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Enhanced low-temperature activity of CO2

methanation over highly-dispersed Ni/TiO2 catalyst†

Jie Liu, Changming Li, Fei Wang, Shan He, Hao Chen, Yufei Zhao, Min Wei,*
David G. Evans and Xue Duan

The sustainable development of carbon recycling has attracted considerable attention from the viewpoint

of the environment and resources. Herein, Ni nanoparticles (NPs) immobilized on a TiO2 support were

synthesized via a deposition–precipitation method followed by a calcination–reduction process (denoted

as Ni/TiO2-DP), which can be used as a promising heterogeneous catalyst towards CO2 methanation.

Transmission electron microscope (TEM) images show that Ni NPs are highly dispersed on the TiO2 surface

(particle size: 2.2 nm), with a low Ni–Ni coordination number revealed by the hydrogen temperature

programmed desorption (H2-TPD) and extended X-ray absorption fine structure (EXAFS) techniques. More-

over, the catalyst with a Ni loading of 15 wt% exhibits excellent catalytic behavior towards CO2 methana-

tion (conversion: 96%; selectivity: 99%) at a reaction temperature as low as 260 1C. The good dispersion

of Ni NPs with large unsaturation facilitates a high exposure of active sites, which accelerates the for-

mation of surface-dissociated hydrogen and the subsequent hydrogenation removal of surface nickel car-

bonyl species, accounting for the resulting enhanced low-temperature catalytic performance.

1. Introduction

The ever-increasing emissions of carbon dioxide into the atmo-
sphere, considered as the major cause of global warming, have
increasingly aroused worldwide concern.1–3 The catalytic hydro-
genation of carbon dioxide to give methane, known as CO2

methanation, is one of the efficient approaches to recycle CO2

emissions to give a useful fuel, with potential commercial
applications and environmental benefits.4–8 Noble metals
(e.g., Ru, Rh, Pd) supported on various oxide supports (e.g.,
SiO2, Al2O3, ZrO2, CeO2) have been found to be the most
effective catalysts for CO2 methanation at relatively mild oper-
ating conditions,9–15 but the high cost as well as their limited
availability restrict their practical applications.16–19 Therefore,
increasing attention has recently been focused on non-noble
metal catalysts (e.g., Ni, Co, Cu) for the purpose of obtaining a
feasible and cost-effective catalytic process.4,20–23

Nickel-based heterogeneous catalysts are the most widely
studied system towards CO2 hydrogenation, but a high activa-
tion temperature (above 350 1C) is generally needed to achieve

the maximum CO2 conversion, which results in undesirable
influences on the stability/lifetime of the catalysts as well as
increased energy consumption.9,24,25 Therefore, extensive
investigations have been conducted to improve the low-
temperature catalytic activity for Ni-based catalysts (e.g., Ni–Zr
alloys,17,26,27 Ni–Al alloys28,29 and RANEY

s

Ni catalysts30), but
their low-temperature activity is still to be enhanced further.
One major problem that restrains their low-temperature
behavior is the deactivation of Ni-based catalysts at low
temperature, as a result of the interaction of the metal particles
with CO and the formation of mobile nickel subcarbonyls.31

A key step for the promotion of catalytic activity is the fast
removal of this surface nickel carbonyls by surface-dissociated
hydrogen.32,33 It has been reported that the surface defects
of metallic Ni serve as capture traps for surface hydrogen
diffusion which reduces the activation energy of hydrogen
dissociation.34–37 Moreover, largely enhanced surface defects
can be achieved by decreasing the supported particles into the
nano-scale with a simultaneous high dispersion.38,39 Therefore,
it is proposed that a Ni-based catalyst would show significantly
improved activity by introducing abundant surface defects, so
as to generate surface-dissociated hydrogen for the removal
of surface nickel carbonyls and consequently promote the low-
temperature performance towards CO2 methanation.

