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Abstract  

Catalytic oxidation of CH4 over non-precious Ni/CeO2 catalysts has attracted wide attention.  

Controlling the morphology of CeO2 support can enhance the CH4 oxidation activity without 

changing the catalyst composition.  Herein, a series of 2 wt.% Ni/CeO2 nanocatalysts with different 

CeO2 support morphologies (nanoparticles (P), rods (R), cubes (C)) and synthetic procedures 

(precipitation, sol-gel) were evaluated for their CH4 oxidation performance.  The redox properties 

of CeO2 supports and corresponding Ni loaded catalysts were characterized by H2-temperature 

programmed reduction and oxygen storage capacity (OSC) measurements.  The relationship 

between the CeO2 morphologies, surface areas, redox properties, and CH4 oxidation activity for 

both CeO2 supports and Ni/CeO2 catalysts was established.  The findings suggest that CeO2-R has 

a greater amount of surface oxygen vacancies, an improved OSC and CH4 oxidation activity 

compared to CeO2-P and CeO2-C supports.  The same CH4 oxidation activity pattern was observed 

for the Ni containing catalysts (Ni/CeO2-R > Ni/CeO2-P > Ni/CeO2-C).  Increasing the CeO2 

surface area by using a sol-gel synthesis method (CeO2-SG) improved the amount of surface 

oxygen vacancies and CH4 oxidation performance of CeO2-SG and Ni/CeO2-SG compared to 

CeO2-R and Ni/CeO2-R, respectively.  Finally, all studied Ni/CeO2 nanocatalysts showed 

improved hydrothermal stability compared to conventional Pd/Al2O3.   

 

Keywords: Ni/CeO2, methane oxidation, morphology control, redox properties, support effect  
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1. Introduction 

Ceria (CeO2) has been widely investigated both as a catalyst and a catalyst support for a 

variety of catalytic reactions (i.e. catalytic oxidation of CO and hydrocarbons,1-5 propane 

dehydrogenation,6 CH4 reforming,7 water-gas shift reactions,8 nitric oxides reduction,9 etc.) 

attributed to its unique Ce4+/Ce3+ redox couple.10  The morphology and surface properties of CeO2 

can play an important role on its catalytic performance.11-15  Specifically, CeO2 crystal planes can 

affect the oxygen vacancy concentration and impact the interaction of CeO2 with surface 

molecules.14  Recent advances in CeO2 morphology control techniques provide a new approach to 

tailor the catalytic properties of CeO2 by modifying the exposed facets.11,16  Specifically, CeO2 

with different morphologies (nanoparticles, rods, cubes, octahedrons, nanoflowers) were 

synthesized and their catalytic performance towards different reactions was evaluated.  For 

example, Ren et al.17 showed that the phenol oxidation performance of CeO2 improves with 

increasing the surface oxygen defect concentration and Oads/Olatt ratio.  Specifically, CeO2-filiform 

showed the highest surface oxygen defect concentration and improved activity compared to CeO2-

cube, CeO2-rod, and CeO2-octahedron.  Feng et al.18 investigated the toluene oxidation 

performance of CeO2 with different morphologies (rod, hollow sphere, and cube) and the CeO2-

hollow spheres outperformed all studied samples (90% toluene conversion at 207 oC).  The 

enhanced toluene oxidation performance of CeO2-hollow spheres was attributed to their high 

surface area (130.2 m2/g) and abundant surface oxygen vacancies (Ce3+/(Ce3++Ce4+)).   

The morphology of CeO2 plays an important role in the activity of metal supported CeO2 

catalysts, such as Ni/CeO2,19 Ru/CeO2,20 Pt/CeO2,21 and Au/CeO2.19-22  Zhang et al.19 reported that 

Ni/CeO2-rod showed an improved propane oxidation performance compared to Ni/CeO2-cube 

catalysts, attributed to the increased amount of strongly activated oxygen species of Ni/CeO2-rods.  

On the other hand, Ni/CeO2-cube had a greater amount of weakly activated oxygen species 

compared to Ni/CeO2-rod catalysts resulting in an improved performance towards the oxidative 

dehydrogenation of propane reaction.  The propane oxidation activity of Ru/CeO2 (rod, cube, 

octahedra) was also investigated.20  The results indicated that the morphology of CeO2 support can 

affect both the chemical state of Ru and the interaction between Ru-CeO2.  Ru/CeO2-rods with 

CeO2 (110) as the dominant facet showed an improved activity and stability towards the propane 

oxidation reaction.   
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Catalytic oxidation of methane (CH4) to less harmful carbon dioxide (CO2) is an efficient 

way for CH4 emission control and has attracted significant attention.2, 23-25  Non-precious metal 

Ni/CeO2-based catalysts have a promising CH4 oxidation performance and they are more water 

resistant compared to platinum group metal (PGM)-based catalysts towards the CH4 oxidation 

reaction.26,27  Our recent work showed that the CH4 oxidation reaction over Ni/CeO2 catalysts 

follows a Mars-van Krevelen mechanism, where the first C-H bond of CH4 is cleaved at the Ni-

CeO2 interfacial site.28  The reactivity of interfacial oxygen between Ni and CeO2 can be tuned by 

tuning the exposed facets of CeO2 supports.  Therefore, controlling the exposed CeO2 facets by 

adjusting the morphology of CeO2 can potentially affect the Ni-CeO2 interaction and the CH4 

oxidation activity of Ni/CeO2 catalysts.  

