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ABSTRACT: The Ni-MgO nanoparticles (NPs) encapsulated by porous silica shell for CO, methanation
were synthesized. The effects of Ni/Mg ratios in core-shell structured catalysts on CO, conversion and
CHj, selectivity were examined. Results showed that the NiO-MgO@SiO, catalyst with Ni/Mg ratio of
4/1 exhibited the highest catalytic activity (87% of conversion for CO, and 99% of selectivity for CHy)
and catalytic stability in the whole 100 h time on stream at low temperature (300 °C). It was found that

the high catalytic activity and stability of this catalyst could be attributed to the isolated highly dispersed

Ni NPs, which were obtained through the reduction of NiO-MgO solid solution protected by silica shell.

1. Introduction

It is well known that large scale fossil-fuel burning have resulted
in a drastic carbon dioxide (CO,) emission and the increasing of
CO, concentration in atmospheric, which leads to the significant
earth’s climate change.! Hence, it is urgent in developing
efficient CO, capture® * and utilization system to reduce its
accumulation in the atmosphere. For example, membrane
separation technologies have been introduced for carbon capture
and storage (CCS) more recently.**

As for the industrial scale usage and conversion of carbon
dioxide, the transfer of CO, into chemicals have been intensively
investigated,* 7 such as carbon dioxide reforming of methane
(CHy™ ° and hydrogenation of carbon dioxide,'™ '" because the
products (synthesis gas, methane, methanol, dimethyl ether ) of
these reactions can be re-used as the industrial raw material or
fuel directly. However, except for the reaction of methanation of
carbon dioxide, other reactions need either relatively high
temperature or high pressure to achieve the high yield of target
products. By contrast, CH4 can be obtained under mild conditions
because CO, methanation is thermodynamically favourable and
exothermic reaction.'?

CO, (g) + 4H, (g) — CH, (g) + 2H,O0())

= —-164.9KJ / mol, AG®,, = —133.5KJ / mol

298K

Furthermore, CH, is one of the promising hydrogen carriers'
considering existing infrastructure for transport and storage of
natural gas.'* Thus, methanation of carbon dioxide is the most
advantageous catalytic process in CO, conversion. Nevertheless,
the reduction of CO, to CH, is an 8 electrons process with
significant kinetic limitation, which requires an active and
cheaper catalyst to achieve acceptable rate and selectivity.

CO, methanation has been investigated using catalysts based
on transition metals of VIIIB (Pd, Ru, Rh, Ni, and Co) supported
on various metal oxides (SiO,, Al,O5, ZrO,, TiO,, and Ce0,).!>*!
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Although the noble metals (Pd, Rh and Ru) exhibit good activity,
they are too expensive for large-scale industrial applications.
Nickel is the most feasible catalytic component for CO,
methanation due to its well-known high activity of hydrogenation
and relatively low price compared to noble metal-based
catalysts.”>%*

For increasing catalytic activity, it is important to get the active
component highly dispersed. Thus, designing catalysts with well-
dispersed nanostructured metallic Ni particles is necessary. In
order to improve the dispersion of active component, MgO is
widely selected as a support due to its low cost, stability and
strong Lewis basicity for strong adsorption for CO,.*> % It has
been reported that the catalysts modified with MgO showed much
higher selectivity for CH, and higher CO, and H, conversions on
CO, methanation in comparison with traditionally Pd-based or
Ni-based catalysts.'™ 2’ Moreover, formation of NiO-MgO solid
solution can be easy achieved from mixture of NiO and MgO
during calcination.”® This solid solution can be used as sources of
small Ni° particles.?**°

A challenge of preparing these nanostructured catalysts is how
to prevent unstable and active metallic NPs from rapidly sintering
during the exothermic methanation reaction which may leads to
catalyst deactivation.”” In order to reach this goal, encapsulation
of metallic NPs with a porous shell such as silica or alumina were

PVP y  ssoC . ABRER.  asoc . SH9SR

. TEOS \ calcination . reduction *

NiO-MgO N, L S o

solid-solution EVE SIO; N
NP

Scheme 1 preparation process of Ni-MgO@SiO, catalyst
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explored.®® It was reported that metal NPs isolated by a porous
silica shell were thermally stable and against sintering at high
temperatures.’** There were two ways to prepare silica shell.
One is reverse micelle technique,* another is modified Stober
method.** 3

In this paper, NiO, MgO and NiO-MgO NPs which were
prepared via surfactant assisted chemical co-precipitation and
followed thermal treatment were encapsulated by porous silica
shell by modified Stober method. The characteristics of NiO-
MgO@SiO, were tuned by changing the Ni/Mg ratio, and the
CO, methanation performances of NiO-MgO@SiO, were
investigated. Based on carefully comparison results with various
Ni/Mg ratios, NiO-MgO@SiO, catalyst with Ni/Mg ratio of 4/1
exhibited excellent catalytic performance for CO, methanation at
300 -C.

