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Abstract 

 

Effect of Co/Ni ratio and Ce amount in 

cobalt nickel mixed oxide catalyst for 

methane combustion 
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In view of the low emissions of nitrogen oxides, carbon monoxide and toxic 

hydrocarbons, natural gas vehicles (NGVs) have been attracted considerable 

attention as one of the substitutes for gasoline and diesel vehicles. However, 

the emission of unburned methane from NGVs heavily contributes to 

greenhouse effect since the global warming potential of methane is 21 times 

higher than that of carbon dioxide.  

This study aimed at investigating the effect of Co/Ni ratio of cobalt nickel 
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mixed oxides and cerium doping on CoNi (50:50) catalyst for methane 

combustion to effectively reduce unburned methane. 

A series of cobalt nickel mixed oxide catalysts were prepared by co-

precipitation method with the Cobalt oxide, Nickel oxide, CoNi (75:25), CoNi 

(67:33), CoNi (50:50) and CoNi (33:67). The notation of CoNi (X:Y) was used 

to designate the catalyst with the ratio of Co:Ni = X:Y. In addition, a series of 

cerium doped CoNi (50:50) catalysts were prepared by wet impregnation 

method with the cerium loading of 5 wt%, 10 wt% and 20 wt%. The catalytic 

combustion of methane was performed among all prepared catalysts. Various 

characterizations were performed such as N2 adsorption-desorption with BET 

method, ICP-AES, XRD, EXAFS, XPS and H2 TPR.  

It was found that CoNi (50:50) and CoNi (67:33) catalyst exhibit the superior 

activity for methane combustion. Both catalysts contain NiCo2O4 spinel 

structure in largely distorted form. Such structure disorder contributes to 

improvement for the adsorption of surface oxygen species and reducibility of 

NiCo2O4. In addition, cerium doped catalyst demonstrates the enhancement of 

the activity. Especially, 10 wt% cerium doped catalyst indicates the highest 

activity among the catalysts. It implies that cerium doping as well as structure 

disorder plays an important role for the methane combustion. Both 

characterization and reaction results lead us to the conclusion that not only 

optimized cobalt nickel mixed oxide but also proper amount of cerium doping 

on CoNi (50:50) can improve the activity of methane combustion. 
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Chapter 1. Introduction 

 

1.1. Emission of unburned methane 

In view of the low emissions of nitrogen oxides, carbon monoxide and toxic 

hydrocarbons, natural gas vehicles (NGVs) have been attracted considerable 

attention as one of the substitutes for gasoline and diesel vehicles. However, 

the emission of unburned methane from NGVs heavily contributes to 

greenhouse effect since the global warming potential of methane is 21 times 

higher than that of carbon dioxide. In addition, it is challenging to oxidize 

unburned methane at low temperature due to the strongest C-H bond among 

hydrocarbons. Therefore, reducing emission of unburned methane becomes 

rather significant [1-3].  

 

1.2. Transition metal catalysts 

Research on catalytic combustion of methane (CCM) has been carried out to 

oxidize unburned methane using noble or transition metal. Noble metal (such 

as Pt, Pd and Rh) [4-7] based catalysts indicate an exceptional catalytic 

efficiency in CCM at low temperature, but they are limited in commercial 

application on because of their price and scarcity. Transition metal (such as Cr, 

Mn, Cu, Fe, Co and Ni) [8-16] based catalysts have attracted considerable 

attention to replace noble metal due to the economic reason. However, intrinsic 
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activity is lower than noble metal based catalyst. Because of this reason, recent 

research on transition metal based catalysts has focused on improving the 

performance up to that of noble metal based catalysts. Among these transition 

metals, cobalt oxide catalyst is a promising candidate for not only methane 

oxidation, but also propane oxidation and carbon monoxide (CO) oxidation 

[17-20]. Cobalt oxide shows high turnover frequency value for redox property 

as well as weak oxygen bond strength [21, 22]. Liotta et al. stated that the redox 

and morphological properties of cobalt cerium mixed oxides for methane 

combustion were powerfully dependent on the Co/Ce ratio [23]. Li et al. 

