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1. Introduction

The role of Ce addition in catalytic activity
enhancement of TiO,-supported Ni for CO,
methanation reactiony

Ammarika Makdee,? Kingkaew Chayakul Chanapattharapol,@*a‘ Pinit Kidkhunthod,?
Yingyot Poo-arporn® and Teruhisa Ohno ¢

In this work, various amounts of Ce were added to TiO, to form a mixed oxide support; Ce,Ti;_,O5 (x = 0,
0.003,0.05, 0.10 and 0.15) and then those synthesized supports were impregnated by 10 wt% Ni to produce
a catalysts. The 10 wt% Ni—Ce,Ti;_,O, (x = 0, 0.003, 0.05, 0.10 and 0.15) catalysts were tested for CO,
methanation reaction by using a fixed-bed reactor in the temperature range of 100-500 °C. The sample
was pretreated at 450 °C under H, and then a mixed feed gas of CO, and H, was switched into the
reactor to start the reaction. The results showed that 10 wt% Ni—Ceg go3Tio.9970> catalyst (the lowest Ce
content) exhibited the highest CO, conversion and CH, yield. Moreover, 10 wt% Ni—Ceg 003Ti0.99702
showed highly stable during the stability test (50 h.). The results indicated that upon addition of small
amount of Ce into TiO,-supported Ni, the surface, structural, electrical and redox properties of the
catalyst were improved to the extent that these properties can promote the catalytic activities for CO,
methanation. The Ce addition can improve the CO, methanation catalytic activity by several ways. First,
higher dispersion of Ni on catalysts surface upon addition of Ce was observed which resulted in higher
adsorption rate of H, on this metal active site. Second, formation of a larger amounts of oxygen
vacancies as well as basicity improvement upon addition of Ce were occurred which can increase the
CO, adsorption on catalyst surface. Third, incorporation of Ce resulted in improving of a starting
reduction temperature of Ni* to Ni° for TiO,-supported Ni catalyst which can indicate that the
reducibility of Ce-doped TiO,-supported Ni catalyst was enhanced and then alter its catalytic activity.
However, increasing of Ce content led to lowering of CO, methanation activities which resulted from
increasing of basicity by Ce addition. The excess amounts of adsorbed CO, would lead to competitive
adsorption to H, and then lead to a decrease of catalytic activity. Therefore, an appropriate amount of
H, and CO, adsorption ability on catalyst surface was a prominent factor to dominate the catalytic activity.

and storage is an important way to rapidly decrease CO, levels
in the atmosphere, the disadvantage of this method is the

Carbon dioxide (CO,) is one of the greenhouse gases which is
the most abundant in the atmosphere. It is the biggest
contributor to the earth's temperature increases and climate
change which are currently a main global problem. The
concentration of CO, in the atmosphere can be reduced by two
methods (i) CO, capture and storage (CCS) and (ii) CO,
conversion and utilization (CCU). However, while CO, capture
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possible leakage of captured CO,." Therefore, CO, conversion
and utilization is a preferred method. This method not only
reduces CO, concentration but also generates useful products
and fuels which respond to high energy demands. CO, hydro-
genation to form CH,4 by using H, as a reductant is one of the
most common reactions which is used to decrease CO,
concentration and produce CH,. This reaction can be called
CO, methanation or Sabatier reaction according to eqn (1):

C02 + 4H2 - CH4 + 2H20, AH298 K = —165.12 kJ mol_l (1)

One interesting benefit of CO, methanation reaction is that
the product, CH,, can be directly injected into natural gas
pipelines, can be used as a starting material for the production
of other chemicals and can be utilized as an energy carrier due
to the transportation of H, is limited. In addition, CO, metha-
nation can be performed under atmospheric pressure and low
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temperature due to its exothermic characteristics and it is also
considerably faster than other reactions such as hydrogenation
of CO, to alcohol.”? However, this reaction needs eight electrons
to convert CO, to CH, which is a significant kinetic barrier.?
Moreover, some side-reactions can occur at high temperature,
such as reversed water gas shift (CO, + H, — CO + H,0) which
can lead to lower CH, selectivity.* Therefore, catalysts must be
employed in order to achieve a high reaction rate and high CH,
selectivity.>® In recent years, many research groups have been
interested in CO, methanation by using heterogeneous cata-
lysts. It has been reported that supports and active species on
catalyst surfaces affected the CO, methanation catalytic activi-
ties of catalysts. For the active species, noble metals such as Ru
and Rh provided the highest catalytic activities and CH, selec-
tivities.>® However, they are very expensive. Therefore, other
metals with a lower price have been employed instead. Ni metal
was widely used as an active species due to its inexpensive and
high catalytic activity.>*® The Ni metal is the most favorable
active species for H, dissociation to form atomic H which
facilitates the CH, formation and results in the enhancement of
CO, conversion and CH, selectivity."”'® The catalyst support
also displays an important role in the catalytic activity of the
catalyst. Recently, many metal oxides have been widely used as
catalyst supports such as Al,O3, SiO,, ZrO,, TiO,, and CeO,.">*
Among these supports, reducible supports (TiO,, CeO,, and
Zr0,) were widely selected because of their excellent redox
properties. Due to the CO, methanation mechanism involved in
the redox process, the reaction rate can be enhanced by facili-
tating this process. To increase the redox properties of metal
oxide supports, some metals have been used to incorporate into
the metal oxide lattice. These metals are called promoters.
Several works have reported on the use of rare earth metals (La,
Ce, Sm) as promoters in CO, methanation reaction due to their
functionality to catalyze the reaction rate by for example,
modifying the surface properties, redox properties, electrical
properties and surface basicity.”*** Cerium oxide was usually
used as a promoter due to its superior properties on improving
the surface basicity and oxygen vacancies formation through
valence change between Ce®" and Ce**.**** Bian et al.*° reported
the effect of CeO, addition as a promoter on Ni/Al,O; catalysts.
They found that the surface basicity and Ni dispersion on
catalyst surfaces were improved upon the addition of CeO,
which resulted in high CO, methanation activity in low-
temperature ranges. Tada et al.*' reported that CeO, plays an
important role in promoting CO, methanation and enhancing
CH, formation. CeO, can improve the surface basicity in which
CO, can be easily adsorbed and reduced due to oxygen vacan-
cies formation by addition of CeO, into Ru/Al,O;. Moreover,
they found that the specific surface area of the catalyst was
enhanced upon the addition of CeO,.

In this work, we report on the catalytic activity of TiO,-sup-
ported Ni catalysts for CO, methanation. Since, the reported on
using TiO, as a catalyst support for CO, methanation is now still
being developed, therefore, it is of interested and challenged to
improve the TiO, catalysts performance which can provide
a better catalytic activity and can also produce the desired
products. Ce was used as a promoter to modify the TiO,-
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supported Ni properties by incorporating it into TiO, crystal
structure in the form of Ce,Ti;_,O, mixed oxides. All of these
catalysts were tested for catalytic activity for CO, methanation
and characterized by standard characterization methods such
as Xray diffraction (XRD), N, adsorption-desorption, H,
adsorption, CO, adsorption, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), inductively
coupled plasma-optical emission spectroscopy (ICP-OES), X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS). All of these results were used to describe the role
of Ce addition on enhancing the CO, methanation reaction of
TiO,-supported Ni.

2. Experimental
2.1 Materials

All chemicals in this experiment were analytical grade without
further purification. Titanium(iv) isopropoxide (98+%) and
cerium(m) nitrate hexahydrate (99.5%) were purchased from
Acros Organics. Ethanol absolute anhydrous (99.9%) and
nickel(n) nitrate hexahydrate (99%) were purchased from Carlo
Erba. Nitric acid (65%) was provided by Acl Labscan. Deionized
water was used for all preparations.

2.2 Preparation of TiO,, Ce,Ti;  O,, TiO,-supported Ni and
Ce,Ti;_,O,-support Ni

TiO, support was prepared by sol-gel method with titanium
isopropoxide as a starting precursor. Titanium isopropoxide
was first dissolved in ethanol, then DI water and HNO; were
added dropwise to Ti precursor solution and continuously
stirred for 3 h. The mixture was dried at 100 °C for 24 h and
calcined at 400 °C for 3 h. Ce,Ti; ,O, mixed oxide supports were
also prepared by the same method as TiO, support with Ce/Ti
molar ratio of 1/200, 1/20, 1/10 and 1/5. The preparation
procedure was the same as described above in which the
aqueous solution of Ce(NOj3);-6H,0 was co-added together with
DI water and HNO;.

