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Abstract: An Ni-CeO, catalyst with high Ni loading (50 wt.%) prepared by a salt-assisted solution
combustion method was characterized by different methods and used for CO, methanation. The
specific surface area of the Ni-CeO, catalyst prepared by salt-assisted solution combustion is 7 times
that of the catalyst prepared by conventional solution combustion. The Ni-CeO, catalyst prepared by
salt-assisted solution combustion has smaller particle sizes of Ni and exhibits excellent activity at low
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Excessive emission of carbon dioxide (CO,) will aggravate the greenhouse effect, and
CO;, conversion has attracted more and more attention. CO, methanation is one of the
most popular technologies for CO, conversion; it is also called the Sabatier reaction [1-3].
CO;, methanation provides practical ideas for the large-scale conversion of renewable
hydrogen to CHy. CHy, the product of CO, methanation, can be stored in natural gas
network facilities.

CO; methanation is a reaction in which CO is reduced to CHy and subject to kinetic
limitations [4-6]. Ru [7], Pd [8], Ni [9], etc., supported on different supports (S5iO, [8,10],
ZrO, [11,12], CeO, [13,14], etc.), have been investigated for CO, methanation. Supported
Ni-based catalysts with relatively high activities as well as lower costs have become the
most widely studied materials in recent years. In addition, CO, methanation is a highly
exothermic reaction, so the equilibrium conversion of carbon dioxide will decrease with
the increase in reaction temperature [12]. Therefore, it is necessary to develop Ni-based
CO; methanation catalysts with high activity at low temperature.

Solution combustion methods have made outstanding contributions in the preparation
of nanometer material [15,16]. Solution combustion methods have a series of superiorities in
the preparation process, such as a relatively simple device, low cost involved, fast reaction
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process, and low preheating temperature [17-19]. However, the solution combustion
method often results in the shortcoming of a low specific surface area as well as large
particle size, which will decrease the catalyst activity.

Salt-assisted solution combustion is a new method to prepare nanomaterials with a
high specific surface area, which can overcome the disadvantage of the low specific surface
area of nanomaterials prepared by a conventional solution combustion method [20-23].
During combustion, inert salt such as NaCl and KCl can be deposited between nanoparti-
cles, preventing the agglomeration and sintering of the nanoparticles. Then, by dissolving
the salt with water or other solvents, nanomaterials with high specific surface areas can
be obtained.

CeO3 has an excellent oxidation-reduction property and is widely used as a support in
catalysts, which can inhibit the sintering of metal and minimize carbon deposition [24,25].
The oxygen vacancies in CeO, caused by the Ce** /Ce** ion pair make CO, effectively
activated, and a lot of studies have proved that using CeO, can decrease Ni particle size in
the catalyst and produce oxygen vacancies, and then the activity of the catalyst is boosted.
Ni-CeO, catalyst has been reported for CO, methanation [26-33]. Ye et al. [29] found that
the maximization of the Ni-CeO, interface is the key to improve the catalyst activity in
the low-temperature CO, transformation process, and the Ni embedded into CeO, can
improve the stability of Ni nanoparticles. At a lower reaction temperature, the enriched
Ni-CeO; interface and Ni particles with higher dispersity can work synergistically, thus
effectively completing the CO, methanation process [30,31].

Theoretically, increasing Ni content and decreasing Ni particle size can increase the
Ni-Ce interface. However, the existing literature on Ni-CeO, catalysts is mainly regarding
low Ni-content catalysts. This is because a higher Ni load is often accompanied by a larger
Ni particle size, which reduces the catalytic activity.

In this paper, to the best of our knowledge, Ni-CeO, (SSC) catalysts with 50% Ni
loading were prepared by salt-assisted solution combustion and used for CO, methanation
for the first time. The salt-assisted solution combustion method can solve the problem
of a low specific surface area caused by the conventional solution combustion method
and obtain small Ni particles when the catalyst has a higher Ni loading. This enables the
catalyst with higher Ni loadings to achieve high activity at low temperatures in the CO,
methanation reaction.