remarked a synergistic effect of cobalt manganese oxides, and Co/Mn ratio of 

5:1 exhibited the superior performance for methane combustion. In addition, Li 

et al. reported that catalytic performance of Co/Cr ratio of 1:2 for methane 

combustion is improved with increment of adsorption of chemisorbed oxygen 

species [24, 25]. Nickel oxide, a metal deficit p-type semiconductor, has the 

outstanding defects attributed to cation vacancies and electron holes, and is 

applied to various industrial fields due to its useful magnetic, electronic and 

catalytic properties [26]. Zhang et al. reported that active oxygen species are 

largely provided and the oxygen vacancy and reducibility are enhanced by 

nickel vacancies and high coordination number in Mn/(Mn+Ni) ratio of 0.13 

[27]. Cerium oxide, a rare earth oxide, is known as an oxygen storage capacity 

(OSC) promoter for catalysts. When added to other metal oxides, it can enhance 

the OSC and oxygen mobility, which contribute to the formation of surface and 
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bulk oxygen vacancies [28-31]. Zhang et al. stated that cerium can enhance the 

catalytic activity of methane combustion by increasing the amount of reaction 

sites species on the surface [28]. Li et al. reported that cerium doping can 

contribute to spinel structure disorder and this can cause redistribution of metal 

ions, which improves oxygen mobility and catalytic performance for methane 

combustion [32]. 

 

1.3. Objective 

In this study, a series of cobalt nickel mixed oxide catalysts were prepared 

by co-precipitation method and a series of cerium doped CoNi (50:50) catalysts 

were prepared by wet impregnation method. The catalytic combustion of 

methane was performed among all prepared samples. Various characterizations 

were performed such as N2 adsorption-desorption with BET method, ICP-AES, 

XRD, EXAFS, H2 TPR and XPS. Therefore, I aimed at investigating the effect 

of Co/Ni ratio of cobalt nickel mixed oxide catalyst and cerium doping on CoNi 

(50:50) catalyst for methane combustion to effectively reduce unburned 

methane. 
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Chapter 2. Experimental 

2.1. Catalyst preparations 

Cobalt nickel mixed oxides were prepared by co-precipitation method with 

the Cobalt oxide, Nickel oxide, CoNi (75:25), CoNi (67:33), CoNi (50:50) and 

CoNi (33:67) [33, 34]. Na2CO3 aqueous solution was added to drop by drop to 

the mixed aqueous solution of Co(NO3)2 6H2O and Ni(NO3)2 6H2O with stirring 

at 60 °C until the pH = 9.3 ± 0.01. The resulting precipitate was aged at 60 °C 

for 4 h, then filtered and washed with distilled water several times, followed by 

drying at 100 °C overnight. The dried material was ground and calcined at 

500 °C for 3 h. The notation of CoNi (X:Y) was used to designate the catalyst 

with the ratio of Co:Ni = X:Y. 

Cerium doped CoNi (50:50) catalysts were prepared by wet impregnation 

method with the cerium loading of 5 wt%, 10 wt% and 20 wt%. Aqueous 

solution of Ce(NO3)3 6H2O is impregnated to CoNi (50:50) powder in rotary 

evaporator. After wet impregnation step, the cerium doped catalysts were dried 

overnight at 100 °C and calcined at 500 °C for 3h. The notation of A wt% Ce-

CoNi (50:50) was applied to designate the catalyst with the loading of Ce = A. 
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2.2. Characterizations 

2.2.1. BET 

Nitrogen adsorption-desorption were analyzed on a physisorption analyzer 

(Micromeritics ASAP 2010) at -195.7 °C. Prior to the analysis, all the catalysts 

were degassed under evacuated condition at 250 °C for at least 5 h. The surface 

area and pore volume of the catalysts were estimated using a BET method, 

respectively. 

 

2.2.2. ICP-AES 

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES), 

Optima-4300 DV (PerkinElmer), was applied to measure an atomic molar ratio 

of the catalysts. Prior to the analysis, 40 mg of each samples was dissolved in 

aqua regia and then the solution was diluted with distilled water. 

 

2.2.3. XRD 

XRD analysis was performed on a Rigaku Smart Lab with Cu Kα radiation 

at 50 mA and 40 kV. The scan step size is 0.02 and scan rate is 0.1°/min in 

scanning range from 15 to 90°. The crystal structure parameters of the catalysts 

were obtained using software Materials Analysis Using Diffraction (MAUD) 

Rietveld refinement program.  
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2.2.4. EXAFS 

Extended X-Ray Absorption Fine Structure (EXAFS) was examined on a 

Rigaku R-XAS. Co and Ni K-edge EXAFS spectra of the catalysts and 

reference were measured in the energy range of 7.5-8.7 keV and 8-9.3 keV, 

respectively. The EXAFS data were calculated by ATHENA. 

