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The sonochemical synthesis and characterization of highly active and stable Ni nanoparticles supported on TiO2 as a
CO methanation catalyst for the production of synthetic natural gas are reported. The catalyst synthesized by sonication
showed higher activity for CH4 formation than the catalyst synthesized via the conventional wet impregnation method.
The activation energy was found to be 79 and 94 kJ mol21 for the catalyst synthesized with sonication and wet impreg-
nation method, respectively. The combined results of x-ray photoelectron spectroscopy and x-ray diffraction show that
the enhancement in activity of the sample synthesized by sonication method is due to partial substitution of Ni in TiO2

lattice. This creates oxide vacancies and facilitates hydrogen adsorption and spillover from nickel to support. H2-
temperature-programmed reduction study corroborates the intimate contact of Ni with support, thus rendering strong
metal support interactions. The mechanism involving Langmuir–Hinshelwood kinetics with hydrogen-assisted CO disso-
ciation was used to correlate experimental data. VC 2013 American Institute of Chemical Engineers AIChE J, 60: 1027–

1035, 2014
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Introduction

Natural gas, the cleanest fossil fuel, is a highly efficient
form of energy because of its high calorific value, smoke,
and slag free combustion properties.1 The increase in
demand for natural gas has led one to pursue unconventional
methods for the production of synthetic natural gas (SNG).
SNG is an artificially produced version of natural gas, which
can be obtained from gasification of carbonaceous feedstock
(e.g., coal and biomass) to produce CO/H2 followed its
methanation. CH4 can also be produced via anaerobic diges-
tion of wet biomass (e.g., crops, sewage sludge, and
manure). The overall chemical efficiency (energy output of
SNG to energy input of biomass) of the former process is
about 65% and about 20–40% for the latter process.2 Thus,
the production of SNG via gasification of carbonaceous feed-
stock and subsequent methanation is an energy efficient pro-
cess. The formation of tar is one of the major problems
associated with this process. However, a suitable catalyst
could be used to minimize tar in biomass gasification proc-
esses.3 CO methanation is a key reaction during this transfor-
mation. Thermodynamically, this reaction is favored at low
temperature but kinetically, this reaction is favored at high
temperatures. Therefore, the development of highly active
catalyst that is stable against sintering and carbon deposition
is desirable.

Metals, such as Ru, Rh, Ni, Co, and so forth on various
supports have been reported to be effective methanation cat-

alysts.4–7 Infrared and other spectroscopic techniques have
been used to study the reaction mechanism over Rh sup-
ported on various metal oxides (Al2O3, SiO2, and MgO) cat-
alyst. It was found that the rate of dissociation of CO is a
rate-controlling step and the low activity of Rh/MgO catalyst
is attributed to the low rate constant of the CAO bond disso-
ciation step.8–10 Ru supported on metal oxides has shown
high activity for CO methanation. However, Ru-based cata-
lysts are prohibitively expensive for large-scale applications.
However, catalysts based on Ni are relatively active and less
expensive, therefore, they are used extensively for industrial
applications. Most of aforementioned catalysts are used for
selective CO methanation to remove CO from H2-rich feed
gases for fuel cells. However, these catalysts are not suitable
for SNG production because the feed for methanation for
SNG production contains a large concentration of CO (H2/
CO> 3), which makes the overall reaction highly exother-
mic.11–13 This leads to the sintering of the active metal and/
or support.14,15 The deactivation of catalyst due to carbon
deposition is also dominant at high concentration of CO.16

Consequently, it is important to develop a stable catalyst
with sufficiently high activity at low temperatures and able
to suppress both sintering of active metal and deposition of
carbon.

Ni supported over various oxides such as Al2O3, TiO2,
SiO2, and SiC1,6,17,18 have been investigated in the literature.
For instance, CO methanation over 10% Ni/Al2O3 catalyst
was studied using infrared spectroscopy and isotopic techni-
ques, and it was shown that the surface state depends on
both the rate of CO dissociation and CHx hydrogenation
without a well-defined rate-determining step.19 However, the
catalytic performance is related to the size, shape of the
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metal nanoparticles, and the interactions between the metals
and the supports.20,21 In general, CO methanation activity is
significantly higher for Al2O3 supports than SiO2.21–23

Therefore, Ni supported on Al2O3 catalysts has been
explored extensively.24–26 However, these catalysts are vul-
nerable to rapid deactivation due to the sintering of Ni par-
ticles and carbon deposition at high temperatures.27,28

