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Abstract

The role of metal-support interaction in determining CO2 activation and conversion for

methane production was examined over (CeO2, TiO2 and SiO2) supported Ni nanoparticles.

Hexagonal Ni nanocrystallites on CeO2 with strong metal-oxide interaction selectively

produced CH4 at (up to forty-fold) higher turnover frequencies (TOFs) than that recorded

over (TiO2 and SiO2) supported Ni nanoparticles. A stronger adsorption of CO2 and H2 was

identified for Ni/CeO2 using temporal analysis of products (TAP). Decoration/encapsulation

of Ni nanoparticles by a thin layer of reduced ceria can decrease the catalytic capacity for

CO2 activation/conversion. An initial loss of activity in the long-term stability evaluation over

Ni/CeO2 can be linked to a reconstruction of hexagonal Ni nanocrystallites to quasi-spherical

particles.

Keywords: CO2 methanation, metal-oxide interaction, Ni/CeO2, decoration/encapsulation,

TAP.
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1. Introduction

Metal-oxide interface, a phase boundary formed by strong bonding interaction between

metal and oxide crystallites, is a region of special catalytic activity in heterogeneous

supported metal catalysis [1-4]. Experimental (STM, XPS, UPS, EELS and STEM) and

theoretical (DFT) studies have demonstrated a number of interfacial effect including charge

transfer, cluster stabilisation and decoration/encapsulation of metal nanoparticles on oxide

supported metal catalysis [5-10]. Notably decoration/encapsulation of metal nanoparticles by

reducible oxide layers, as a typical case of strong metal-support interaction (SMSI), has been

identified as a means of tuning metal-catalyst reactivity [10-12]. CO2 hydrogenation rate can

be controlled in methanol production over CeOx/Cu (111) via adjusting coverage of Cu (111)

surface by depositing CeOx layer, where complete coverage of Cu (111) blocked the metal

surface and rendered the catalyst inactive [12]. Moreover, SMSI-induced metal encapsulation

has been found to control reaction selectivity via modification of the encapsulation layers.

Matsubu et al. [13] have demonstrated an atom-scale porous support oxide layer on Rh

nanoparticles allowed small molecules for an access to the metal surface and induced a

selectivity switch from CH4 on bare Rh particles to CO production in CO2 reduction.

The existing studies associated with metal-oxide interaction in supported metal catalysis

has been focusing on decoration of noble metals (Rh [14-16], Ru [17, 18], Pt [19-21], Au

[22-24]) with less attention on non-noble metals (e.g., Ni and Co). Ceria is an example of an

active oxide that is widely used as support due to surface deficiencies in heterogeneous

catalysis [25]. Metal nanoparticle is facile to form interaction with ceria [4]. Nickel is a

typical transition metal catalyst. In this study, we consider (non-noble) metal-oxide interface
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by high temperature (673-973 K) treatment of Ni impregnated on CeO2 in H2 and the effect

of tuning metal-oxide interaction on the morphology of the supported Ni nanocrystallites.

The methanation of CO2 for methane production is of great significance in terms of storage of

excess hydrogen derived from biomass, reduction of CO2 emission and production of natural

gas [26]. CO2 methanation has been studied over Ni catalysts supported on oxides [27-29].

Activation of CO2 for cleavage of the C=O bond is crucial in determining the methanation

efficiency [30]. However, the catalytic species for CO2 activation are less than well

understood. In this study, we examine the role of metal-support interaction in determining

CO2 adsorption/activation/conversion in methanation over Ni nanoparticles on reducible

(CeO2 and TiO2) and non-reducible (SiO2) supports. Ni sintering and carbon formation was

considered for the catalyst stability.