The impact of CeO2 morphologies was studied over several reactions, including toluene 

oxidation18, propane oxidation and dehydrogenation of propane.19  Moreover, Ni/CeO2 catalysts 

were utilized for the CH4 oxidation reaction;27,28 however, the effect of the CeO2 support 

morphologies on the redox properties and CH4 oxidation performance of Ni/CeO2 catalysts still 

remains unclear.  In this work, the CH4 oxidation performance of Ni supported on commercial 

CeO2 and CeO2 supports with different morphologies (nanoparticle, rod, cube) and synthesis 

methods (precipitation, sol-gel) is compared.  The CH4 oxidation performance of CeO2 supports 

is also compared.  The relationship between CeO2 morphologies and the corresponding CH4 

oxidation activity of CeO2 supports and Ni/CeO2 catalysts was established though a combination 

of detailed characterizations including surface properties (Brunauer-Emmett-Teller (BET) surface 

area, Barrett-Joyner-Halenda (BJH) pore volume), redox properties (H2-temperature programmed 

reduction (H2-TPR), oxygen storage capacity (OSC)), CH4 oxidation reaction rates and apparent 

activation energies.  Finally, the CH4 oxidation stability and H2O resistance of Ni/CeO2 catalysts 

was evaluated and compared to those of Pd/Al2O3 catalysts.  

2. Experimental 

2.1. Catalyst synthesis 

 CeO2 supports with different morphologies (nanoparticles (P), rods (R), cubes (C)) were 

synthesized by precipitating Ce(NO3)3•6H2O (99% purity (Sigma-Aldrich)) precursor solution in 

NaOH (ACS AR, Macron Fine Chemicals) solution, followed by hydrothermal synthesis at 

different temperatures (Scheme 1).20,29  Specifically, 1.74 g Ce(NO3)3•6H2O and 19.2 g NaOH 
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were first dissolved in 10 and 70 mL D.I. water, respectively.  The Ce(NO3)3•6H2O solution was 

added drop-wisely in the NaOH solution.  The final Ce-based suspension was stirred for 30 min at 

room temperature.  CeO2-P was synthesized by collecting the precipitant by centrifugation and 

washing it with D.I. water until the pH of the filtrate was close to neutral.  CeO2-R and CeO2-C 

were synthesized by hydrothermal synthesis using the Ce-based suspension as precursor.  

Specifically, the Ce-based suspension was transferred into a 100 mL Teflon liner that was sealed 

in a stainless-steel autoclave followed by hydrothermal synthesis at 120 oC (CeO2-R) or 180 oC 

(CeO2-C) for 24 h.  After the completion of the hydrothermal synthesis, the precipitate was 

collected and washed with D.I. water until the pH of the filtrate was close to 7.  The synthesized 

CeO2-P, CeO2-R, and CeO2-C supports were dried overnight at 110 oC, followed by calcination at 

450 oC/5h (5 oC/min).  CeO2 was also synthesized with a polyvinylpyrrolidone (PVP)-assisted sol-

gel method (CeO2-SG).30  Initially, 5 g of polyvinylpyrrolidone (PVP, average molecular weight 

10,000 (Sigma-Aldrich)) was dissolved in 100 mL D.I. water followed by addition of 3.1 g of 

Ce(NO3)3•6H2O.  The solution was stirred for 1 h until a homogeneous and clear solution was 

obtained.  The final solution was evaporated in a drying oven set at 110 oC.  The resulting gel was 

calcined at 500 oC for 2h (10 oC/min).  Commercial CeO2 (REacton, 99.9% purity), denoted as 

CeO2-Com, from Alfa Aesar was also used for comparison purposes.   

 After the CeO2 (P, R, C, SG, Com) supports were obtained, 2 wt.% Ni/CeO2-P, R, C, SG, 

Com catalysts were synthesized by a wet impregnation method using Ni(NO3)2•6H2O (99.9+% 

purity (Strem chemicals)) as a precursor.  The Ni/CeO2 catalysts were dried at 110 oC overnight, 

followed by calcination at 450 oC/5h (10 oC/min).  0.5 wt.% Pd/Al2O3 catalyst was also synthesized 

for comparison purposes by incipient wetness impregnation using Pd(NO3)2•4 NH3 solution (10 

wt.% in H2O (Sigma Aldrich)) and γ-Al2O3 (Sasol) as reported previously.27 
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Scheme 1.  Synthesis of Ni/CeO2-P, R, C by precipitation, hydrothermal, and polyvinylpyrrolidone 
(PVP)-assisted sol-gel synthesis.  

2.2. Characterization 

The BET surface areas and BJH pore volumes of CeO2-P, R, C, SG, Com supports were 

measured by N2 adsorption and desorption experiments using a Tri-Star II surface area and 

porosity analyzer (Micromeritics).  The samples were degassed at 150 oC for 3 h (Micromeritics 

VacPrep 061) prior to surface area and pore volume measurements.  The BJH pore volumes were 

obtained from the desorption branch of the collected isotherms. 

The crystalline structure of CeO2-P, R, C, SG, Com supports was determined by X-ray 

diffraction (XRD) and their crystal size was calculated using the Scherrer equation.31  The XRD 

patterns of all studied CeO2 supports were collected with a Rigaku Ultima IV equipment (Cu Kα 

X-ray source) from 2θ = 5 to 90o with a step size of 1.0167o and scan speed of 2o/min. 