Further, the formation of NiAl2O4 phase at high temperature
reduces the CO methanation activity. Although the addition
of Al in Pt/CeO2 catalyst increases the activity for water gas
shift reaction, the catalyst is deactivated during the daily
start-up and shut-down operation due to the formation of sta-
ble carbonate on the surface.29

Conversely, several authors have reported the beneficial
effect of TiO2 as support for CO methanation. For example,
the specific activity of various Pd-supported catalysts
increased in the order of Pd/SiO2 << Pd/SiO2/Al2O3< Pd/
Al2O3< Pd/TiO2 for CO methanation.20 The increase in
activity is attributed to strong interaction between the active
metal and the support. Erd€ohelyi et al.30 have reported that
the rate of CH4 formation over Pd/TiO2 catalyst was two
orders of magnitude higher than that observed for Pd/MgO.
The increase in activity is due to the ease of dissociation of
adsorbed CO over Pd/TiO2 catalyst due to electronic interac-
tions between TiO2 and Pd. However, these interactions are
lower over Pd/Al2O3. Therefore, the nature of the support
may play a crucial role in the reaction mechanism and TiO2

was found to be a more active support for CO methanation.
Recently, it has been shown that the preparation conditions,
such as nickel precursors, calcination and reduction tempera-
tures, and nickel content affect the CO methanation activity
over Ni/TiO2 catalysts.31

In this study, we have investigated the performance of Ni
supported on TiO2 catalyst synthesized by sonication for the
production of SNG via CO methanation. The catalyst was
synthesized by low temperature sonication and characterized
by x-ray diffraction (XRD), transmission electron micros-
copy (TEM), x-ray photoelectron spectroscopy (XPS),
temperature-programmed reduction (H2-TPR), thermogravi-
metric analyses (TGA), and Brunauer-Emmett-Teller (BET)
surface analyzer techniques. The catalyst synthesized by the
sonication technique exhibits much higher activity and selec-
tivity and also exhibits stronger resistance to carbon deposi-
tion compared to the catalyst synthesized by conventional
wet impregnation. The increase in the activity was attributed
to strong metal support interaction, as evidenced by H2-TPR
study. The steady-state kinetics measurement was carried out
over a wide range of temperature and a detailed kinetic
mechanism was derived to correlate the experimental data.

Experimental

Synthesis and structural characterization

Ni/TiO2 was synthesized by low-temperature sonication
method from the starting materials, titanyl nitrate
(TiO(NO3)2) and Ni(NO3)2�6H2O (S.D Fine Chemicals,
India), and diethylenetriamine (DETA; S.D Fine Chemicals).
A precipitate of titanyl hydroxide was obtained by the con-
trolled hydrolysis of 5 mL of titanium isopropoxide (Alfa
Aesar, India) under ice cold (4�C) condition. The precipitate
was washed several times with distilled water and then dis-
solved in 10 mL of nitric acid to obtain a clear solution of
titanyl nitrate. Nickel nitrate (2 g) was dissolved in 20 mL

water, separately, and both the solutions were mixed
together. DETA (5 mL) was added to the solution which
turned into a gel immediately and the resulting solution was
irradiated with an ultrasonic probe (125 W) equipped with a
Ti-horn of 25-mm diameter for 6 h. The temperature of solu-
tion reached 60�C during sonication. The product was fil-
tered, washed with water-ethanol mixture several times, and
dried in hot air oven at 120�C for 3 h. The solid product
was further heated at 400�C in N2 for 1 h to remove (if any)
the possibility of surface nitrates. The sample containing var-
ious % of Ni (8, 15, and 23) over TiO2 was prepared.

Ni metal (23%) impregnated on TiO2 was also prepared
via conventional wet impregnation method by reducing the
nickel nitrate solution with hydrazine hydrate (80%, S.D
Fine Chemicals) over TiO2 made by the sonication method.
In a typical synthesis, 1.5 g of TiO2 was dispersed in water
and 2.22 g of Ni(NO3)2�6H2O was added. Hydrazine hydrate
was then added drop by drop to the mixture to reduce the
Ni21 ion in Ni(NO3)2�6H2O to Ni metal. After stirring for
30 min, the mixture was filtered and dried at 120�C for 3 h.
The resulting dried solid was further heated at 400�C for 1 h
in N2. The catalyst synthesized via sonication method is
denoted as 23% Ni/TiO2 (sonic), whereas the catalyst syn-
thesized via impregnation method is denoted as 23% Ni/
TiO2 (imp).