2. Materials and Methods
2.1. Catalyst Preparation

An Ni-CeO,(SSC) catalyst with 50 wt.% Ni loading was prepared by a salt-assisted
solution combustion method. For salt-assisted solution combustion, Ni(NOj3),-6H,O and
Ce(NO3)3-6HpO were added as oxidants, glycine was added as fuel and NaCl as salt. An
amount of 2.48 g of Ni(NOj3),-6H,0, 1.26 g of Ce(NO3)3-6H,0, 0.89 g of glycine, and 0.35 g
of NaCl were put into beaker and dissolved in 20 mL of deionized water. The beaker
was heated at 210 °C until the water evaporated and a combustion reaction took place to
produce a solid powder. The solid powder was calcinated at 450 °C for 4 h. After cooling,
the sample was washed several times with deionized water to remove NaCl. Silver nitrate
solution was used to detect whether there was Cl residue in the washing solution. The
Ni-CeO, (SSC) catalyst was obtained after drying at 120 °C.

For comparison, the Ni-CeO,(SC) catalyst with 50 wt.% Ni loading was prepared by a
solution combustion method without adding NaCl. In this case, the sample was calcined at
450 °C for 4 h.

The Ni and Na content were determined by atomic absorption spectrophotometer
(AAS). The Ni content of the Ni-CeO,(SSC) and Ni-CeO,(SC) catalysts was 46.3 wt.%
and 48.5 wt.%, respectively, which is close to the theoretical value. The Na residue in the
Ni-CeO,(SSC) catalyst was 0.06 wt.%.
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2.2. Catalyst Characterization

Nitrogen adsorption and desorption were measured using an Autosorb-iQ analyzer
(Quanta chrome Instruments, Boynton Beach, FL, USA) at —196 °C. The specific surface
area was calculated by BET method. The average pore size distribution was obtained from
the desorption isotherm using the BJH method.

The X-ray diffraction (XRD) measurements were carried out on a DX-2700 X-ray
diffractometer (Haoyuan Instrument, Dandong, China) using Cu K« radiation. The scan-
ning range of 26 was from 10° to 80° with a step size of 0.02° /1 s. The crystallite sizes in
the catalysts were obtained with the Scherrer equation.

H, temperature programmed reduction (H,-TPR) was operated on a multifunctional
adsorption instrument TP-5080 (xianquan Industrial and trading Co., Ltd., Tianjin, China),
and the instrument was used with a thermal conductivity detection device (TCD). A quartz
tube was charged with 50 mg of catalyst and then pretreated with Ar (20 mL/min) at
400 °C for 25 min. After cooling, the reactor was purged using 5% Hj/Ar (20 mL/min)
for 0.5 h. Finally, H,-TPR tests were performed in 5% Hjy/Ar (20 mL/min) from 25 °C to
850 °C (10 °C /min).

The tested instrument of Hy temperature programmed desorption (H,-TPD) is con-
sistent with H-TPR. First, 50 mg of catalyst was reduced at 450 °C with 5% Hy/Ar
(20 mL/min) for 40 min, then it was reduced to 25 °C and adsorbed at 50 °C for 15min.
After being purged with Ar for 1h, desorption was performed in Ar (20 mL/min) from 30
to 830 °C (10 °C/min). The specific surface area of Ni was calculated from the amount of
H, desorption using the assumption that the stoichiometric ratio of H/Nigy face is 1.

TEM measurements were performed on a Tecnai G2 F20 (FEI company, USA) micro-
scope. Before the test, the catalyst powder was evenly dispersed in ethanol after ultrasonic
treatment for 30 min, and then the solution was dripped onto the carbon-supported copper
mesh by a capillary tube, dried and analyzed.