In this work, Ni nanoparticles immobilized on a TiO2

support were synthesized via a deposition–precipitation
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method (denoted as Ni/TiO2-DP) followed by a calcination–
reduction process, and these were then used for the hydro-
genation of carbon dioxide to methane. The TEM image shows
that the Ni NPs are highly dispersed on the TiO2 surface with
a uniform size of 2.2 nm for the Ni(15%)/TiO2-DP sample,
much smaller than the sample prepared by the conventional
impregnation method (5.8 nm). Hydrogenation temperature
programmed reduction (H2-TPR) and XPS reveal that a
highly-dispersed Ni species comes into formation with a strong
metal–support interaction. Extended X-ray absorption fine
structure (EXAFS) and hydrogenation temperature programmed
desorption (H2-TPD) demonstrate that the supported Ni NPs on
TiO2 possess a high level of unsaturation, and provide more
catalytic active sites that contribute to generating surface-
dissociated hydrogen. The Ni(15%)/TiO2-DP catalyst exhibits
the significantly enhanced low-temperature activity (conversion:
96%; selectivity: 99%) and satisfactory stability. Therefore, this
work provides a facile approach for the preparation of highly-
dispersed Ni NPs catalyst, which can be potentially used as a
promising candidate in CO2 methanation.

2. Experimental section
2.1 Materials

The TiO2 (P25) and Ni(NO3)2�6H2O were purchased from Sigma-
Aldrich. Deionized water was used in all the experimental
processes.

2.2 Catalyst preparation

The Ni(5%)/TiO2 catalyst with a Ni loading of 5 wt% was
prepared by the precipitation–deposition method. Firstly,
titanium dioxide (P25) 3.0 g was dried overnight in an oven at
180 1C and added into 60 mL deionized water under stirring.
Then the pH of the resulting suspension was adjusted to 8.0
with NH3�H2O aqueous solution (0.1 M). Subsequently,
Ni(NO3)2�6H2O aqueous solution (20 mL, 0.128 M) was added
dropwise into the above suspension and the resulting green
suspension was aged at room temperature for 3 h with stirring.
The precipitation obtained was separated by centrifugation,
washed with water three times and dried at 110 1C for 4 h,
followed by calcination in air at 400 1C for 3 h with a heating
rate of 5 1C min�1 and the obtained sample was denoted as
NiO(5%)/TiO2-DP. Samples with different Ni loadings (10 wt%,
15 wt% and 20 wt%) were also prepared by a similar process
and were denoted as NiO(10%)/TiO2-DP, NiO(15%)/TiO2-DP
and NiO(20%)/TiO2-DP, respectively. Finally, all of the as-calcined
NiO/TiO2-DP samples were reduced in a gasous mixture of H2

and N2 (2 : 3, v/v) for 4 h at 450 1C with a heating rate of
5 1C min�1, and the obtained catalysts were denoted as Ni(5%)/
TiO2-DP, Ni(10%)/TiO2-DP, Ni(15%)/TiO2-DP and Ni(20%)/TiO2-
DP, respectively.

To investigate the effect of the preparation method on the
catalytic performance, the Ni/TiO2 catalyst with a Ni loading of
15 wt% was also prepared by the conventional impregnation
method. Typically, TiO2 (3.0 g) was added to a Ni(NO3)2�6H2O
solution (2.2230 g, 5 mL). After agitation for 3 h, the resultant

slurry was dried at 110 1C for 4 h, followed by calcination in air
at 400 1C for 3 h. The obtained sample was denoted as
NiO(15%)/TiO2-IMP. Finally, the sample was reduced in a
gaseous mixture of H2 and N2 (2 : 3, v/v) at 450 1C for 4 h with
a heating rate of 5 1C min�1, which was denoted as Ni(15%)/
TiO2-IMP.