XRD patterns were recorded on a Philips X’Pert diffrac-
tometer using Cu Ka radiation (k 5 0.15406 nm) source,
operating at 40 kV and 30 mA. All the catalysts were
scanned in the 2h range from 10� to 80� with a step size
0.02�/min. The particle size of the catalyst was measured by
TEM using a FEI Technai 20 operated at 200 kV. A small
amount of powder sample (1 mg) was dispersed ultrasoni-
cally in ethanol (4 mL) for 20 min and the suspension was
deposited on a carbon coated copper grid (300 mesh) for
TEM study. XPS was used to determine the oxidation state
of metal cations in the catalyst. The spectra were recorded
with a Thermo Scientific Multilab 2000 instrument using Al
Ka radiation as an excitation source. The binding energy
scale was calibrated by the adventitious carbon (C1s peak at
285 eV). The BET surface area of sample was measured by
N2 adsorption at 77 K, using a surface area analyzer (Smart-
sorb 93, Smart Instruments Company, India). The sample
was degassed at 120�C for 4 h prior to the measurement.
TGA were performed in a Mettler Toledo thermal analyzer
under pure O2 flowing rates of 20 mL min21. Sample (10
mg) was loaded onto the thermobalance and heated to
1000�C at a rate of 10�C min21.

Temperature programmed reduction

The intimate contact between Ni and TiO2 was investi-
gated by H2-TPR study. H2-TPR study was performed in a
quartz tube of 4-mm diameter with a 25-mg sample. The cat-
alyst was preheated at 400�C for 30 min in air and cooled to
room temperature (26�C) in the flow of pure Ar. TPR was
carried out in the range of 40–500�C at a rate of 10�C
min21 in a stream of 5% H2/Ar gas mixture flowing at a rate
of 30 mL min21. The H2 consumption during the reduction
was measured using a thermal conductivity detector (TCD).

CO methanation activity

The catalytic activity measurement was performed at
atmospheric pressure in a tubular quartz reactor (4-mm ID
and length of 30 cm) over 0.5 g of catalyst (40–80 mesh)
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diluted with 2 g of quartz sand (50–100 mesh). A K-type
thermocouple was inserted in direct contact with the catalyst
bed to measure the catalyst temperature. Prior to the mea-
surement, the catalyst was reduced at 450�C in pure H2 flow-
ing at 30 mL min21 for 2 h. The pure H2 stream was then
switched to N2, and the sample was cooled to room tempera-
ture (26�C). Finally, it was tested over a temperature range
of 100–440�C. The gas mixtures consisting of 1 vol % of
CO, 4 vol % of H2, and balance of N2 with total flow rate of
100 mL min21 were fed to the reactor. A ratio of H2/CO 54
was used because the gasification of the biomass normally
leads to streams with H2/CO> 3. This corresponds to gas
hour space velocity (GHSV) of 38,800 h21. The composition
of the effluent gas was analyzed on line with a gas chroma-
tograph (Mayura Analytical, Bangalore) equipped with TCD
and FID (incorporating a methanator) detectors. The steady-
state experiments were performed at various temperatures,
and the catalytic activity was measured from the CO conver-
sion (XCO). The selectivity for CH4 (SCH 4

) was calculated
from the ratio between CH4 formation and CO consumption,
as a function of reaction temperature. The yield of CH4 was
defined as YCH 4

5XCO SCH 4
3100. The selectivity of CH4 is

not 100% due to the occurrence of Boudouard and water gas
shift reaction at higher temperatures. The selectivity for CO2

can be calculated as the ratio of CO2 formation to CO
consumption.