2. Experimental

2.1 Materials and Catalyst Preparation

Commercial CeO2 (Sigma-Aldrich), TiO2 (P25, Sigma-Aldrich), fused SiO2

(Sigma-Aldrich) and NiO (Alfa Aesar) were used as received. The supported (5wt%) Ni

catalysts were prepared by wet-impregnation. The supports (5 g) were added to aqueous

solution of Ni(NO3)2 (Alfa Aesar, 98%, 9  10-2 M, 50 cm3) and stirred (500 rpm) at room

temperature overnight. The solid was obtained by evaporation and dried in air at 393 K

overnight. The resultant samples were sieved (ATM fine test sieves) to mean particle

diameter = 75 μm, activated at 10 K min-1 to 723-973 K in 10 cm3 min-1 H2, cooled to

ambient temperature and passivated in 1% v/v O2/N2 for 1 h for ex situ characterisation

(including N2 physisorption, XRD, UV Raman and TEM).
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2.2 Catalyst Characterisation

Nitrogen physisorption was performed on the Micromeritics ASAP 2020 system and total

specific surface area (SSA) calculated using the standard BET method. Prior to analysis,

samples were vacuumed and outgassed at 573 K for 1 h. Temperature programmed reduction

(TPR) was conducted in a quartz tube cell. The sample was heated in 84 cm3 min-1 5% v/v

H2/Ar at 10 K min-1 to 723 K and held for 1 h. Hydrogen consumption was monitored by a

thermal conductivity detector (TCD). X-ray diffractograms (XRD) were recorded on a

Panalytical Empyrean X-ray diffractometer using Co or Cu Kα radiation. Samples were

scanned at 0.01º step-1 over the range 20º ≤ 2θ ≤ 80º at ambient temperature and the

diffractograms identified against the JCPDS-ICDD reference standards. Metal particle

morphology (size and shape) was examined by high resolution transmission electron

microscopy (HRTEM, JEOL 2100 LaB6), employing Gatan Digital Micrograph for data

acquisition/manipulation. Samples for analysis were prepared by dispersion in ethanol and

deposited on a holey carbon/Cu grid. XPS measurements of the reduced samples were

performed on a Kratos Axis Ultra DLD spectrometer using a monochromated Al kα X-ray

source. The samples were attached to electrically-conductive carbon tape and mounted on to

a sample bar. The measurements were conducted at room temperature and at a take-off angle

of 90° with respect to the surface parallel. The spectrometer work function and binding

energy scale were calibrated using the Fermi edge and 3d5/2 peak recorded from a

polycrystalline Ag sample prior to the commencement of the experiments. To avoid the

possibility of differential charging, the samples were allowed to float and surface charging

negated using a charge neutraliser. Ni 2p3/2, Ce 3d, Ti 2p and Si 2p spectra were collected.
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Characteristic Ni 2p3/2 binding energy (BE) for metallic Ni is 852.5 ev and 856.3 ev; for NiO

is 853.7 ev, 855.4 ev and 861.0 ev [31]. The BE scale was calibrated by positioning the sp3

(C-C/C-H) component of the C 1s region at 285.0 ev. The data were analysed in CasaXPS,

using Shirley backgrounds and mixed Gaussian-Lorentzian (Voigt) lineshapes and asymmetry

parameters where appropriate. UV Raman spectra was recorded on a Renishaw inVia Raman

spectrometer equipped with HeCd laser at an excitation wavelength (λ) = 325 nm using ×5

objective and grating of 3600 lines mm-1. Thermogravimetric-derivative thermogravimetric

analysis (TGA-DTG) was conducted on a simultaneous thermal analyser (NETZSCH

STA449) by monitoring temporal mass with temperature. The samples (ca. 30 mg) were

heated in 50 cm3 min-1 air to 973 K (at 10 K min-1).

2.3 Catalyst Testing

The methanation reaction was carried out at atmospheric pressure and 473-773 K in situ

after activation (673-973 K) in a continuous flow fixed bed tubular reactor (10 mm i.d.).

Reactions were conducted under operating conditions that ensured negligible mass/heat

transport limitations. Isothermal conditions (±1 K) were ensured by diluting the catalyst bed

with ground glass (75 µm); the ground glass was mixed thoroughly with catalyst before

loading into the reactor. Reaction temperature was continuously monitored by a thermocouple

inserted in the catalyst bed. CO2 (BOC, 99.99%), H2 (BOC, 99.99%), N2 (BOC, 99.99%) and

Ar (BOC, 99.99%) was introduced to reactor by Brooks mass flow controller (SLA5800

series) at GHSV = 1.6× 104-6.6 × 104 h-1. Inlet H2 to CO2 feeding rate was fixed at 4:1.