The exposed facets of CeO2-P, R, C, SG supports were determined by obtaining high 

resolution transmission electron microscopy (HRTEM) images that were collected with a JEOL 

JEM 2020 instrument.  The CeO2 supports were dusted on Cu grids and they were purged with 

compressed air to remove excess powder.  Additional HRTEM of Ni loaded catalysts were 

collected with a JEOL NEOARM 200CF transmission electron microscope equipped with 

spherical aberration correction to allow atomic resolution imaging, and an Oxford Aztec Energy 

Dispersive System (EDS) for elemental analysis.  The microscope is equipped with two large area 

JEOL EDS detectors for higher throughput in acquisition of x-ray fluorescence signals.  Images 
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were recorded in annular dark field (ADF) mode and in annular bright field (ABF) mode, and in 

HRTEM mode. 

Ni loading over Ni/CeO2 catalysts was determined by inductively coupled plasma optical 

emission spectrometer (ICP-OES, Thermo Scientific iCAP 6000).  Prior to the ICP analysis, about 

20 mg of each catalyst was digested in 20 mL HNO3 (63 wt.%) at 80 oC for 24 h.   

Raman spectra of CeO2-P, R, C, SG, Com supports were obtained with a Renishaw inVia 

Raman microscope.  Excitation wavelength of 514 nm was used for all data collection.   

O2, CO pulse chemisorption and H2-TPR were conducted on AutoChem II 2920 

(Micromeritics).  The OSCs of CeO2-P, R, C, SG, Com supports were determined by O2 pulse 

chemisorption as reported previously.27  Briefly, 50 mg of sample was first reduced at 450 oC for 

1 h with 10% H2/Ar, followed by 30 mins Ar purging at the same temperature to remove gas phase 

H2.  A series of O2 pulses were then injected to the sample until the sample was saturated.  The O2 

uptake calculated based on the first pulse was used to determine the sample OSC.  The oxygen 

storage capacity complete (OSCC) was calculated based on the cumulative O2 uptake.  

The reducibility of CeO2-P, R, C, SG, Com supports, and Ni loaded catalysts (Ni/CeO2-P, 

R, C, SG, Com) was determined by H2-TPR.  Specifically, 50 mg of sample was loaded in a U-

shaped quartz tube reactor and it was initially oxidized (20% O2/Ar, 50 sccm (cm3 min-1 (STP)) at 

400 oC for 30 min (10 oC/min)) followed by cooling down to room temperature under pure Ar 

(Ultra high purity, Airgas).  The feed gas was then switched to 10% H2/Ar.  Once the thermal 

conductivity detector (TCD) signal was stabilized, the sample was heated up to 1005 oC with a 

temperature ramp of 10 oC/min.  The H2 consumption was recorded by the TCD.   

2.3. Catalytic performance evaluation 

The CH4 oxidation performance of CeO2-P, R, C, SG, Com supports and Ni/CeO2-P, R, C, 

SG, Com catalysts was evaluated in a home-built packed bed reactor equipped with an online MKS 

FTIR gas analyzer (MultiGas 2030).32  For each test, 100 mg of sample diluted with 100 mg quartz 

sand was loaded in a U-shaped quartz tube reactor (I.D. = 8 mm) and was stabilized between two 

small plugs of quartz wool.  The feed gas contained CH4 : O2 : Ar = 1 : 5 : 9 and it was well mixed 

before introduced in the reactor.  The total flow of the feed gas was 30 sccm (gas hourly space 

velocity (GHSV) ~ 18,000 mLg-1h-1).  The CH4 oxidation light-off curves were collected while 

heating the samples from 200 to 750 oC (10 oC/min).  Three consecutive light-off curves were 
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collected for each sample to determine its stability.  The effluent gas was diluted 10 times with Ar 

to minimize the response time of the gas analyzer.  CH4 conversions (𝑋𝑋) were calculated using Eq. 

(1). 

CH4 conversion:                 𝑋𝑋 = (𝐶𝐶CH4,in−𝐶𝐶CH4,out)
𝐶𝐶CH4,in

× 100%                                          (Eq. 1) 

where CCH₄,in and CCH₄,out are the CH4 concentrations in the inlet and outlet of the reactor, 

respectively.  

 The CH4 oxidation rates of CeO2-P, R, C, SG, Com supports and Ni/CeO2-P, R, C, SG, 

Com catalysts were measured at steady state.  The catalysts were kept at each reaction temperature 

for at least 1 h.  The reaction rates were measured at 𝑋𝑋CH₄ < 15% to minimize heat and mass transfer 

effects.  The apparent activation energies (Eapp) of CeO2-P, R, C, SG, Com supports and Ni/CeO2-

P, R, C, SG, Com catalysts were calculated from the Arrhenius plot.  CH4 oxidation rates (r) were 

calculated using Eqs. (2-3). 

Reaction rate: 𝑟𝑟�µmolCH₄gcat−1 s−1�
 
 =

𝐶𝐶CH4,in �30×10−3L
60 s  �×106µmol

mol

22.4 L
 mol×0.1gcat

× 𝑋𝑋                                      (Eq. 2) 

Reaction rate: 𝑟𝑟�µmolCH₄gNi−1𝑠𝑠−1� 
 =

𝐶𝐶CH4,in �30×10−3L
60 s  �×106µmol

mol

22.4 L
 mol×0.1gcat×𝑀𝑀Ni

× 𝑋𝑋                                      (Eq. 3) 

where MNi is the Ni loading (2 wt.%).  