2. Experimental
2.1 Catalyst preparation

2.1.1 Preparation of metal oxide NPs
All chemicals (AR grade) were employed without further
purifications.

The oxide NPs with Ni/Mg ratio of 4/1 were prepared by
surfactant assisted chemical co-precipitation method. Typically,
2.321 g of Ni(NOs),:6H,0 (Shanghai No.2 Reagent Factory,
China) and 0.512g of Mg(NO;),6H,0 (Shanghai Reagent
Factory, China) were dissolved in 40 mL of deionized water. The
solution was then added dropwise into a solution that contained
100 mL of deionized water, 0.330 mg of polyethylene glycol
(PEG, MW= 20,000, Shanghai Reagents Factory, China) and 1.0
g NaOH. The resulting solution was stirred for 1 h at room
temperature. The precipitate was collected by centrifugation and
washed several times with deionized water and ethanol. The
obtained solid was dried at 60 °C for 24 h and then calcined in
static air at 400 °C for 2 h. Samples with different Ni/Mg mole
ratios (1/0, 5/1, 3/1, 1/1, 1/3, and 0/1) were also prepared by a
similar process. The oxides were labeled as Ni,Mg,O (x+y=1),
where x/y stood for the Ni/Mg mole ratio in the parent solution.
2.1.2 Metal oxides NPs encapsulated by porous silica
The core-shell structured Ni,Mg O@SiO, samples were
synthesized via a modified Stober method.*® Certain amount of
oxide NPs (for example, NijgMg,,O NPs of 0.2 g) was first
dispersed in a mixture of ethanol (100 mL) and poly-
(vinylpyrrolidone) (PVP, K30, 1.0 g average Mr = 10,000,
Shanghai Reagents Factory, China). After the solution was stirred
for 12 h, 10 mL NH;-H,O (25 wt. %) was added. The mixed
suspension was homogenized for 0.5 h by ultrasonication. Then
an ethanol solution (20 mL) of tetracthoxysilane (TEOS, >99%,
0.1 mL) was injected into the suspension very slowly. Two hours
later, the products were collected by centrifugation, washed with
distilled water and ethanol for several times. The obtained solid
was dried at 60 °C for 6 h then calcined at 550 °C for 2 h in static
air to remove the PVP. The as-calcined samples were denoted as

NiO@SiO,, Nig 83Mgo.170@Si0,, Nig sMgo,0@SiO,,
Nig.7sMgo250@8Si0,,  NigsMgos0@Si0,, NigsMgo750@SiO;
and MgO@SiO,, respectively. All  the as-calcined

Ni,Mg,O0@SiO, samples were in situ reduced in a 50 vol %
H,/N, mixture (flow rate 60 mL min™') at 500 =C for 2 h, and the

75

100

10.

a

110

obtained catalysts were denoted and
Ni,Mg, O@SiO,-R (y>0), respectively.

Standard catalyst NiO(60%)/SiO, with a Ni loading of 60 wt%
was prepared by the conventional impregnation method. SiO,
438 m* g, 0.99 cm™ g, 30-45 mesh) 2.0 g was added to
Ni(NOj3),'6H,0 solution (25.197 g, 40mL). The resulting mixture
was stirring for 18 h and then dried at 110 °C for 4 h, followed by
calcination in air at 400 °C for 2 h. The obtained sample was
denoted as NiO(60%)/Si0,-IMP. After in situ reduction the
obtained catalysts were denoted as Ni(60%)/SiO,-IMP.

as  Ni@SiO,

2.2 Catalyst Characterization

The Ni and Mg contents in the Ni,Mg,O@SiO, catalysts were
determined by atomic absorption spectroscopy.