2.3. Catalyst Performance Test

Catalytic performance tests were performed at atmospheric pressure, and the catalyst
was mixed with quartz sand at a ratio of 1:10 and then loaded into a quartz tube reactor
(inner diameter is 8 mm, outer diameter is 12 mm, length is 49 cm). The reactor tempera-
ture was controlled by a PID temperature controller, and a thermocouple was placed in
the middle of catalyst bed. After reduction at 450 °C for 40 min and cooling to 250 °C,
the reaction was carried out in a gas environment of 40 mL/min of Hj, 10 mL/min of
CO,, and 50 mL/min of Ny. The aging test of the catalysts was carried out at WHSV of
300,000 mL g~ h~!. The temperature range was 250-450 °C. The outlet gas of the reactor
was first condensed and dehydrated, and then analyzed by a PGENERAL G5 on-line
gas chromatography. The gas chromatography was equipped with a TCD detector and a
TDX-01 column and used Hj as carrier gas.

CO; conversion and CH; selectivity are calculated as follows:

Fco,in—F
XC02 _ CO,,in—1'CO,,0ut « 100%

Fco,,in

1::CH4,out

x 100%
Fco,,in—Fco, out

Scu, =
where F is the molar flow rate.

3. Results and Discussion

The nitrogen adsorption/desorption isotherms of Ni-CeO,(SSC) and Ni-CeO,(SC)
catalysts are shown in Figure 1a. From the IUPAC classification, the isotherms showed
typical type IV isotherms and hysteresis loops [34], which indicates that the catalyst contains
a mesopore structure. Analyzing Figure 1b, the mesoporous structure in the Ni-CeO,(SSC)
catalyst increased significantly after NaCl was used. As shown in Table 1, the specific
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surface area of Ni-CeO,(S5C) is about 7 times that of the Ni-CeO,(SC) catalyst, and the pore
volume of Ni-CeO,(SSC) is also higher than that of Ni-CeO,(SC). Therefore, the addition
of NaCl allowed the pore structure of the catalyst to be optimized, while the Sgpr of the
catalyst was greatly increased.

@ —e— Ni-CeO,(SSC) (b)

—=— Ni-Ce0,(SC)
—=— Ni-Ce0,(SC) 1 .

—e— Ni-Ce0,(SSC)

o
et

Adsorbed volume (cm’g ! STP)
dV/dD (em’nm”'g )

T T T T T T
10 15 20 25 30 35 40
Pore diameter (nm)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

Figure 1. (a) N, adsorption/desorption isotherms and pore size distributions (b) of Ni-CeO,(SSC)
and Ni-CeO,(SC) catalysts.

Table 1. Textural parameters of Ni-CeO,(SSC) and Ni-CeO,(SC) catalysts.

Sample SBET (m2/g) Pore Volume (cm3/g) Pore Size (nm)
Ni-CeO,(SC) 11.2 0.07 23.8
Ni-CeO,(SSC) 77.5 0.18 9.9

After the catalyst was reduced at 450 °C for 40 min, XRD tests were performed, and
the results are collated in Figure 2. The diffraction peaks at 44° and 51.8° are attributed
to metal Ni [35], while others are attributed to CeO,. The addition of NaCl increases the
half peak width of all diffraction peaks. It suggests that the addition of NaCl reduces the
particle size of Ni and CeQO; in the catalyst, and the dispersity of Ni in the catalysts was
enhanced. The data in Table 2 about the crystal sizes of catalysts were calculated according
to the Scherrer equation [36]. From the data in Table 2, it can be concluded that the Ni
and CeQ, particle sizes of the reduced Ni-CeO,(SSC) is much smaller than that of the
Ni-CeO,(5C). After NaCl was used, the Ni crystal size decreased from 21.4 nm to 7.2 nm,
and the specific surface area of Ni (Sy;) increased from 5.87 to 11.45 m2/ gcat- Kang [37]
prepared 24 wt.% Ni/CeO,-HH-2 catalyst with the solution combustion method, and the
grain size of Ni reached 23 nm, while the Sggr was about 14 m?2/ g, which is similar to the
Ni-CeO»(SC) in our work.