The stability of Ni/CeO2-P, R, C, SG, Com and 0.5 wt.% Pd/γ-Al2O3 catalysts in the 

presence of water was evaluated by initially keeping the catalyst inlet temperature at 450 oC for 12 

h under the following conditions: CH4 : O2 : Ar = 1 : 5 : 9 (GHSV ~ 18,000 mLg-1h-1).  

Subsequently, 5% H2O was introduced in the reactor for 12 h to evaluate the hydrothermal stability 

of the studied catalysts.  A syringe pump (D-series pump (Teledyne Isco)) was used to supply 

water in a tube furnace (200 oC) where water was instantly vaporized and carried to the reactor by 

Ar.  Finally, the water was removed from the feed gas mixture and the recoverability of the studied 

catalysts was evaluated over a 10 h period.   

3. Results and discussions 

3.1. Textural properties of CeO2-P, R, C, SG, Com supports 

 The N2 adsorption/desorption isotherms of CeO2-P, R, C, SG, Com supports are shown in 

Fig. S1.  The support surface areas decrease in the following order: CeO2-SG (125 m2/g) > CeO2-
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P (96 m2/g) > CeO2-R (75 m2/g) > CeO2-C (19 m2/g) > CeO2-Com (0.8 m2/g) (Table 1).  CeO2-R, 

C had a lower surface area compared to CeO2-P due to the growth of the crystal size of CeO2 

during hydrothermal synthesis (see XRD data discussion).  However, the pore volume increased 

from 0.12 cm3/g (CeO2-P) to 0.18 cm3/g (CeO2-C) to 0.47 cm3/g (CeO2-R), which can be attributed 

to the increased void between nanocrystals in CeO2-R, C supports.  The surface area and crystallite 

size of CeO2-SG is consistent with literature results for CeO2-SG synthesized by similar methods.30  

The higher surface area of CeO2-SG but larger crystallite size than CeO2-P is likely due to 

improved porosity of CeO2-SG (0.22 cm3/g) than CeO2-P (0.12 cm3/g) and the defective nature of 

the crystals, grain boundaries.   

 

Table 1.  BET surface areas (SA), BJH pore volumes (PV), average crystallite size, OSC and 
OSCC of the CeO2-P, R, C, SG, Com supports. 

Sample SA 
(m2/g) 

PV 
(cm3/g) 

Average 
crystallite 
size (nm)a 

OSC  
(µmol/g) 

OSCC  
(µmol/g) 

CeO2-P 96 0.12 5.2 107 108 

CeO2-R 75 0.47 9.4 125 126 

CeO2-C 19 0.18 33.9 44 48 

CeO2-SG 125 0.22 7.7 158 161 

CeO2-Com 0.8 0.003 45.6 3 5 

a average crystallite sizes were calculated from XRD patterns using the Scherrer equation (peaks: 
111, 200, 220, 311). 
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Fig. 1.  HRTEM images of A.(1-3) CeO2-P, B.(1-3) CeO2-R, C.(1-3) CeO2-C, and D.(1-3) CeO2-

SG.  (E.1-4) ABF-STEM images of the ceria rods in Ni/CeO2-R after stability test, and their FFT 

patterns.  The diffraction spots in the FFT patterns are indexed to show the planes corresponding 

to the lattice fringes of CeO2.   

HRTEM images (Fig. 1) of the CeO2-P, R, C, SG supports confirm their unique 

morphologies.  CeO2-P synthesized by precipitation of the Ce precursor in an alkaline solution is 

present as nanocrystals.  Hydrothermal synthesis at 120 oC led to the formation of rod-shaped CeO2 

(Fig. 1(B.1-3)), as was described previously.20  Fig. 1(E.1-4) shows ABF-STEM images of CeO2 

rods and their FFT patterns in Ni/CeO2-R catalyst.  The diffraction spots in the FFT patterns were 

indexed to show the planes corresponding to the lattice fringes of CeO2.  The FFT patterns shown 

in Fig. 1(E.1) and Fig. 1(E.2) indicate that the images are oriented in the [110] and [111] zone axes, 

respectively.  CeO2 rod has exposed well-faceted (100) surfaces (Fig. 1(E.1)).  However, many of 

the CeO2 rods have undulating surfaces (Fig. 1(E.2-4)), and therefore, these surfaces cannot be 

assigned to a specific facet.  In Fig. 1(E.3), ceria rods appear to expose a (111) surface and the rods 

appear to grow in the <111> and <110> directions (Fig. 1(E.4)), as indexed in the FFT patterns.  

This characterization is consistent with previous work showing that the dominant facet shown on 

ceria nanorods is most likely (111), and catalytic data was confirmed by AC-STEM and water-gas 

shift reactivity.33  Hydrothermal synthesis at 180 oC generated cube-shaped CeO2 with (100) as 

(C.1) (C.2) (C.3)

(B.1) (B.2) (B.3)

(D.1) (D.2) (D.3)

(A.1) (A.2) (A.3)

0.31 nm
(111)

0.27 nm
(100)

0.31 nm
(111)

0.31 nm
(111)

(E.1) (E.2)

(E.3) (E.4)
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the main surface facet (Fig. 1(C.1-3)).4  High surface area CeO2 synthesized by sol-gel method 

resulted to uniform CeO2 nanocrystals (Fig. 1(D.1-3)) with (111) surface exposed.   

 

Fig. 2.  (A) XRD patterns, (B) Raman spectra and ID/IF2g ratios, (C) H2-TPR profiles of CeO2-P, 
R, C, SG, Com supports, and (D) H2-TPR profiles of Ni/CeO2-P, R, C, SG, Com catalysts. 