XRD patterns were recorded on Rigaku B/Max-RB X-ray
diffractometer with a nickel filtrated Cu Ka radiation (0.15046
nm) from 15 to 85° Crystallite sizes of nanoparticles were
calculated using Scherrer equation:

K (2)
Bcoso

where K is the shape factor (0.89) of the average crystalline, A is
the wavelength (0.154 nm), B is the width of the peak at half
height, and 0 is Bragg angle. X-ray photoelectron spectroscope
(XPS) analyses of the catalysts were performed using VG
Scientific ESCALAB250-XPS photoelectron spectrometer with
Mg Ka X-ray resource. The binding energy (BE) was calibrated
by the C;; binding energy of 284.6 eV. TEM (transmission
electron microscopy) images and energy-dispersed X-ray
spectroscopy (EDX) measurements were performed on the FEI
F20  (Netherlands) high-resolution transmission electron
microscopy under a working voltage of 200 kV. Samples for
TEM analyses were sonicated in ethanol and then transferred as
suspension to carbon-coated copper grids. The nitrogen
adsorption and desorption isotherms at -196 °C were recorded on
a Micromeritics ASAP 2020 apparatus. Prior to the tests,
catalysts were degassed at 150 - C for 5 h. H, temperature-
programmed reduction measurements (H,-TPR) were carried out
in a vertical quartz reactor equipped with a thermal conductivity
detector (TCD). Prior to the H,-TPR measurements, catalysts (25
mg) were pretreated at 300 °C for 0.5 h in flowing N, (40 mL
min) to remove any moisture and adsorbed impurities. After
cooling the reactor to the room temperature, the catalysts were
heated at a rate of 10 °C min™' from 50 to 700 C in a flow of 5
vol % H,/Ar reducing mixture (35 mL min™). The hydrogen
consumption measured by a TCD  detector.
Thermogravimetric/differential scanning calorimeter (TG-DSC)
measurements were conducted using NETZSCH STA 449F3
thermogravimetric analyzer from room temperature to 600 °C
with a heating rate of 10 °C min"' under atmosphere. H,-
Chemisorption was performed by using pulse technique in a U-
shaped quartz tube on a Micromeritics ChemiSorb 2750
Instrument (Micromeritics, USA) with a thermal conductivity
detector (TCD). The Ni dispersion of the catalysts calculated
based on the following equation:

2xS§ xMxV,
mxWxV_xd,

k)

was

D (%) = x 100 (3)
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Where: S; = stoichiometry factor (the Ni/H molar ratio in the
chemisorption) =1; M= the molecular weight of Ni (58.69g mol™);
V.q = the volume of chemisorbed H, at standard temperature and
pressure conditions (mL g'); m= the weight of sample (g); W=the
weight fraction of Ni in the sample as determined by AAS; V,, =
molar volume of H, (22414 mL mol™") at STP; dr = the reduction
degree of Ni.

2.3 Catalytic activity measurement

The methanation of CO, reaction was conducted in a quartz fix-
bed down-flow reactor (i.d. 6mm) at atmospheric pressure.
Before catalytic tests, each catalyst (50 mg) was in situ reduced
then purged in N, and cooled to room temperature. Then CO,
methanation reactions were carried out with a total mixture flow
of 90 mL min (H,/COy/Ny=4:1:4, v/v/v, N, is the internal
reference,) in the temperature range from 200 to 500 °C with the
increment of 50 °C and stayed at each temperature stage for 60
min. The composition of effluent gas was analyzed by two on-
line chromatographs equipped with TCD. An ice bath was set up
between the reactor exit and the sampling port in order to remove
water from the effluent gas used for GC analysis. An off-line
flame ionization detector (FID) was used for analyzing produced
hydrocarbons byproducts. Catalysts performances were analysed
by measuring CO, conversion (Xco,) and CH, selectivity (Scpa),
which were calculated by applying the following equations:

E + F
Xco (%) = CH, out COout %100 (4)
’ FCH40ut + Fooou T Fcozout
o FCH40uI
SCHJ(A)) = x 100 (5)
CH,out COout
3. Results and discussion
3.1 Catalyst characterization
The TG and DSC curves of Ni(OH),, Mg(OH),, and

NigsMgo2(OH), (representing the Ni,Mg,(OH),) were shown in
Fig.1. The TG curve showed that the weight loss of hydroxides
were approximately 19%, 31% and 20% for Ni(OH),, Mg(OH),
and NiggMg,,(OH),, respectively. It can be seen that Ni(OH),,
Mg(OH), and NiygMg, ,(OH), showed endothermic peak at

40

45

TG (%) DSC (mW/mg)
——Ni(OH), |

— Mg(oH) -6.0

100+ —— Nig gMgp 2(OH), |5.0
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2.0
80 [
1.0
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Fig. 1 TG and DSC curves of Ni(OH),, Mg(OH),, and NipgMgo ,(OH),

284 - C, 377 - C and 318 -°C, respectively. NijsMgj,(OH),
showed a characteristic endothermic peak at 318 °C differing
from that of either Ni(OH), or Mg(OH),, indicating that
NiysMgo2(OH), is a new single phase but not a physical mixture
of Ni(OH), and Mg(OH),.