2.3 Characterization of catalysts

XRD measurements were performed on a Rigaku XRD-6000
diffractometer, using Cu Ka radiation (l = 0.154 nm) at 40 kV,
30 mA, a 2y angle ranging from 151 to 801, and a scanning rate
of 101, a step size of 0.021 s�1. Nickel elemental analysis was
performed by atomic emission spectroscopy with a Shimadzu
ICPS-7500 instrument. The Ni NPs dispersion was observed
using a JEM-2100 high-resolution transmission electron micro-
scope (HRTEM) and the accelerating voltage was 200 kV. EXAFS
spectroscopy of the Ni K-edge of the samples was performed at
the beam line 1W1B of the Beijing Synchrotron Radiation
Facility (BSRF), Institute of High Energy Physics (IHEP),
Chinese Academy of Sciences (CAS). The typical energy of the
storage ring was 0.8 GeV with a maximum current of 250 mA.
The Si (111) double crystal monochromator was used. The data
analysis of all the EXAFS spectra was carried out using
UWXAFS. Low-temperature N2 adsorption–desorption experi-
ments were carried out using the Quantachrome Autosorb-1C-
VP instrument. Prior to N2 adsorption, the sample was
outgassed at 200 1C overnight to desorb moisture adsorbed
on the surface of the sample. H2-TPR and H2-TPD were con-
ducted in a quartz tube reactor on a Micromeritics ChemiSorb
2720 with a thermal conductivity detector (TCD). In a typical
H2-TPR process, 100 mg of sample placed in a quartz tube
reactor was first degassed under flowing argon at 200 1C for 2 h
and cooled down to room temperature. Then a gaseous mixture
of H2 and Ar (1 : 9, v/v) was fed into the reactor at 40 mL min�1.
The temperature was raised to 700 1C at a heating rate of
10 1C min�1. For the H2-TPD process, 100 mg of sample was
first sealed and reduced in the reactor in the gaseous mixture of
H2 and Ar (1 : 9, v/v) at 450 1C for 3 h. Subsequently, the reduced
sample was purged in Ar at 500 1C for 30 min to remove excess
hydrogen, then cooled down to 25 1C for readsorption of H2;
finally, the sample was contained in a stream of argon at a rate
of 40 mL min�1 and a temperature ramp of 10 1C min�1 to
perform the TPD. The dispersion of Ni was calculated based on
the volume of chemisorbed H2 using the following simplified
equation:40

D %ð Þ ¼ 2� Vad �M � SF

m� P� Vm � dr
� 100 (1)

where Vad (mL) denotes the volume of chemisorbed H2 at
standard temperature and pressure (STP) conditions measured
in the TPD procedure; m is the weight of sample (g); M is
the molecular weight of Ni (58.69 g mol�1); P is the weight
fraction of Ni in the sample as determined by ICP; SF is the
stoichiometric factor (the Ni : H molar ratio in the chemi-
sorption) which is taken as 1 and Vm is the molar volume of
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H2 (22 414 mL mol�1) at STP; and dr is the reduction degree of
nickel calculated based on H2-TPR.

2.4 Catalytic evaluation

The catalytic performances of the nickel-based catalysts were
evaluated at atmospheric pressure in a fixed-bed quartz reactor
with an interior diameter of 8 mm. The reactor was heated in a
tube furnace equipped with a temperature controller. All gases
were monitored by calibrated mass flow controllers. Prior to the
catalytic performance test, 1.0 g of catalyst was first pretreated
in situ in a gaseous mixture of H2 and N2 (2 : 3, v/v) for 4 h with a
total gas flow of 100 mL min�1 at 450 1C with a heating rate of
5 1C min�1, and then cooled to 150 1C in nitrogen. Sub-
sequently, a mixture of H2, CO2 and Ar (an internal standard)
with a molar ratio of H2 : CO2 : Ar = 12 : 3 : 5 was introduced into
the reactor and the total flow rate was set to be 40 mL min�1.
The gas hourly space velocity (GHSV) was varied between
1800 h�1 and 9000 h�1 by changing the total flow rate while
keeping the catalyst mass constant. The composition of the
outlet gases was analyzed online using a GC-2014C gas chro-
matograph with a TDX-01 column and TCD detector. The CO2

conversion and CH4 selectivity are defined as follows:

ConversionCO2
%ð Þ ¼

Cin CO2ð Þ � Cout CO2ð Þ
Cin CO2ð Þ

� 100 (2)

SelectivityCH4
%ð Þ ¼

C CH4ð Þ
Cin CO2ð Þ � Cout CO2ð Þ

� 100 (3)

where Cin(CO2) and Cout(CO2) are the inlet and outlet concentrations,
respectively; C(CH4) is the methane concentration in the product.
Furthermore, the turnover frequency (TOF) values corresponding
to the reaction temperature of 200 1C were studied in the com-
parison of CH4 yield for these Ni/TiO2 catalysts. With the defini-
tion of the number of CH4 molecules produced per Ni atom
per second, the TOF of CH4 yield was calculated as follows:

TOF ¼ the number of moles of CH4 produced per second

the number of moles of surface Ni sites

(4)

where the number of moles of surface Ni sites was calculated
based on the TPD results.

3. Result and discussion
3.1 Structural and morphological study of the catalysts

The XRD patterns of the as-calcined NiO/TiO2 samples and P25
support are shown in Fig. 1A. For the pristine P25, charac-
teristic reflections of titanium oxide (anatase: 25.31, 37.81 and
53.91; rutile: 27.91, 36.41 and 55.11) were observed (Fig. 1A,
curve a), in agreement with the standard JCPDS diffraction
pattern (see the bottom of Fig. 1A). After immobilization of Ni
the species on P25 by the DP method, no obvious diffraction
peaks assigned to NiO can be detected in all the as-calcined
NiO/TiO2-DP samples within the Ni loading range of 5–20 wt%
(Fig. 1A, curve b–e). This can be explained by the small size
of NiO particles in these DP samples. For the as-calcined

NiO(15%)/TiO2-IMP sample (Fig. 1A, curve f), however, three
reflections at 37.21, 43.31 and 62.91 corresponding to (222),
(400) and (440) of the face-centered cubic (fcc) NiO phase
(JCPDS No. 89-5881) were observed, implying relatively larger
NiO particles supported on TiO2 by the IMP method. In addi-
tion, the XRD patterns of the as-reduced Ni/TiO2 catalysts are
shown in Fig. 1B. For the as-reduced Ni/TiO2-DP catalysts, no
diffraction peaks of metallic Ni can be observed in their XRD
patterns (Fig. 1B, curve a–d), implying the metallic Ni NPs with
a small size being immobilized on TiO2. However, in the case of
the as-reduced Ni(15%)/TiO2-IMP catalyst, three reflections at
44.51, 51.91 and 76.41 corresponding to (111), (200) and (220) of
the fcc Ni phase (JCPDS No. 87-0712) can be identified, which
suggests that the supported Ni NPs by the IMP method possess
a larger particle size than deposited by DP method.

Fig. 2 shows the H2-TPR profiles of the as-calcined Ni/TiO2

samples. For the Ni(5%)/TiO2-DP sample, only one distinct
peak at 453 1C was observed. As the Ni loading was increased
from 10 to 20 wt%, another peak appears at a lower tempera-
ture of 300 1C. Based on previously reported work,41–44 the peak

Fig. 1 (A) XRD patterns of the as-calcined samples: (a) P25, (b) NiO(5%)/TiO2-DP,
(c) NiO(10%)/TiO2-DP, (d) NiO(15%)/TiO2-DP, (e) NiO(20%)/TiO2-DP, (f)
NiO(15%)/TiO2-IMP. The standard diffraction patterns of TiO2 from JCPDS are
shown at the bottom. (B) XRD patterns of the as-reduced catalysts: (a) Ni(5%)/
TiO2-DP, (b) Ni(10%)/TiO2-DP, (c) Ni(15%)/TiO2-DP, (d) Ni(20%)/TiO2-DP,
(e) Ni(15%)/TiO2-IMP.

