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Abstract

CeO, nanorods (CeO,-nrs), CeO, nanocubes (CeO,-ncs) and CeO, nanopolyhedrons (CeO,-nps) were prepared by hydrother-
mal method and then NiO crystallites were deposited on these supports by precipitation-deposition, respectively. The physic-
chemical properties of Ni/CeO, catalysts were characterized and performances for carbon dioxide methanation reaction were
tested. The Ni/CeO,-nrs sample shows well metal dispersion and high concentration of oxygen vacancy, which leads to the
high catalytic activity for CO, methanation. Especially at 300 °C, the CO, conversion could reach 60%. Further analysis
reveals that the content of oxygen vacancy has a positive correlation with the surface area of catalyst. The largest surface
area results in the most of oxygen vacancy on the Ni/CeO,-nrs catalyst, and then a large amount of CO, could be activated
at low temperatures. Meanwhile, large surface area facilitates the dispersion of active metals, and improves the degree of
H, activation. The combined effect results in the promotion of catalytic activity for CO, methanation at low temperatures.

Graphic Abstract

CeO, nanorods (CeO,-nrs), CeO, nanocubes (CeO,-ncs) and CeO, nanopolyhedrons (CeO,-nps) supported Ni catalysts were
prepared. These catalysts ware tested for CO, methanation and further characterized by BET, XPS, TEM, H,-TPR and TPD.
The results showed that the content of oxygen vacancy has positive correlation with the specific surface area of catalyst.
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1 Introduction

Carbon dioxide as an important component of greenhouse
gas and C1 resource has been widely investigated for its
capture, storage and utilization [1-3]. CO, methanation
(known as Sabatier reaction) which would reduce CO,
emissions and produce natural gas, is considered to be one
of the most effective and practical technologies for CO,
recycling [4-6]. As an exothermic reaction, CO, methana-
tion is favored at low temperatures. However, inert CO,
shows a slow conversion rate at temperatures <350 °C
due to the kinetic limitation. Therefore, active catalyst is
necessary to reduce the activation energy for CO, metha-
nation [7].

Noble metals such as Ru and Rh present high activity
and selectivity for low-temperature CO, methanation, but
Ni-based catalysts are more commonly used due to their
high activity and low cost [8]. Al,05, ZrO,, SiO,, CeO,
and many other oxides have been exploited as supports
for Ni catalysts in CO, methanation. Sun et al. [9—11] pre-
pared a nickel catalyst supported on nanosheet y-Al,O5 and
the results indicated that the well dispersed Ni crystallites
with small diameter and moderate basic sites on support
resulted in a good catalytic activity for CO, methanation.
In addition, this catalyst exhibited well stability at 325 °C
during 40 h time-on-stream. Tada et al. [12] studied the
CO, methanation over the Ni-based catalysts with differ-
ent supports (i.e., CeO,, a-Al,04, TiO,, and MgO) and
found that Ni/CeO, catalyst showed high CO, conversion,
especially at temperatures lower than 400 °C.

The catalytic activity is highly correlated with the reac-
tion mechanism (e.g., the reaction intermediate and route)
and different catalysts may show different mechanisms
[13, 14]. Pan et al. [15] compared the CO, methanation
over Ni/Al,05 and Ni/Ce 5Zr, 5O, catalysts. The results
revealed that CO, adsorbed on medium basic sites in Ni/
Ce sZr, 50, catalyst and formed monodentate carbonates
while CO, adsorbed on strong basic sites in Ni/y-Al,O;
will not participate in the reaction. Monodentate formate
derived from monodentate carbonate on medium basic
sites could be hydrogenated more quickly than bidentate
formate derived from hydrogen carbonate which resulted
in higher activity of Ni/Ce, 571, 5O, than Ni/y-Al,05. The
oxygen vacancies also affect the formation of intermedi-
ate products and further influence the catalyst activity in
the CO, methanation. Jia et al. [16] found that the plasma
decomposition caused the formation of Ni-ZrO, interficial
sites with more oxygen vacancies, which played crucial
roles in CO, activation and methanation. Wang et al. [17]
compared the CO, methanation mechanisms over Ru/CeO,
and Ru/a-Al,O; catalysts, respectively. It was revealed that
CO, methanation underwent formate route over Ru/CeO,

