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ABSTRACT 

 The present paper describes the synthesis and first application of Nd-doped Barium cerate (BaCeO3) nanoparticles 

as catalyst for the catalytic oxidation of methane (CH4) into CO2. Nd-doped BaCeO3 nanoparticles, with the formula      

BaNdxCe(1-x)O3, have been prepared using a simple sol gel method starting from acetate precursors. The as-prepared 

nanoparticles have been fully characterized by XRD, TEM, HRTEM and specific surface area measurements. Results 

confirmed the formation of highly crystallized nano-sized particles with small crystallite size. In-situ FTIR spectroscopy was 

used to study the catalytic conversion of methane (CH4) into CO2 in the presence of the as-prepared Nd-doped BaCeO3 

nanocatalyst. The catalytic properties of such nanocatalysts have been discussed and correlated to Nd-doping rate, crystallite 

diameter and specific surface area of the materials. Excellent catalytic properties have been obtained with BaNd0.05Ce0.95O3, 

such as superior conversion efficiency, longer catalysis lifetime and lower activation temperature compared to un-doped 

BaCeO3 catalyst. Interestingly, it was found that BaNd0.05Ce0.95O3 nanocatalyst successfully converts the totality of CH4 

present in a mixture of CH4-Air into CO2 at a much lower temperature compared to the conventional Pd/Al2O3 catalyst.  

 Keywords: Oxidation of CH4; Nd-doped BaCeO3, Nanocatalysts, Noble metal-free catalysts, Sol-gel method, Greenhouse 

Gases (GHG). 

  

1. INTRODUCTION 

The threat of climate change to our planet is 

today greater than it has ever been. Global warming is 

one of the most serious effects of climate change. In both 

2019 and 2020, the World Economic Forum (WEF) 

identified global warming and the failure of climate 

change adaptation and mitigation as one of the highest 

and most probable global risks for humanity. Global 

warming is in particular due to the increasing levels of 

greenhouse gases (GHGs), including carbon dioxide 

(CO2), methane (CH4) and nitrous oxide (N2O), released 

in the atmosphere (Matthews et al. 2008). Such GHGs, 

which can last for years to centuries in the atmosphere, 

trap heat by absorbing solar radiation and cause the 

planet to get hotter. This alarming situation led to a global 

mobilization to achieve a deep reduction of GHG 

emission, which needs strong support from the scientific 

community. The reduction of fossil-based energy 

production, CO2 emission from industrial plants, CO2 

capture and storage have been proposed and developed 

as a solution to climate change (Rishee Kumar Singh et 

al. 2020; Friedlingstein et al. 2020). Surprisingly, the 

capture of methane or its oxidation has not received the 

same attention as air capture of CO2, while CH4 is about 

25 times more effective than CO2 at trapping infrared 

radiation and causing global warming (Boucher et al. 

2010). CH4 is also the second most important 

anthropogenic GHG. Its atmospheric concentration is 

about 5 billion tonnes (Gt) vs 40 Gt of CO2 in 2018. 

Recent reports stated that the oxidation of the 5 Gt of CH4 

currently available in the atmosphere would yield 8.2 Gt 

additional atmospheric CO2, equivalent to a few months 

of current industrial CO2 emission, but it would remove 

about 1/6 of total radiative forcing (Jackson et al. 2019). 

The reduction in short-term warming, attributable to the 

high radiative forcing of CH4, could thus offer a 

complementary strategy to the removal of long-lived 

GHGs such as CO2 and N2O. The oxidation of CH4 to 

CO2 is a thermodynamically favorable reaction as shown 

by reaction 1.   

               CH4 + O2                       CO2 + H2O                         (1) 

       (ΔH298 = -802.7 kj/mol) 

 However, as the C-H bond is highly stable, high 

activation energy is needed to split the methane’s C-H 

bond and that is why methane conversion is usually 

operated at high temperature (600- 1-1100 °C) (Cui et al. 

2018). In order to overcome this high activation energy, 
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catalytic oxidation of methane is used. The reaction is 

generally catalyzed by supported or unsupported metal 

oxide catalysts, such as Co3O4, Co3O4/Al2O3, ZnCrO4, 

CuCrO4, PbCrO4, Cr2O3/Al2O3, CuO/Al2O3 and 

CeO2/Al2O3, and noble metals based-catalysts such as 

Pd/Al2O3, Pt/Al2O3, Rh/Al2O3, Pt/SiO2, Pd/SiO2, etc. 

(Lee et al. 1995). Among the metal oxide catalysts, 

Co3O4 catalyst provided the highest activity, but its 

activity was much lower than Pd/alumina catalysts (Lee 

et al. 1995). Photocatalytic oxidation of CH4, using ZnO, 

TiO2 or metal-doped TiO2 photocatalysts, has also been 

proposed in the literature (De_Richter et al. 2017). 

Perovskite-type oxide catalysts have also been studied 

for the catalytic oxidation of CH4 (Arai et al. 1986). The 

highest active perovskite catalyst was La0.6Sr0.4MnO3, 

which showed similar activity to Pt/Al2O3 catalyst at a 

conversion level below 80%. However, unlike the 

Pt/alumina catalyst, the catalytic activity with increasing 

temperature was significantly reduced at high conversion 

levels (Shimazaki et al. 2011). Even though, much 

progress has been made in decreasing the oxidation 

temperature of CH4, most of the catalysts mentioned 

above still need temperature higher than 300 – 500 °C so 

that the CH4 oxidation reaction can occur. Hence, the 

replacement of noble metal in CH4 oxidation catalysts, 

while keeping high CH4 conversion efficiency and low 

reaction temperature, remains a big challenge.  