All CeO2 supports showed an identical cubic fluorite phase (JCPDS 34-0394) (Fig. 2(A)).34  

The XRD peaks at 28.3o, 32.8o, 47.0o, and 55.8o correspond to (111), (200), (220), and (311) facets, 

respectively.34  CeO2-P had the smallest crystallite size (5.2 nm) of all studied CeO2 supports 

(Table 1).  Hydrothermal synthesis of CeO2-R and CeO2-C led to the growth of the crystallite size 

as follows: CeO2-P (5.2 nm) < CeO2-R (9.4 nm) < CeO2-C (33.9 nm).  This observation is 

consistent with the decrease in the surface area observed over the same samples (Table 1).  CeO2-

Sample ID/IF2g

CeO2-P 0.0417

CeO2-R 0.0426

CeO2-C 0.0198

CeO2-SG 0.0432

CeO2-Com 0
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SG had a slightly larger crystallite size (7.7 nm) than CeO2-P (5.2 nm) and CeO2-Com had the 

largest crystalline size (45.6 nm) of all studied CeO2 supports.   

The redox properties of CeO2-P, R, C, SG, Com supports were characterized by O2 pulse 

chemisorption, Raman, and H2-TPR.  CeO2-Com had the lowest O2 uptake (3 µmol/g) compared 

to all studied CeO2 supports, that is associated with its low surface area (0.8 m2/g) and well 

crystalized nature (crystallite size: 45.6 nm) (Table 1).  CeO2-R had a greater OSC (125 µmol/g) 

compared to CeO2-P (107 µmol/g) even though CeO2-R has a larger crystallite size and a smaller 

surface area compared to CeO2-P.  This suggests that the oxygen species over CeO2 (110) facets 

present in CeO2-R supports have higher reactivity compared to CeO2 (111) facets present in CeO2-

P supports.19  However, CeO2-C had a lower OSC/OSCC compared to CeO2-P and CeO2-R, which 

can be attributed to its lower surface area and lower reactivity of oxygen species on CeO2 (100) 

facets.  CeO2-SG had the greatest OSC (158 µmol/g) and surface area of all studied supports, 

suggesting that increasing the surface area can increase the total amount of defect sites over the 

CeO2 surface.   

The surface redox properties of the studied CeO2 supports were further characterized by 

Raman spectroscopy, as surface oxygen vacancies are highly sensitive to the D band intensity.35  

The Raman spectra of CeO2-P, R, C, SG, Com supports (Fig. 2(B)) contain two main peaks: F2g at 

462 cm-1 and a defect-induced D-band at 595 cm-1.35  The relative amount of surface oxygen 

vacancies can be compared by the ratio of the intensities of the D-band and F2g peaks (ID/IF2g).  

The ID/IF2g ratio increases in the same order as the OSC of the CeO2 support (SG > R > P > C > 

Com) (Table 1), suggesting that the observed increase in the OSC of CeO2 supports can originate 

from the increase in surface oxygen vacancies.  The Raman data further indicates that CeO2-R has 

higher concentration of oxygen vacancies compared to CeO2-P and CeO2-C.  

The H2-TPR profiles of CeO2-P, R, C, SG, Com supports are shown in Fig. 2(C).  Two 

main H2 consumption peaks centered at 366 and 688 oC are present over CeO2-P, that can be 

attributed to the reduction of surface/sublayer and bulk phase Ce4+ to Ce3+, respectively.27  The H2 

consumption profile of CeO2-R is similar to the one of CeO2-P with the surface Ce4+ reduction 

peak shifted to a slightly lower temperature (358 oC).  The surface Ce4+ of CeO2-C is reduced at a 

lower temperature (300 oC) compared to CeO2-P (366 oC) and CeO2-R (358 oC), which can be 

attributed to the decreased surface area of CeO2-C compared to CeO2-P, R resulting to a decreased 

amount of reducible surface oxygen.  CeO2-SG has a broad surface Ce4+ reduction peak centered 
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at 481 oC.  No surface Ce4+ reduction peak was observed over CeO2-Com attributed to its low 

surface area (0.8 m2/g) and large crystallite size (45.6 nm).  Bulk Ce4+ present in CeO2-P, R, C, 

SG, Com was reduced from 682-754 oC.  Nickel incorporation in CeO2-P, R, C, SG, Com supports 

promoted the reduction of surface/sublayer Ce4+ due to the interaction between Ni and CeO2 (Fig. 

2(D)).27  Specifically, all surface/sublayer Ce4+ reduction peaks over Ni/CeO2 catalysts shifted to 

lower temperatures compared to the surface/sublayer Ce4+ reduction peaks of their corresponding 

CeO2 supports.  On the contrary, bulk CeO2 present in Ni/CeO2 catalysts was reduced at a similar 

temperature compared to bulk CeO2 in CeO2 supports indicating the lack of interaction between 

surface Ni and bulk CeO2.  Reduction peaks starting at low temperatures (~100 oC) can be 

attributed to the reduction of adsorb oxygen species on the CeO2 surface and interface oxygen 

between Ni and CeO2.27  The low temperature peaks ~ 200 oC over Ni/CeO2 -P, R, SG are attributed 

to the reduction of Ni-O-Ce, while the shoulders observed at a slightly higher temperature are 

assigned to the reduction of surface CeO2.27  New H2 consumption peaks at 259 and 287 oC 

appeared over Ni/CeO2-C and Ni/CeO2-Com, respectively, which are attributed to the reduction 

of large NiO particles.36  The intensity of the interface oxygen reduction peaks over Ni/CeO2-P, R, 

SG was greater than that of Ni/CeO2-C, Com.  This observation suggested the presence of a greater 

amount of interfacial oxygen species over Ni/CeO2-P, R, SG than Ni/CeO2-C, Com.  Therefore, 

nickel dispersion is greater over high surface area CeO2-P, R, SG than low surface area CeO2-C, 

Com supports. 
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Fig. 3.  (A) CH4 oxidation light-off curves and (B) T50,90’s of CH4 conversion over three 
consecutive light-off cycles for CeO2-P, R, C, SG, Com supports; (C) CH4 oxidation light-off 
curves and (D) T50,90’s of CH4 conversion over three consecutive light-off cycles for Ni/CeO2-P, 
R, C, SG, Com catalysts. 