0.02-0.08 g catalyst was used in the reaction. The molar Ni to inlet CO2 feeding rate (n/FCO2)

was in the range 6.5×10-3-2.6×10-2 h. The reactor effluent was analysed using online gas
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chromatography (Shimadzu 2014) equipped with a 0.5 cm3 sampling loop, thermal

conductive detector (TCD) and flame ionization detector (FID), employing serial Hayesep Q

(3.0 m × 2.1 mm i.d.) and Molecular Sieve 5A packed columns (2.0 m × 2.1 mm i.d.). Data

acquisition and manipulation were performed using GCsolution Lite (Version 2.4)

chromatography data system. CO2 fractional conversion (XCO2) is defined by:
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where d (mean size) is obtained from TEM measurements, ρNi: the Ni density, MNi: Ni atom

mass, ANi: Ni atom surface area and N: Avogadro Avogadro number. In blank tests, passage of

CO2 in a stream of H2 through the empty reactor or over support alone did not result in any

detectable conversion. Repeated reactions delivered data reproducibility and carbon balance

within 7%.
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CO2 and H2 pulse experiments using temporal analysis of products (TAP) were carried out

at 523 K under high-vacuum conditions after in situ activation (50% v/v H2/Ar, 723 K) in a

temporal-analysis of products setup as described elsewhere [32]. The catalyst (20 mg) was

packed between two layers of quartz wool in a quartz tube reactor. Reaction temperature was

monitored by a thermocouple inserted in the catalyst bed. Approximately 2 × 1014 molecules

of 50% v/v CO2/Ar and 50% v/v H2/Ar were pulsed to the catalyst bed by high-speed pulsed

valves. The reactor effluent was detected with millisecond time resolution by the quadrupole

mass spectrometer. Ar was monitored at m/e = 40, CO2 at m/e = 44, H2 at m/e = 2, CO at m/e

= 28, CH4 at m/e = 16 and H2O at m/e = 18.

3. Results and Discussion

3.1 Catalyst Characterisation

The physicochemical characteristics of Ni/CeO2, Ni/TiO2 and Ni/SiO2 (activated at 723

K) are given in Table 1. The supported Ni catalysts exhibited SSA (8-53 m2 g-1) that is

consistent with that reported in the literature [33-35]. TPR profiles generated for Ni/CeO2,

Ni/TiO2 and Ni/SiO2 can be compared in Fig. 1. Reduction of Ni/CeO2 presented two H2

consumption signals with associated temperature maxima (Tmax) at 547 K and 639 K,

corresponding to reduction of Ni2+ species that was in weaker and stronger interaction with

support, respectively [36, 37]. Hydrogen consumed (1.1 molH2
-1 molNi-1) during TPR of

Ni/CeO2 exceeded that (1.0 molH2
-1 molNi-1) required for NiO → Ni, suggesting partial

support reduction (Ce4+ → Ce3+). The profile of Ni/TiO2 exhibited a principle reduction peak

at Tmax = 718 K, where H2 consumption matched that for Ni2+ reduction to Ni0. TPR profile of

Ni/SiO2 showed a hydrogen consumption peak at 652 K, which was a result of NiO reduction
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[38]. Structure analysis by XRD (using Co radiation) generated diffraction patterns are shown

in Fig. 2. Diffraction signals at 2θ = 52.1° and 61.0° corresponded to Ni (111) and (200)

planes. There was no detectable signal due to NiO. XRD pattern of Ni/CeO2 exhibited peaks

at 2θ = 33.4°, 38.7°, 55.9°, 66.6° and 70.0° corresponding to cubic CeO2 (111), (200), (220),

(311) and (222). Analysis of Ni/TiO2 revealed a mixture of rutile and anatase phases. The

pattern of Ni/SiO2 was characterised by diffraction peaks of fused SiO2. Analysis by XPS

provides information on surface composition and the chemical/electronic state of supported

metal catalyst. Spectra over the Ni 2p3/2 (AI-CI), Ce 3d (AII), Ti 2p (BII) and Si 2p (CII) BE

regions are shown in Fig. 3. Ni 2p3/2 spectrum of the supported Ni catalysts exhibited

common signals at 852.5 ± 0.2 ev, consistent with the reference metallic Ni (852.4-852.6 ev)

[39]. Multi-split peaks at 853.6-853.8 ev, 855.6-855.9 ev and 861.0-861.2 ev match the

characteristic Ni 2p3/2 BE of NiO (core level: 853.7 ev, 855.7 ev; satellite: 861.0 ev) [31, 40].