The XRD patterns of NiyMg,O@SiO, with different Ni/Mg
ratios after calcination at 550 °C were displayed in Fig. 2A. Fig.
2A showed peaks attributed to the presence of cubic NiO and
MgO in sample NiO@SiO, and MgO@SiO,, respectively. Since
both NiO and MgO have the same crystal structure of sodium
chloride type, the NiO-MgO solid solution can be formed during
calcination. The peaks located at 37.2°, 43.2°, 62.7°, 75.2° and
79.2° in  the NiggMgy s 0@SiOs,  NipsMgy,0@SiO,,
Nig 75Mgp2s0@Si0,, Nig sMgys0@SiO;, and
Nij,sMg, 7s0@Si0, patterns were attributed to the formation of a
NiO-MgO solid solution.

Although the positions of the characteristic XRD peaks of NiO
and MgO were very close, the formation of solid solution was
supported by the fact that the peaks of NiO-MgO (62-63°) were
shifted from MgO to NiO with increasing Ni content (Fig. 2B) as
shown in Reference.*” It can also be evidenced that there were no
Ni,Si04 and Mg,SiO, species detected by XRD characterization

 NiO-MgO « (A)
* NiO * .
_ +«MgO ﬂ - @
=E o * %
o )
= (©)
8 A (@)
£ N (e

Intensity (a.u.)

NiO (B)

. (b)

! (c)

! (d)
B ()

(f)
: (g

40 50 60
2 theta (degree)

60 61 62 63 64
2 theta (degree)

Fig. 2 (A) superposition XRD patterns and (B) enlargement of patterns in Bragg angle range 61-64° of the NiO-MgO@SiO, catalysts calcined at 550 °C with
different Ni/Mg ratios, (a):NiO@SiO,, (b):Nig.ssMgo170@Si0,, (c):NipsMgo20@SiO,, (d):Nio.75Mgo2s0@SiO,, (€):NigsMgosO@SiO,, (f):Nio2sMgo7s0@Si0,,

(g):MgO@Si0,.
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Table 1 Characteristics of the core-shell Catalysts before reduction

Page 4 of 10

Catalysts Actual amount (%) Sur Pore volume Avqrage pore D metal oxide (nm)

. (m* g™ (em® g" dlagln;lt)er
Ni Mg 36.9° 43°
NiO@SiO, 65.2 / 115.2 0.394 11.563 12.0 10.8
Nig.83Mgo.170@Si0O, 62.1 5.0 109.2 0.252 9.232 10.2 9.6
NipsMgo0@SiO, 59.4 6.3 134.3 0.554 15.458 9.9 9.0
Nio.7sMg2s0@SiO, 56.8 7.1 128.7 0.276 8.641 10.8 9.7
NipsMgosO@SiO, 47.1 16.5 163.4 0.419 10.265 10.5 9.1
Nio.2sMgo.7s0@SiO, 26.5 342 148. 6 0.347 9.334 9.3 9.1

in all samples (Fig. 2A), suggesting the absence of interaction
between NiO-MgO cores and silica shell in our case. Furthermore,
with an increase in Mg content, the diffraction patterns showed
much broader and less intense peaks, indicating decreased
crystallinity and particle size of cores. The crystallite size and the
BET areas of fresh NiMg,O@SiO, catalysts with different
Ni/Mg ratios were listed in Table 1.

The morphology of the catalysts was studied by the
transmission electron microscopy. Fig. 3A and B showed the
TEM images of NiygMg,,0@SiO, catalyst before reduction. It
was observed that core NijgMg,,0 NPs were coated with silica
shell and well-dispersed. Fig. 3C showed the distribution of core
NiggMg,,0 NPs size of NiygMg,,0@SiO, catalyst determined
by 100 particles from Fig. 3A. Average size of NiyggMg,,0 NPs
(about 6nm in diameter) was smaller than that calculated from the
XRD data (Table 1). The particles were identified as containing
Ni, Mg, and Si by EDX analysis in Fig. 3D.

3

=3

@

20+ (C) (D)

@«

Size distribution (%)
Intensity (a.u.)

o

0 1 2 10

4 3
Energy (KeV)

3 4 & 6 7 8 9
Particles diameter (nm)

20

Fig. 3 (A) Low magnification, and (B) high magnification TEM images of

Nig.sMgo,0@Si0, catalyst before reduction; (C) core NipsMgo,0 NPs size

distribution determined from 100 particles obtained from (A); (D)

NigsMgo,0@SiO, catalyst before reduction with EDX analysis of the
25 circled area in (B).