3.2. CH4 oxidation performance 

CeO2-SG showed the best CH4 oxidation performance followed by CeO2-R, CeO2-P, 

CeO2-C, and CeO2-Com (Fig. 3A).  CeO2-SG, CeO2-R, and CeO2-P reached 100% CH4 conversion 

below 700 oC.  However, CeO2-C failed to reach 100% CH4 conversion up to 700 oC, while only 

12% of CH4 was converted at 700 oC over CeO2-Com.  The temperatures that 50 and 90% CH4 

conversion was achieved (T50 and T90, respectively) over CeO2-P, R, C, SG, Com supports in three 

consecutive light-off cycles are summarized in Fig. 3(B).  CeO2-R had lower T50,90’s compared to 

CeO2-P in all cycles suggesting that the oxygen species in CeO2-R are more active than those in 

CeO2-P towards the CH4 oxidation reaction.  The improved CH4 oxidation performance of CeO2-

R compared to CeO2-P can be also explained by the greater OSC (Table 1) and ID/IF2g ratio (Fig. 
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2(B)) of CeO2-R compared to CeO2-P.  Increasing the hydrothermal synthesis temperature from 

120 to 180 oC led to the transformation of CeO2-P to CeO2-C, resulting to an increase in the T50 

and T90 from 523 and 599 oC to 578 and 654 oC, respectively.  CeO2-SG that had the highest 

surface area between all studied supports showed the lowest T50,90’s, indicating that enhancing the 

CeO2 surface area through a sol-gel synthesis can result to an improved CH4 oxidation 

performance.  The T50,90’s of the studied CeO2 supports were increased in the same order during 

the three consecutive light-off cycles (CeO2-SG < CeO2-R < CeO2-P < CeO2-C < CeO2-Com) (Fig. 

3(A, B), Fig. S2).  However, there was a greater increase in ΔT50 = 30 oC and ΔT90 = 47 oC (ΔT50,90 

= T50,90 (cycle 3) – T50,90 (cycle 1)) over CeO2-SG , compared to CeO2-R (ΔT50 = 16 oC and ΔT90 

= 14 oC) and CeO2-C (ΔT50 = 9 oC and ΔT90 = 6 oC).  The decreased ΔT50,90 of CeO2-R and CeO2-

C compared to CeO2-SG can be attributed to the improved thermal stability of CeO2-R that has a 

larger crystallite size.   

 Incorporation of Ni enhanced the CH4 oxidation performance of CeO2-P, R, C, SG, Com 

supports significantly (Fig. 3(C, D)).  The enhanced CH4 oxidation performance can be attributed 

to the interaction between Ni and CeO2 supports that can improve the catalyst reducibility and 

interfacial oxygen reactivity.27  Ni/CeO2-P, R, C, SG can fully convert CH4 at temperatures below 

600 oC, whereas Ni/CeO2-Com was not able to reach 100% CH4 conversion at 700 oC.  The CH4 

oxidation performance of Ni/CeO2 catalysts and CeO2 supports showed the same pattern, 

emphasizing that CeO2 supports play a key role in the activity of Ni/CeO2.  Moreover, the T50,90’s 

of Ni/CeO2 catalysts decreased with increasing the OSCs of the CeO2 supports, suggesting that 

more reactive oxygen from the CeO2 supports can improve the CH4 oxidation performance of 

Ni/CeO2 catalysts.  Fig. S3 shows three consecutive light-off cycles over the studied Ni/CeO2 

catalysts with their T50,90’s summarized in Fig. 3(D).  The CH4 oxidation performance pattern was 

maintained over three consecutive light-off cycles (Ni/CeO2-SG > Ni/CeO2-R > Ni/CeO2-P > 

Ni/CeO2-C > Ni/CeO2-Com).  A more severe deactivation was observed over Ni/CeO2 catalysts 

from cycle 1 to 2 compared to CeO2 supports, that showed only a minor deactivation during cycling.  

The deactivation during cycling observed over the Ni/CeO2 catalysts can be attributed to Ni 

sintering due to exposure to high temperatures (750 oC).   
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Fig. 4.  Arrhenius plot and apparent activation energies of (A) CeO2-P, R, C, SG, Com supports 
and (B) Ni/CeO2-P, R, C, SG, Com catalysts. (C) CH4 oxidation rates of CeO2-P, R, C, SG supports 
at 400 oC and Ni/CeO2-P, R, C, SG catalysts at 320 oC as a function of the OSC of the 
corresponding CeO2 supports.  