10 wt% Ni doped TiO, and Ce,Ti; ,O,-supported were
prepared by incipient wetness impregnation method.
Ni(NOs),-6H,0O was used as a Ni precursor. An appropriate
amount of precursor salt was dissolved in DI water. After that,
the precursor solution was added to the prepared supports and
then dried at 100 °C for 24 h and calcined at 400 °C for 3 h.

2.3 Catalysts characterization

X-ray diffraction (XRD) patterns of all catalysts were obtained
from PANalytical Empyrean with Cu Ko radiation wavelength of
1.5406 A. The obtained patterns were scanned in the 26 range of
10° to 80°. The crystalline size (D) was calculated from Scherrer's
equation as:

0.92

D= ——
B cos 6

(2)

where 1 is the X-ray wavelength, @ is the broadening (in radians)
at a half intensity of the TiO, (101) plane and 6 is the diffraction
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angle. Lattice parameters (a, b, ¢) were calculated from Bragg's
equation by using (101), (004) and (200) planes of TiO,.

The specific surface area of the prepared catalysts was
calculated from N, adsorption-desorption isotherm at 77 K by
Quantachrome NOVA 4200e instrument. Before the adsorption
experiment, the catalysts were degassed at 100 °C for 1 h to
clean the catalyst surface. The specific surface area was calcu-
lated by using the multipoint-BET method.

The morphology of the prepared catalysts was studied by
transmission electron microscope (TEM) FEI/TECNAI G2 20.
The catalysts were prepared by dispersing a catalyst powder in
acetone with sonication and dropped on the copper grid before
the scanning process.

Nickel dispersion mapping on catalysts surface was investi-
gated by using a LEO 1450VP SEM-EDS instrument. Before
scanning, the catalyst was dispersed on a carbon tape which was
attached on a specimen stub and coated with gold to reduce the
electron charge.

The metals content in the prepared catalysts can be deter-
mined by using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Before measuring the metal content,
the catalysts (0.020-0.025 g) were digested by using a mixture of
6 mL concentrated H,SO, and 2 mL 30% H,0, at high
temperature. The standards and samples solution in the range
of 0-10 ppm were analyzed by optima 100DVICP-OES (Perki-
nElmer). The detection wavelengths for Ce and Ni were 413.764
and 231.604 nm, respectively.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the surface components of the catalysts. Ti 2p XPS spectra
of the catalysts were obtained by using a KRATOS AXIS-NOVA
(Shimadzu Corporation) instrument with a monochromatic Al
K, as an X-ray source. The binding energy shift caused by
relative surface charging was corrected by using the C 1s level
(284.8 eV) as an internal standard. The XPS peaks were assumed
to be Gaussian peaks and were resolved into each component by
using XPSPEAK41 software.

2.4 CO, and H, adsorption experiments

In order to investigate the adsorption ability of both reactants in
CO, methanation reaction, the CO, and H, adsorption experi-
ments were conducted at room temperature and under ambient
pressure. For the CO, adsorption experiment, the catalyst (0.13-
0.14 g) was dispersed on a glass dish which was placed in
a Tedlar bag. After that, 150 mL of mixed gas was injected into
the Tedlar bag. The mixed gas consisted of 500 ppm CO, and air
(79% N, and 21% O,). The concentration of CO, was monitored
every 30 min for 4 h by withdrawing the gas from the bag and
detected by gas chromatograph (INFICON 3000 Micro GC) with
a PLOT U column and TCD detector. The amount of adsorbed
CO, was calculated by subtracting the remaining CO, concen-
tration at interval times from the initial CO, concentration.
Finally, the relationship between adsorbed CO, amounts as
a function of time was constructed.

The H, adsorption experiment was conducted in a similar
manner as CO, adsorption experiment. The same amount of
catalyst was spread on a glass dish and was placed in a Tedlar
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bag. The 150 mL of mixed gas (500 ppm H, and air; 79% N, and
21% O,) was injected into the bag and the adsorption experi-
ment was left at room temperature for 4 h. After that, the
remaining H, amount was detected by gas chromatograph
(Agilent Technologies 490 Micro GC) with a MS-5A column and
TCD detector. The H, uptake on the catalyst was calculated by
using the same equation as the CO, adsorption experiment. The
data reported in this manuscript is an average of three repro-
ducible experiments.

2.5 X-ray absorption spectroscopy (XAS)

2.5.1 X-ray absorption near edge structure (XANES). The
XAS experiment together with analysis the data in XANES region
was carried out into two parts: XANES experiment for ex situ and
in situ investigations. For the ex situ experiment, three samples
(freshly prepared, pretreated and used catalysts) were used to
study the oxidation states of all metals in the catalysts. In
addition, the in situ experiment was used to monitor the
changing of electronic states of Ni, Ti and Ce during CO,
methanation reaction.

The XANES experiments were carried out on Beamline 2.2
(time-resolved X-ray absorption spectroscopy) at the Synchro-
tron Light Research Institute (SLRI), Nakhon Ratchasima,
Thailand. The bent crystal was used as an energy dispersive
monochromator. A Si (111) crystal was used as a mono-
chromator with an energy range of 2.4-10 keV. The linear image
sensor was used as a detector. For the ex situ experiment, the
sample was first mixed with boron nitride (BN) to obtain
a homogeneous powder and pressed into a pellet and attached
on the sample frame. The XANES spectra were recorded in the K
(for Ni and Ti) and L; (for Ce) edges energy in transmission
mode. The ionization chamber was used as a detector and was
placed in front of and behind the sample. For the in situ
experiment, the sample was mixed with boron nitride, pressed
into a pellet and then placed in an in situ cell. The sample was
first pretreated by heating the sample cell from room temper-
ature to 450 °C (ramp rate of 5 °C min~*) under H, flowing at 24
mL min~ . The spectra were collected every 10 °C increment as
the temperature increased. Next, the temperature was kept at
450 °C for 90 min, in order to reduce Ni ion species to metallic
Ni, and the spectra were collected every 10 min. After the
pretreatment, the temperature was reduced to 100 °C and the
mixed feed gas composition of H, (24 mL min~ ') and CO, (6
mL min~") with the ratio of 4 : 1 was switched into the in situ
cell to start the CO, methanation reaction. The reaction
temperature was kept at 100 °C for 20 min and the spectra were
collected every 10 min at this point. After that, the reaction
temperature was increased to 150 °C (ramp rate of 5 °C min ")
and the spectra were collected at every 10 °C increment. When
the reaction temperature reached 150 °C, the spectra were
collected every 10 min for 20 min. Then, the reaction temper-
ature was increased by 50 °C and the spectra were recorded
during the increase and then holding the reaction temperature
as described above. The reaction temperature range was 100-
500 °C. The XANES spectra were obtained by subtracting I; by I,

This journal is © The Royal Society of Chemistry 2020
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with the preprocessing software before being exported to
Athena software.

2.5.2 Extended X-ray absorption fine structure (EXAFS).
The XAS experiment with the data analysis in the EXAFS region
was used to investigate the local environment changes during
a CO, methanation reaction. In this experiment, the local
environment change of Ni was probed as this species is believed
to be an active component which plays an important role in
enhancing the reaction. The in situ EXAFS experiment was
investigated under the CO, methanation conditions which were
similar to the in situ XANES experiment. Firstly, a pretreatment
was carried out by ramping the sample from room temperature
to 450 °C at the rate of 5 °C min~ ' under H, flow (20 mL min™%).
After the temperature reached 450 °C, the temperature was held
at this point for 90 min with the same flow rate of H, and data
was collected. After finishing the pretreatment process, the
temperature was decreased to 100 °C under H, flow. Secondly,
the reaction was started at 100 °C. The feed gas was switched to
the mixture of CO, (5 mL min~") and H, (20 mL min~"). The
temperature was kept constant at 100 °C for 25 min and data
was recorded. After that, the temperature was increased with
the rate of 5 °C min~" to 150 °C and was kept constant at this
point for 25 min and the data was recorded. In the next step, the
reaction temperature was increased by 50 °C for each step until
it reached 550 °C with the same ramp rate and data collection
procedure. The Ni K edge EXAFS spectra of the catalyst during
CO, methanation condition can be obtained on a SUT-
NANOTEC-SLRI beamline 5.2 at the Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand.****
The measurement was carried out in transmission mode.
Synchrotron radiation was tuned by a double crystal mono-
chromator (DCM) equipped with Ge (220) crystal. The mono-
chromatic flux was 10°~10'° photons per s at 100 mA. Ionization
chambers were used as a detector which was installed in front of
and behind the sample to detect the incident () and trans-
mitted (I;) beam. The collected data were analyzed by Athena
and Artemis software.