IS U ST

Reduced Ni-CeO,(SSC)

¢ CeO,
v Ni

Intensity(a.u)

Reduced Ni-CeO,(SC)
T T T T T T T T T T T T T
10 20 30 40 50 60 70 80

26(°)

Figure 2. XRD patterns of reduced Ni-CeO,(SC) and Ni-CeO,(SSC) catalysts.
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Table 2. Crystal sizes and Sy;; of reduced Ni-CeO,(SC) and Ni-CeO,(SSC) catalysts.

Samples Ni (nm) 2 CeO; (nm) 2 Sni (m?/gcap) P
Ni-CeO,(SC) 214 18.8 5.87
Ni-CeO,(SSC) 7.2 1.2 11.45

2 Calculated from XRD results based on Scherrer’s equation. ® Calculated from Hp-TPD results.

The catalyst reduced at 450 °C for 40 min was characterized by TEM, and the results
are shown in Figure 3. As shown in Figure 3a, the particle size of the Ni-CeO,(SC) catalyst
is about 20 nm; large Ni and CeO, particles can be found in Figure 3b. By taking the
statistics of Figure 3c, the particle size of Ni-CeO,(SSC) catalysts is about 10 nm. As shown
in Figure 3d, the small particles of Ni and CeO, are observed to have obvious contact in
the Ni-CeO,(SSC) catalyst. It can be seen in Figure 3e,f that the particle size in the catalyst
of Ni-CeO,(SSC) is far less than Ni-CeO,(SC). This result is consistent with that obtained
by XRD, indicating that the salt-assisted solution combustion method allows the particle
size of catalysts to decrease significantly and form a rich metal-support interface.

Ce03111)

(e)

d=18.9 nm 1 ® d=10.2 nm

Frequency (%)

6

Particle size (nm) Particle size (nm)

Figure 3. TEM images particle size distributions of reduced Ni-CeO,(5C) (a,b,e) and Ni-CeO,(SSC)
(c,d,f) catalysts.

Figure 4 shows the H,-TPR spectra of the Ni-CeO,(SC) and Ni-CeO,(SSC) catalysts.
The Ni-CeO,(SC) catalyst exhibits a distinct peak centered at 404 °C. Combining the results
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of XRD and TEM, this reduction peak should be due to the decrease in bulk NiO. A weak
wide peak around 780 °C was caused by the decrease in bulk CeO, [38]. The reduction peak
for superficial CeO, was usually between 400 and 600 °C [39], which should be covered by
the peak of NiO.

350,

440 Ni-CeO,(SSC)

3780

H, consumption (a.u.)

Ni-Ce0,(SC)

780

T L
100 200 300 400 500 600 700 800

Temperture (°C)
Figure 4. H,-TPR of Ni-CeO,(SC) and Ni-CeO,(SSC) catalysts.

With regard to the Ni-CeO,(SSC) catalyst, an indistinct reduction peak can be observed
at around 250 °C, which is due to the oxygen vacancy generated in NixCe; 4Oy solid
solution adsorbing oxygen and reducing it [38]. A few Ni?* ions can enter the CeO, crystal
lattice to form a NixCe; 4Oy solid solution, and the solid solution causes the generation
of oxygen vacancies [38]. Some oxygen is more easily adsorbed into the oxygen vacancy
(Ni-Vox-Ce) of the solid solution, which can be reduced to below 300 °C. This indicates
that the use of NaCl promotes the generation of the NixCe;.xOy solid solution. In addition,
the oxygen vacancies (Ni-Vox-Ce) in the NixCe; 4Oy solid solution play a huge part in
promoting the activity of the CO, methanation reaction. The wide reduction peak from
300 to 500 °C belongs to the reduction peak of NiO. Most of the reduction peaks are
concentrated at about 350 °C, which is the result of reduction after the weak interaction
between highly dispersed NiO and CeO,, while a slightly wider reduction peak found near
440 °C belongs to the reduction of surface CeO,, and the highly dispersed NiO strongly
interacted with CeO, [38]. The reduction of surface CeO, is usually between 400 and
600 °C. The TPR results indicate that the salt-assisted solution combustion method makes
it easy to form NixCe;_,Oy solid solution in the catalyst; at the same time, the interaction
between NiO and CeO, was increased.