Fig. 2 H2-TPR profiles of (a) NiO(5%)/TiO2-DP, (b) NiO(10%)/TiO2-DP, (c)
NiO(15%)/TiO2-DP, (d) NiO(20%)/TiO2-DP and (e) NiO(15%)/TiO2-IMP.
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at the lower temperature is assigned to the reduction of bulk
NiO which interacts weakly with TiO2; while the higher tem-
perature peak is attributed to the reduction of highly-dispersed
NiO species with strong bonding to the TiO2 support. Moreover,
it should be noted that the intensity ratio between the low-
temperature peak and the high-temperature peak (IL/IH)
increases gradually with the increase of Ni loading, indicating
the enhancement of the bulk NiO phase in the samples.
However, for the Ni(15%)/TiO2-IMP sample, two distinct peaks
appear at 253 1C and 426 1C, respectively, much lower than
those of the Ni(15%)/TiO2-DP sample, implying a relatively
weaker interaction between NiO and TiO2. In addition, the
significantly higher IL/IH ratio of the Ni(15%)/TiO2-IMP sample
suggests a lower dispersion of NiO species on the surface of
the TiO2.

The TEM images of all the as-reduced Ni/TiO2 samples
clearly reveal the change in particle size of the supported Ni
with various Ni loadings. With the increase of Ni loading, the Ni
particle size increases from B1.5 nm (Ni(5%)/TiO2-DP) to
B2.6 nm (Ni(20%)/TiO2-DP) (Fig. 3a–d). The sample of
Ni(15%)/TiO2-DP displays a particle size of B2.2 nm, much
smaller than that of the Ni(15%)/TiO2-IMP sample (5.8 nm,
Fig. 3e). A high-resolution TEM image for Ni(15%)/TiO2-IMP
(Fig. 3f) reveals the single crystalline metallic Ni. The fringes
with a lattice spacing of 0.204 nm can be indexed to the (111)
plane of face-centered Ni. Therefore, the comparison between

the TEM image of Ni(15%)/TiO2-DP (Fig. 3c) and Ni(15%)/TiO2-
IMP (Fig. 3e) demonstrates the highly-dispersed Ni NPs with
smaller particle size in the former catalyst.

3.2 Evaluation of the catalytic behavior

The catalytic activities of the obtained Ni/TiO2-DP catalysts
towards the reaction of CO2 methanation were studied.
Fig. 4A shows the CO2 conversion as a function of temperature
at a reaction GHSV of 2400 h�1. The value of T50, corresponding
to the temperature at which a conversion of 50% is obtained,
was 218 1C (Ni(15%)/TiO2-DP and Ni(20%)/TiO2-DP), 234 1C
(Ni(10%)/TiO2-DP) and 246 1C (Ni(5%)/TiO2-DP), respectively,
much lower than that of Ni(15%)/TiO2-IMP (276 1C). It was
found that the catalytic activity of the Ni/TiO2-DP samples
increases with the enhancement of Ni loading from 5 to
15 wt%, and almost remains the same with further increase
of the Ni loading from 15 to 20 wt%. The sample of Ni(15%)/
TiO2-DP exhibits a significantly improved low-temperature
activity towards CO2 methanation. The CO2 conversion reaches
up to 96.0% at the temperature of 260 1C, which is close to the
thermodynamic maximum value at this temperature (the
dotted line in Fig. 4A)20 and far superior to the catalytic activity
of supported Ni catalysts reported previously.9,26,27 Moreover, it
should be noted that the Ni(15%)/TiO2-DP catalyst also shows a
very satisfactory selectivity towards CH4 (99%) over the whole
temperature range (Fig. 4B). In the presence of the Ni(15%)/
TiO2-IMP sample, however, the maximum CO2 conversion of

Fig. 3 (A) TEM images of Ni/TiO2 after reduction at 450 1C for 4 h: (a) Ni(5%)/
TiO2-DP, (b) Ni(10%)/TiO2-DP, (c) Ni(15%)/TiO2-DP, (d) Ni(20%)/TiO2-DP, (e)
Ni(15%)/TiO2-IMP, (f) HRTEM for Ni(15%)/TiO2-IMP. Corresponding Ni particle
size distribution is shown in the inset.