3.3. Apparent activation energies and reaction rates 

 The Arrhenius plots and apparent activation energies of CH4 oxidation over CeO2 supports 

and Ni/CeO2 catalysts are shown in Fig. 4(A, B) and Table 2.  The apparent activation energies of 

CeO2-P, R, C, SG supports vary from 113-133 kJ/mol, with CeO2-C having the lowest (113 kJ/mol) 

and CeO2-SG the highest (133 kJ/mol) Eapp.  The Eapp of CeO2-Com (187 kJ/mol) was greater 

than that of all the other CeO2-P, R, C, SG supports, which can be attributed to the gas phase 

oxidation of CH4 at temperatures > 600 oC.18  The Eapp’s of Ni/CeO2-P, R, C, SG, Com catalysts 

(82-105 kJ/mol) are lower than those of CeO2-P, R, C, SG, Com supports and Ni/quartz sand (120 

kJ/mol27), suggesting a synergistic effect between Ni and CeO2-P, R, C, SG, Com supports.  



17 
 

However, the Eapp of Ni/CeO2-Com (105 ± 3 kJ/mol) is similar to the Eapp of Ni/quartz sand,27 

suggesting that Ni/CeO2-Com has a limited number of interfacial Ni-O-Ce sites attributed to the 

low surface area of CeO2-Com (0.8 m2/g).   

 

Table 2.  Apparent activation energies (Eapp) of CeO2-P, R, C, SG, Com supports and Ni/CeO2-
P, R, C, SG, Com catalysts. 

Sample Eapp (kJ/mol) Sample Eapp (kJ/mol) 

CeO2-P 125 ± 5 Ni/CeO2-P 82 ± 1 

CeO2-R 120 ± 2 Ni/CeO2-R 89 ± 3 

CeO2-C 113 ± 6 Ni/CeO2-C 90 ± 6 

CeO2-SG 133 ± 10 Ni/CeO2-SG 94 ± 2 

CeO2-Com 187 ± 21 Ni/CeO2-Com 105 ± 3 

 

The relationship between the CH4 oxidation reaction rate of CeO2 supports and Ni/CeO2 

catalysts with the OSC of CeO2 supports is shown in Fig. 4(C).  Hydrothermal synthesis at 120 oC 

transformed CeO2-P (dominating facet (111)) to CeO2-R (dominating facet (110)) leading to an 

increase in the support OSC from 107 µmol/g (CeO2-P) to 125 µmol/g (CeO2-R) as well as the 

mass-specific CH4 oxidation reaction rate.  Hydrothermal synthesis at 180 oC generated CeO2-C 

with decreased OSC (44 µmol/g) and lower CH4 oxidation rate (0.105 µmolCH₄gCeO₂-1s-1) at 400 oC 

compared to all studied CeO2 supports.  CeO2-SG has the highest OSC and CH4 oxidation rate 

compared to all studied supports.  The same pattern between the OSC of CeO2 and the CH4 

oxidation rate was maintained after incorporation of 2 wt.% Ni on CeO2-P, R, C, SG.  

3.4. CH4 oxidation stability and H2O resistance 

The stability of Ni/CeO2 catalysts under dry/wet feed is shown in Fig. 5.  The stability of 

0.5 wt.% Pd/Al2O3 was also evaluated for comparison.  0.5 wt.% Pd/Al2O3 had the highest initial 

CH4 conversion (XCH₄ = 90%) at 450 oC among the studied catalysts.  However, a continuous 
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deactivation was observed over 0.5 wt.% Pd/Al2O3 within the first 12 h in the dry feed experiment, 

where the CH4 conversion decreased from 90 to 58%.  A possible explanation for the deactivation 

observed over 0.5 wt.% Pd/Al2O3 is that H2O generated through CH4 oxidation reaction (3.9-6%) 

can lead to OH group accumulation on Al2O3 and Pd.37  The CH4 conversion of Pd/Al2O3 was 

inhibited even further (XCH₄ ~ 40%) when 5% H2O was introduced in the reactor at time = 12 h.  

When 5% H2O was removed from the feed gas (time = 24 h) the CH4 conversion was recovered 

to the level before the introduction of H2O, suggesting that the catalyst was stabilized when 

exposed to dry feed for 12 h.  Ni/CeO2 catalysts showed an improved CH4 oxidation stability and 

only a minor deactivation compared to Pd/Al2O3.  For example, in the first 12 h of the dry feed 

stability test, the CH4 conversion of Ni/CeO2-SG decreased only from 80 to 75%.  Moreover, H2O 

inhibition was reversible over all Ni/CeO2 catalysts, where the CH4 oxidation performance was 

fully recovered after H2O was removed from the reactor feed.  The CH4 oxidation performance 

during the stability tests followed the same pattern as the light-off tests: Ni/CeO2-SG > Ni/CeO2-

R > Ni/CeO2-P > Ni/CeO2-C > Ni/CeO2-Com.  The CH4 conversion of Ni/CeO2-P, R, SG catalysts 

at the end of the stability test was greater than that of Pd/Al2O3.  This result highlights the potential 

of using Ni/CeO2 as a non-PGM alternative to Pd/Al2O3 catalysts for the CH4 oxidation reaction. 