Results and Discussion

Structural studies

Figure 1 shows the XRD patterns of various Ni-supported
TiO2 catalysts. In 23% Ni/TiO2 (sonic), the diffraction peaks
due to NiO, Ni metal, and rutile TiO2 were found. However,
23% Ni/TiO2 (imp) catalyst shows a hump at 2h 5 44.5� due
to Ni (111) along with anatase phase of TiO2. The peaks
corresponding to the rutile phase of TiO2 and NiO were not
observed in the XRD pattern. The XRD pattern of 15 % Ni/
TiO2 is also shown in Figure 1a. No peak corresponding to
either Ni metal or Ni oxide was observed. Further, close
observation of XRD patterns indicate that the observed peak
of TiO2 phase at 27.6� shifted to higher values by 0.5� (due
to decrease in d-spacing). The reduction in the lattice param-
eter of TiO2 indicates possible ionic substitution of Ni in
TiO2 during the synthesis. Therefore, the solid solution of 15
% Ni/TiO2 is represented as Ti0.85Ni0.15O2-d. The XRD pat-
tern was refined using JANA 2000 suite program. The profile
was fitted with Pseudo-Voigt as peak shape function and
Legendre polynomial (number of terms 5 15) as background
function. The symbols in the Figure 1b show the observed
XRD pattern and the solid lines show the predicted XRD
pattern for 23% Ni/TiO2. The difference between the
observed and predicted pattern is also shown at the bottom
of Figure 1b. The lattice parameters of 23% Ni/TiO2 (sonic)
are found to be 4.5741 and 2.9389 Å. A decrease in the lat-
tice parameter of 23% Ni/TiO2 (sonic) compared to unsubsti-
tuted TiO2 indicates the partial substitution of smaller Ni21

ions for larger Ti41 ions in the TiO2 lattice. The crystallite
size of Ni was calculated from full-width half maximum of
the peak at 44.5� using Scherrer equation and was found to
16 and 21 nm, respectively, for 23% Ni/TiO2 (sonic) and
23% Ni/TiO2 (imp). However, calculation of Ni size of 8
and 15% Ni loading is not possible due to formation of solid
solution of Ni and TiO2. The shape factor (K) used in the

Scherrer equation was 0.94 and uncertainty associated with
the measurement is 63 nm. This was further corroborated
with TEM analysis.

The bright field image of Ni-supported TiO2 nanoparticles
shows uniformly dispersed spherically shaped particles over
the support, synthesized by sonication method (Figure 2a).
In contrast, Ni particles synthesized by conventional wet
impregnation method tend to agglomerate and form large
nanoparticles compared to sonication method. It is also
observed from TEM image that the dispersion of Ni particles
in conventional wet impregnation method is not uniform
over the support. The average particle size of Ni is about 13
and 21 nm, respectively, for 23% Ni/TiO2 (sonic) and 23%
Ni/TiO2 (imp) catalysts. The Ni content for both the samples
was also determined using EDX analysis (not shown here)
and was found to be 22 and 27wt %, respectively, for 23%
Ni/TiO2 (sonic) and 23% Ni/TiO2 (imp) catalysts. Therefore,
the sonication method produces the nanoparticles with fine
dispersion with large amounts of low-coordinated sites. This
activates the reactants at the metal support interface more
effectively than the conventional wet impregnation method.
The BET surface areas for 23% Ni/TiO2 (sonic) and 23%
Ni/TiO2 (imp) are 56 and 64 m2 g21, respectively. The

Figure 1. (a) XRD of various Ni-modified TiO2 catalysts
and (b) profile refinement of 23% Ni/TiO2

(sonic).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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surface areas of both the samples after the reaction were
measured and no change in the surface areas was observed
for both the samples.

The nature of interactions between the Ni and the support
was investigated by XPS. The partial ionic substitution of
Ni21 was also confirmed by XPS. The Ti (2p) spectra in 23%
Ni/TiO2 (sonic), Ti0.85Ni0.15O2-d, and 23% Ni/TiO2 (imp) cat-
alysts are shown in Figure 3a. The binding energies were cali-
brated with respect to the binding energy of graphite observed
at 284.5 eV. Ti (2p3/2) binding energies in all Ni-modified
compounds are at �458.9 eV corresponding to Ti in the 41

state.32 However, a slight shift of �0.2 eV toward higher
binding energy was observed for Ti0.85Ni0.15O2-d and 23% Ni/
TiO2 (sonic) samples. This shift may be due to the formation
of TiANi bond during synthesis.