 

2.2.5. XPS 

X-ray Photoelectron Spectroscopy (XPS) analysis was carried out in a 

catalytic side chamber attached to a Physical Electronics Quantum 2000 

Scanning ESCA Microprobe. The apparatus uses a concentrated 

monochromatic Al Kα X-ray (1486.7 eV) source operated at 100 W and 100 

μm-diameter beam. Wide scan data were collected in the binding energy (BE) 

range of 0-1350 eV using a pass energy of 69 eV. The BE scale was calibrated 

using the carbon C 1s at 284.6 eV for known standards. XPS spectra were 

deconvoluted and the peak areas were calculated using CasaXPS.  

 

2.2.6. H2 TPR 

Temperature programmed reduction by hydrogen (H2 TPR) was analyzed by 

detecting the hydrogen consumption on a thermal conductivity detector (TCD) 

in a BEL-CAT BASIC (BEL Japan Inc.). Prior to the reduction, the catalysts, 

http://terms.naver.com/entry.nhn?docId=736185&cid=42325&categoryId=42325
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situated at a quartz reactor, were pretreated at 400 °C for 1h in an Ar flow of 

30 mL/min and then cooled down to room temperature. After that, they were 

reduced in 5% H2/Ar until the temperature reached 650 °C at the rate of 

10 °C/min. 

 

2.3. Methane combustion reaction 

The methane combustion was performed in a fixed-bed quartz reactor. The 

catalysts were blended with α-Al2O3 bead to dissipate the heat caused by the 

exothermic reaction. The reactants including 1500 ppm CH4, 12.12 vol% O2, 

360 ppm CO and balancing N2 were provided to the sample bed via mass flow 

controllers (MKS model) with GHSV 60,000 h-1. 

The data obtained at each temperature ranged from 200 °C to 550 °C with 

increment of 50 °C. The reactants and products were examined by an on-line 

gas chromatograph (Agilent 6890N) equipped with TCD detector. 
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Chapter 3. Results & Discussions 

3.1. ICP-AES and BET results 

The surface area, pore volume and ICP-AES (Co:Ni) results of cobalt nickel 

mixed oxides with various Co/Ni ratios are recorded in Table 1. The ICP-AES 

analysis shows that an actual atomic ratio of all the catalysts is well matched 

with the expected ratio. 

The surface area and pore volume of pure cobalt oxide are 35 m2/g and 0.19 

cm3/g and pure nickel oxide are 31 m2/g and 0.2 cm3/g respectively. Those of 

two single oxides are pretty similar. Table 1 exhibits that the surface area and 

pore volume of cobalt nickel mixed oxide have a higher value than those of 

single oxide, and they increase with increasing nickel content except for CoNi 

(33:67). Especially, the surface area and pore volume of CoNi (50:50) catalyst 

are 56 m2/g and 0.33 cm3/g, which shows the highest value among the catalysts. 
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Table 1 The surface area, pore volume and ICP-AES (Co:Ni) of the 

catalysts. 

 

 

 

 

 

 

 

 

 

Catalyst 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

ICP-AES 

(Co:Ni) 

Nickel oxide 31 0.2 0:100 

CoNi (33:67) 35 0.19 32:68 

CoNi (50:50) 56 0.33 52:48 

CoNi (67:33) 46 0.26 67:33 

CoNi (75:25) 48 0.26 74:26 

Cobalt oxide 35 0.19 100:0 
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3.2. XRD results  

Fig. 1 shows the XRD patterns of cobalt nickel mixed oxides with various 

Co/Ni ratios. The XRD patterns of pure nickel oxide and cobalt oxide are 

allocated to NiO phase (JCPDS 47-1049) and Co3O4 phase (JCPDS 43-1003), 

respectively. In addition, cobalt nickel mixed oxide consists of a NiCo2O4 phase 

(JCPDS 20-0781) and NiO phase. However, it is difficult to discriminate 

between Co3O4 and NiCo2O4 phase since they have a spinel structure. Thus, it 

is significant to determine the presence of NiCo2O4 phase using the XRD 

pattern or lattice parameter [35, 36]. 