The formation of NiO resulted from oxidation of metallic Ni when exposed to air [39]. Ni

2p3/2 spectrum of Ni/CeO2 (Fig. 3(AI)) presented an additional core level peak at 856.9 ev

with a satellite peak at 861.7 ev, which was a contribution of Ni2+ species that was bonded

with ceria (Ni-O-Ce) at the interface. Biesinger et al. [41] have attributed Ni 2p3/2 signals at

856.5 ev and 861.3 ev to Ni2+ in NiCrO4. The spectrum of Ce 3d (AII) showed up to ten

signal components due to various final state electron configurations [42]. The peaks (denoted

ν, ν0, ν', ν" and ν'") were linked to Ce 3d5/2; while the signals (μ, μ0, μ', μ" and μ'")

corresponded to Ce 3d3/2. Ce4+ species generated peaks μ'" and ν'", μ'' and ν", μ and ν due to

Ce3d94f0O2p6, Ce3d94f1O2p5 and Ce3d94f2O2p4 final state, respectively [43]. Ce3+

component was associated with the signals μ' and ν' corresponding to Ce3d94f1O2p6 state, μ0
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and ν0 resulting from Ce3d94f2O2p5 state [43]. The ratio of Ce3+/(Ce3+ + Ce4+) was estimated

to be 0.2, suggesting significant reduction of ceria surface (Ce4+ → Ce3+) with formation of

oxygen vacancies. There was evidence showing thermal treatment of ceria in H2 generated

oxygen vacancies by loss of lattice oxygen [44]. Supported metal phase can facilitate

generation of Ce3+ defects and surface oxygen vacancies due to spillover hydrogen [45]. The

spectrum of Ti 2p (BII) showed Ti 2p3/2 and Ti 2p1/2 peak at 458.8 ev and 464.5 ev, which

was associated with Ti4+ in TiO2 [46]. There was no detectable signal due to surface Ti3+

species. Spectra (CII) of Ni/SiO2 over the Si 2p BE region exhibited a signal at 104.6 ev due

to SiO2. UV Raman spectra is an effective characterisation means to detect deficient sites in

ceria [47]. Activated CeO2 and Ni/CeO2 was subjected to UV Raman measurement with

spectrum shown in Fig. 4. The Raman shift at 470 cm-1, 590 cm-1 and 1171 cm-1

corresponded to F2g symmetry mode, defect-induced mode (D band) and second order

longitude optical mode (2LO), respectively [48]. The D band was associated with oxygen

vacancies [49]. There was no significant peak associated with F2g and D band in the spectra

of CeO2, which may be below detection limit. The D band signal was recorded upon addition

of Ni to CeO2. The intensity ratio of D band to F2g band was ca. 0.98, larger than the values

(ca. 0.41) reported in the literature [49], suggesting relatively higher density of oxygen

vacancies on Ni/CeO2. This can be linked to a contribution of hydrogen spillover from Ni

particles to support facilitated ceria reduction (Ce4+ → Ce3+) with greater oxygen vacancies

formation.

Nickel particle morphology and metal-support interaction for the supported Ni catalysts

(activated at 723 K) was evaluated by TEM. HRTEM image of Ni/CeO2 (Fig. 5A) presented
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hexagonal Ni nanoparticles (3-14 nm, mean = 8.7 nm) with perimeter in the range of 10-40

nm (Fig. S1A). Atomic columns for Ni and Ce were clearly observed. Lattice fringe distance

of Ni and CeO2 were 0.2 nm and 0.31 nm, corresponding to Ni (111) and CeO2 (111),

respectively. We can note a few layers of the Ni surface were deficient, notably the left part of

the Ni particle in the framed area, leading to exposure of ceria surface. Ni atoms were

arranged in disorder with no clear atomic column due to surface dislocation, and surface

defects (e.g., corners and holes) were formed on the Ni nanocrystallites (on the right side of

the frame). Ni2+ cations can penetrate into the lattices of CeO2 (110) and/or (111) facet by

locating in vacant sites [49]. This incorporation resulted in formation of strong interaction

between Ni and CeO2 following high temperature reduction in H2. In contrast to Ni/CeO2,