The core level spectra of Ni (2p) in 23% Ni/TiO2 (sonic) and
23% Ni/TiO2 (imp) catalysts are shown in Figure 3b. The XPS
spectrum of 23% Ni/TiO2 (sonic) is broad indicating multiple
oxidation states of Ni. Therefore, the main Ni (2p) peak
was deconvoluted corresponding to the Ni21 and Ni0 states. Ni
(2p3/2) binding energy at 854.6 eV along with the broad satellite
at around 860 eV is characteristic of NiO species and the spec-
trum corresponding to Ni0 metal is characterized by a peak at a
binding energy of 852.6 eV.33,34 Therefore, Ni is present in
mixed oxidation state in 23% Ni/TiO2 (sonic) catalyst. However,
the nickel spectrum is different for 23% Ni/TiO2 (imp) catalyst.
A peak observed at about 852.6 eV was assigned to metallic Ni.
The peak corresponding to nickel oxide was not observed on the
surface. Therefore, dispersed Ni over 23% Ni/TiO2 (imp)
catalyst surface is metallic in nature. Further, the presence of
Ni21 species and a slight shift to higher binding energy for Ti41

species indicate ionic substitution of Ni in Ti0.85Ni0.15O2-d.
The combined XRD and XPS studies show that Ti was

observed in 41 state in all Ni-modified TiO2. The aliovalent sub-
stitution of Ni21 in the TiO2 creates oxide ion vacancies to main-
tain the electrostatic neutrality of the lattice. These oxygen
vacancies act as active sites for chemisorption of H2.

35 Therefore,
the oxide ion vacancies provide additional hydrogen adsorption
sites, which results in high CO methanation activity for Ni/TiO2

(sonic). This is further discussed in the activity test section.

H2-TPR study

Figure 4 shows the H2-TPR profiles for 23% Ni/TiO2

(sonic) and 23% Ni/TiO2 (imp) catalysts. The reduction was

Figure 2. Bright field image for (a) 23% Ni/TiO2 (sonic) and (b) 23% Ni/TiO2 (imp), respectively.

Figure 3. Core level XPS of (a) Ti 2p and (b) Ni 2p of
various Ni-modified TiO2 catalysts.
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observed for both Ni-supported catalysts over a range of
260–400�C. Pure NiO shows a reduction temperature of
about 408�C (see Figure 4). Therefore, the reduction peak
between 260 and 400�C was assigned to the reduction of
Ni21 species with the significant interaction with TiO2.36

The reduction peaks of 23% Ni/TiO2 (sonic) have a similar
profile with those of 23% Ni/TiO2 (imp). However, 23% Ni/
TiO2 (sonic) shows the reduction at higher temperature com-
pared to 23% Ni/TiO2 (imp). A known weight of CuO sam-
ple was used to calibrate the hydrogen intake/consumption
during reduction. The peak area for the reduction of 23% Ni/
TiO2 (sonic) is much higher than that of 23% Ni/TiO2 (imp).
H/Ni ratio was also calculated assuming complete oxidation
of Ni for both the catalysts and this was found to be 2.94
and 2.12, respectively, for 23% Ni/TiO2 (sonic) and 23% Ni/
TiO2 (imp) (�400�C). The ratio H/Ni> 2 indicates that a
hydrogen spillover from nickel species to neighboring Ti41

ions is comparatively higher for 23% Ni/TiO2 (sonic) than
23% Ni/TiO2 (imp). This indicates that H2 molecules disso-
ciated on the Ni atom migrated to the support during the
reduction of the catalyst.37 Therefore, the enhancement in
the CO methanation activity for 23% Ni/TiO2 catalyst is
mainly due to the stronger interaction exhibited by 23% Ni/
TiO2 (sonic) catalyst. This is further discussed in detail in
the activity test section.

Activity test

The variation of CO conversion, CH4 selectivity, and CH4

yield with temperature for various Ni-modified TiO2 cata-
lysts are shown in Figure 5. The yield and selectivity of
methane increase with temperature and then decrease with
further increase in temperature. The decrease in the yield of
CH4 at higher temperature is due to simultaneous occurrence
of CO methanation, Boudouard (2CO $ CO2 1 C) and
water gas shift (CO 1 H2O $ H2 1 CO2) reactions. CO con-
version (48%) with 97% CH4 selectivity was obtained at
320�C over 8% Ni/TiO2 (sonic) catalyst, whereas 69% CO
conversion with 93% CH4 selectivity was obtained at 320�C
over 15% Ni/TiO2 (sonic) catalyst. The yield of CH4 is 47
and 64%, respectively, for 8% Ni/TiO2 (sonic) and 15% Ni/
TiO2 (sonic) catalyst. These catalysts showed lower CO
methanation yield than 23% Ni/TiO2 (sonic) catalyst. There-
fore, only 23% Ni/TiO2 (sonic) catalyst was extensively used
for further catalytic studies. In addition, the performance of
8 and 15% Ni/TiO2 (imp) catalysts was also compared with