According to Table 2, all the catalysts are divided into three different crystal 

structures: Co3O4 based type (Cobalt oxide), NiCo2O4 based type (75:25, 67:33 

and 50:50) and NiO based type (33:67 and Nickel oxide). Following the 

theoretical molar ratio, CoNi (67:33) consists of 100 wt% NiCo2O4 phase. 

However, that is constituted of 78 wt% NiCo2O4 phase and 22 wt% NiO phase. 

It can be reasoned by thermal decomposition of NiCo2O4 spinel phase due to 

NiO is separated from NiCo2O4 spinel above 400 °C [37-39]. Here, value of 

phase wt% calculated by Maud should not be measured from quantitative 

measurement, but qualitative viewpoint using relative peak intensity ratio [40, 

41]. 

As described in the Fig. 1, shift of the diffraction peaks toward low angles is 

discovered with increasing nickel content, except for CoNi (33:67). In 
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particular, CoNi (50:50) and (67:33) catalyst are largely shifted to low angles, 

and lattice parameter value of both catalysts is 8.125 and 8.12, which are larger 

than reference value of 8.11. Such shift can contribute to extent of inserted Ni2+ 

ions into octahedral site in Co3O4 spinel structure because of difference of ion 

radius. That is to say, larger ion radius of Ni2+ (0.069 nm) than Co3+ (0.055 nm) 

can be attributed to lattice distortion [42].  

The previous research indicates that shift of diffraction peaks may be 

influenced by thermal decomposition of NiCo2O4 spinel, but I can exclude this 

effect because temperature condition is fixed on this study [41, 43]. 
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Table 2 Lattice parameter (A) and phase amount (wt%) of the catalysts 

analyzed by fitting the XRD patterns using Rietveld refinement. 

 

 

 

 

 Co3O4 NiCo2O4 NiO 

Catalyst A wt% A wt% A wt% 

Cobalt oxide 8.088 100 - - - - 

CoNi (75:25) - - 8.114 91 4.161 9 

CoNi (67:33) - - 8.120 78 4.177 22 

CoNi (50:50) - - 8.125 69 4.161 31 

CoNi (33:67) - - 8.111 35 4.183 65 

Nickel oxide - - - - 4.179 100 
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Fig. 1. The XRD patterns of the catalysts (a) Nickel oxide, (b) CoNi 

(33:67), (c) CoNi (50:50), (d) CoNi (67:33), (e) CoNi (75:25), (f) Cobalt 

oxide. 
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3.3. EXAFS results 

EXAFS spectra of Co K-edge and Ni K-edge are applied to analyze the 

coordination number (CN) of atomic pairs and the distance of surrounding 

atomic species, which are shown in Fig. 2.  

In Fig. 2(a), three peaks of Co K-edge spectra at about 1.5 Å , 2.5 Å  and 3 Å  

mean the distance between cobalt atom and surrounding oxygen atom, the 

octahedral cobalt to surrounding octahedral atoms and the octahedral cobalt to 

surrounding tetrahedral atoms, respectively. In Fig. 2(b), the two peaks of Ni 

K-edge spectra at around 1.7 Å  and 2.5 Å  mean the distance between nickel 

atom and surrounding oxygen atom and the octahedral nickel to surrounding 

octahedral atoms, respectively [44, 45]. 

As shown in Table 3, CN value of cobalt atom to surrounding oxygen atom 

decreases from Cobalt oxide to (50:50), while CN value of nickel atom to 

surrounding oxygen atom increases from CoNi (75:25) to Nickel oxide. This 

results clarify that insertion of Ni2+ ions into Co3O4 spinel structure is mainly 

happened at octahedral site, resulting in the formation of the tetrahedrally 

coordinated cobalt species in NiCo2O4 structure. In addition, cobalt oxide has a 

normal spinel structure of AB2O4 type constituted of Co2+ ions and Co3+ ions 

occupying the tetrahedral sites and the octahedral sites, respectively. Thus, 

EXAFS results evidently demonstrate that Co3+ ions occupying the octahedral 

site decreases with increasing nickel content.  
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Fig. 2(b) shows that the shift toward higher distance is observed from CoNi 

(75:25) to (50:50) at about 2.5 Å  corresponding to the distance between the 

octahedral nickel to surrounding octahedral atoms. Such shift, caused by larger 

ion radius of Ni2+ than Co3+, clearly signifies extent presence of Ni2+ ion in 

cobalt nickel mixed oxide [42]. 
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Table 3 Fitting parameters obtained from (a) Co and (b) Ni K-edge 

EXAFS spectra analysis. 