2.6 CO, methanation catalytic activity test

The catalytic activity of the prepared catalyst was tested for CO,
methanation reaction. The CO, methanation reaction was
studied in a flow reactor with the temperature in the range of
100-500 °C. The 50 mg of catalyst was sandwiched between two
layers of quartz wool in the Pyrex tube. This Pyrex tube was
placed inside the controllable temperature furnace. The K-type
thermocouple was inserted at the top of the catalyst bed to
monitor the reaction temperature. The feed gases flow rate was
controlled by mass flow controllers. Before starting CO,
methanation, the catalyst was pretreated at 450 °C under H,
atmosphere with a flow rate of 50 mL min~" for 1.5 h. The CO,
methanation was started by using mixed feed gas of CO,, H,
and He with a flow rate of 6, 24 and 10 mL min ', respectively.
The mixed feed gas was passed through the catalyst in the Pyrex
tube and then the reactants and products were analyzed by on-
line Agilent Technologies 6890N gas chromatograph with
HEYSEP D packed column and TCD was used as a detector. The

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

percentages of CO, conversion, products yield, and selectivity
were calculated by using the following equations;

[COz]out )
[COz]out + [CH‘Jout + [Co]out

% CO, conversion = (1 —

% 100
(3)
. [CH4],,, or [CO]
0 CH CO ld — out out
o CHor COvie ( [CO g + [CHJo + [COl,y,
% 100 (a)
y H feld
% CH, or CO selectivity = ( %) x 100 (5)
2

where [CO,]out, [CHa]our and [CO]Joy: are outlet concentration of
CO,, CH,, and CO, respectively.

In order to exclude the heat and mass transfer under the
kinetic reaction rate condition (reaction temperature range
230-280 °C), the separated experiments were conducted. The
weight of catalyst (W) and total feed volume (F,) were varied
while the GHSV was kept constant.** Two set of the same ratio
between W/Fioap; 0.05 /40 mL min~ ' and 0.1 g/80 mL min ™,
were tested for CO, methanation condition. The results showed
that the CO, conversion of 10 wt% Ni-Ce 03Tig.9970, sample
were similar for two sets (5.8% and 6.2%, respectively) at 250 °C.

3. Results and discussion

3.1 Standard characterization

3.1.1 XRD, N, adsorption-desorption, TEM and SEM. The
XRD patterns of TiO, and 10 wt% Ni-Ce,Ti; _,O, (x = 0, 0.003,
0.05, 0.10 and 0.15) are displayed in Fig. 1. All synthesized
samples exhibited diffraction peaks at 25.2°, 37.8°, 48.1°, 53.9°,
55.2°, 62.9°, 68.9°, 70.2° and 75.2° which corresponded to the
(101), (004), (200), (105), (211), (204), (116), (220) and (215)
crystallographic planes of anatase TiO, (JPCDS file number 21-
1272), respectively.>*® The unit cell parameters of all catalysts

i0 (200)

N

: 10wt%Ni-Ce; Ti , O,

© 10wt%Ni-Ce, Ti, O,
© 10wt%Ni-Ce, , Ti ,.0,

10wt%Ni-Ce 0

0,003T10.997 2

Intensity

10wt%Ni-TiO,

10 20 30 40 50 60 70 80
26 (degree)

Fig. 1 XRD patterns of TiO, and 10 wt% NiCe,Ti; 4O, (x = 0, 0.003,
0.05, 0.10 and 0.15) catalysts.
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Table 1 Crystalline size, unit cell parameters, surface area and metals content of the catalysts

Lattice parameters”

Catalyst Crystalline size® (A) a=h(A) c¢(A) Cell volume (A*)  Surface area® (m*>g~") Ni? (wt%) Ce (mol%)
TiO, 103.9 3.786 9.503 136.2 138.02 — —

10 wt% Ni-TiO, 108.6 3.793 9.568 137.7 67.63 11.01 —

10 Wt% Ni-Ceo005Tio 0070,  76.8 3.802 9.581  138.5 82.16 10.78 0.24

10 Wt% Ni-Ceo 05 Tio 0505 62.6 3.833 9.676  142.1 123.48 10.87 411

10 Wt% Ni-Ceg_10Tio.000, 54.2 3.834 9.795  143.9 136.87 11.44 9.40

10 wt% Ni-Ceg,15Tio 5505 51.5 3.850 9.935 147.3 150.03 12.61 15.30

“ Calculated from (101) plane of TiO, using Sherrer's equation. ? Calculated from (101), (004), (200) planes of TiO, using Bragg's equation.
¢ Calculated by using multipoint BET method. ¢ Calculated from ICP-OES results.

were calculated by using (101), (004) and (200) crystallographic
planes and were summarized in Table 1. The unit cell param-
eters of TiO, were in accordance with other works.*>*° Addition
of Ni and Ce led to structural changing of TiO, support. In the
case of 10 wt% Ni-TiO,, the additional diffraction peak at
around 43.2° was observed which corresponded to (200) plane
of cubic NiO (JPCDS file number 47-1049).°*** It can be seen that
the calculated unit cell parameters were increased upon only
impregnation of Ni onto TiO, which then led to an increase of
unit cell volume. It is noteworthy that the amount of impreg-
nated Ni onto the support was kept constant at around 10 wt%,
but the NiO diffraction peaks were remarkably decreased upon
the increase of Ce content. This may be due to the decreasing
crystalline size of the sample, which can be observed by the
lowering and broadening of XRD peaks, as illustrated in Table
1. The decrease in TiO, crystalline size may have resulted in
small particle size of impregnated Ni on the catalyst surface
which then led to a lowering of NiO diffraction peaks. There-
fore, this can indicate that the addition of Ce into TiO, would
lead to the inhibition of TiO, crystal growth.

In a comparison between different Ce loading catalysts, the
characteristic peaks of cerium oxide were not observed, which
indicated that Ce ions probably incorporated into TiO, lattice by
replacing Ti sites or interstitial sites to form a solid solution.****
These results could be confirmed by the expansion of the cell
parameters with increased Ce content (Table 1). Additionally,
the results of enlargement of TiO, upon the addition of Ni and
Ce indicated the incorporation of both larger Ni (Ni** = 0.69
pm) and Ce (Ce** = 1.01 pm) into the TiO, (Ti*" = 0.60 pm)
lattice. It can be reported that the incorporation of added metal
into the host lattice depended on the synthesis method. The
sol-gel method usually produced the mixed oxide materials
formed by replacing of host ions by added ions,*>***” while the
impregnation method also produced the incorporation of
added metal.*® To confirm the incorporation of added metals
into TiO,, X-ray absorption spectroscopy in the region of
extended X-ray absorption fine structure was studied and is
further discussed in the next section.

Fig. 2 exhibits N, adsorption-desorption isotherms of the
prepared catalysts. The isotherm feature of TiO, was similar to
type IV isotherm with a hysteresis loop which indicated the
existence of the mesoporous structure.””** When Ni and Ce

26956 | RSC Adv, 2020, 10, 26952-26971

metals were added into TiO,, the isotherm feature remained
unchanged which indicated that the incorporation of Ni and Ce
species into TiO, did not alter the textural properties of TiO,.
The calculated BET surface area of the prepared catalysts is
presented in Table 1. The BET surface area of TiO, was 138.02
m” g~ " and decreased to 67.63 m> g~ * for 10 wt% Ni-TiO, which
could be due to a partial blockage or collapse of small meso-
pores during the impregnation of Ni.'* In contrast, for Ce added
samples, the specific surface area was increased with increased
Ce content, which was due to the lowering of crystalline size of
TiO, crystal.