 

Fig. 5.  Stability tests of Ni/CeO2-P, R, C, SG, Com and 0.5 wt.% Pd/Al2O3 catalysts for the CH4 
oxidation reaction at 450 oC. 
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3.5. TEM-EDS analysis of catalysts after stability test 

Fig. S4 shows the ADF-STEM images of Ni/CeO2-R after stability test, no Ni particle was 

observed after reaction, suggestion that most of Ni species remain atomically disperse.  Fig. S5 

shows EDS elemental maps of O, Ce and Ni, their map composite, and the spectrum acquired from 

the AC-STEM image.  The Ni map shows Ni dispersed on ceria rods with no nanoparticles shown 

from the field-of-view.  However, after looking carefully through multiple regions of the sample, 

we were able to observe nanoparticles ∼10 nm through EDS maps (Fig. S6).  However, this 

occurrence of nanoparticles was so infrequent that after looking at the 10 regions of the sample, 

only two regions were found that contained only a handful of nanoparticles.  Therefore, it can be 

concluded that Ni/CeO2-R primarily contains atomically dispersed Ni with a small fraction of the 

Ni is present as nanoparticles.   

EDS maps for Ni/CeO2-C after stability test (Fig. S7) show predominantly NiO particles 

20 - 25 nm in size as evident in the Ni map.  The fraction of NiO nanoparticles is much higher in 

Ni/CeO2-C than in Ni/CeO2-R.  The particle size of NiO is larger in Ni/CeO2-C due to the lower 

surface area of ceria cubes compared to ceria rods, resulting in lower Ni dispersion.  Fig. S8 shows 

ADF-STEM and corresponding ABF-STEM images of Ni/CeO2-C.  A FFT pattern was obtained 

from the boxed region of the particle in Fig. S8(B), and the diffraction spots were indexed showing 

they are consistent with the NiO phase.  In addition, EDS maps were acquired to confirm this, and 

they are shown in Fig. S9.   

The HRTEM images of Ni/CeO2-SG after stability test are shown in Fig. S10 and Fig. S11.  

EDS was acquired from the field-of-view at a low magnification, and the spectrum shows Ni 

loading close to the nominal loading of 2 wt.% (Fig. S11), which is consistent with the ICP results 

(Table S1).  In Fig. S10(A), EDS was acquired in regions marked with the white circles.  Although 

the overall Ni loading is close to 2 wt.%, locally there are regions where the Ni loading is higher 

than 2 wt.%.  Fig. S10(B) shows a higher magnification image of the boxed region in Fig. S10(A), 

and EDS was acquired in the region marked with the white circle with a Ni loading close to the 

nominal loading.  Fig. S10(C) and S10(D) show the crystalline nature of the ceria nanoparticles in 

Ni/CeO2-SG, but in these regions the Ni loading is much less (0.3 - 0.5 wt.%) than in Fig. S10(A) 

(> 2 wt.%).  Although Ni loading varies locally from one region to another, on average the Ni 

loading in the bulk is close to 2 wt.%.  Furthermore, nanoparticles were not observed by HRTEM 

other than the ceria crystallites (Fig. S10).  Ni is present everywhere in the sample as confirmed 
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by EDS, and presumably, Ni is in atomically dispersed form.  It has been reported previously that 

10 mol% Ni can be substituted into ceria in the form of atomically dispersed species.30,38  Fig. S12 

shows EDS elemental maps of O, Ce and Ni, their map composite, and the spectrum acquired from 

the AC-STEM image.  The Ni map shows Ni dispersed on sol-gel ceria with no indication of any 

nanoparticles in the spent sample.  Since nanoparticles were not observed by HRTEM neither, it 

is likely that Ni is in atomically dispersed form.  In AC-STEM mode, single Ni atoms on ceria 

cannot be observed since nickel has a lower atomic number than cerium and does not provide the 

contrast expected from single Pt atoms that are easy to image.39  Therefore, these EDS elemental 

maps are the only evidence for the dispersion of Ni in Ni/CeO2-SG.  Multiple regions in this sample 

were imaged and nanoparticles were not fund; hence, it can be concluded that the catalytic activity 

must be associated with atomically dispersed Ni over Ni/CeO2-SG.  

4. Conclusions 

Understanding the effect of nanostructure is the key for rational catalyst design and tuning 

the catalyst support morphologies can potentially improve the catalyst performance without 

change its composition.  In this work, CeO2 supports and Ni/CeO2 catalysts with different CeO2 

morphologies (nanoparticle, rod, cube) and synthesis methods (precipitation, sol-gel) were 

evaluated towards the CH4 oxidation reaction.  The results showed that CeO2-R had a greater 

amount of surface oxygen vacancies, an improved OSC and CH4 oxidation activity compared to 

CeO2-P and CeO2-C.  The CH4 oxidation activity of CeO2 support and Ni/CeO2 catalysts improved 

in the same order (CeO2-C < CeO2-P < CeO2-R and Ni/CeO2-C < Ni/CeO2-P < Ni/CeO2-R).  

Increasing the CeO2 surface area by using a sol-gel synthesis method (CeO2-SG) increased the 

amount of surface oxygen vacancies and thus led to an improved CH4 oxidation performance of 

CeO2-SG support and Ni/CeO2-SG catalyst compared to CeO2-R and Ni/CeO2-R, respectively.  

Interestingly, all studied Ni/CeO2 catalysts showed an improved H2O resistance and stability 

compared to conventional Pd/Al2O3.  However, wet impregnation of Ni on CeO2 supports with 

different morphologies resulted in different Ni dispersions and Ni species (atomically dispersed 

Ni, NiO particles), which led to challenges in comparing the TOFs of different samples.  Thus, 

future works will focus on controlling the type of Ni species on different supports by using 

colloidal synthesis.   
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Supporting information.  ICP-OES results, N2 adsorption/desorption isotherms, light-off cycles, 

ADF-STEM images, EDS maps, HRTEM images (Table S1, Fig. S1-S12).  
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