Table S1 (ESI.T) provided the binding energy of the surface
elements of the catalysts NingyO@SiOZ with Ni/Mg ratios from
5/1 to 1/3 measured by XPS. According to the binding energy
data, the valence of the surface elements were Ni**, Mg®*, Si**

s and O, respectively. In Table S1 there was a progressive B.E.
shift of the Ni2p peak, about 0.9 eV shift from
Nig gsMgo.170@Si0, to Nig,sMgy7s0@SiO, catalysts, whereas
the binding energy of Ni 2p of NiO was 853.7 eV. This shift of
binding energy indicated a strong interaction between NiO and

3s MgO, suggesting the formation of NiO-MgO solid solution.*® **

X-ray photoelectron spectra of Ni 2p in fresh Ni,Mg,O@SiO,
catalyst with Ni/Mg ratios from 5/1 to 1/3 were shown in Fig.4. It
can be seen that Ni 2p;, photoelectron spectra of
Nig g3sMgg 170@Si0, catalyst exhibited a shoulder characteristic

40 of the NiO (B.E. 1.7 eV higher than that of the Ni 2p;, main
peak). However, there was a progressive change in the shape of
the Ni 2p;, with a considerable blunting from the
Nig.g3Mgo.170@Si0, catalyst to the Nig,sMgj 7s0@SiO, catalyst.
Meanwhile, the shoulder peak did not disappear until the Ni/Mg

4s ratio became 1/1. It was reported that the Ni 2p photoelectron

30\ - shoulder peak
2p1/2
—_ (a)
=
©
g (b)
=
g
o (c)
e
=
(d)
M(e)
850 860 870 880
B.E. (eV)

Fig. 4 XPS spectra of the catalysts calcined at 550°C with different Ni/Mg
50 ratios, (a): Nig_ggMgo_uo@SiOz (b) NIggM&)zO@SIOz (C)I
Nig.7sMgo.250@8Si0; (d): NigsMgos0@SiO; (e): Nig.2sMgo.7s0@SiO,

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 H,-TPR profile of as-calcined catalysts with different Ni/Mg ratios
(a): Nio.sMgo,0@SiO; (b): Nios3Mgo.170@SiO; (c): Nig.75Mgo.50@SiO, (d):
Nig.25Mg0 750 @Si0; (e): NigsMgosO@SiO; (f): NIO@SiO,.

spectra of Ni,Mg(;., O(x<0.5) solid solution did not exhibit the
shoulder peak.*”*! Thus we can conclude that it was preferential
to form a surface “NiO rich” solid solution when Ni/Mg was
greater than 1/1 at the same calcination temperature. But when
Ni/Mg was smaller than 1/1, NiO would diffuse from the
outermost layer into a deeper layer to form a more stable surface
“MgO rich” solid solution.* For catalytic reaction, surface “NiO
rich” solid solution was more useful as it was easier to form Ni’
active centers from surface “NiO rich” solid solution than that
from surface “MgO rich” solid solution during the pre-reduction
process.

The H,-TPR profiles of as-calcined Ni,Mg, O@SiO, catalysts
with different Ni/Mg ratios were shown in Fig. 5. For NiO@SiO,,
the major peak centered at 408 °C was corresponded to the
reduction of free-NiO. The shape of its peak and the maximum
value was very similar to that of pure NiO NPs which was used
as core material. By comparison of catalysts with different Ni/Mg
ratios, we found that the reduction peaks shifted to higher values
and broadened with the addition of MgO in the catalysts. It
indicated the interaction between MgO and NiO probably
hindered the reduction of NiO, owing to the formation of a NiO-
MgO solid solution.* Zecchina et al. reported that the NiO-MgO
solid solutions were reduced by H, in two different ways: in the
temperature range 398-820 °C, mainly the Ni** ions located on
the surface were reduced, while the Ni2" located in the bulk could
be reduced at temperature higher than 820 °C.* Therefore, metal
Ni NPs were generated from Ni*" ions located on the surface of
solid solution in our catalysts. Nevertheless, the reducibility of
NiO decreased as the Ni loading was lowered, which might due
to lower Ni loading decreasing the fraction of ‘easy-reducible’
NiO.*

3.2 Catalytic performance

3.2.1 The effect of the silica shell

Fig.6 showed the XRD data of NiO and NiO@SiO, before and
after reduction, respectively. It was observed that the patterns of
NiO and NiO@SiO, before reduction have the similar peaks.
According to Scherrer equation, the average D value (D is the
crystallite size) of the NiO particles in NiO and NiO@SiO,

45

70

2 theta (degree)

Fig. 6 XRD patterns of NiO catalysts (a) before and (d) after reduction and
NiO@SiO, catalysts (b) before and (c) after reduction.