Fig. 4 (A) CO2 conversion vs. temperature for Ni(5%)/TiO2-DP, Ni(10%)/TiO2-DP,
Ni(15%)/TiO2-DP, Ni(20%)/TiO2-DP, and Ni(15%)/TiO2-IMP. (B) CH4 selectivity vs.
temperature for Ni(15%)/TiO2-DP and Ni(15%)/TiO2-IMP.
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80.1% was obtained at a high temperature of 340 1C, with a
selectivity of 95%. The results demonstrate that the Ni(15%)/
TiO2 catalyst prepared by the DP method displays significantly
enhanced low-temperature activity and selectivity in compar-
ison with the conventional IMP method, which will be further
discussed in the next section.

The conversion of CO2 as a function of GHSV (1800–9000 h�1)
at the corresponding maximum conversion temperature for
Ni(15%)/TiO2-DP and Ni(15%)/TiO2-IMP, respectively, is shown
in Fig. 5. The results show that the CO2 conversion (96%)
over the Ni(15%)/TiO2-DP catalyst at 260 1C almost remains
unchanged upon increasing the GHSV, while the conversion
over Ni(15%)/TiO2-IMP at 340 1C decreases gradually from
81.5% to 65.0%. Moreover, catalytic stability tests of Ni(15%)/
TiO2-DP and Ni(15%)/TiO2-IMP were carried out on stream for
81 h at their maximum conversion temperature (260 1C and
340 1C, respectively), with a GHSV of 2400 h�1 (Fig. S1, ESI†).
The results show that the Ni(15%)/TiO2-IMP catalyst suffers
from a large activity loss, from 80.1% to 69.2%. In contrast, the
Ni(15%)/TiO2-DP sample exhibits good catalytic stability, with
CO2 conversion decreasing only slightly, from 96% to 93.2%. In
addition, the turnover frequency (TOF) towards methane at
200 1C was calculated and is shown in Table 1. For the Ni/TiO2-DP
catalysts, the increase of Ni loading leads to the enhancement
of the total active sites and the resulting CO2 conversion
(catalytic activity); however, the enlarged Ni particles cause a
decrease in the activity of the surface Ni atoms. As a result, the
TOF value in Table 1 decreases along with the increase of Ni
loading under the same condition of GHSV. It is worth noting
that with the same Ni loading, the Ni(15%)/TiO2-DP catalyst
displays a larger TOF value (1.22 � 10�3 s�1) than that of the
Ni(15%)/TiO2-IMP catalyst (7.26 � 10�4 s�1), indicating a
higher activity of Ni(15%)/TiO2-DP towards CO2 methanation
at low temperature.

3.3 Discussion

To clarify the driving force for the formation of highly-dispersed
Ni NPs on the surface of TiO2 prepared by the DP method,
XPS was used to characterize the chemical environment of

Ni species from the Ni(15%)/TiO2 samples before calcination.
Fig. 6 shows the binding energy of Ni 2p3/2 for the Ni(15%)/
TiO2-DP precursor is 855.4 eV (curve b), which is lower than
that of nickel hydroxide (855.8 eV, curve a). This indicates that
an interaction may occur between the Ni2+ species precursor
and the TiO2 substrate in the DP process. Since the solution pH is
above the point of zero charge of amphoteric TiO2 (PZCTiO2

