

3.3 XPS analysis

The chemical element states of surface species on the materials
could be investigated commonly by XPS experiment. Therefore,
XPS measurement was performed. The results related with
binding energies of Ni 2p;z, and the derived atomic composi-
tion in the different samples were analyzed and are summarized
in Fig. 4 and Table 2, respectively. It was found that the binding
energies of the surface Ni 2p;, species were affected

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
26(°)

Fig. 3 XRD results of catalysts reduced at 450 °C: A, Ni/Si; B, se-Ni/
Mg/Si; C, se-Ni/Ca/Si; D, se-Ni/Sr/Si; E, se-Ni/Ba/Si.
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Fig. 4 XPS spectra of Ni 2ps,, over fresh catalysts: A, Ni/Si; B, se-Ni/
Mg/Si; C, se-Ni/Ca/Si; D, se-Ni/Sr/Si; E, se-Ni/Ba/Si.

significantly by modified alkaline-earth metal oxides. Moreover,
the relative contents of the nickel species changed significantly,
as shown in Table 2. For the modified catalysts, the peaks of
binding energies of Ni 2p;, were mainly distributed around
853.8, 854.8 and 856.1 eV, which could be assigned to different
types of NiO species.” The two higher binding energies of Ni
2Py, (around 858 and 863 eV) could be assigned to the shake-up
satellite peaks of NiO species. Over the Ni/Si catalyst surface, the
49.3% of NiO(y) species was dominant. For se-Ni/Mg/Si and se-
Ni/Ca/Si catalysts, the NiO(y) species contents could increase to
49.6% and 62.5%, respectively. However, for se-Ni/Sr/Si and se-
Ni/Ba/Si catalysts, the NiO(y) species contents could decrease to
34.0% and 29.9%, respectively. The XPS results of the samples
in Table 2 demonstrated that Ni species increased on the
modified catalyst surface with the modification of alkaline-
earth metal oxides, as observed by the higher surface Ni/Si ratio.
Furthermore, the change of surface Ni/M (M = Mg, Ca, Sr or Ba)
ratio also indicated that the modified alkaline-earth metal
oxides could be dispersed effectively on SiO, supports.

3.4 Study of GHSV over Ni/Si catalyst

Prior to all the catalytic experiments, a blank test was carried
out firstly and it did not show any catalytic activity, even at
temperatures as high as 500 °C. Then, in order to optimize the
catalyst amount loaded into the reactor, GHSV was ranged from
7500 to 60 000 ml h™* g~ . The catalytic performances of the Ni/

Table 2 XPS results of fresh catalysts
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Si catalyst under typical reaction conditions (H,/CO, molar ratio
= 4; P = 1 atm) were tested at these GHSV and temperatures
ranging from 200 to 500 °C. The results of CO, conversions and
product distributions are presented in Fig. 5. As shown in
Fig. 5a, when the reaction temperature was below 300 °C, the
conversions were less than 50.6%. When the reaction temper-
ature increased to 400 °C, CO, conversions ended up at 49.1%,
61.3%, 70.9%, 73.2%, 77.4% and 81.3% over CHSV of 60 000,
30 000, 20 000, 15 000, 10 000 and 7500 ml h ™" g™, respectively.
Moreover, at 350 and 400 °C and GHSV of 10 000 ml h™" ¢, the
similar CO, conversions were 74.9% and 77.4%, respectively,
which indicated that working at 350 °C was optimal considering
CH, selectivities and the high temperature sintering of the
metallic Ni.*®

3.5 Catalytic performances over alkaline-earth metal-
modified Ni/SiO, catalysts

The catalytic performances of the bare and modified Ni/SiO,
catalysts were investigated at temperatures ranging from 300 to
450 °C under the given reaction conditions (GHSV = 15 000 ml
h™' ¢!, H,/CO, molar ratio = 4 and P = 1 atm). Reaction
temperature influenced significantly the catalytic behaviors.*>>*
As shown in Table 3, CO, conversions depended largely on the
reaction temperatures. At 350 °C, carbon dioxide conversions
were low and the reaction produced mostly CH, with small
amounts of by-product CO.*** With temperature increased to
450 °C, the catalytic activities were improved. The addition of
MgO to Ni/SiO, showed remarkable inhibition effects on the
catalytic activity, and increasing temperature to 350 °C or higher
showed no promotion effects on the catalytic activity for se-Ni/
Ca/Si catalyst. In comparison, SrO and BaO improved both the
catalytic activity and CH, selectivity. Compared with Ni/Si
catalyst, less metallic Ni species were presented on the SrO and
BaO modified catalysts, which indicated that the SrO and BaO
should be responsible for the superior catalytic performances of
se-Ni/Sr/Si and se-Ni/Ba/Si catalysts. However, MgO addition
demonstrated remarkable negative effects on the catalytic
activity due to the very low reducibility of the metallic Ni
species.”