catalyst, and the formate dissociation to methanol cata-
lyzed by oxygen vacancy was the rate-determining step.
In contrast, CO, methanation underwent CO route over Ru
surface in Ru/a-Al,O; with the absence of oxygen vacancy,
demonstrating active site dependent catalytic mechanism
toward CO, methanation. In addition, the catalytic activ-
ity evaluation and the oscillating reaction over Ru/CeO,
catalyst further proved that the oxygen vacancy catalyzed
the rate-determining step with a much lower activation
temperature compared with Ru surface in Ru/a-Al,O5 (125
versus 250 °C).

High oxygen storage capacity (OSC) coupled with a high
oxygen transport capacity gives CeO, a unique property for
catalyst applications. Previous studies showed that the OSC
of CeO, was related to its exposed crystal planes. Oxygen
storage takes place both at the surface and in the bulk as
{110}/{100} planes exposed while the storage restricted
at the surface as {111} planes exposed [18]. It has been
reported that CeO,-supported metal catalysts (i.e., Ru, Ni
et al.) were active for CO, methanation, particularly at low
temperatures. Sakpal [19] investigated the catalytic activity
of Ru-CeO, catalysts with different morphologies and found
that the Ru/CeO,/r catalyst (CeO,/r =CeO, rods) was easier
to be reduced and contained more oxygen vacancies com-
pared to Ru/CeO,/0 and Ru/CeO,/c catalyst (CeO,/0=CeO,
octahedra, CeO,/c=CeO, cubes). Characterization further
revealed that the highest concentration of oxygen vacancies
led to the most active catalyst and the adsorption of CO, at
an oxygen vacancy was the rate-determining step. A Ni cata-
lyst supported on ceria nanorods was also compared with the
Ni/CeO, commercial products and state-of-the-art literature
catalysts for CO, methanation [20]. The high efficiency of
the former catalyst was presumed to be the formation of
highly active interfacial sites with abundance in Ce** for a
low-temperature methanation process. Zhou et al. [21] pre-
pared a Ni/CeO, catalyst by the hard-template method and
the catalytic properties were also investigated by CO, metha-
nation. In-situ FT-IR and in-situ XPS results indicated that
CO, molecules could be reduced by active metal Ni species
and surface oxygen vacancies to generate active CO species
and then promoted CO, methanation. The CO, conversion
and CH, selectivity reached 91.1% and 100% at 340 °C and
atmospheric pressure.

To date, the majority of studies have shown the oxygen
vacancy could promote CO, methanation. However, few
studies focus on the factors affecting the concentration of
oxygen vacancy on the catalyst. Thus, this work prepared
CeO, with different morphologies, such as nanorods,
nanocubes, and nanopolyhedrons (denoted as CeO,-nrs,
CeO,-ncs, and CeO,-nps, respectively) as supports that dom-
inantly expose {110}, {100}, and {111} planes, respectively.
Subsequently, Ni-supported catalysts were prepared by pre-
cipitation—deposition, and applied in the CO, methanation.
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The relationship between the physical and chemical struc-
tures of the catalysts and their catalytic performances are
analyzed and then the main factors affecting the catalytic
activities of Ni/CeO, catalysts with different morphologies
in the CO, methanation are explored.