Ni/TiO2 exhibited quasi-spherical Ni nanoparticles (B). The Ni particle size distribution was

in the 5-13 nm range with a similar mean (9.4 nm) to that of Ni/CeO2 (Fig. S1B). The lattice

spacing (0.33 nm) is consistent with TiO2 (110) facet. An interphase boundary (dashed frame)

between Ni and TiO2 (110) was observed on Ni/TiO2. Ni/SiO2 (C) showed an appreciably

wider size range of Ni particles (1-40 nm) with a mean size of 5.3 nm. No significant strong

metal-support interaction was observed over Ni/SiO2. This is consistent with that metal

nanoparticles on reducible oxide support is more facile to generate strong metal-oxide

interaction than non-reducible support [13].

3.2 Catalytic Response: Effect of Metal-Oxide Interface

Turnover frequency of CO2 (TOFCO2) and CH4 selectivity with variation of temperature

(473-523 K) in CO2 methanation is presented in Fig. 6. Reaction (523 K) over Ni/CeO2

delivered appreciably (up to forty-fold) higher TOF than TiO2 and SiO2 supported Ni
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catalysts. This value (271 h-1) was appreciably higher than that reported over Ni nanoparticles

in metal-organic framework MIL-101 (< 2 h-1) [50], TiO2 supported Pd (144 h-1) and Pt (252

h-1) [51] under similar conditions (523 K). It should be noted that there was no detectable

conversion over Ni/SiO2 at T ≤473 K. CeO2 and TiO2 supported Ni were fully selective to

CH4 in the temperature range (473-523 K). Reaction over Ni/SiO2 (498 K) generated CH4 as

the sole product with CO formation at elevated temperature (523 K). Metal particle size is a

critical parameter in determining hydrogenation activity, where smaller metal particles

generally facilitate hydrogenation [52]. In this study, Ni/CeO2 exhibited appreciably higher

TOFs than that recorded over Ni/TiO2 that bears similar Ni particle size and the values for

Ni/SiO2 that shows smaller Ni particles (Table 1). This suggests Ni particle morphology,

support and/or metal-support interface effect, rather than Ni particle sizes, determine the

hydrogenation of CO2 to CH4. The catalytic response of the physical mixtures of Ni + CeO2

and Ni/CeO2 + CeO2 was examined under the reaction conditions where the Ni content in the

catalyst was kept constant and Ni/CeO2 : CeO2 = 1:1 (based on weight). There was no

detectable conversion over the physical mixture of Ni + CeO2. This suggests physical contact

of Ni particles with CeO2 has no catalytic activity for CO2 and/or H2 activation. Reaction

over Ni/CeO2 + CeO2 mixture delivered exclusive selectivity to CH4 at a CO2 consumption

rate similar to that recorded over Ni/CeO2 (Table 2). This suggests incorporation of support

as a physical mixture with Ni/CeO2 does not dramatically influence the overall catalytic

activity, which is controlled by Ni/CeO2.

The interaction of CO2 and H2 with (CeO2, TiO2 and SiO2) supported Ni catalysts was

examined in pulse reactions using temporal analysis of products. The response signals as a
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flux of the reactor effluent versus time are presented in Fig. 7. The amount of CO2 leaving

the reactor followed an increasing order: Ni/CeO2 < Ni/TiO2 << Ni/SiO2 < CeO2 < blank (I),

suggesting a stronger adsorption of CO2 with Ni/CeO2. A small decrease in CO2 response

over ceria relative to that in the blank testing demonstrates the support alone was not crucial

in determining the adsorption of CO2. There was no significant difference in H2 uptake

among the Ni catalysts (II). This implies the catalyst capacity for adsorption/activation of

CO2 determines the methanation activity. CO was produced over Ni/TiO2 and Ni/SiO2. There

was no detectable CH4 formation for all the catalysts. We can note the amount of CO

generation matched CO2 consumption in the reaction over Ni/SiO2 (III), indicating complete

reduction of CO2 to CO. The reaction over Ni/TiO2 generated a smaller amount of CO

(relative to Ni/SiO2), appreciably lower than the CO2 consumption. No CO was detected over

Ni/CeO2, suggesting Ni/CeO2 facilitated conversion of CO2 to a carbonaceous (e.g., formate)

intermediate that was adsorbed on the catalyst surface without further reaction with hydrogen

to form methane under the pulse reaction condition where the feeding ratio CO2 : H2 = 1:1

was lower than the stoichiometry. Metal-oxide interface is a special region of active sites [3].