The Ni and Ce contents in 10 wt% Ni-Ce,Ti; ,O, (x = 0,
0.003, 0.05, 0.10 and 0.15) catalysts can be determined by using
inductively coupled plasma-optical emission spectroscopy (ICP-
OES), and the results are summarized in Table 1. The Ni amount
of all catalysts exhibited a similar value at around 10 wt%. The
calculated Ce content was 0.24, 4.11, 9.40 and 15.30 mol%
which corresponded to the value of x for 10 wt% Ni-Ce,Ti; ,O,
(x = 0.003, 0.05, 0.10 and 0.15). The morphologies of TiO, and
10 wt% Ni-Ce,Ti; ,O, (x = 0, 0.003 and 0.10) catalysts were
studied by using high-resolution TEM and the images are dis-
played in Fig. 3. All samples (for the left-hand side images)

10wt%Ni-Ce o,

o.liTlo.xs

o 005 1090,

Volume of N, adsorption (cm3/g)

0.0 . ' . . ' . 1.0
P/P

0

Fig. 2 N, adsorption—desorption isotherms of TiO, and 10 wt% Ni-
Ce,Ti;_xO, (x =10, 0.003, 0.05, 0.10 and 0.15) catalysts. A solid symbol
is adsorption branch and open symbol is desorption branch.
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Fig. 3 TEM images and selected area of electron diffraction patterns of TiO, and 10 wt% Ni—Ce,Ti; ,O, (x = 0, 0.003 and 0.10) catalysts.

exhibit a spherical structure, compared to nanoaggregates incorporating Ce, the nanocrystal sizes were decreased, which
assembled from many small nanocrystals, which led to the corresponded to the XRD results. The right-hand side of Fig. 3
formation of a mesoporous structure. Moreover, upon shows the selected area electron diffraction (SEAD) patterns of
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the corresponding samples. For TiO,, several diffraction planes
were indexed to anatase TiO, [(001), (004) and (200)], while for
doped samples, the SEAD patterns exhibited several diffraction
rings pattern which indicated a polycrystalline structure.*® Fig. 4
displays SEM and mapping images of Ni on catalysts surface for
TiO, and 10 wt% Ni-Ce,Ti; ,O, (x = 0, 0.003 and 0.10). The
loading amount of Ni was kept constant around 10 wt% for all
samples, therefore, different Ni dispersion should be resulted
from Ce addition. It is seen that 10 wt% Ni-Ceg ¢o3Ti0.99705
exhibited the highest dispersion of Ni on catalyst surface and
that of Ni for 10 wt% Ni—Ce 1¢Tig.900, seemed to be lowered.

View Article Online

Paper

3.1.2 Extended X-ray absorption fine structure (EXAFS)
analysis. In this part, data analysis in the region of extended X-
ray absorption fine structure was carried out in order to
evidence the incorporation of added metals into TiO, lattice. In
the EXAFS region, the multiscattering peaks occur when the
core electron is ejected from the probe atom and is back-
scattered by multiple neighboring atoms resulting in
constructive interference. Therefore, data concerning the
EXAFS region, types of neighboring atom, coordination number
and bond length are obtained. Fig. 5(a) illustrates the FT-EXAFS
spectra in k-space for TiO,, 10 wt% Ni-TiO, and 10 wt% Ni-

Fig. 4 SEM and mapping images of TiO, and 10 wt% Ni—Ce,Ti; ,O, (x = 0, 0.003 and 0.10) catalysts.
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Ceo.003Ti0.00,0, catalysts. The k* weighted Fourier transform
was used. The weighted EXAFS data in the k range from 3-10.5
A" were transformed to R-space without phase correction as
shown in Fig. 5(b). The calculated FT-EXAFS of TiO, was ob-
tained by fitting with anatase TiO, (space group I4,/amd).
Similarly, the FT-EXAFS spectrum of 10 wt% Ni-TiO, was ob-
tained by replacing one atom of the nearest Ti atom with Ni. For
the Ce-doped sample (10 wt% Ni-Ceg 3Tip.09,0,), the FT-
EXAFS spectrum was obtained by replacing the nearest Ti
atom with one Ni and one Ce atom. For Fig. 5(b), all doped
samples exhibited a similar feature of FT-EXAFS spectra to TiO,
in the range of R = 1-4 A. The first strongest peak was due to
a single scattering path of absorbing Ti atoms with the nearest
O atoms (Ti-O) by six-fold coordination. The other two peaks in
the range of 2-4 A were attributed from single scattering paths
of absorbing atoms with the nearest Ti atoms (Ti-Ti) and with

-
@

o
&l
Qe

0)

IOM%Ni'Ceo.oozTiosw 2

0 I é ' 411 ‘ é l é IIO 12
Wavenumber (A

1.0 i i
1 ()Wt(%’Nl'CeoA003T10.997O2
0.5
0.04
T T IR R
Radial distance (A)

Fig. 5 (a) Experimental (open circle) and calculated (black line) FT-
EXAFS spectra in k-space for TiO,, 10 wt% Ni-TiO, and 10 wt% Ni-
Cep.003Ti0.99702. (b) Experimental (open circle) and calculated (black
line) FT-EXAFS spectra in R-space for TiO,, 10 wt% Ni-TiO, and
10 wt% Ni—Ceo_003Ti0_99702.
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Table 2 The structural parameters obtained by fitting the EXAFS data

EXAFS best fit parameters

Catalyst paths N S,° o R(A)  R-Factor
TiO, Ti-O 4 095 0.0243 1.8249  0.0180
2 0.0002 1.9251
Ti-Ti 4 0.0105 3.0337
4 0.0099 3.8523
10 wt% Ni- TiO, Ti-O 4 0.72 0.0040 1.9333 0.0064
2 0.0087 2.4159
Ti-Ni 1 0.0002 2.9747
Ti-Ti 3 0.0227 3.0211
4 0.0084 3.8878
10 wt% Ti-O 4 0.65 0.0030 1.9295 0.0061
Ni-Cep 605Ti0.09705 2 0.0048  2.4325
Ti-Ni 1 0.0025 2.9674
Ti-Ce 1 0.0158 2.9892
Ti-Ti 2 0.0075 3.0550
4 0.00802  3.8954

the nearest Ni and/or Ce atoms (Ti-Ni, Ti-Ce) for doped
samples. Table 2 shows the obtained structural parameters
from fitting of TiO, and doped catalysts. In the case of Ni-
impregnated sample (10 wt% Ni-TiO,), the expansion of Ti-O
and Ti-Ti bond length together with a lowering of Ti-Ni
distance when compared with Ti-Ti bond length were observed,
which indicated the incorporation of larger Ni** ions into the
TiO, lattice. Upon the addition of Ce into the TiO, lattice which
was impregnated with Ni, expansion of the bond length
between Ti-O and Ti-Ti were clearly observed, which indicated
that the Ce was incorporated into the TiO, lattice. From the
EXAFS results, it is confirmed that Ni and Ce were incorporated
into the TiO, lattice.

3.2 CO, methanation catalytic activity study

The catalytic activity of all prepared catalysts was tested for the
CO, methanation reaction. Before starting the reaction, the
catalyst was pretreated at 450 °C under H, atmosphere with
a flow rate of 50 mL min~" for 1.5 h in order to reduce Ni*" to
Ni‘.