2 Experimental
2.1 Catalyst Preparation

The CeO, supports with different morphologies were syn-
thesized via a previously reported hydrothermal method
[19]. NaOH (96.0 g) and Ce(NO;);-6H,0 (8.68 g) were dis-
solved in deionized water (350 and 50 mL) respectively. The
two solutions were then mixed and stirred for 30 min, after
which the resulting mixture was transferred to a 100 mL
Teflon-lined stainless-steel autoclave, and hydrothermally
treated at 180 °C for 24 h. The precipitate was then collected
by filtration, and thoroughly washed with distilled water and
ethanol. CeO,-ncs was obtained by drying at 60 °C for 10 h
and subsequently calcined at 500 °C for 4 h. The synthesis
of CeO,-nrs and CeO,-nps were carried out also with the
above procedures, with the exception that a hydrothermal
temperature of 100 °C was employed for CeO,-nrs, while
for CeO,-nps, 0.16 g of NaOH was used.

The Ni/CeO, catalysts were then prepared via a pre-
cipitation-deposition method. An aqueous solution of
Ni(NO;),-6H,0 was mixed with the support at 60 °C over
2 h (the theoretical nickel loading is 20 wt.%). The pH was
adjusted to 10 with a 1 mol-L~! NaOH aqueous solution, and
the suspension was further stirred and aged at 60 °C for 10 h.
The precipitate was then collected by filtration, thoroughly
washed with distilled water, dried at 60 °C for 12 h, and
calcined at 500 °C for 4 h. Finally, the calcined catalyst was
ground and screened to 180-425 pm prior to evaluation of
the catalytic activity.

2.2 Catalyst Characterization and Analysis

N, adsorption—desorption isotherms at — 196 °C were
obtained on a Micrometrics ASAP 2020 HD88 analyzer.
Before measurement, the samples were degassed under vac-
uum at 200 °C for 12 h. The crystal structure of the prepared
catalysts was analyzed with X-ray power diffractometry
(XRD, X’Pert MPD Pro, PANalytical) at its Cu K, radia-
tion of A=0.154 nm. The patterns were recorded with a scan
angle range 10°-90° at a scanning speed of 8° min~'. The
Ni loading on the supports was determined by X-ray fluores-
cence (XRF, AXIOX, PANalytical). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained on a JEOL JEM-2100 electron micro-
scope operated at an acceleration voltage of 200 kV.

@ Springer

The temperature programmed reduction (TPR) and tem-
perature programmed desorption (TPD) properties of the
catalysts were determined using an Auto Chem 112920
instruments (Micrometrics) coupled with a mass spectrom-
eter (MS, TILON, US). Prior to the measurements, the sam-
ple (~0.1 g) was heated from room temperature to 200 °C at
a rate of 10 °C min~', and then maintained for 1 h under a
flow of He. After cooling the sample to 50 °C, the H,-TPR
profile was recorded by increasing the temperature to 900 °C
at a rate of 10 °C min~! under a binary gas flow (10 vol.%
H,/Ar). Prior to the CO,-TPD test, the catalyst (~0.1 g) was
initially reduced in situ under a flow of H,/Ar at 600 °C for
2 h, and then cooled to 50 °C under an Ar atmosphere. The
sample was then saturated with 10 vol.% CO,/Ar for 1 h and
heated to 900 °C at a rate of 10 °C min~! under a flow of
He. The desorbed CO, was detected simultaneously using
a thermal conductivity detector (TCD) and by MS. For the
H,-TPD measurements, the reduced sample (~0.1 g) was
subjected to an atmosphere of 10 vol.% H,/He at 50 °C for
2 h prior to performing the measurements in a flow of He
upon heating from 50 to 900 °C at a rate of 10 °C min~". The
hydrogen consumption was calculated based on the area of
the hydrogen desorption peak. The Ni dispersion (D) and
particle size (dy;) were calculated as follows:

D(%) = YxXM

x F; x 100% (1)

6Xx 103 x W
dNiZY
X oy X Fs X py;

@

where Y denotes the H, adsorption capacity (mol g™'), M is
the molecular weight of Ni (58.69 g mol™"), W is the Ni load-
ing on the support (%), Fis the stoichiometric factor (H,/
Ni=1/2), oy; is the atomic cross-sectional area of Ni (0.0649
nm?), and py; is the density of Ni metal (8.902 g cm™>).