80 -

—u—pure Ni
—e—Ni@SiOy

360 I 3&0 I 460 I 450 | 560

Temperature (C)

Fig. 7 CO; conversion versus temperature on pure Ni and Ni@SiO,

T T T T
200 250

samples were 10.6 nm and 10.8 nm, respectively, indicating that
the size of NiO NPs did not change before and after
encapsulating by silica shell. The characteristic diffraction peaks
of the Ni (JCPDS Card No. 87-0712) were detected in the
reduced NiO and NiO@SiO, samples. Compared with the
reduced NiO@SiO,, characteristic diffraction peaks of Ni in the
reduced NiO sample exhibited stronger and narrowed Ni metal
diffraction peaks, indicating that the Ni particles suffered from
sintering during reduction. According to Scherrer equation, the
average Dj;; of the Ni particles in reduced NiO and NiO@SiO,
samples were 36.2 nm and 153 nm, respectively. It was
confirmed that the silica shell could protect the Ni from
aggregating during the reduction process at high temperature. The
comparison of catalytic activities between pure Ni and Ni@SiO,
were carried out to further prove that sintered Ni without SiO,
protection gave the lower catalytic activities than Ni@SiO,.

Fig. 7 showed the catalytic activities of the pure Ni and
Ni@SiO, for CO, methanation. The pure Ni catalyst and
Ni@SiO, reduced from NiO and NiO@SiO, samples,
respectively. Pure Ni showed lower CO, conversion than
Ni@SiO, at all temperature range, and no CO, conversion below

This journal is © The Royal Society of Chemistry [year]
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250 ~C. It reached the maximum CO, conversion (56 %) and CH,
selectivity (80 %) at 400 °C (in Fig.S1, ESIY). By contrast, the
sample Ni@SiO, exhibited significantly improved CO,
conversion (78 %) and CH, selectivity (98 % in Fig.S1) at 350
°C. It was confirmed that the confinement effect of silica shell
contributed to controlling the size of the Ni NPs which could
affect the activity of CO, methanation.

3.2.2 The effect of the magnesium modifier

The activity of the catalysts with different Ni/Mg ratios for CO,
methanation were monitored by means of the conversion of CO,
and the selectivity for CH, from 200 °C to 500 -C as shown in
Fig. 8A and 8B. It was found that CO, conversion of the
Ni,Mg, O@SiO,-R catalysts increased with the enhancement of
Ni/Mg ratios from 0/1 to 4/1, and decreased with the further
increasing the Ni/Mg ratios from 4/1 to 5/1. The
Ni,Mg, O@SiO,-R catalyst with the Ni/Mg ratios of 5/1, 4/1 and
3/1 exhibited a dramatically enhanced low-temperature activity.
The MgO@SiO,-R showed the lowest activity, with a CO,
conversion and CHy selectivity (Fig. 8B) of only 42% and 27% at
500 - C, respectively. This indicated that the catalyst
Nig,sMgg s0@Si0, was unable to provide sufficient Ni active
sites for the reaction as suggested by results in Fig. 5. (There was

100 - (A)
g 80
=
S 60-
L
2 40
> 40
8 i
20
6‘1 ] —a— (a), —e— (b)
O ol —A—(c), —v—(d)
—o—(e), <—(f)
. . . . _——ta)
200 250 300 350 400 450 500
Temperature ('C)
100 - - (B)
2 80+
g
E 60 -
g
< 401
»
< 20
(O]
04

- T T T T T T T T T
300 350 400 450 500
Temperature (C)
Fig. 8 The curves of (A) CO, conversion, (B) CH4 selectivity versus
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Fig.9 XRD patterns of NiysMgo,0@SiO, catalysts (a) after calcination at
550 °, (b) after reduction and (c): after 8 h reaction

not enough Ni active sites can be reduced from surface “MgO
rich” solid solution.) Particularly, Nig sMg, ,0@SiO,-R possessed
the highest CO, conversion (87%) at 300 °C, and showed high
CH, selectivity of 99% below 400 C In Fig. 8B, all the catalysts
with the Ni/Mg ratio above 1/1 showed high selectivity to CH,
(99%) in the studied temperature range. However, the selectivity
of CH, suffered from a significant decline and the selectivity of
CO increased with the further increase of Mg content in the
catalyst. It indicated that over addition of MgO will reduce the Ni
active center on the surface of catalyst, leading to the conversion
of CO, to CO instead of CH,.