After that, the CO, methanation reaction was started by
switching the feed gas into the reactor. The catalytic activity of
the prepared catalysts was studied in the temperature range of
100-500 °C. The percentages of CO, conversion for all prepared
catalysts are plotted as a function of reaction temperature, as
shown in Fig. 6(a). It can be seen that the CO, conversion were
increased with increased reaction temperature. For TiO, cata-
lyst, the CO, conversion was very low though the reaction
temperature reached 500 °C. Upon doping of Ni onto TiO,, the
CO, conversion was dramatically enhanced. It is noteworthy
that the incorporation of Ce into the TiO, catalyst promoted the
CO, conversion ability. The results show that 10 wt% Ni-
Ceg.003Ti0.0970, exhibits the highest CO, conversion with the
maximum value of 65.29% at 450 °C, while increasing the Ce
contents led to a decrease in catalytic activities. For the products
(CH,4 and CO) yield as illustrated in Fig. SI 1(a) and (b),T it was
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Fig.6 CO, conversion (a), CH,4 selectivity (b) and CO selectivity (c) of TiO, and 10 wt% Ni—Ce, Ti;_,O, (x =0, 0.003, 0.05, 0.10 and 0.15) catalysts

for CO, methanation (CO, : H, ratio = 1: 4).

found that CH, was the main product from CO, methanation
which produced by Ni-impregnated samples (10 wt% Ni-TiO,
and 10 wt% Ni-Ce,Ti; _,0,, x = 0.003, 0.05, 0.10 and 0.15). On
the other hand, CO which was produced by reversed water gas
shift reaction (side reaction), was the main product for TiO,
catalyst. Moreover, the CO yield for 10 wt% Ni-TiO, was higher
than that of 10 wt% Ni-Ce,Ti;_,O, which could indicate that Ce
incorporated probably suppressed the formation of undesired
product (CO) of this reaction. From Fig. SI 1(b),T it is seen that
the CO by-product was favorably enhanced when reaction
temperature increase; therefore, the suitable reaction temper-
ature for CO, methanation for our reaction condition was
350 °C which exhibited low CO yield with high CO, conversion
and CH, yield. Fig. 6(b) and (c) display the CH, and CO selec-
tivities for all synthesized samples. The results show that Ni-

Table 3 Percentages of CO, conversion, product selectivity, and yield

doped on TiO, and Ce,Ti; ,O, catalysts were selectively
toward CH, while bare TiO, catalyst was selectively toward CO.
The calculated CO, conversion, product yields and product
selectivities of all catalysts for CO, methanation at 350 °C are
summarized in Table 3. In order to evidence that the enhancing
of CO, methanation rate resulted from Ni and Ce incorporated
into TiO,, NiO and CeO, catalysts were also prepared and tested
for their catalytic activities. Fig. SI 2(a)-(c)f illustrate the CO,
conversion, CH,, and CO yields of NiO and CeO, compared with
TiO, and 10 wt% Ni-Ceg ¢03Tig.9970,. It can be seen that NiO and
CeO, exhibited relatively low CO, conversion with low CH, and
CO yields when compared with the doped sample. Therefore,
doped metals into TiO, catalyst would play an important role in
catalyzing the CO, methanation.

over the prepared catalysts for the CO, methanation reaction

Yield® (%)

Selectivity® (%)

Catalyst CO, conversion® (%) Cco CH, (¢f¢] CH, E (k] mol™)
TiO, 0.22 0.22 0.00 100 — —

10 wt% Ni-TiO, 14.66 1.87 12.78 12.78 87.22 79.35

10 Wt% Ni-Ce 003Ti0.00705 44.28 1.62 42.66 3.66 96.34 74.86

10 Wt% Ni-Ceq 05 Tip.0505 22.55 1.14 21.41 5.08 94.92 78.79

10 wt% Ni-Ce10Ti0.9002 20.83 1.22 19.61 5.84 94.16 78.57

10 Wt% Ni-Ceg 15Tio 8505 28.28 2.18 26.09 7.72 92.28 78.98

“ Reaction temperature at 350 °C. ? Calculated by using the temperature range of 230-280 °C (CO, conversion less than 15%).
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Fig. 7 The Arrhenius plots of 10 wt% Ni—Ce,Ti;_,O, (x = 0, 0.003,
0.05, 0.10 and 0.15) catalysts.

In order to illustrate the role of the catalysts in enhancing the
reaction rate at low temperature, the kinetic study in a term of
apparent activation energy (E,) was carried out. The absence of
heat and mass transfer were evidenced as mentioned in exper-
imental part. To determine the apparent activation energy, an
Arrhenius plot was constructed. This plot is a relationship
between In(rate) and the reciprocal of absolute temperature
corresponding to the Arrhenius equation as presented in eqn (6)

k = A exp (%) (6)

where £ is the rate constant, A is the pre-exponential factor, E, is
the activation energy of the reaction, T is the absolute temper-
ature and R is the gas constant (8.314 J K ' mol *). The
apparent activation energies of reactions can be calculated from
the slope of the Arrhenius plot. Fig. 7 illustrates the Arrhenius
plot of Ni-doped samples and the calculated apparent activation
energies were summarized in Table 3.

It can be seen that the activation energy of TiO, could not be
determined at low temperature because CO, conversion was
very low. The activation energies of the prepared catalysts
appeared in the range of 75-80 k] mol . The apparent activa-
tion energies were decreased with the incorporation of Ce into
TiO, and 10 wt% Ni-Ceg 93Tig.0970, exhibits the lowest
apparent activation energy which is in agreement with the
highest catalytic activity for CO, methanation.

The long-term stability of the catalyst is also an important
property for CO, methanation because metallic Ni can be
sintered under exothermic reaction conditions and carbon
deposition can also formed on the catalysts surface which can
lead to fast deactivation. In this work, a long-term stability test
of the best catalyst (10 wt% Ni-Ceg.03Tig.00,0,) Was investi-
gated at 350 °C for 50 h. Fig. 8 displays the percentages of CO,
conversion, CH, yield, and selectivity for the reaction time of
50 h. It can be seen that the catalyst exhibited greatly stable
CO, conversion, CH, yield, and selectivity within the whole

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 50 h long-term stability test over 10 wt% Ni—Ceg g03Ti0.9970> at
350 °C (CO, : Horatio=1: 4).

range of stability test (50 h) without an obvious decrease of
those values.

To explain the excellent stability under feed stream of this
catalyst at this reaction temperature (350 °C), TEM images of
used catalysts at interval reaction temperatures (250 °C, 350 °C
and 450 °C) were compared. Fig. 9(a) displays TEM images of
10 wt% Ni-Ceg 993Tip.0970, catalyst after reaction at 250 °C,
350 °C and 450 °C. The results show that the mean particle sizes
of this catalyst after all reaction temperatures were in the rage of
10-12 nm. Agglomeration of particles upon increased of reac-
tion temperature was not observed which indicated that the
thermal sintering of the metallic Ni was inhibited.*® Moreover,
carbon deposition on catalyst surface was not also observed
(form EDX results). Therefore, from this behaviour, this catalyst
exhibited an excellent stability under feed stream with high CH,
yield and selectivity.

3.3 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) technique is used to
investigate the electronic states of probe elements in the cata-
lyst. X-ray absorption is the process in which X-ray radiation
excites an electron in a core level of an absorbing atom to empty
level or is ejected from the atom as a photoelectron. The
absorption coefficient of probe atom as a function of excited
photon energy is recorded and the plot between these two
parameters is called XAS spectrum. The XAS spectrum can be
divided into two regions; X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS).
Information on the oxidation state is obtained from the XANES
region while the information about types of neighboring atom,
coordination number and bond length are obtained from the
EXAFS region. In this work, we used XAS technique for (i)
evidence of the oxidation state and local structure of the catalyst
and (ii) monitoring the catalyst changing during CO, metha-
nation reaction.

3.3.1 XANES analysis for electronic structure change and
oxidation state determination by ex situ experiment. It is worth
mentioning that in an XAS experiment, a high probe element
content is needed in order to obtain a reasonable spectrum. Since

RSC Adv, 2020, 10, 26952-26971 | 26961
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Fig. 9 TEM images of 10 wt% Ni—Ceq 003Tin.9970> after reaction at 250, 350 and 450 °C.

this technique is not sensitive to low metal content and the best
catalyst consisted of only 0.24 Ce mole percentage, thus in this
part the metal content used in XAS studied was higher (4.11 Ce
mole percentage) than of optimal metal content of the catalyst.
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In this part, the freshly prepared, pretreated and used cata-
lysts were employed to test for XANES experiment in order to
investigate the oxidation states of Ti, Ni and Ce probe atoms in
different states of catalysts. Data analysis from XANES spectra