The X-ray photoelectron spectroscopy analysis was per-
formed using an AXIS Ultra XPS spectrometer running at
15 kV and 15 mA with monochromomator Al Ka radia-
tion (hv=1486.7 eV). The binding energy (BE) values were
related to the C 1s peak of contaminant carbon at 286.8 eV
with an uncertainty of + 0.2 eV. The obtained spectra were
fitted using Gaussian—Lorentzian curves to more accurately
extract the binding energies of the different element core
levels.

2.3 Evaluation of the Catalytic Activity

The activity of the catalyst was evaluated at atmospheric pres-
sure in a quartz fixed-bed reactor with an inner diameter of
16 mm. Before reaction, the catalyst (500 mg) was reduced
under a stream of 10 vol.% H,/N, (50 mL min~") at 600 °C
over 4 h. Then, the reactor was cooled down to reaction
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temperature under N, flow (50 mL min~Y), and a mixture gas
of H,/N,/CO, with volume ratio of 4/1/1 was introduced into
the reactor and the gas hourly space velocity (GHSV) was
36,000 h!. The reaction temperature was monitored by a ther-
mocouple close to the bottom of the catalyst bed. The product
composition was analyzed with a micro gas chromatograph
(Micro3000, Agilent) equipped with TCD. The flow rates of
H,, N,, and CO, were controlled by mass flow meters, and N,
was used as an internal standard to calculate the volume flow
of each component in the product. The CO, conversion (Xq,)
and CH, selectivity (Sqy,) Were calculated with the following
equations:

Jn¥co,in = FouY
XCOZ _ in/ COy,in out) CO,,out % 100% (3)
f;'nyCOz,in

Table 1 Physic-chemical properties of Ni/CeO, catalysts

Catalyst BET surface Niloading D (%)¢ dy; (nm)°
area®(m>g™h) P (wt.%)

Ni/CeO,-nrs  76.6 18.75 10.43 11.2

Ni/CeO,-nps  58.4 19.27 2.96 39.5

Ni/CeO,-ncs 36.1 20.44 2.26 51.7

#Calculated with BET equation
"Determined by XRF measurement
“Calculated from H,-TPD profiles

foutyCH out
Sy = & x 100% 4
¢ f;'nyCOz,in - fautyCOZ,out )

where the X, and Sy, is the CO, conversion and CH,
selectivity; f;, and f,,, is the molar feed rate of the import
and export flow in the reactor; yco.in» Yco2.0urr @04 You4,out
is the volume fraction of the import and export of CO, and
CH, in the reactor.

3 Results and Discussion
3.1 Characterization

Table 1 shows the main physic-chemical properties of the
prepared Ni/CeO, catalysts. The Ni/CeO,-nrs catalyst exhib-
ited the highest surface area followed by the Ni/CeO,-nps
and Ni/CeO,-ncs catalysts. As noted, a large surface area is
conducive to the dispersion of active metals and the expo-
sure of active sites [22].

TEM and EDX images of CeO, supports with different
morphologies or the corresponding Ni/CeO, catalysts are
presented in Fig. 1. Figure 1-A1 displays the CeO, nanorods
and the average length of these rods is about 100-200 nm
while the diameter is approximate 15-20 nm. The interpla-
nar spacing of 0.19 and 0.27 nm on the HRTEM images of
an isolated nanosheet have lattice fringe directions attributed