 

 

(a)  

Co K-edge 

Catalyst Atomic Pair Radial distance (A) CN 

Co foil Co-Co 2.504 12 

CoNi (50:50) 

Co-O 

Co-Co 

Co-Co 

1.50 

2.52 

3.02 

3.60.3 

4.10.6 

5.50.9 

CoNi (75:25) 

Co-O 

Co-Co 

Co-Co 

1.51 

2.51 

3.02 

4.90.4 

5.50.8 

7.61.2 

Cobalt oxide 

Co-O 

Co-Co 

Co-Co 

1.50 

2.50 

2.98 

5.80.5 

5.60.6 

7.20.8 

(b)  

Ni K-edge 

Catalyst Atomic Pair Radial distance (A) CN 

Ni foil Ni-Ni 2.49 12 

CoNi (75:25) 
Ni-O 

Ni-Ni 

1.62 

2.48 

3.81.0 

11.22.2 

CoNi (50:50) 
Ni-O 

Ni-Ni 

1.66 

2.54 

5.40.8 

11.01.1 

Nickel oxide 
Ni-O 

Ni-Ni 

1.68 

2.55 

5.21.1 

11.81.5 
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Fig. 2. (a) Co and (b) Ni K-edge EXAFS spectra of the catalysts. 
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3.4. XPS results 

XPS spectra of the O 1s, Co 2p and Ni 2p for cobalt nickel mixed oxide with 

various Co/Ni ratios are described in Fig. 3 and they present the oxidation state 

of surface species with various Co/Ni ratios.  

As shown in Fig. 3(a), O 1s spectra of the samples were fitted to the main peak 

and shoulder peak mentioned as O1 and O2. The O1 component at BE (528.7-

529.2 eV) corresponds to lattice oxygen and the O2 component at BE (530.5-

530.7 eV) corresponds to surface adsorbed oxygen such as chemisorbed oxygen, 

surface OH group, part of surface oxyhydroxides, etc [46-48]. Provide that 

O2/O1 ratio set as criterion for proportion of surface adsorbed oxygen to lattice 

oxygen, surface adsorbed oxygen rises with increasing O2/O1 ratio [25, 27]. 

Table 4 displays the O2/O1 ratio decreases as following order: CoNi (50:50) > 

CoNi (67:33) > CoNi (75:25) > Nickel oxide ≃ CoNi (33:67) > Cobalt oxide. 

Thus, CoNi (50:50) and (67:33) catalyst have the highest O2/O1 ratio among the 

cobalt nickel mixed oxides, which can improve catalytic oxidation activity by 

the richest surface adsorbed oxygen [32, 49, 50]. 

Fig. 3(b) shows that Co 2p spectra of the catalysts were fitted to two main 

peaks of Co 2p3/2 and Co 2p1/2 with BE at 779.9 and 795.0 eV. To find oxidation 

state of cobalt surface species, Co 2p3/2 spectra are deconvoluted into two spin-

orbit doublet of Co2+ and Co3+ component with BE at 779.0 and 780.9 eV [51-

53]. The ratio of Co3+/Co2+ is applied to assess extent of inserted Ni2+ ions into 
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octahedral site in Co3O4 spinel structure. As collected in Table 4, the ratio of 

Co3+/Co2+ increases as following order: CoNi (33:67) ≃ CoNi (50:50) < CoNi 

(67:33) < CoNi (75:25) < Cobalt oxide. The insertion of Ni2+ ions is continued 

as increasing nickel content and completed at CoNi (33:67) catalyst which 

seemed to be saturated with Ni2+ ions on octahedral site. Thus, CoNi (50:50) 

catalyst, as NiCo2O4 based type, has a similar Co3+/Co2+ ratio like CoNi (33:67). 

It implies that distortion of NiCo2O4 spinel phase may be influenced by extent 

of inserted Ni2+ ions.  

As shown in Fig. 3(c), Ni 2p spectra display presence of two peaks located at 

BE of 854.3 and 872.0 eV for Ni 2p3/2 and Ni 2p1/2 and the two strong shakeup 

satellites. To investigate oxidation state of nickel surface species, Ni 2p3/2 

spectra are divided into two spin-orbit doublet of Ni2+ and Ni3+ component with 

BE at 853.3 and 855.2 eV, respectively [43, 54, 55].  
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Table 4 The XPS results for the (a) O 1s and (b) Co 2p and Ni 2p of the 

catalysts. 