corresponding to wt % of Ni/TiO2 (sonic) catalysts. It was
found that the activity of sonochemical-synthesized catalyst
is always higher than that of catalyst synthesized via conven-
tional impregnation method. At 320�C, the conversion
obtained with the impregnated catalysts were 10–15% lower
than that of the conversion obtained by the catalysts pre-
pared by sonication. Nearly complete CO conversions
(�99%) with 88% CH4 selectivity were obtained at 320�C
over 23% Ni/TiO2 (sonic) catalyst and 75% CO conversion
with 92% CH4 selectivity was obtained at 340�C over 23%
Ni/TiO2 (imp) catalyst. The yield of CH4 is 87 and 69%,
respectively, for 23% Ni/TiO2 (sonic) and 23% Ni/TiO2

(imp) catalysts. Therefore, CH4 yield over 23% Ni/TiO2

(sonic) is much higher than that obtained over the 23% Ni/
TiO2 (imp) catalyst. This indicates that 23% Ni/TiO2 (sonic)
catalyst exhibits higher activity than the impregnated cata-
lyst. The higher methanation activity of 23% Ni/TiO2 (sonic)
catalyst is attributed to strong metal support interactions, as
evidenced from H2-TPR. It also shows that the extent of
hydrogen spillover from Ni species to neighboring Ti41 ions

Figure 4. H2-TPR profile for (a) 23%Ni/TiO2 (imp), (b)
23%Ni/TiO2 (sonic), and (c) nickel oxide.

Figure 5. Percentage (a) CO conversion, (b) CH4 selec-
tivity, and (c) CH4 yield plot on various TiO2-
modified catalysts.
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is larger in the case of 23% Ni/TiO2 (sonic) as compared to
23% Ni/TiO2 (imp).

In addition, the XRD study shows that partial ionic substi-
tution of Ni is indeed possible in TiO2. The substitution of
smaller Ni cation (ionic radius) for Ti cation can create both
short and long metal cation-oxygen anion bonds. The oxygen
atoms bounded to the metal with long bonds is weaker and
this increases the reducibility of TiO2. Further, the aliovalent
substitution of Ni perturbs the stoichiometry of supports and
creates defects (oxygen vacancies). G€opel et al.35 showed
that adsorption of H2 is possible in the presence of surface
defects and these surface defects act as active sites for the
chemisorption of H2. Further, the oxide vacancies also
enhance the O2 and H2 storage capacities of catalyst.35

Therefore, oxide vacancies provide additional sites for H2

adsorption and the higher activity of 23% Ni/TiO2 (sonic)
catalyst can be understood in terms of less competitive
hydrogen adsorption on the nickel surface.32 The oxide ion
vacancies lead to significantly higher H2 coverage on the
support and thus leads to higher activity of 23% Ni/TiO2

(sonic) catalyst.38

The rate and activation energy for CO methanation over
23% Ni/TiO2 (sonic) catalyst was determined using the dif-
ferential reactor. The experiments were performed with dif-
ferent weights of the catalyst keeping the total gas flow and
GHSV constant. The conversion of CO to CO2 was negligi-
ble (<1%) compared to conversion of CO to methane, in all
cases. Therefore, the methanation activity can be calculated
either from CO conversion or CH4 concentration in the efflu-
ent stream. The rate was determined using the following
equation

Rate ðrÞ5 F3x

W
5

x

W=F
(1)

where F is the flow of the gas in mol s21, W is the weight
of the catalyst in g, and x is the fractional CO conversion.
The variation of fraction conversion (x) with W/F is plotted
in Figure 6a. The W/F plot is linear up to �18% conversion
and the rates of reaction were calculated, at various tempera-
tures, from the slope of linear portion. The variation of the
rate of reaction with temperature is shown in Figure 6b. The
Arrhenius plot is shown in the inset of Figure 6b, and the
activation energy was found to be 79 kJ mol21, which is
lower compared to the catalyst synthesized via impregnation
method (94 kJ mol21).