To further demonstrate that the catalytic activity was improved
with high Ni dispersion which was caused by addition of MgO,
the XRD measures of NiyjgMgo,0@SiO, catalyst after
calcination, reduction, and 8h reaction were conducted and their
patterns were displayed in Fig. 9. In the pattern of
NigsMgo,0@Si0O,-R sample after reduction, it can be seen that
the NiO from the NiO-MgO was reduced to Ni° (51.7°) after H,
pretreatment. The diffraction peak of Ni’ (44.5°) was hard to be
distinguished from the peak of the NiO-MgO (43.2°) owing to its
overlapping with each other. The diffraction peak of metallic Ni
(51.7°) was very weak and broadening, indicating that Ni NPs
were well dispersed and small. There were researches reported
that the formation of NiO-MgO solid solution could make the
reduction of NiO in NiO-MgO solid solution much more difficult
than that of pure NiO, leading to the formation of small nickel
NPs on the surface.” ? Therefore, the Ni NPs reduced from
Nig Mgy ,0@SiO, were small in the solid solution. However, the
crystallite size of metallic Ni can’t be calculated using Scherrer
equation owing to the diffraction peak broadening. Meanwhile,
comparing with the NijgMg),0@SiO,-R, there was no
remarkable change in the diffraction pattern of
NijgMg, ,O@Si0,-8h, suggesting that the Ni NPs were not
sintered after methanation reaction for 8 h. Thus, the NiggMg,,0
solid solution enabled the catalyst to form small size Ni particles
and improved the dispersion of the Ni active sites. Small and well
dispersed Ni’ particles protected by silica shell made the
NigsMgo,0@SiO, catalyst exhibit better activity on CO,

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 10



Page 7 of 10

RSC Advances

menthanation.

80 -

60 -

40

—=— Nig gMgg 20@SiO5-R
20 ) '

CO> Conversion (%)

—o— Ni(60%)/SiO-IMP

150 200 250 300 350 400 450 500 550
Temperature (C)
s Fig. 10 CO, conversion versus temperature on NipsMgo,@SiO,-R and
Ni(60%)/SiO,-IMP. Reaction condition: H,/CO,=4, GHSV=60,000 mL (g h)’
1, 1atm

The NiO(60%)/Si0,-IMP catalyst was studied as the standard
10 catalyst. Fig. 10 showed the CO, conversion versus temperature
on NiggMgq,@Si0,-R and Ni(60%)/SiO,-IMP. The temperature
at which Ni(60%)/SiO,-IMP catalyst exhibited the maximum
CO, conversion (70%) was 100 ° C higher than that of
NipsMgo,O@SiO,-R catalyst. Ni(60%)/SiO,-IMP catalyst gave
is relative low CO, conversion (35%) at 300 °C, whereas
Nip sMgo,O@SiO,-R catalyst gave CO, conversion of 87% at
same temperature. Compared with the Ni(60%)/SiO,-IMP
catalyst, the NiygMg,,0@SiO,-R showed significantly improved
CO, conversion at low  temperature. Meanwhile,
20 NigsMgg,0@SiO,-R  showed higher CH, selectivity than
Ni(60%)/Si0,-IMP at the whole temperature range (in Fig.S2,
ESIt). Hy-Chemisorption was performed to characterize the Ni
dispersion of the catalyst. The dispersion of Ni over
NipsMgo,0@SiO,-R and Ni(60%)/Si0,-IMP catalyst calculated
2s using equation (3) were 19.8 and 4.7%, respectively. It can be
concluded that NipsMg,,0@SiO,-R catalyst with higher Ni
dispersion enhanced low-temperature CO, conversion and CHy
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30 Fig. 11 The curves of the CO, conversion versus temperature at various

gas hourly space velocities (GHSV) on NigsMg, ,0@SiO,-R catalyst.

selectivity in comparison with Ni(60%)/SiO,-IMP with lower Ni
dispersion.
3.2.3 The effect of GHSV

3s The effect of GHSV on the -catalytic performances of
NipsMgo,0@SiO,-R catalyst reduced at 450 - C was
investigated. The results of CO, methanation reaction expressed
as the CO, conversion and CH, selectivity versus temperature
were laid out in Fig. 11. As can be seen in Fig. 11, with the

w0 increase of GHSV from 30,000 mL (g h) ™' to 90,000 mL (g h)™ at
the studied temperature, the conversion of CO, suffered from
decline. This might be caused by the insufficient contact time of
the CO, and H, which couldn’t make the reaction complete. It
could be observed in the Fig. S3 ESIt that the catalysts showed

ss high CHy selectivity (> 97%) even at higher GHSV. Thus, Low
GHSV was beneficial for CO, metanation at low temperature.