 

 

(a)   

Catalyst 

O 1s (eV) O2/O1 

ratio O2 O1 

Nickel oxide 530.5(1.9) 528.7(1.9) 0.55 

CoNi (33:67) 530.5(2.1) 528.8(2.1) 0.54 

CoNi (50:50) 530.6(2.3) 529.0(2.3) 0.79 

CoNi (67:33) 530.7(2.2) 529.1(2.2) 0.75 

CoNi (75:25) 530.7(2.2) 529.1(2.2) 0.7 

Cobalt oxide 530.7(2.1) 529.2(2.1) 0.44 

(b)    

Catalyst 

Co 2p3/2 (eV) Co3+/Co2+ 

ratio 

Ni 2p3/2 (eV) 

Co2+ Co3+ Ni2+ Ni3+ 

Nickel oxide - - - 855.1(1.5) 853.1(2.2) 

CoNi (33:67) 780.6(2.5) 778.7(2.1) 1.40 855.1(1.5) 853.2(2.2) 

CoNi (50:50) 780.9(2.5) 779.0(2.1) 1.42 855.4(1.6) 853.5(2.2) 

CoNi (67:33) 780.9(2.5) 779.1(2.1) 1.50 855.4(1.6) 853.6(2.2) 

CoNi (75:25) 781.1(2.5) 779.1(2.1) 1.62 855.5(1.8) 853.7(2.2) 

Cobalt oxide 781.0(2.5) 779.1(2.1) 1.73 - - 
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Fig. 3. The XPS spectra for (a) O 1s, (b) Co 2p and (c) Ni 2p of cobalt 

nickel mixed oxides with various Co/Ni ratios. 
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3.5. H2 TPR results 

As described in Fig. 5, H2 TPR profiles of the cobalt nickel mixed oxide with 

various Co/Ni ratios exhibit that reduction peak at lower temperature and higher 

temperature denoted as α peak and β peak, respectively. The α and β peak of 

pure cobalt oxide are situated at 281 °C and 377 °C, attributed to the successive 

reduction steps: Co3+ → Co2+ and Co2+ → Co° [36, 56]. The β peak of pure 

nickel oxide is situated at 356 °C corresponding to the reduction step: Ni2+ → 

Ni°. The reduction mechanism of cobalt nickel mixed oxide for H2 TPR might 

be anticipated in two steps:  

NiCo2O4 + H2 → NiCo2O3 + H2O                      (1) 

NiCo2O3 + 3H2 → Ni° + 2Co° + 3H2O                  (2) 

Co3+ component of NiCo2O4 phase are reduced into Co2+ to form a NiCo2O3 

phase in the first step (1) and then Co2+ and Ni2+ component of NiCo2O3 phase 

are totally reduced into metallic cobalt and nickel in the second step (2).  

H2 TPR results provide the information on reducibility of NiCo2O4. As seen 

from Fig. 5, it is observed that reducibility of NiCo2O4 increases, while the 

reduction temperature of that decreases with increasing nickel content. In 

particular, CoNi (50:50) catalyst has the highest reducibility among the cobalt 

nickel mixed oxides, therefore, can strongly contribute on oxidation reaction 

[25, 27]. 
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Table 5 The peak position of the catalysts from H2 TPR. 

 

 

 

 

 

 

Catalyst 

Peak position (°C) 

α β 

Nickel oxide X 356 

CoNi (33:67) 261 367 

CoNi (50:50) 255 364 

CoNi (67:33) 259 367 

CoNi (75:25) 267 371 

Cobalt oxide 281 377 
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Fig. 4. H2 TPR profiles of the catalysts (a) Cobalt oxide, (b) CoNi 

(75:25), (c) CoNi (67:33), (d) CoNi (50:50), (e) CoNi (33:67), (f) Nickel 

oxide. 
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3.6. Catalytic activity for methane combustion 

Fig. 6 indicates light-off curves of methane combustion on the catalysts with 

various Co/Ni ratios. At methane combustion conversion of 50% (T50), 

temperature of pure nickel oxide and cobalt oxide is 418 °C and 389 °C, 

respectively. At methane combustion conversion of 90% (T90), temperature of 

pure nickel oxide and cobalt oxide is 505 °C and 506 °C, respectively. Catalytic 

activity of cobalt nickel mixed oxide is better than that of single oxide. Fig. 6 

exhibits that methane combustion activity of the catalysts rises with increasing 

nickel content, except for CoNi (33:67) catalyst. Namely, NiCo2O4 and Co3O4 

based type structure exhibit a good methane combustion activity at low 

temperature, compared to NiO based type structure. This results suggest that 

such spinel based type structures may be related to methane combustion activity.  