Fig. 1 TEM and EDX images of CeO, supports with different morphologies or the corresponding Ni/CeO, catalysts
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to {110} and {100}, as observed in Fig. 1-A2. In Fig. 1-B1,
the CeO,-nps consists of nanoparticles with average diam-
eter of about 9.5 nm. The corresponding HRTEM image
(Fig. 1-B2) shows that the interplanar spacing of 0.31 nm
has a lattice fringe direction attributed to {111} planes. For
the CeO, nanocubes (CeO,-ncs) shown in Fig. 1-C1, the
particle size ranges from 15 to 100 nm, and the lattice struc-
ture is discerned with spacing of 0.27 nm (Fig. 1-C2) close
to the lattice spacing measured for {100} planes. The TEM
images of nickel-loading CeO, catalysts shown in Fig. 1-
A3, B3, and C3 indicate that there is no significant change
in the morphology of CeO, following the nickle loading.
Furthermore, EDX-mapping in Fig. 1 (Fig. 1-A4, B4, and C4
for CeO,-nrs CeO,-nps and CeO,-ncs, respectively) could
elucidate that most of Ni particles were incorporated in the
CeO, nanostructure in these three catalysts. The Ni/CeO,-
nrs catalysts displayed the best Ni dispersion, and the ele-
ments Ni and Ce were uniformly distributed in the catalyst.

The XRD patterns of the CeO, supports (Fig. 2a), and the
calcined (Fig. 2b) and reduced (Fig. 2c) Ni/CeO, catalysts
are shown in Fig. 2. The peaks appeared at 28.5°, 33.1°,
47.5°,56.3°, 59.1°, and 69.4° in Fig. 2a are attributed to
the {111}, {200}, {220}, {311}, {222} and {400} planes
of CeO,. No diffraction peaks of hexagonal crystal forms
such as Ce(OH); and Ce(OH)CO; are found, indicating the
CeO, supports exhibit good crystal purity [23]. The XRD
patterns of the calcined Ni/CeO, catalysts in Fig. 2b display
additional diffraction peaks at 37.2°, 43.3° and 62.9°, cor-
responding to the {111}, {200}, and {220} planes of NiO,
respectively. After reduced under a stream of 10 vol.% H,/
N, (50 mL min~') at 600 °C for 4 h, the diffraction peaks of
NiO in the catalysts disappear completely, while Ni peaks
present at 44.6°, 51.9° and 76.5° corresponding to the {111},
{200} and {220} planes, respectively as shown in Fig. 2c.
The crystal sizes of the metallic Ni calculated using the
Scherrer-equation for the {200} plane at 51.9° are 8.2, 29.6,
and 31.4 nm for Ni/CeO,-nrs, Ni/CeO,-nps and Ni/CeO,-
ncs, respectively.

The interaction between NiO and support in the cata-
lysts was analyzed by H,-TPR (Fig. 3). The Ni/CeO, cat-
alysts mainly exhibit three reduction peaks. The peaks at
247-255 °C and 347-355 °C are attributed to the reduction
of NiO. The former corresponds to the reduction of the bulk
NiO that has no or weak interaction with CeO,, while the
latter represents the reduction of the NiO that has strong
interaction with support. In addition, the peak at 831-858 °C
is attributed to the reduction of CeO, [24]. The H,-TPR pro-
files show that the NiO particles in all Ni/CeO, catalysts
could be completely reduced to metallic nickel after reduced
at 600 °C for 4 h in accordance with the result of XRD pat-
terns in Fig. 2c.

The Ni/CeO, catalysts were characterized by H,-TPD
to explore their H, adsorption capacity, and the results are

@ Springer
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Fig.2 XRD profiles of CeO, supports with different morphologies
(a) and calcined (b) and reduced (¢) Ni/CeO, catalysts

shown in Fig. 4. The first peak before 400 °C belongs to
the weakly active sites of the metal on the catalyst surface.
The second peak after 400 °C is attributed to the active sites
strongly chemisorbed on the surface. It can be found that
the H, desorption peaks of the three catalysts are mainly
before 300 °C, and the H, desorption area of Ni/CeO,-nrs is
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Fig. 3 H,-TPR profiles of Ni/CeO, catalysts
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Fig.4 H,-TPD profiles of Ni/CeO, catalysts

significantly higher than other two catalysts, which indicate
that its H, adsorption capacity is the strongest. The nickel
dispersion and average nickel diameter calculated from the
H,-TPD profiles are displayed in Table 1.The dispersion of
active sites in the Ni-based catalysts follows an order of Ni/
CeO,-nrs > Ni/CeO,-nps > Ni/CeO,-ncs.