Metal nanoparticle morphology determines the exposed active facets [53]. We consider a

synergistic cooperation of hexagonal Ni nanocrystallites with metal-oxide interface enhanced

the CO2 methanation rate over Ni/CeO2. CO2 is preferentially adsorbed/activated at the

interface between Ni and CeO2. Hexagonal Ni nanocrystallites facilitate H2

activation/dissociation to atomic hydrogen that participates in CO2 hydrogenation to CH4.

3.3 Tuning Metal-Oxide Interaction

Reduction temperature impacts on metal particle morphology, support surface properties
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and the metal-support interaction, which in turn influences reactant adsorption/activation [54,

55]. Ni particle morphology and metal-support interaction of Ni/CeO2 (activated at 773 K and

973 K) was examined by HRTEM with representative images presented in Fig. 8 and Fig. S2.

The image of Ni/CeO2 activated at 773 K presented Ni nanoparticles with size (3-22 nm,

mean = 8.7 nm, Fig. S2A). Clear interface boundary between Ni and CeO2 was observed

(dashed frame, (A)). In contrast to the catalyst activated at 723 K, reduction at higher

temperature (773 K) induced decoration of Ni nanoparticles due to migration of reduced ceria

to Ni nanocrystallites. A further increase in reduction temperature (to 973 K) resulted in

formation of quasi-spherical Ni nanoparticles. There was no significant change of Ni particle

size (3-21 nm, mean = 9.4 nm, Fig. S2B), in agreement with the consensus that surface

oxygen vacancies served to anchor/stabilise Ni nanoparticles [25]. Activation of Ni/CeO2 at

973 K (B) caused encapsulation of Ni nanoparticles by ceria with a higher coverage (>70%)

of Ni surface.

The effect of reduction temperature on the catalytic response in CO2 methanation (523 K)

over Ni/CeO2 was presented in Fig. 9. Methane was the sole product under the investigated

reduction temperature range (673-973 K). The CO2 consumption rate was kept constant with

increasing reduction temperature from 673 K to 723 K. A further increase in reduction

temperature (723 K → 973 K) resulted in lower CO2 consumption rate. This suggests

decoration/encapsulation of Ni particles do not favour activation of CO2 and/or H2 for

reaction. This is consistent with the published study which has shown that high extent of

encapsulation of Ru particles by TiOx sublayer largely decreased the CO2 methanation rate

[56]. Moreover, Rodriguez et al. [6] reported that complete surface coverage of Cu (111) by



15

reduced ceria did not show any activity in the CO2 hydrogenation to methanol. We consider

higher coverage of Ni surface by reduced ceria layer due to decoration/encapsulation effect

must decrease the interface boundary perimeter and exposed Ni surface, which consequently

lowered catalytic capacity of Ni/CeO2 for activation of CO2 and/or H2. For a comparison,

(TiO2 and SiO2) supported Ni catalysts were reduced at 723-973 K and tested in CO2

methanation. The CO2 conversion rate was decreased with increasing reduction temperature

(Fig. 10). TEM images of Ni/TiO2 activated at 973 K as a representative are shown in Fig. S3.

Appreciably larger Ni particles (mean = 24.8 nm) due to agglomeration of Ni particles were

observed post-reduction at 973 K relative to that (mean = 9.4 nm) at 723 K. The decreased

activity at higher reduction temperature for reaction over Ni/TiO2 and Ni/SiO2 can be linked

to large Ni particle sizes that decreased active surface area for CO2 and/or H2 activation. CH4

selectivity was similar to that observed in Fig. 6. We can note that Ni/CeO2 still exhibited

higher methanation rates than that recorded over (TiO2 and SiO2) supported Ni catalysts,

suggesting the metal-oxide interfacial effect favoured CO2 methanation.