If T90 sets as the standard of methane combustion activity, Fig. 6 shows that 

descending order of activity is as follows: CoNi (50:50) ≃ CoNi (67:33) > CoNi 

(75:25) > Cobalt oxide ≃ Nickel oxide ≃ CoNi (33:67). Especially, CoNi 

(50:50) and CoNi (67:33) catalyst achieve 90% methane combustion 

conversion at the temperature of 466 °C and 468 °C, both of which have the 

highest activity among cobalt nickel mixed oxides. Consequently, combined 

O1s XPS, H2 TPR and methane activity test result, it demonstrates that 

enhancement of methane combustion activity is related to improved 

reducibility of NiCo2O4 and the adsorption of surface oxygen species. 
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Fig. 5. Light-off curves of methane combustion on the catalysts. 
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3.7. Effect of cerium doping 

The surface area, lattice parameter (A) and phase amount (wt%) of the cerium 

doped catalysts with various cerium contents are collected in Table 6. The 

cerium doped catalysts have a larger surface area compared with non-doped 

catalyst. Especially, 5 wt% Ce-CoNi (50:50) catalyst has the highest surface 

area among the cerium doped catalysts. The surface area decreases with 

increment of cerium content, which means that cerium amount can be attributed 

to blocking the pore of cobalt nickel mixed oxides. 

Fig. 7 exhibits the XRD patterns of the cerium doped catalysts with various 

cerium contents. The cerium doped catalysts are in the form of NiCo2O4 phase, 

NiO phase and CeO2 phase (JCPDS 43-1002). Cerium oxide is well dispersed 

on CoNi (50:50) at 5 wt% Ce-CoNi (50:50) catalyst and peak intensity of that 

increases with rising cerium contents. The shift of XRD diffraction is observed 

at 10 wt% Ce-CoNi (50:50) catalyst, which contributes to activity of methane 

combustion. 

As shown in Fig. 8, light-off curves of methane combustion is observed on the 

cerium doped catalysts with various cerium contents. At the temperature of 

methane combustion conversion of 90% (T90), temperature of 5 and 10 wt% 

Ce-CoNi (50:50) catalyst corresponding to 466 and 452 °C is lower than that 

of CoNi (50:50) corresponding to 475 °C. Thus, catalytic activity of cerium 

doped catalysts is better than that of non-doped catalyst. Fig. 8 indicates that 
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descending order of activity is as follows: 10 wt% Ce-CoNi (50:50) > 5 wt% 

Ce-CoNi (50:50) > CoNi (50:50) > 20 wt% Ce-CoNi (50:50). This results 

suggest that cerium doping is related to activity of methane combustion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 

Table 6 The surface area, lattice parameter (A) and phase amount (wt%) 

of the cerium doped catalysts. 

 

 

 

 

 

 

 

 

 

Catalyst 

Surface 

area 

(m2/g) 

NiCo2O4 NiO CeO2 

A wt% A wt% A wt% 

CoNi (50:50) 62 8.125 64 4.17 36 - - 

5 wt% Ce- 

CoNi (50:50) 
86 8.130 63 4.157 32 5.406 5 

10 wt% Ce-

CoNi (50:50) 
73 8.140 56 4.147 24 5.406 20 

20 wt% Ce-

CoNi (50:50) 
50 8.135 44 4.16 23 5.405 34 
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Fig. 6. The XRD patterns of the cerium doped catalysts (a) 5 wt% Ce-

CoNi (50:50), (b) 10 wt% Ce-CoNi (50:50), (c) 20 wt% Ce-CoNi 

(50:50). 
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Fig. 7. Light-off curves of methane combustion on the cerium doped 

catalysts. 
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Chapter 4. Conclusions 