The CO, adsorption capacity plays an important role
in maintaining the catalytic activity for CO, methanation.
Therefore, CO,-TPD of the CeO, supports and Ni/CeO, cat-
alysts were carried out and the results are shown in Fig. 5.
For CeO, supports, the low-temperature desorption peak at
85-130 °C is attributed to the CO, interacted with the weak
basic sites on the surface (Fig. 5a). The broad adsorption
peak between 260 and 294 °C is considered to be related
to the moderate basic sites on the CeO, [25-27]. The area

(a)

=
=
= CeO,-nrs
S
£
2
% /\/\\w
s
O

M

H')O 2(']0 3(')0 4(')0 5(')0 6(')0 7(')0 8(')0 900
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(b)

£l
G Ni/CeO,-nrs
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=
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E
S Ni/CeO,-nps
D
=
-
&) Ni/CeO,-ncs

L) L] L] L] 1 L] L] L]
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig.5 CO,-TPD profiles of CeO, supports with different morpholo-
gies (a) and Ni/CeO, catalysts (b)

of the peak attributed to the weak basic sites in CeO,-nrs is
the largest indicating the CeO, nanorods support is more
conducive to CO, adsorption at low temperatures. As shown
in Fig. 5b, the desorption peaks corresponding to the weak
and moderate basic sites overlaps between 80 and 300 °C
after nickel loading. In addition, the Ni/CeO,-nrs catalyst
exhibits the largest area of CO, desorption peaks. The CO,
adsorptions are calculated to be 60, 25 and 19 pmol g, for
Ni/CeO,-nrs, Ni/CeO,-nps, and Ni/CeO,-ncs, respectively.

The electronic properties of the metal oxide and the
adsorbed species on the catalysts also play an important role
in the hydrogen and carbon dioxide activation. Figure 6 dis-
plays XPS spectra for the reduced Ni/CeO, catalysts, reveal-
ing peaks assigned to O 1s, Ni 2p, and Ce 3d. Two obvious
surface oxygen peaks are observed in the O 1s spectrum,
where the binding energy at 529.1+0.1 eV is assigned to
lattice oxygen species (Oy), and the peak at 530.9+0.2 eV
is characteristic of O~ in oxygen deficient regions (Oy). The
ratio of Oy/O; can be used to represent the concentration
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Fig. 6 X-ray photoelectron spetra of the reduced Ni/CeO, catalysts

of surface oxygen vacancies on CeO, surface [19]. Table 2
shows that the ratio of Oy/O| decreases in an order of Ni/
CeO,-nrs > Ni/CeO,-nps > Ni/CeO,-ncs. It has been reported
that CO, molecules could be reduced by the oxygen defi-
cient regions to form CO species to realize CO, activation
(Ce0,_s+CO,— Ce0,+CO). 2.

Peaks for different oxidation states of Ni in the reduced
Ni/CeO, catalysts were assigned based on Gaussian fitting

@ Springer

Table 2 Calculation results of XPS peaks for different elements

Catalyst 0,/0;, Ni%Ni*+ Ce**/Ce**
Ni/CeO,-nrs 1.59 0.37 0.7
Ni/CeO,-nps 1.26 0.26 0.67
Ni/CeO,-ncs 1.14 0.19 0.65

and literatures [28, 29]. The split peak at 852.5 eV in the
Ni 2p spectrum corresponds to metallic Ni, while the peak
observed at 854.5, 856.1 and 857.8 eV corresponds to the
binding energy of NiO which were strongly bonded with
CeO,, and the accompanying peak appears at 861.1 eV.
Table 2 shows that the ratio of Ni%Ni** also follows an order
of Ni/CeO,-nrs > Ni/CeO,-nps > Ni/CeO,-ncs. Kim et al.
found that the content of Ni’ in the Ni/CeO, catalyst corre-
lates with the surface electron states of Ce, and it increased
with the Ce®* rising [30].