3.6 Stability test

The research of catalyst stability tests had become an important
issue in CO, methanation to realize its industrialized

B.E. (Ni 2p3),) (eV)

Fraction of total area (%)

Samples o B Y ) € o B Y d € Ni/Si¢ M/Si¢
Ni/Si 853.8 854.8 856.8 859.5 863.0 7.1 2.8 49.3 9.4 31.3 0.015 0

se-Ni/Mg/Si 853.8 854.8 856.1 859.6 862.8 6.7 2.9 49.6 8.2 30.5 0.034 0.120
se-Ni/Ca/Si 853.8 854.8 856.1 857.7 862.7 1.7 7.1 62.5 4.9 23.7 0.044 0.144
se-Ni/Sr/Si 853.8 854.8 855.9 857.0 862.4 2.9 20.7 34.0 15.0 27.4 0.056 0.088
se-Ni/Ba/Si 853.8 854.8 856.2 857.5 862.3 1.6 15.9 29.9 24.7 27.9 0.047 0.071

“ Calculated by Ni (or M = Mg, Ca, Sr or Ba) atom%/Si atom% from XPS spectra.
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Fig. 5 Catalytic performance of Ni/Si catalyst at various temperatures
and different GHSV: A, 7500; B, 10 000; C, 15000; D, 20 000; E,
30 000; F, 60 000 mlh~*g~*. Reaction conditions: H,/CO, molar ratio

=4; P=1atm.
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application. As for CO, methanation, its fatal drawback was that
the catalysts were mainly subjected to the deactivation mecha-
nisms caused by the sintering and/or oxidation of the metallic
phase, which could lead to the decrease of the active metal sites
on the catalyst surface and ultimately influence the catalyst
stability. Therefore, multiple catalyst performances at 50 h were
monitored by means of CO, conversions and of CH, selectiv-
ities. The evaluation of the long-term catalyst stabilities was
performed under specific reaction conditions: 350 °C, GHSV =
15000 ml h™" g7*, H,/CO, molar ratio = 4 and P = 1 atm. The
Ni/Si, se-Ni/Sr/Si and se-Ni/Ba/Si catalysts were selected as the
typical catalysts. The results of catalyst stability and deactiva-
tion are shown in Fig. 6. As shown in Fig. 6, at the beginning, Ni/
Si, se-Ni/Sr/Si and se-Ni/Ba/Si catalysts exhibited 64.7%, 70.5%

(a)
72
70 —+— NilSi
<3 —=— se-Ni/Sr/Si
< —— se-Ni/BalSi
c
i)
e
o
>
c
[<]
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N
o
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=
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0 10 20 30 40 50

Time (h)

Fig. 6 Long-term stability tests at 350 °C. Reaction conditions: GHSV
=15 000 ml h=* g~ H,/CO, molar ratio = 4; P = 1 atm.

Table 3 Catalytic performance of alkaline-earth metal-modified Ni catalysts at different temperatures. Reaction conditions: GHSV = 15 000 ml
h~t g~% H,/CO, molar ratio = 4; P = 1 atm

300 °C 350 °C 400 °C 450 °C
Samples Xco, Sch, Sco Xco, Sch, Sco Xco, Sch, Sco Xco, Sch, Sco
Ni/Si 27.0 94.5 5.5 64.7 97.5 2.5 73.2 98.7 1.3 70.8 95.5 4.5
se—Ni/Mg/Si 8.7 87.1 12.9 34.9 85.3 14.7 61.9 92.1 7.9 62.0 90.1 9.9
se-Ni/Ca/Si 37.2 97.2 2.8 64.9 98.6 1.4 73.3 98.9 1.1 70.6 95.4 4.6
se-Ni/Sr/Si 39.4 97.6 2.4 70.5 98.9 1.1 76.3 99.0 1.0 72.4 97.5 2.5
se-Ni/Ba/Si 38.3 97.4 2.6 67.6 98.5 1.5 74.9 98.9 1.1 72.2 97.3 2.7