3.3 Catalyst stability

The long-term stability was performed on the NijgMg, ,O@SiO,
-R as it showed the best performance of other samples over the 8
so h methanation reaction. It might be prone to suffer from the
sintering of the Ni active centers due to its relatively high Ni
content. Therefore it is representative sample to judge whether
the silica shell was helpful for keeping the stability of the catalyst.
Before the long-term tests, NiggMgy,O catalyst and
ss Nig sMgg,0@SiO, catalyst were reduced under a total gas flow
of 60mL min™ (Ny/H,=2/1) at 500 <C for 2 h in situ. The results
of CO, conversion and CHj selectivity were displayed in Fig. 12.
It was observed that NijgMg,,0-100h suffered slightly
decreasing of CO, conversion after 100h reaction and the loss in
60 initial CO, conversion was about 4%. Comparing to Niy sMg,,0-
100h catalyst, NijgMg,,0@Si0,-100h catalyst exhibited high
catalytic activity (87% for the conversion of CO,, 99% for the
selectivity of CH,) and rather stable catalytic behavior during 100
h time on-stream under the same reaction conditions (Fig. 12).
os The pattern of NiggMg,,0@SiO,-100h catalyst after 100 h
reaction (Fig. 13A) showed very weak and broad peaks of Ni’
444 ° and 51.8 ° ), which was similar to that of
NipsMgo,0@SiO,-R, indicating that Ni NPs still remained
highly dispersion and no larger Ni NPs were formed (see TEM of
70 Nip gMgy,0@Si10,-100h (Fig. 13C). By comparison of the TEM
images of NiysMg;,0@SiO, before and after use, there was no
obvious change. Fig. 13D showed high magnification TEM
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Fig. 12 Long-term stability tests of NigsMgo.@SiO>-R and NipsMgo,0-R at
300 °C. Reaction condition: H,/CO,=4, GHSV=60,000 mL (g h)'l, 1atm
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Fig. 13 (A) XRD patterns of (a): NigsMgo,0-100h (b): NigsMgo0-R (c):

5 NipgMgo0@SiO,-R (d): NipsMgo,0@Si0,-100h; (B) High magnification
TEM images of NigsMgo,0-100h; Low(C) and high (D) magnification TEM
images of NipsMgo,0@Si0,-100h and corresponding FFT (inset in panel D)

image of Nip Mg ,0@Si0,-100h catalyst. It can be seen that Ni’
10 (200) planes were dominated. TG-DSC analysis of NiygMg,0-
100h after 100 h long-term stability at 300 °C was performed (in
Fig.S4, ESIt). The TG curve of the NijgMg,,0-100h catalyst
indicated a weight gain due to the oxidation of Ni’. And there
was no deposition carbon on NiggMg,,0-100h catalyst. In Fig.
1s 13A, the pattern of NiygMg,,0-100h showed that the intensity of
metallic Ni diffraction peaks became stronger and sharper than
NijgMg,,0-R, suggesting that Ni NPs sintered to larger particles
with time on stream without the protection of the silica shell. The
Ni particle sizes of catalyst NiygMg,,0-100h calculated by the
20 Scherrer equation were 23.1 nm (111) and 11.9 nm (200). Based
on the TEM images of NiygMg,,0-100h catalyst after long-term
test (Fig. 13B), the aggregation of NiggMg,,0-100h catalyst was
significant. Additionally, BET measurements revealed that the
surface area of NiggMg,,0-100h decreased from 144.89 to 36.05
»s m® g after 100 h reaction at 300 <C. There was no major change
in the surface area of Niy Mg, ,0@SiO,-100h before (134.27 m?
g!) and after long-term test (113.43 m® g'). Therefore the
significant decrease in surface area for the catalyst NijgMg,,0-
100h might be an additional reason for the observed deactivation.
In other words, the confinement effect of the silica shell kept the
‘size effect’ of the Ni NPs during the reaction and promoted the
catalytic stability.

3

S

Conclusions

Core-shell nano-catalysts Ni,Mg,O@SiO, with various Ni/Mg
35 ratios were facilely prepared by chemical co-precipitation process
and modified Stober method. The catalyst Niy Mgy, 0@SiO,-R
was found to be highly active and selective for CO, methanation

at low temperature. Long-term experiments performed for 100 h
at 300 - C showed that no deactivation of the catalysts was
40 observed. We believed that the highly dispersed Ni NPs formed
during the reduction process of NiggMg,,0 solid solution and
isolated by silica shell contributed to the enhanced low-
temperature activity and stability for CO, methanation.
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