A complex peak pattern is shown and ten peaks are fitted
for the Ce 3d spectrum. The v, (8§79.6 eV), v (881.8 eV), Vv’
(884.0eV), v" (888.6eV), and v” (896.5 eV) labeled peaks
in the figure refer to the spin—orbit coupling 3ds,,, while the
o (898.0 eV), p (900.2 eV), p' (901.8 eV), p" (906.9 eV),
and p” (916.2 V) peaks are associated with 3ds,. The v,
p”,v", n", v, and p peaks are characteristics of Ce** cor-
responding to the Ce 3d°4f° O 2p®, Ce 3d°4f! O 2p°, and
Ce 3d%4f> O 2p* electrons, respectively. Meanwhile, the V',
W', vo and pg peaks are characteristics of Ce’* correspond-
ing to the Ce 3d°4f! O 2p® and Ce 3d°4f> O 2p° electrons,
respectively [31]. The ratio of the cumulative intensities of
all peaks assigned to Ce** and the cumulative intensities of
all peaks assigned to Ce** is a measure for the Ce>*/Ce**
atomic ratio, as shown in Table 2. A higher ratio of Ce3t/
Ce** indicates the presence of more oxygen vacancies, since
the presence of oxygen vacancies maintains the electronic
balance between Ce** and Ce** (Eq. 5) [27]. Some previous
studies have shown that the presence of oxygen vacancies
induces the production of O?~ or OH groups on the surface
due to adsorption of water and the CO, adsorption capacity
of a catalyst is related to the ~OH and O*~ species present
on the support [32, 33]. Therefore, from Table 2 the Ni/
CeO,-nrs catalyst contains a greater concentration of oxy-
gen vacancies and Ni’, thereby rendering its CO, adsorption
capacity superior to those of the other two catalysts.
4Ce™ + 0F - 4Ce™ + 2%_ +0.50, = 2Ce** +2Ce* +5+0.50,

&)

3.2 Catalytic Activity

The CO, conversion and CH, selectivity for CO, metha-
nation over the Ni/CeO, catalysts at different tempera-
tures are presented in Fig. 7, whereby the thermodynamic
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Fig.7 CO, conversion (a) and CH, selectivity (b) for CO, methanation over Ni/CeO, catalysts

equilibrium values were calculated by minimizing the
Gibbs free energy method. As shown in Fig. 7a, the CO,
conversion increases rapidly as raising the temperature
from 250 to 400 °C, and then decreases gradually from
400 to 550 °C for all the three Ni/CeO, catalysts. However,
the CH, selectivity decreases as increasing the tempera-
ture from 250 to 550 °C (Fig. 7b), because the water—gas
shift reaction takes place at higher temperatures, which
converts CO, into CO instead of CH, [34]. Meanwhile, as
temperatures lower than 450 °C, the CO, conversion fol-
lows an order of Ni/CeO,-nrs > Ni/CeO,-nps > Ni/CeO,-
ncs. Especially, the CO, conversion and CH, selectivity at
300 °C are 60.1 and 96.9% for Ni/CeO,-nrs, respectively,
while the CO, conversions for the other two catalysts are
both less than 10%. In addition, it is obvious that at lower
temperatures (250-450 °C), the CO, conversion is much
lower than the equilibrium data which reveals that the CO,
methanation is subject to kinetic control.

The promotion effect of oxygen vacancy on the catalytic
activity of Ni-CeO, catalyst in the CO, methanation is
also evaluated by the turnover frequency (TOF) values.
To ignore the potential effect of mass and heat transfer,
the TOF values was calculated at 250 °C (where CO, con-
version was less than 15%). The TOF of samples were
calculated as moles of CH, produced per mole of surface
Ni atoms per second according to the methods reported
[16, 35, 36]. From Fig. 8§, it is observed that TOFs fol-
low an order of Ni/CeO,-nrs (0.111 s~!) > Ni/CeO,-nps
(0.078 s™") > Ni/CeO,-ncs (0.066 s~!), confirming the CO,
conversion and CH, selectivity in Fig. 7. The TOF values
increase linearly with the concentration of oxygen vacancy
in the catalyst, indicating the oxygen vacancy can improve
the CO, adsorption and activation, and then result in the
improvement of the intrinsic activity of the catalyst.