3.4 Catalytic stability

The long-term catalytic stability of Ni/CeO2 was examined in CO2 methanation (523 K);

the time on-stream conversion and CH4 selectivity profile is presented in Fig. 11. CO2 was

exclusively converted to CH4 within 50 h. An initial loss of activity was observed with steady

state attained after 10 h on-stream. The catalyst degradation in CO2 methanation has been

linked to Ni sintering and carbon deposition [28, 57]. The spent catalyst was subjected to

BET, TEM, XRD and TG-DTG to study the catalyst deactivation. The spent Ni/CeO2 showed

a SSA (10 m2 g-1), close to that (11 m2 g-1) recorded over the catalyst pre-reaction. HRTEM
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analysis (Fig. 12(I)) revealed a change in Ni particle morphology to the quasi-spherical shape

post-reaction from the hexagonal crystallites pre-reaction, suggesting a reconstruction of Ni

surface occurred during reaction. The histogram of Ni nanoparticle size for the spent Ni/CeO2

catalyst (II) showed a wider size range (4-17 nm) with a larger mean (9.5 nm) relative to that

(3-14 nm, 8.7 nm) recorded over the sample pre-reaction, indicating agglomeration and

sintering of Ni particles to some extent. No carbon whisker was observed on the catalyst

surface. Czekaj et al. [58] have reported whisker carbon formation on Ni particles in the

methanation of syngas over Ni/Al2O3 at high temperature (≥673 K). This suggests whisker

carbon formation was thermodynamically suppressed under the reaction condition (523 K)

employed in this study. XRD analysis (using Cu radiation) for the spent Ni/CeO2 (III)

revealed phases of metallic Ni and cubic ceria. There was no detectable signal due to

crystalline carbon (graphite and whisker carbon) and NiO. To further probe the possible

formation of carbon, TG-DTG analysis for Ni/CeO2 pre- and post-reaction was conducted

with results shown in Fig. 12(IV). Pre-reaction, the activated Ni/CeO2 exhibited weight loss

(0.35%) at T ≤ 463 K due to water removal and mass increase at higher temperature (463-773

K) that can be attributed to oxidation of metallic Ni to NiO and/or support ceria (Ce3+ →

Ce4+). TG analysis of the spent Ni/CeO2 generated a signal response similar to that of the

activated sample. The mass loss (0.40%) below 483 K can be attributed to water removal

and/or desorption of adsorbed reactants/products (e.g., CO2, H2 and CH4). The weight

increase within 483-683 K was lower (by 0.15%) than that recorded over the activated

Ni/CeO2. There was no change in weight above 773 K, indicating no whisker carbon

formation [59]. DTG analysis generated profiles for Ni/CeO2 pre- and post-reaction
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overlapped with each other. The change in weight did not vary with temperature, confirming

there was no carbon deposit on catalyst surface post-reaction. Based on the characterisation

results, the initial loss of activity can be principally attributed to a reconstruction of Ni

nanoparticles to quasi-spherical morphology from hexagonal crystallites.

4. Conclusion

We have presented metal-support interaction governs CO2 activation/conversion for

methane production over (CeO2, TiO2 and SiO2) supported Ni nanoparticles. HRTEM

analysis of Ni/CeO2 (activated at 723 K) presented hexagonal Ni nanocrystallites, defects and

strong interaction between Ni and CeO2. While TiO2 and SiO2 as supports favoured formation

of pseudo-spherical Ni nanoparticles. TPR, XPS and UV Raman analysis for Ni/CeO2

revealed partial reduction of ceria surface with generation of oxygen vacancies. Reaction

over Ni/CeO2 delivered full selectivity to CH4 with (up to forty-fold) higher TOF than that

recorded over (TiO2 and SiO2) supported Ni nanoparticles. Ni/SiO2 promoted CO formation

as by-product. Pulse reaction by TAP demonstrated a stronger adsorption of CO2 and H2 on

Ni/CeO2. Activation of Ni/CeO2 at higher temperature (773-973 K) resulted in

decoration/encapsulation of Ni nanoparticles by ceria layer, which lowered CO2 conversion to

CH4. An initial loss of activity in the catalytic stability evaluation can be principally linked to

a reconstruction of Ni surface.