This journal is © The Royal Society of Chemistry 2020
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can provide a good deal of useful information such as electronic
states, electronic structure and electron density. It is known that
the XANES spectra feature in the pre-edge region are sensitive to
the electronic structure and crystal structure changing in the
materials.”*> These changes were monitored to study the
influence of metal substitution into TiO, by Ni and Ce. Fig. 10(a)
illustrates the Ti K edge in the pre-edge region for freshly
prepared TiO,, 10 wt% Ni-TiO, and 10 wt% Ni-Ceg ¢5Ti¢ 0502
catalysts. There are three main peaks in pre-edge region; A4, A,
and A;. Feature A, is attributed from transition of 1s — 3d-t,
state. Feature A, and A; resulted from excitation of 1s electron
to hybridized p-d (t,,) and p-d (e,) on the Ti central atom,
respectively.®*** These three pre-edge peaks intensities were
related to the symmetry of the crystal structure. A distortion and
oxygen vacancies can cause an increase in the pre-edge inten-
sity.***® From Fig. 10(a), the pre-edge intensity was increased
upon the addition of 10 wt% Ni onto TiO, which was due to an
incorporation of Ni into TiO, lattice. In addition, these pre-edge
peaks intensities were further increased when Ce addition for
10 wt% Ni-Ceg ¢5Tig 050, catalyst. This indicated that Ce was
further incorporated into TiO, lattice and led to more defects
and oxygen vacancies in the doped catalyst. Fig. 10(b) and (c)
show a comparison between Ni® and Ni*" standards with three
different catalysts for 10 wt% Ni-TiO, and 10 wt% Ni-
Cey.05Ti0.050,, respectively. For NiO standard, the white line
peak at 8350 eV was observed which is attributed to the tran-
sition from 1s to the unoccupied 4p state and the other peak at
8366 eV was a signature of Ni in 6-fold coordinated by O
atoms.*”* The Ni foil spectrum exhibits a shoulder at around
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0.20+
)
= 0.154
=]
8
EROE A
2 7 — Tio,
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Fig. 10
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8334 eV which is assigned to the electron transition from 1s to
3d orbital.** Comparison between the XANES spectra of stan-
dards and samples can initially indicate the oxidation states of
the probe atom. However, from our result, the XANES spectra of
all samples were not completely identical to both standards.
Therefore, the oxidation state of samples cannot be estimated
by only comparison with standard spectra. For this aspect, the
apparent oxidation state of Ni should be determined. To
confirm the apparent oxidation states of the probe atom (Ni),
the relationship between the Ni K edge energy of different
samples relative to the edge energy of Ni metal (AE) and
oxidation state of Ni was constructed as shown in Fig. SI 3(a)
and (b).f For both 10 wt% Ni-TiO, and 10 wt% Ni-
Cey.05Ti0.950,, the Ni oxidation state of freshly prepared catalyst
was Ni*" while pretreated and used samples were close to Ni°. It
is seen that the reduction of Ni** was not completed to Ni°
which was probably due to the oxidation of some Ni species on
the catalyst when exposed in air, since these catalysts (pre-
treated and used catalysts) were obtained after those steps in
the catalytic activity process.

Fig. 10(d) illustrates Ce L; edge XANES spectra of three
different types of 10 wt% Ni-Ceg o5Ti¢.050, comparing with Ce**
and Ce"" standards. For Ce(NO;);-6H,O (Ce®*) standard,
a single white line, labeled as By, is assigned as the transition of
an electron from Ce core 2p;, state to 4f'5d state. For CeO,
(Ce") standard, two peaks were observed. These two peaks
(labeled as B, and C) are attributed to electron transition from
Ce 2p;,, to a final state with the configuration of 4f'sd and
4£°5d.°2 For Ce’”, the transition of an electron from Ce 2p3), to

(b) Ni foil
Used cat.
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g
=
=
—ﬂg Fresh cat.
=
E
(=)
z
Ni K-edge
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(a) The Ti K edge XANES spectra in the pre-edge region of fresh TiO,, 10 wt% Ni—-TiO, and 10 wt% Ni—Ceg o5Tig 950, catalysts. The Ni K

edge XANES spectra of fresh, pretreated and used 10 wt% Ni-TiO, (b) and 10 wt% Ni—Ceg o5Tig 950, (c) catalysts. (d) The Ce L3 edge XANES

spectra of fresh, pretreated and used 10 wt% Ni—Ceq g5Tig.950, catalyst.
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an empty 5d state in which the 4f valence state of Ce is occupied
by a single electron occurred, while for Ce*", the 4f state is
formally unoccupied, but it can borrow an electron from its

26964 | RSC Adv, 2020, 10, 26952-26971

oxygen neighbors; thus Ce*" exhibits a mixed-valence state
during the exchange of electrons. For freshly prepared catalysts,
the XANES spectrum feature was similar to that of CeO,. Upon
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being pretreated by H, and after the reaction, the XANES spectra
were quite similar to Ce®" standard. Fig. SI 3(c)t shows that the
apparent oxidation state of freshly prepared 10 wt% Ni-
Ce.05Ti0.050, was lower than 4+ which indicated a mixing
between some Ce*"and Ce*" in the sample. While for pretreated
and used catalysts, the oxidation state of Ce was lower than that
of freshly prepared catalyst and quite close to Ce*" which was
due to the reduction of Ce** to Ce** under H, atmosphere.

3.3.2 In situ experiment for monitoring the changing of
catalyst states during CO, methanation. In previous ex situ
experiments, three different catalysts which were obtained after
preparation, after pretreatment by H, and after CO, methana-
tion reaction were studied. Therefore, the oxidation states of
catalysts for each step were determined. In this part, the
prepared catalysts were employed to study the oxidation state
changing of Ti, Ni and Ce during the reaction. As discussed in
previous part, added metal into TiO, would lead to some
structural changing and defect sites in TiO,. The structural
changing around Ti for 10 wt% Ni-TiO, and 10 wt% Ni-
Cey.05Ti0.050, can be observed by using pre-edge region during
pretreatment step as illustrated in Fig. 11(a) and (b). For both
samples, increasing the reduction temperature (under H,
atmosphere) led to an increase of pre-edge peak intensities
which indicated to higher disorder or more oxygen vacancies
around Ti absorbing atoms.

Fig. 11(c) and (d) illustrate the Ni K edge XANES spectra of
Ni-impregnated on TiO, and Ceq 5Tig 950, catalysts. These two
catalysts exhibit the same changing of XANES spectra during
two steps. For the pretreatment step, the oxidation state of Ni
was changed from Ni** (initial state for pretreated catalyst) to
Ni® with increased temperature from 50-450 °C. Note that, in
the in situ experiment, Ni>* was completely reduced to Ni° as
shown in Fig. SI 4,7 since the sample was performed under H,
atmosphere. However, the starting reduction temperature of
these two samples were different. Fig. 11(e) shows the different
starting reduction temperatures of both samples. The plot was
expressed as normalized peak intensity at 8350 eV (white line
position of Ni**) as a function of temperature. The normalized
peak intensity was calculated from the difference between peak
intensity at 8350 eV of the initial state and that of each
temperature divided by peak intensity at the initial state.
Therefore, an increase of this value indicated a lowering of the
white line intensity of Ni**, i.e., Ni*" was reduced to Ni’. From
Fig. 11(e), the starting reduction temperature of 10 wt% Ni-TiO,
was higher than that of 10 wt% Ni-Ceg ¢5Ti 050,. This result
can indicate an improvement of reducibility of Ce-doped cata-
lyst which could alter its catalytic activity. In addition, under
CO, methanation conditions, the oxidation states of Ni for both
catalysts remained unchanged from the initial state (Ni° after
pretreatment step). Fig. 11(f) shows Ce L; edge XANES spectra of
10 wt% Ni-Ceg 5Tig 950, during pretreatment and CO, metha-
nation reaction. It can be seen that the oxidation state changing
of Ce"" to Ce*" during the pretreatment process occurred. The
Ce"" was started to reduce at the reduction temperature around
220 °C and completely reduced to Ce®* at around 360 °C (as
shown in the inset). After that, the oxidation state of Ce was not
changed during the reaction. From the above results, it can be
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summarized that (1) the changing of environmental structure
around Ti during the pretreatment process was found which in
accordance with the changing of Ce oxidation state from Ce*" to
Ce*". Due to the incorporation of Ce into TiO, lattice, the oxygen
vacancies or defect sites existent upon Ce modification was
observed, (2) for Ni oxidation state change, the reduction of Ni**
to Ni® at lower temperature upon the addition of Ce into the
catalyst could be used to describe the enhancing of CO,
methanation activity for the Ce-doped sample.