: B6)45

during the DP synthesis process, Ni2+ species can interact with
the deprotonated surface of TiO2 via an analogous Ni–O–Ti
bond, accounting for the decrease in the Ni 2p3/2 binding
energy compared with that of nickel hydroxide. A similar
phenomenon in the Au–TiO2 system has also been reported in
that one Au(en)2

3+ cation interacts with 3O� of the deprotonated
surface of TiO2.46 In the case of the Ni(15%)/TiO2-IMP precursor
sample, a binding energy of Ni 2p3/2 at 854.9 eV was observed
(curve d), which is in accordance with that of nickel nitrate
(curve c). The above results indicate that different Ni precursors
were formed by using the different preparation methods. Both
the results of TEM and H2-TPR show that a high dispersion of
supported Ni NPs can be obtained by employing the DP method,
owing to the interaction between Ni2+ species and the deproto-
nated surface of TiO2 in the DP process.

H2-TPD was performed to give further insight into the effect
of dissociative hydrogenation on the reaction activity of the

Fig. 5 CO2 conversion vs. GHSV for the Ni(15%)/TiO2-DP and Ni(15%)/TiO2-IMP
catalyst, respectively.

Table 1 Structural parameters of Ni/TiO2 catalysts and their methanation
activity

Samples
SBET/
m2 g�1

Nia

(wt%)

Ni dis-
persionb

(%)

Mean Ni
particle size
by TEM/nm

TOFc of CH4

at 200 1C/s�1

TiO2 56.7 — — — —
Ni(5%)/TiO2-DP 56.2 4.89 43.0 1.5 � 0.3 2.14 � 10�3

Ni(10%)/TiO2-DP 55.8 9.91 40.3 1.8 � 0.4 1.33 � 10�3

Ni(15%)/TiO2-DP 54.9 14.82 39.5 2.1 � 0.4 1.22 � 10�3

Ni(20%)/TiO2-DP 53.9 16.76 38.2 2.6 � 0.5 9.33 � 10�4

Ni(15%)/TiO2-IMP 50.5 14.93 19.7 5.8 � 0.8 7.26 � 10�4

a Value determined by ICP. b Value calculated based on the H2-TPR and
H2-TPD results. c The TOF value was calculated based on the metal
dispersion and the yield of CH4 at 200 1C.

Fig. 6 Ni 2p XPS of (a) Ni(OH)2, (b) Ni(15%)/TiO2-DP before calcination,
(c) Ni(NO3)2 and (d) Ni(15%)/TiO2-IMP before calcination.
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Ni/TiO2 catalysts (Fig. 7). For the sample of Ni(15%)/TiO2-DP,
two peaks were observed at 190 1C and 234 1C in the H2-TPD
profile, respectively. The peak at the lower temperature (190 1C)
can be attributed to hydrogen chemisorbed at the surface of
highly-dispersed Ni NPs with a large density of surface defects.
It was reported the surface defects can serve as capture traps for
surface hydrogen diffusion which reduces the activation
energy of hydrogen dissociation.34–37 In contrast to the former
desorption peak, the higher temperature peak (234 1C) is
attributed to hydrogen adsorbed at bulk or poorly-dispersed
Ni NPs. In the case of Ni(15%)/TiO2-IMP, however, its TPD
profile is characterized by only one peak located at 264 1C,
which can be attributed to hydrogen chemisorbed at the
surface of bulk Ni. Moreover, it should be noted that the
Ni(15%)/TiO2-DP sample shows a relatively lower desorption
temperature with much stronger intensity, in comparison with
that of Ni(15%)/TiO2-IMP, demonstrating that the Ni(15%)/
TiO2-DP sample has a higher Ni dispersion and more surface-
dissociated hydrogen can be generated on this sample.