Supporting information

More detailed experimental results including HRTEM images and Ni particle size

distribution histogram.
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Table 1: SSA, temperature maximum (Tmax) during TPR, mean Ni
particle size (d) and Ni dispersion (D) from TEM analysis.

Ni/CeO2 Ni/TiO2 Ni/SiO2

SSA (m2 g-1) 11 53 8

TPR Tmax (K) 547, 639 718 652

d (nm) 8.7 9.4 5.3

D (%) 11.6 10.8 19.1

Table 2: CO2 consumption rate (RCO2) in CO2 methanation
over Ni/CeO2, physical mixture of Ni with CeO2 and physical
mixture of Ni/CeO2 with CeO2. Reaction condition: Treact = 523
K, Treduce = 723 K, n/FCO2 = 6.5×10-3 h, GHSV = 6.6×104 h-1.

Catalyst Ni/CeO2 Ni+CeO2 Ni/CeO2+CeO2

RCO2 (h-1) 31.5 - 29.5
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Figure Captions

Fig. 1. Temperature programmed reduction (TPR) profiles for (A) Ni/CeO2, (B) Ni/TiO2 and

(C) Ni/SiO2.

Fig. 2. XRD patterns for (A) Ni/CeO2, (B) Ni/TiO2 and (C) Ni/SiO2 (∆: Ni; ♦: CeO2; *:

anatase; +: rutile and ●: SiO2).

Fig. 3. XPS profile of (I) Ni 2p3/2 for (A) Ni/CeO2, (B) Ni/TiO2 and (C) Ni/SiO2; and spectra

of (AII) Ce 3d, (BII) Ti 2p and (CII) Si 2p.

Fig. 4. UV Raman spectra of activated (A) CeO2 and (B) Ni/CeO2.

Fig. 5. Representative HRTEM images for (A) Ni/CeO2, (B) Ni/TiO2 and (C) Ni/SiO2.

Fig. 6. Turnover frequency of CO2 (TOFCO2) and product selectivity (Sj, ■: CH4; ●: CO) as a

function of temperature (solid bar: 473 K, open bar: 498 K, hatched bar: 523 K) in CO2

methanation over the supported Ni catalysts. Reaction condition: Treduce = 723 K, n/FCO2 =

6.5×10-3-2.6×10-2 h, GHSV = 1.6×104-6.6×104 h-1.

Fig. 7. The response of (I) CO2, (II) H2 and (III) CO in the pulse reaction over (A) Ni/CeO2,

(B) Ni/TiO2, (C) Ni/SiO2; (ID) CO2 signal over CeO2 and (IE) CO2 signal in blank test.

Fig. 8. Representative HRTEM images for Ni/CeO2 reduced at (A) 773 K and (B) 973 K.

Fig. 9. Effect of reduction temperature (673-973 K) on CO2 consumption rate (RCO2) in CO2

methanation over Ni/CeO2. Reaction condition: Treact = 523 K, n/FCO2 = 6.5×10-3 h, GHSV =

6.6×104 h-1.

Fig. 10. Variation of CO2 consumption rate (RCO2) and CH4 selectivity (SCH4) with reduction

temperature (solid bar: 723 K, open bar: 773 K, line bar: 973 K) in CO2 methanation over
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(TiO2 and SiO2) supported Ni catalyst. Reaction condition: Treact = 523 K, n/FCO2 =

6.5×10-3-2.6×10-2 h, GHSV = 1.6×104-6.6×104 h-1.

Fig. 11. Catalytic stability of Ni/CeO2 in CO2 methanation. Reaction condition: Treact = 523 K,

Treduce = 723 K, n/FCO2 = 6.5×10-3 h, GHSV = 6.6×104 h-1.

Fig. 12. (I) Representative HRTEM image, (II) associated histogram of Ni particle size

distribution, (III) XRD pattern for Ni/CeO2 post-reaction (∆: Ni; ♦: CeO2) and (IV) TG-DTG

profile of the (A) activated and (B) spent Ni/CeO2.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 10
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Fig. 11
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