3.3.3 In situ Ni K-edge EXAFS spectra under CO, metha-
nation conditions. The Ni K-edge EXAFS spectra were used to
monitor the structural changing of 10 wt% Ni-Ceg 03Tig.99702
catalyst under CO, methanation reaction. Fig. 12(a) reveals the
EXAFS spectra in R-space of Ni foil and 10 wt% Ni-
Ceop.003Ti0.9970, catalysts at the reaction temperature of 100, 350
and 550 °C. It can be seen that the feature of EXAFS spectra for
all reaction temperature was similar to Ni foil. However, the
amplitude of the spectra decreased with increased of reaction
temperature. Since the amplitude of EXAFS spectra corre-
sponded to the coordination number, therefore, the EXAFS
spectra fitting was done in order to obtain the information on
the coordination number around Ni absorbing atoms and
explain the reduction of EXAFS amplitude during the CO,
methanation reaction. The experimental and calculated i*
weighted Ni K-edge EXAFS spectra of the Ni foil standard and
10 wt% Ni-Ceq 03Tig.0970, catalysts at 100, 350 and 550 °C are
shown in Fig. 12(b). The k* weighted EXAFS data from Fig. 12(b)
was transformed to R-space without phase correction
(Fig. 12(c)). The calculated EXAFS of all samples was obtained by
fitting the cubic close-packed (ccp) Ni structure (space group
Fm3m) from the databases with experimental EXAFS data by
using the Artemis program. The structural parameters from
EXAFS fitting are summarized in Table 4 which presented the
coordination number (N), radial distance (R) between absorbing
Ni atoms with neighboring Ni atoms, Debye-Waller factor (¢)
and R-factor. The fitting results exhibited that a first strong peak
ataround 2.0 A (2.48 A from fitting) indicated a single scattering
path of absorbing Ni atom with the nearest neighboring Ni
atoms (Ni-Ni). For Ni foil standard, the calculated coordination
number was 12 which indicated that the absorbing Ni atom was
surrounded by 12 neighboring Ni atoms. However, the calcu-
lated coordination number of 10 wt% Ni-Ce ¢93Tig.9970, cata-
lyst at 100, 350 and 550 °C decreased to 9.3, 8.4 and 5.3,
respectively. The lowering of Ni-Ni coordination numbers at
higher temperatures, i.e., Ni-Ni coordination number at 100 °C
= 9.3 and at 550 °C = 5.3; indicated a higher unsaturated Ni-Ni
coordination number. High unsaturated numbers of Ni species
can lead to existing more active site/defect and can accelerate
the dissociative adsorption for H, to involve in the reaction.'**
Moreover, the Debye-Waller factor of Ni-Ni pairs increased
when the reaction temperature increased. This indicated the
deviation of the Ni atom position from the cubic close-packed
(cep) Ni structure due to the more vibration of atoms at high
temperature. This result is in agreement with Liu et al.**

However, the H, adsorption ability on an active site was one
of the main factor to describe the catalytic performance.
Therefore, to explain the catalytic activities enhancement,
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understanding on the adsorption behavior of two reactants
should be investigated.

3.4 The role of Ce addition on TiO,-supported Ni catalyst on
enhancing CO, methanation

It is known that many properties such as surface properties
(surface area, pore size and volume), electrical, structural and
redox properties can dominate the catalytic activities of the
catalysts. In this work, Ce was added into TiO,-supported Ni to
improve the catalytic activity for CO, methanation reaction. The
results showed that the catalytic activity of TiO,-supported Ni
was significantly increased upon addition of small amount of
Ce (0.003 mol%). It is noted that Ni species can facilitate the
dissociative-adsorption of H, molecules and, in this work, the
amounts of impregnated Ni were similar for all doped catalysts
(10 wt% Ni); thus, the difference of catalytic activities of
samples with different amounts of Ce should be resulted from
the effects of Ce addition. Therefore, it is implied that the
addition of Ce would lead to improvement of some catalyst
properties which were already characterized and investigated by
several techniques.

In this part, the effects of Ce addition on TiO,-supported Ni
catalytic activity for CO, methanation are summarized.

(1) Addition of Ce improved the dispersion of Ni on catalyst
surface. The results from SEM and mapping images in charac-
terization section indicated that the dispersion of Ni on cata-
lysts surface was improved upon addition of Ce when compared
with that of Ni on bare TiO, without Ce addition. Moreover, the
highest Ni dispersion was obtained by addition of small amount
of Ce (0.003 mol%). It is known that H, molecules favor to
adsorb on metallic surface (Ni°) in dissociative paths, i.e., H,
dissociative adsorption occurs in H atoms formed on metallic
surface. Then the dissociated H atoms were further involved in
the reaction of CO, methanation. Therefore, larger area of Ni
active metal would lead to larger amount of dissociated H atoms
to be involved in the reaction pathways. In order to evidence the
role of Ni active metal area on enhancing the catalytic activity,
the H, adsorption experiment on all synthesized catalysts was
conducted. Fig. 13 illustrates the H, adsorption capacity at
room temperature for 4 h of all prepared catalysts. From Fig. 13,
it can be seen that the lowest H, adsorption capacity can be
observed on the TiO, surface while the H, adsorption capacity
increased when Ni was added. The role of Ni sites on H,
adsorption has been reported by many research groups.”*>% It
is due to Ni on the catalyst surface acting as the active species
for H, adsorption by dissociation of H, to form atomic H, in
which atomic H facilitates the methane formation. From this
results, the highest H, adsorption capacity was observed for
10 wt% Ni-Ceg 993Tig.00,0, which exhibited the highest Ni
dispersion among all Ce doped catalysts. Therefore, the catalyst
with the lowest Ce amount trended to exhibit the highest CO,
methanation activity. Moreover, Ce addition can also promote
the stability of catalyst by prevent the sintering of catalyst and
also exhibited coking deposition inhibition.

(2) Ce addition can produce the oxygen vacancies within TiO,
lattice. The results from XRD analysis, addition of Ni led to an

This journal is © The Royal Society of Chemistry 2020
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Table 4 The structural parameters obtained from the fitting of the EXAFS data for 10 wt% Ni—Ceg 003Ti0.99702 during CO, methanation

Catalyst Path

EXAFS best fit parameters

N 7 R (A) R-Factor

Ni-Ni
Ni-Ni
Ni-Ni
Ni-Ni

Ni foil

10 wt% Ni-Ceg 003 Tio.99,0, at 100 °C
10 wt% Ni-Ceo,.003Tio.00705 at 350 °C
10 wWt% Ni-Ce 003 Ti0.99,0, at 550 °C

Adsorbed H, (mmol/g_ )
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Fig. 13 Hj adsorption result of TiO, and 10 wt% Ni—Ce,Ti;_,O, (x =0,
0.003, 0.05, 0.10 and 0.15) catalysts.

enlargement of TiO, unit cell and further increased of unit cell
of TiO, was observed upon increased of Ce loading. Therefore,
addition of these two metals led to producing defects or oxygen
vacancies within TiO, lattice. These structural changes were due
to the incorporation of larger added metal ions into TiO, lattice
(perhaps interstitial site or by replacing Ti*" site). Moreover,
another result that confirmed this structural modification was
an XANES and EXAFS of Ti K edge which indicated the distor-
tion of environmental neighboring atoms around the Ti probe
atom upon the addition of Ni and Ce. However, the structural
change of Ti obtained from XAS was too small to observe, which
could be due to the lower amount of added metals when
compared with the amount of bulk Ti in the catalyst, where the
XAS technique was a bulk technique. Therefore, in order to
evidence the incorporation of added metals into TiO, lattice
which can produce the Ti*" (oxygen vacancies) on a catalyst, X-
ray photoelectron spectroscopy (XPS), which was a surface
sensitive technique was used. Fig. 14(a)-(c) reveal Ti 2p XPS
spectra of TiO,, 10 wt% Ni-TiO,, and 10 wt% Ni-
Ce.003Ti0.0970,, respectively. The obtained XPS peak of the
catalyst was analyzed by the fitting of XPS peaks with Gaussian-
Lorentzian peaks after the subtraction of a Shirley background