The performance of the two catalysts was tested for CO; methanation. As shown in
Figure 5a,b, when the temperature range is 250 to 350 °C, the two groups of catalysts showed
similar regularities. The CO, conversion of the Ni-CeO,(SSC) catalyst is much higher than
that of the Ni-CeO,(SC) catalyst. At 400 °C, the CHy selectivity of the two catalysts began
to decrease (as shown in Figure 5b), which was due to the emergence of a small amount
of CO from the reverse water-gas shift reaction at high temperature. Especially when the
temperature was at 250 °C, the CO, conversion (9.9%) of Ni-CeO,(SSC) was about 3 times
the CO; conversion (3.4%) of Ni-CeO,(SC).
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Figure 5. CO; methanation over Ni-CeO,(5C) and Ni-CeO,(SSC) catalysts: (a) CO, conversion,
(b) CHy selectivity (reaction condition: P = 1.0 bar, WHSV = 300,000 mL g~ h~!, n(CO,)n(H,):
n(Np) = 1:4:5).

Figure 6 shows the CO, conversion during the stability test of Ni-CeO, (SSC) at 350 °C
for 50 h. The sample shows high stability, and the carbon dioxide conversion rate is only
reduced by 6.2% within 50 h. This could be due to the interaction between the small Ni and
CeO, particles, which can prevent the nickel particles from sintering during the reaction.

100

90

80 - _
] —=— Ni-CeO,(SSC)
X 704
_5 60 - “-""'“'III'“'."I"“IIIIII’W“H.M
g 4
S 50
c |
8 40-
Q" 30
o 30—_

20

10

0 T T T T T T T T T
0 10 20 30 40 50

Time (h)

Figure 6. The stability of the Ni-CeO,(SSC) catalyst (reaction condition: T = 350 °C, P = 1.0 bar,
WHSV = 300,000 mL g_l h™1, n(CO,):n(H,):n(Ny) = 1:4:5).

According to the performance test and characterization results of the catalysts, it can
be seen that the salt-assisted solution combustion method can significantly improve the
specific surface area and reduce the metal and support particle sizes of the high metal
loading Ni-CeO; catalyst, while facilitating the formation of oxygen vacancies (Ni-Vox-
Ce), thus improving the activity of the catalyst. The small Ni particle size provides more
metallic Ni surface for adsorption and activation of hydrogen, which then can react with
CO; adsorbed on CeO; to form CHy. The enriched Ni-CeO, interface makes it easier for
adsorbed hydrogen to react with adsorbed CO,. Rui et al. [30] found that the abundant
Ni-CeO; interfacial sites had more excellent activity than the inerratic lattice oxygen atoms
in CeO,. Tada et al. [31] reported that the CO; conversion rate had no direct connection
with the number of oxygen vacancies on CeO, (Ce-Vx-Ce) but was affected by the number
of Ni-Vy-Ce sites.

4. Conclusions

The Ni-CeO,(SSC) catalyst with a high Ni loading of 50 wt.% prepared by a salt-
assisted solution combustion method exhibits a high CO, conversion rate in CO, metha-
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nation. Compared with the Ni-CeO;(SC) catalyst, the Ni-CeO,(SSC) catalyst has a larger
specific surface area and smaller Ni particle size, and thus has a rich metal surface and
metal-support interface, so it has good performance in methanation reactions. A salt-
assisted solution combustion method can overcome the problems of particle sintering
and low specific surface area caused by the traditional solution combustion method and
provides a simple strategy for the preparation of high metal loading and high dispersed
metal catalyst.
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