In addition, the surface structure of Ni(15%)/TiO2-DP and
Ni(15%)/TiO2-IMP were investigated by EXAFS spectroscopy
(Fig. 8). The fitting parameters (Table 2) show that both the
Ni–Ni coordination numbers of the two catalysts are less than
that of Ni foil (12). Moreover, it should be noted that the fresh
Ni(15%)/TiO2-DP catalyst exhibits a lower Ni–Ni coordination

number (5.8) than that of fresh Ni(15%)/TiO2-IMP (7.5), i.e., the
former catalyst has a higher unsaturation of Ni–Ni coordination
than the latter. Combined with the above TPD results, it can
therefore be speculated that more active sites/defects exist in
the Ni(15%)/TiO2-DP sample resulting from the higher unsa-
turation of Ni species, which accelerates the dissociated-surface
hydrogen32,33 and contributes to the promotion of its low-
temperature activity. In addition, it can be seen from Table 2
that for the Ni(15%)/TiO2-IMP sample, a significant increase in
the Ni–Ni coordination number was observed (from 7.5 to 10.5)
after the reaction for 81 h. This is responsible for the obvious
activity loss of Ni(15%)/TiO2-IMP (Fig. S1, ESI†). In contrast,
only a slight increase in the Ni–Ni coordination number was
observed (from 5.8 to 6.1) for the Ni(15%)/TiO2-DP catalyst after
reaction, indicating a high activity for long-term use. This is
further confirmed by TEM images of the two used catalysts.
Fig. S2 (ESI†) shows that the particle size and morphology of the
Ni NPs in the Ni(15%)/TiO2-DP catalyst remain almost
unchanged after reaction for 81 h on stream, while obvious
agglomeration was clearly observed in the Ni(15%)/TiO2-IMP
sample.

4. Conclusions

The hydrogenation of carbon dioxide to methane was per-
formed over Ni/TiO2 catalysts. Superior behavior with a carbon
dioxide conversion of 96% and selectivity of 99% was obtained
over the Ni(15%)/TiO2-DP catalyst at a low temperature (260 1C).
This catalyst is structurally stable after long-term use and
shows excellent catalytic stability under the relatively mild
conditions. Characterisation studies based on XRD, H2-TPR
and XPS reveal that the highly-dispersed Ni precursor can be
formed during the DP process, which subsequently contributes
to the formation of a supported catalyst with a high metallic Ni
dispersion. H2-TPD and EXAFS results demonstrate that
supported Ni NPs possess a high unsaturation, which may lead
to the enhanced exposure of active sites that facilitate the
generation of surface-dissociated hydrogen, accounting for
the excellent low-temperature activity of the Ni(15%)/TiO2-DP
catalyst. Therefore, this work provides a facile method for the
preparation of a supported Ni catalyst with high dispersion,
and demonstrates its largely enhanced low-temperature activity
for carbon dioxide methanation. It is expected that this strategy

Fig. 7 (A) H2-TPD profiles of (a) Ni(15%)/TiO2-DP and (b) Ni(15%)/TiO2-IMP.

Fig. 8 Fourier transforms of EXAFS spectra for Ni foil, fresh Ni(15%)/TiO2-DP,
fresh Ni(15%)/TiO2-IMP and the two catalysts after reaction.

Table 2 EXAFS fitting parameters of Ni foil, Ni(15%)/TiO2-DP and Ni(15%)/
TiO2-IMP before and after reactiona

Samples N R/Å

Ni foil 12 2.50
Ni(15%)/TiO2-IMP-fresh 7.5 2.49
Ni(15%)/TiO2-IMP-after reaction 10.5 2.49
Ni(15%)/TiO2-DP-fresh 5.8 2.49
Ni(15%)/TiO2-DP-after reaction 6.1 2.49

a N = coordination number. Error bounds (accuracies) characterizing
the structural parameters obtained by EXAFS spectroscopy are esti-
mated to be as follows: coordination number N, �20%; distance R,
�0.02 Å.
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can be extended for the fabrication of other metal hetero-
geneous catalysts with significantly improved behavior.
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