This journal is © The Royal Society of Chemistry 2014
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and 67.6% conversions to CO, and 97.5%, 98.9% and 98.5%
selectivities to CH, at 0.5 h, respectively. In addition, compared
to Ni/Si and se-Ni/Ba/Si catalysts, se-Ni/Sr/Si catalyst exhibited
higher CO, conversions, higher CH, selectivities and more
stable catalytic behavior in the entire 50 h time on stream.”*® At
50 h, CO, conversions of Ni/Si, se-Ni/Sr/Si and se-Ni/Ba/Si
catalysts were 59.0%, 65.5% and 59.7% and CH, selectivities of
these catalysts were 95.4%, 97.7% and 97.2%, respectively. This
indicated that se-Ni/Sr/Si catalyst might be a better candidate as
compared to Ni/Si and se-Ni/Ba/Si catalysts. Therefore, SrO
addition is a more effective method to promote higher catalytic
performances.

The XRD patterns of the selected catalysts after 50 h of
reaction are comparatively plotted in Fig. 7. Compared to the
reduced Ni/Si and se-Ni/Ba/Si catalysts, the average particle
sizes of Ni phases in the used catalyst increased by about 10.7
and 8.1 nm, and the intensities of Ni and NiO phases decreased
to 4.45 and 3.55, respectively. This indicated that not only the
metallic Ni phase sintered, but the metallic Ni species on the
catalyst surface could oxidize to NiO in the reaction process,
which lowers the catalytic stability. The metallic Ni particle size
of the used se-Ni/Sr/Si catalyst estimated from XRD of the peaks
at 260 = 44.5° was 41.9 nm, and the intensities of Ni and NiO
phases were 3.88. This demonstrated that in the reaction
process, modified SrO could inhibit the sintering of metallic Ni
on the catalyst surface to some extent, which was in agreements
with the results of the stability test. Moreover, the diffraction
peaks located at 26 = 25.2°, 36.3° and 50.0° (JCPDC Card no. 01-
0556) indicated the existence of the characteristics of a SrCO3
phase, which might lead to the reduction of NiO species.
Moreover, for CO, methanation, catalyst surface restructuring
might be influenced by the feed gases,* products,*®* new
species,”® etc. In addition, the combination of metal cultures
and particles on the Sr-based oxides were frequently repor-
ted.*>* With the help of oxygen affinity, Ni atoms could react
with substrate O atoms, resulting in the reduction of the high
interfacial strain.*>**

To understand further the roles of the SrO addition in the
used se-Ni/Sr/Si catalyst, TEM analysis of the 50 h endurance-
tested catalyst at 350 °C was carried out. As shown in Fig. 8a and

A Ni
i 500
\ A ¢ SrC0,
C \
o .‘MMM 0 Ba,Sig06
B : (") . A

Intensity (a.u.)

i

10 20 30 40 50 60 70 80 90
26(°)

Fig.7 XRD patterns of used Ni-based catalysts at 350 °C after 50 h: A,
Ni/Si; B, se-Ni/Sr/Si; C, se-Ni/Ba/Si.
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Fig. 8 (a) Low magnification, and (c and d) high magnification TEM
images of the 50 h endurance-tested se-Ni/Sr/Si catalyst at 350 °C; (b)
size distribution obtained from (a).

b, the average size of Ni particles in the used se-Ni/Sr/Si catalyst
was 37.5 nm based on 100 particles, which was very similar to
the value estimated by XRD. This indicated further that the
presence of SrO could inhibit the metallic Ni sintering. The d-
spacings of Ni(111) and SrCOj3(111) are also given in Fig. 8c and
d. These results may also demonstrate that the reason for the
NiO species reduction in the reaction process was the formation
of SrCO; phase.

4 Conclusion

Carbon dioxide methanation reaction was studied over a series
of Ni/SiO, catalysts modified with alkaline-earth metal oxides
(MgO, CaO, SrO and BaO). MgO addition inhibited the catalytic
property of the se-Ni/MgO/Si catalyst significantly due to the low
reducibility of the nickel species. The presence of CaO addition
affected the reaction performance negligibly. However, SrO
modification promoted the catalytic activity, and enhanced the
catalyst stability because it inhibits metallic Ni sintering.
Moreover, BaO addition enhanced the catalytic activity, but se-
Ni/Ba/Si catalyst deactivated significantly because of the sin-
tering of metallic Ni phase.
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