I investigated the effect of various Co/Ni ratios of cobalt nickel mixed oxides 

and cerium doping on CoNi (50:50) catalyst for methane combustion. CoNi 

(50:50) and (67:33) catalyst indicate the superior activity for methane 

combustion among the cobalt nickel mixed oxides. XRD results evidently 

prove that CoNi (50:50) and (67:33) catalyst, as NiCo2O4 based type, consist of 

NiCo2O4 phase and NiO phase, and NiCo2O4 spinel structure is largely distorted 

in comparison with other catalysts. EXAFS results show that shift toward 

higher distance is observed between CoNi (75:25) and (50:50), resulting from 

difference of ion radius between Ni2+ and Co3+ occupying octahedral sites. XPS 

results show that distortion of NiCo2O4 spinel structure can be influenced by 

the extent of substitution of Co3+ ion since the Co3+/Co2+ ratio of CoNi (50:50) 

catalyst is the lowest among the catalysts. According to this results, it implies 

that extent and presence of Ni2+ ion on octahedral sites are attributed to the 

formation of distorted NiCo2O4 spinel structure. Such structure disorder 

contributes to enhancement on reducibility of NiCo2O4 and the adsorption of 

surface oxygen species, which is observed by H2 TPR and XPS O 1s results. In 

addition, cerium doped catalysts demonstrate the enhancement of the activity. 

Especially, 10 wt% Ce-CoNi (50:50) catalyst indicates the highest activity 

among the catalysts. Consequently, it proves that such cerium doping as well 

as structure disorder plays an important role for the methane combustion.  
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In summary, all characterizations and reaction results lead us to the conclusion 

that not only optimized ratio of cobalt nickel mixed oxide forming NiCo2O4 

structure disorder, but also proper amount of cerium doping on CoNi (50:50) 

can improve the activity of methane combustion.  
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요약(국문초록) 

 

천연가스 운송수단 (NGVs)은 가솔린과 디젤 운송수단의 대체물 

중에 하나로써 질소 산화물(NOx), 일산화탄소(CO), 유해한 탄화수소

(HCs)들의 적은 배출량으로 인하여 상당한 관심을 받고 있다. 그러

나, NGVs로부터 배출되는 미연화 메탄은 지구온난화지수가 이산화

탄소(CO2)의 비해 21배 크기 때문에 온실효과에 심각히 영향을 주게 

된다. 본 연구에서는 메탄연소반응에서 효과적으로 미연화 메탄을 

제거하기 위하여 코발트 니켈 복합 산화물에서 최적의 Co/Ni 비율과 

CoNi (50:50) 촉매에 첨가한 적절한 세륨의 양을 찾는 것을 목표로 

한다. 

공침법으로 코발트 니켈 복합 산화물 촉매들을 합성하였다. CoNi 

(X:Y)에 표기법은 Co:Ni = X:Y에 비율로 이루어진 촉매를 지칭하기 

위해 사용되었다. 게다가, 함침법으로 세륨의 첨가량이 5 wt%, 10 

wt%와 20 wt%가 되도록 세륨이 첨가된 CoNi (50:50)촉매를 합성하

였다. 모든 합성된 촉매들은 메탄연소반응을 수행하였다. BET법을 

사용한 질소 흡탈착, ICP-AES, XRD, EXAFS, XPS, H2 TPR과 같은 

다양한 분석들이 수행되었다. 

CoNi (50:50)와 CoNi (67:33) 촉매는 메탄연소에 관하여 우수한 활
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성을 나타내는 것을 알았다. 이 촉매들은 크게 왜곡된 형태의 

NiCo2O4 spinel 구조를 갖고 있다. 이와 같은 구조적인 무질서는 표

면 산소 종의 흡착과 NiCo2O4의 환원성 향상에 기여한다. 게다가, 

세륨이 첨가된 촉매는 활성 향상을 증명하였으며, 특히 촉매들 중에

서 10 wt%에 세륨이 첨가된 촉매는 가장 활성이 높은 것을 나타낸

다. 이를 통해, 구조적인 무질서뿐만 아니라 세륨의 첨가가 메탄 연

소에서 중요한 역할을 한다는 것을 알게 되었다. 모든 특성분석과 

반응결과들을 통하여, 최적화된 코발트 니켈 복합 산화물의 비율뿐

만 아니라 CoNi (50:50) 촉매에 첨가한 적절한 세륨의 양은 메탄연소 

활성을 향상시킬 수 있다는 결론을 도출하였다. 

 

주요어 : 메탄 연소, 코발트 니켈 복합 산화물, NiCo2O4 spinel 구조, 

세륨 첨가 
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