Kinetic model

The mechanism of CO methanation reaction has been
extensively studied. However, it is not understood which of
the adsorbed species on the catalyst surface are active
and determine CO methanation activity. Two completely
different pathways, namely “dissociative pathway” and
“hydrogen assisted pathway,” have been proposed to
describe the reaction kinetics.20,39,40 The “dissociative
pathway” involves hydrogenation of surface carbon pro-
duced by dissociative adsorption of CO, whereas the
“hydrogen assisted pathway” involves direct hydrogenation
of adsorbed CO species.17 The debate is whether the reac-
tion initiates with direct CO dissociation or hydrogen-
assisted CO dissociation. It has been proposed that CO dis-
sociates in the initial step leading to two types of carbon
species, namely active and inactive. Then, the former type
is stepwise methanated to CH4 through various adsorbed

intermediate species, such as CH, CH2, and CH3.41,42 How-
ever, transient experiments have shown that these adsorbed
CHx species represent side products rather than the reaction
intermediates.43,44

In another study, it has been indicated that a formyl-type
(HCO) species plays an important role in the CO methana-
tion reaction, followed by CAO bond breaking, and further
hydrogenation.45 This formyl-type intermediate was also
identified in the dominant reaction pathway using density
functional theory (DFT) calculation.46,47 It has been shown
that the HCO species was formed during the reaction of
adsorbed CO with atomic hydrogen over Ru (001) at 100
K.48 They have shown that, experimentally and theoretically,
different surface species are favorable (HCO or COH) over
Ni surfaces and depend on the nature of Ni sites and partial
pressure of CO.45 However, H-assisted CO dissociation is
more facile than direct CO dissociation. DFT calculation
was used to trace the methanation reaction and it has been
shown that the reaction proceeds via the H-assisted CO dis-
sociation reaction through the formyl species.49 It should be
noted that the mechanism of CO methanation reaction may
include both dissociative and associative paths. The predomi-
nance of one path over other depends on the catalyst and
experimental conditions used.50

Based on the above discussion, a kinetic model for CO
methanation was proposed over Ni-supported TiO2. The

Figure 6. (a) Variation of fractional conversion of CO
with W/FCO and (b) rate of reaction as func-
tion of temperature along with the Arrhenius
plot in the inset, respectively, for Ni/TiO2.
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model assumes that the adsorbed CO strongly interacts with
adsorbed hydrogen

CO 1M$K1
CO 2M (2)

H212M$K2
2H2M (3)

CO 2M12H2M�!k3

C2M1H2O (4)

C2M1H2M�!k4

CH 2M1M (5)

CH 2M1H2M�!k5

CH 22M1M (6)

CH 22M1H2M�!k6

CH 32M1M (7)

CH 32M1H2M�!k7

CH 412M (8)

There is no evidence in the literature that methanation
requires a dual functional catalyst. Therefore, Eqs. 2 and 3
show that adsorbed CO and H2 over Ni sites is in equilib-
rium with gas-phase CO and H2, respectively. The hydrogen-
assisted CO dissociation is represented by Eq. 4. In addition,
if we assume direct dissociation of CO pathway as the rate-
determining step is operative over the present catalyst, the
rate of reaction should be independent of H2 partial pressure.
However, our results clearly show that the rate of reaction
increases with partial pressure of H2.

Coenen et al.51 have not observed isotopic scrambling
when 13C16O and 12C18O are together with hydrogen, indi-
cating hydrogen or nonhydrogen-assisted CO dissociation is
the rate-determining step. The DFT was used to calculate
energies of transition states and the stable intermediates in
reforming over the closed packed Ni (111) and the stepped
Ni (211) sites and the highest energy barrier was found for
the CO dissociation step.52 These results can be used to
obtain information about the present reaction because
reforming is the reverse reaction of CO methanation. There-
fore, in deriving the kinetic expression, it was explicitly
assumed that hydrogen-assisted CO dissociation step (Eq. 4)
is the rate-limiting step and hydrogenation of the CHx spe-
cies leading to the formation of CH4 was assumed to be very
fast (Eqs. 5–8). Further, no assumptions regarding CO cover-
age was made and formation of CH4 take place from surface
carbon produced by hydrogen-assisted CO dissociation step.
Solving the above set of elementary steps, we obtain the rate
expression as

rCH 4
5

K1K2k3CCO CH2

11K1CCO 1K2CH2
ð Þ2

(9)

At constant partial pressure of H2, Eq. 9 can be rewritten
as

rCH 4
5

A3CCO

B3CCO 1Dð Þ2
(10a)

where A5K1K2k3CH2
, B5K1, and D5 11K2CH2

ð Þ

Figure 7. Fitted rate of CO methanation to kinetic
model as function of concentration of (a)
CCO and (b) CH2

.