This journal is © The Royal Society of Chemistry 2020

12.0 0.0071
9.3 0.0073
8.4 0.0105
5.3 0.0106

2.48
2.48
2.48
2.48

0.0055
0.0080
0.0074
0.0028

using the XPSPEAK41 program. The information from fitting
include the peak position and peak area. The oxidation state of
Ti in the catalysts can be obtained by comparing the peak
position from fitting with the peak position of references. It can
be seen that Ti 2p XPS spectra of TiO, in Fig. 14(a) exhibits two
peaks at around 458 and 464 eV corresponding to the electron
transition of Ti** from 2p;, and 2p;, to form a photoelectron.
For XPS spectra of 10 wt% Ni-TiO, (Fig. 14(b)) and 10 wt% Ni-
Ce.003Tip.0970, (Fig. 14(c)) catalysts, four XPS peaks can be
observed. The two XPS peaks at around 458 and 464 eV were the
characteristic of Ti** species while another two peaks at around
456 and 462 eV were the electron transition from 2p;,, and 2p;,
for Ti*" species. Therefore, Ti composition of Ni and Ce co-
added catalysts contained the mixing of Ti*‘and Ti** species
on the surface. The presence of Ti’" in the catalyst structure
indicated the formation of oxygen vacancies on the catalyst
surface.”” However, the Ti**/Ti** XPS peak area ratio of 10 wt%
Ni-Ceg 003Tip.0970, was higher than that of 10 wt% Ni-TiO,
which indicated that higher oxygen vacancies sites than that of
10 wt% Ni-TiO,. The oxygen vacancies are the active species for
CO, adsorption which interacts with the oxygen of CO, mole-
cules by strong interaction and weakened the C=0 bond.>**>%*
The oxygen vacancies for CO, adsorption can be generated by
some Ti'" being substituted by metal with a lower oxidation
state (Ce®" and Ni**) and some Ti*" being transformed to Ti**
and then oxygen atoms were lost from the catalyst structure.
Beside the existence of oxygen vacancies that can affect CO,
adsorption, the addition of Ce into TiO, also increased CO,
uptake by creating a basicity site. Due to weak acidic properties
of CO,, increasing the basicity of the catalyst can also improve
the adsorption of CO,. Many works have reported on increasing
catalyst basicity by adding some metal oxide, such as La,03 and
MgO.%*7® Therefore, in order to evidence the improvement of
basicity of catalysts, a CO, adsorption experiment under
ambient pressure and temperature was carried out. To investi-
gate the CO, adsorption efficiency of the prepared catalysts,
diluted CO, was injected to the catalysts and kept at room
temperature (298 K) for 4 h. After that, the amount of unad-
sorbed CO, was detected by Micro GC every 30 min. Fig. 15
reveals time-dependent CO, adsorption of all the prepared
catalysts. It can be seen that CO, adsorption of all prepared
catalysts reached the equilibrium point within 1 h. The CO,
adsorption capacity (mmol of CO, per g of catalyst) of TiO,
showed the lowest capacity, while the CO, adsorption capacity
increased upon adding Ni metal in TiO, and further increased
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Fig.14 Experimental (open circle) and calculated (black line) Ti 2p XPS spectra of TiO; (a), 10 wt% Ni-TiO, (b) and 10 wt% Ni—Ceg 003 Tig 99702 (C).

with an increase of Ce content. The catalysts with the highest Ce
amount exhibited the maximum CO, adsorption capacity,
which is probably due to the highest basicity. However, the
trend of increasing CO, uptake with increased Ce content was
not related to the catalytic activities results. Therefore, it indi-
cated that CO, adsorption ability was not the main factor to
enhance the reaction rate.

(3) Ce addition can alter the reducibility of catalysts. Higher
reducibility of Ce-doped catalysts can be evidenced by in situ
XANES results for Ni K edge, which revealed that the starting
reduction temperature of 10 wt% Ni-Ceq ¢5Tip.950, exhibited
a lower reduction temperature of Ni** — Ni°. This lowering of

—0—TiO, —o— 10wt% Ni-TiO, —— 10wt% Ni-Ce, . Ti .0,

0,003 70,997 2
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Fig. 15 CO, adsorption result of TiO, and 10 wt% Ni—Ce,Ti; 4O, (x =
0, 0.003, 0.05, 0.10 and 0.15) catalysts.
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reduction temperature can indicate that the reduction of Ni**
was facilitated by the addition of Ce to improve the reducibility
of the catalyst which can lead to more effectively catalyzation of
the reaction, as mentioned by other works.>®7*”>

The CO, methanation reaction involved the interaction
between CO, and H, molecule on the catalyst surface. Several
pathways of the CO, methanation mechanism on the catalyst
surface have been proposed by many research groups. Ren
et al.”? proposed one of the mechanisms for CO, methanation as
follows:

H, + 2* — 2H* )

CO, + *—CO, (8)

CO; + H*—HCOO* (9)
HCOO* — CO* + OH* (10)
CO* + 2H* — CH* +OH* (11)
cH* 5 cH, 28 el 5 cH; (12)
OH* + H* —» H,0* — H,0 + * (13)

where * represents active sites that interact with the species.
From the above equation, it can be seen that the first step that
improves the catalytic activity of the catalyst for CO, methana-
tion is to facilitate the H, and CO, adsorption at the active sites
on the catalyst. It means that if H, and CO, molecules are

This journal is © The Royal Society of Chemistry 2020
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adsorbed on the surface of the catalyst with high efficiency, the
catalyst also exhibits high catalytic activity for CO, methana-
tion. In this work, we investigated the ability of prepared cata-
lyst for CO, and H, adsorption. The results exhibited that
10 wt% Ni-Cey. 15Tio.850, displayed the highest CO, adsorption
capacity because of the highest oxygen vacancies and basicity
while 10 wt% Ni-Ceg 03Tig 0070, catalyst had the highest H,
adsorption capacity on the surface. However, the highest CO,
methanation catalytic activity was found when 10 wt% Ni-
Ceg.003Ti0.9970, Was used as a catalyst. It can be explained that
the CO, methanation reaction on the prepared -catalysts
depended on the amount of H, that was adsorbed and disso-
ciated to form H atoms on the catalyst surface. Moreover, an
excess of adsorbed amounts of CO, on the surface can suppress
and inhibit the adsorption of H, on the catalyst surface.
Therefore, it can be said that adsorbed H atoms on the catalyst
surface was the limiting reagent and the main factor that
improved the CO, methanation catalytic activity of the prepared
catalyst in this work.

4. Conclusion

10 wt% Ni-Ce,Ti;_,O, (x = 0, 0.003, 0.05, 0.10 and 0.15) cata-
lysts were prepared and characterized by several techniques.
The catalytic activity of the prepared catalysts was studied for
the CO, methanation reaction. The 10 wt% Ni-Ceg ¢03Tig.99702
catalyst displayed the best CO, methanation catalytic activity
which showed the highest CO, conversion and CH, yield with
low CO yield entire the reaction temperature range. The role of
Ce addition on TiO,-supported Ni in enhancing CO, methana-
tion catalytic activities were discussed in term of surface,
structural, electrical and redox properties changes. The elec-
tronic state of Ni species during pretreatment and CO, metha-
nation showed that the active state of Ni species was Ni® which
can be activated by being pretreated under H, flowing at 450 °C
and this active state remained unchanged during the reaction.
The role of Ce in enhancing the CO, methanation catalytic
activity of TiO,-supported Ni was to modify the catalyst prop-
erties as follows;

(i) Ce can promote the dispersion of Ni on catalysts surface
and also prevent the sintering of Ni species during the reaction
which can lead to high catalytic activity and high stability.

(ii) Upon the incorporation of Ni into TiO, lattice, the
expansion of unit cell and oxygen vacancies were observed and
further increased of Ce loading led to higher degree of unit cell
enlargement and larger amount of oxygen vacancies formation.
Moreover, Ce can increase the basicity of catalysts, which can be
evidenced by CO, adsorption results. It can be seen that higher
amounts of Ce led to high CO, adsorption. However, excess
amounts of CO, adsorption can also inhibit the H, adsorption
on the catalyst surface leading to lowering of catalytic activities.

(iii) Ce can increase the reducibility of the catalyst by facili-
tating reduction of Ni** to Ni° at lower temperature.

Therefore, it can be explained that the CO, methanation
reaction on the prepared catalysts depends on the adsorbed H,
amount on the catalyst surface, or that the adsorbed H, on the
catalyst surface was the limiting reagent and the main factor
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that improved the CO, methanation catalytic activity of the
prepared catalyst. Furthermore, the catalytic stability of the
10 wt% Ni-Cey 003Ti0.0970, catalyst was investigated at 350 °C
for 50 h. The result exhibited that the 10 wt% Ni-Ceg ¢3Tig.99705
catalyst was greatly stable CO, conversion, CH, yield and CH,
selectivity entire 50 h of stability test.
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