0.12
Ni/CeO,-nrs

0.10 4
2
S
= 0.084

Ni/CeO,-nps
Ni/CeO,-ncs
0.06 T T T
1.2 1.4 1.6
0,/0

Fig.8 The effect of surface oxygen vacancy (O,/O;) on turnover fre-
quency (TOF) at 250 °C

3.3 Discussion

According to the results above, the Ni/CeO,-nrs catalyst
exhibited well metal dispersion and CO, adsorption capac-
ity, thereby resulting in a significantly high CO, conversion
during CO, methanation compared to the other two catalysts.
Previous studies have shown [21] that the surface area of the
support played an important role in the dispersion of active
metals. However, the structure parameters affecting the CO,
adsorption capacity require further discussion.

The adsorption capacity of Ni-based catalysts toward CO,
is mainly related to their basic sites [37-39], whereby the
type and concentration of basic sites are influenced by the
oxygen vacancy present in the support [16]. Thus, the quan-
titative relationship between the oxygen vacancy and the
specific surface area is investigated and the result is shown
in Fig. 9. As indicated, the oxygen vacancy concentration
and the Brauner—Emmett-Teller (BET) surface area are
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Fig.9 The relationship between BET surface area and concentration
of oxygen vacancy (O/Oy) in Ni/CeO, catalysts

positively correlated, and the Ni/CeO,-nrs catalyst seems
possessing the largest surface area and then the largest oxy-
gen vacancy concentration.

From Table 1, the surface area of the Ni/CeO,-nrs
catalyst is approximately twice that of the Ni/CeO,-ncs
catalyst. Therefore, an additional test was carried out to
double the quality of Ni/CeO,-ncs for the CO, methana-
tion whereas with unchanged gas residence time with cata-
lyst bed, and then the CO, conversion and CH, selectivity
were compared with the performance of Ni/CeO,-nrs. As
shown in Fig. 10, the CO, conversion and CH, selectivity
over the Ni/CeO,-ncs catalyst are improved significantly
and approach to that over Ni/CeO,-nrs in the tempera-
ture range of 250-550 °C. This result indicates that CO,

80
(a)
60+
;\?
=
g 404
S
z
S —=—Ni/CeO,-nrs 0.5g
o 201 —e— Ni/CeO,-ncs 1g
O 2
—4—Ni/CeO,-ncs 0.5g
0

L L] L L] L) Ll Ll
250 300 350 400 450 500 550 600

Temperature (°C)

adsorption and activation capacity is rate-determining
step for CO, methanation, especially at low temperatures,
because doubling the quantity of the Ni/CeO,-ncs catalyst
could increase the total oxygen vacancy content for CO,
adsorption and activation, thereby further improve the CO,
conversion and CH, selectivity.

4 Conclusions

Three Ni/CeO, catalysts with different morphologies were
prepared and the catalytic activity for CO, methanation
was evaluated. It was found that the Ni/CeO, nanorods
catalyst exhibited the highest CO, conversion, especially
at temperatures lower than 400 °C. At 300 °C, the CO,
conversion reached 60% compared to 10% achieved over
Ni/CeO, nanopolyhedrons and Ni/CeO, nanocubes. How-
ever, catalytic activity of CO, methanation over doubled
quantity of Ni/CeO, nanocubes catalyst approximately
approached to that over Ni/CeO, nanorods catalyst at the
same gas residence time. Combining the characteriza-
tions, it could be concluded that the oxygen vacancy in
the Ni/CeO, catalyst, which is related with its morphol-
ogy and surface area is conducive to the low-temperature
adsorption of CO,, and then the catalytic activity for CO,
methanation.
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