Figure 8. TGA-DTA plot for (a) 23% Ni/TiO2 (sonic) and
(b) 23% Ni/TiO2 (imp) catalysts, respectively,
under pure oxygen after 70 h on stream.
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At constant partial pressure of CO, Eq. 9 can be rewritten
as

rCH 4
5

A03CH2

B03CH2
1D0ð Þ2

(10b)

where A05K1K2k3CCO , B05K1, and D05 11K2CCOð Þ
Further, Eqs. 10a and 10b can be rearranged as

CCO

rCH 4

� �1
2

5
B

A
1
2

1
D

A
1
2

CCO 5E1F3CCO (11a)

CH2

rCH 4

� �1
2

5
B0

A0
1
2

1
D0

A0
1
2

CH2
5E01F03CH2

(11b)

Two sets of experiments were conducted. In the first set,
the partial pressure of H2 was kept constant and the partial
pressure of CO was varied. In the second set, the partial
pressure of CO was kept constant and the partial pressure of
H2 was varied. The total feed flow rate and catalyst loading
were kept constant at 100 cm3 min21 and 100 mg. The fit of
left side of Eq. 10a with partial pressure of CO resulted in
straight line and the values of E0 and F0 were determined
from the intercept and slope, respectively. A similar fit was
obtained with the variation of partial pressure of H2 and val-
ues of K1, K2, and k3 were determined (see Figures 7a, b).
The values for K1 (cm3 mol21), K2 (cm3 mol21), and k3

(mol g21 s21) are 1.5 3 105 exp (4360/T), 9.6 3 103exp
(3040/T), and 5.1 3 104exp (24780/T), respectively. The
mechanism involving direct CO dissociation as a rate-
determining step and its subsequent hydrogenation into CH4

was also considered. The corresponding kinetic expression
was derived and used to fit the experimental data. However,
good fitting to the experimental data was not obtained.
Therefore, hydrogenation of surface carbon produced by dis-
sociative adsorption of CO is the main reaction pathway.

Coke deposition

Ni-based catalysts are vulnerable to deactivation due to
carbon deposition. Therefore, TGA in the presence of pure
O2 was used to estimate the carbon deposition over the cata-
lyst surface. The TGA-DTA plots for both the catalysts after
70 h are presented in Figure 8. In both catalysts, the initial
weight loss was observed in the range of 150–300�C, which
is ascribed to thermal desorption of H2O and adsorbed CO2

and removal of formate/carbonate species.53 The weight of
both the used catalysts increased at 400–600�C because of
the oxidation of Ni to NiO, and the oxidation of coke to CO
and CO2 occurred mainly above 650�C. The increase in
weight is higher for 23% Ni/TiO2 (imp) compared to 23%
Ni/TiO2 (sonic) catalyst, indicating the former is in more
reduced state. The weight loss above 650�C is 1.46 and
0.41%, respectively, for 23% Ni/TiO2 (imp) and for 23% Ni/
TiO2 (sonic) catalysts, indicating the coke deposition is high
over the 23% Ni/TiO2 (imp) catalyst. The resistance to car-
bon formation over 23% Ni/TiO2 (sonic) catalyst is attrib-
uted to the partial ionic substitution (partial solid solution) of
Ni in TiO2 support. This phenomenon is well-reported for
steam and dry reforming reaction over the solid solution of
NiO and MgO.54,55

Conclusions

The catalyst synthesized by the sonication method exhib-
ited higher activity and stability for CO methanation reaction

compared to the catalyst synthesized by wet impregnation.
The catalyst synthesized by sonication method showed very
fine dispersion of active species. The enhancement in activity
and high resistance to coke deposition of the catalyst were
attributed to the partial substitution of Ni in TiO2 lattice that
create oxide vacancies. The strong metal support interaction
also provides high resistance to carbon deposition. The H2-
assisted CO dissociation was assumed as the rate-
determining step and used to correlate experimental data.
The present approach to improve the catalytic activity by
creation of oxide vacancies for hydrogen dissociation is
encouraging in the context of designing novel catalysts with
improved catalytic performance for SNG production by CO
methanation.
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