BaCeO3-based ceramics and related compounds 
are very important materials because of their thermal and 
chemical stability and good ionic conduction properties, 
which allow these materials to be used in a wide range of 
applications, such as fuel cells, hydrogen separation 
membranes and hydrogen sensors (Yamanaka et al. 
2003; Su et al. 2006; Bhowmick et al. 2010; Senthil 
Kumar et al. 2017; Madhuri Sailaja et al. 2017). 
Recently, some attempts have also been made to assess 
the catalytic properties of BaCeO3 in the oxidative 
coupling of CH4 and its conversion to C2 products, like 
ethane and ethylene (Igenegbai et al. 2018). 

In this study, the synthesis and the first application 
of Nd-doped BaCeO3 nano-sized oxide in total 
conversion of CH4 into CO2 has been reported. The as-
synthesized nanocatalyst showed very high conversion 
efficiency (up to 99.4 %) at much lower temperature 
compared to the conventional noble metal-based 
Pd/Al2O3 catalyst. The Nd doping rate of the as-prepared 
catalysts has been varied and correlated with 
nanocrystals diameter and specific surface area. The 
effect of all these parameters on the CH4/CO2 conversion 
efficiency in the presence of Nd-doped BaCeO3 
nanocatalysts has also been studied.   

2. MATERIALS AND METHODS 

2.1 Synthesis Method 

In the first step, an appropriate amount of 

barium acetate (99.9 %), cerium acetate (99.9 %) and 

neodymium acetate (99.9%), supplied from Aldrich, 

corresponding to the theoretical formula of                 

BaNdxCe(1-x)O3, with x varied from 0 to 0.15, were 

dissolved in isopropanol. Then, the mixture was stirred 

for 1 hour until the total dissolution of the solid content 

in the solvent. The obtained solution was then heated at 

80 °C under continuous stirring until formation of gel. 

The resulting gel was dried at 80 °C for 12 hours. Finally, 

the as-prepared powder was ground in an agate mortar 

and calcined at 950 °C for 5 hours with a heating and 

cooling rate of 5 °C/min. Pd/Al2O3 commercial catalyst 

containing 5% Pd (Sigma Aldrich) was used in this study 

for comparison.   

2.2. Structural and Morphological 
Characterization  

The XRD patterns were recorded using a Siemens 

– Brucker D5000 diffractometer. After a preliminary 

indexation using Winploter software, the lattice 

parameters were calculated and refined by least squares 

method (Roisnel et al. 2001). Crystallites sizes of the 

synthesized powders were estimated using Debye-

Scherrer formula. Scanning electron microscopy (SEM) 

analyses were carried out using PHILIPS XL30 

equipment in order to characterize the morphology of as-

prepared catalysts. The thermal decomposition of the air-

dried gel precursor of BaNdxCe(1-x)O3 catalyst was 

investigated using differential thermal analysis (DTA) 

and thermogravimetric analysis (TGA), which have been 

carried out in the temperature range of 25 – 1100 °C with 

a TG-DTA 92 SETARAM equipment, with a heating rate 

of 5 °C/min. In order to characterize the porosity of the 

synthesized materials, nitrogen sorption isotherms were 

recorded at 77.35 K using a MICROMERITICS ASAP 

2020 automatic apparatus, after an outgassing process of 

12 hours at 90 °C under secondary vacuum. The specific 

surface area was determined by the Brunauer–Emmett–

Teller (BET) method (Brunauer et al. 1938).  

2.3. Experimental set-up for catalytic test 

The experimental set-up used to measure the 

catalytic activity of the BaNdxCe(1-x)O3 nanocatalysts, 

through the oxidation of CH4 to CO2, is schematized in 

the Fig.1. It includes three parts: 

i) Feed part where the gas is supplied out using a bottle 

containing 2500 ppm of CH4 diluted in air, one bottle 

containing pure oxygen (O2) and the other one 

contains argon (Ar). The flowmeter is used to control 

the gas output. A mixer is used to prepare the gas 

mixture with desired composition. The catalytic 

oxidation of CH4 was carried out with a fixed flow 

gas of 5 mL/minute.  

ii) Reactor part which includes a quartz tube held in 

place with silica wool on both sides. The quartz tube 

containing the catalyst powder was oriented 
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horizontally in a furnace and heated to the desired 

temperature at a rate of 2 K/min under argon flow.  

iii) Analysis part or the analysis cell, where the outgoing 

gases are analyzed, is a quartz tube containing pellets 

of KBr at its two ends. The cell is placed in a FTIR 

spectrophotometer. The FTIR spectra were recorded 

between 400 cm-1 and 4000 cm-1, with a resolution of 

8 cm-1. 

 

Fig. 1: The experimental set-up used in this study for the catalytic oxidation of CH4 to CO2

2.4. Catalytic activity measurement 

In order to analyze the gas-solid reactivity over 
time and to evaluate the catalytic efficiency of our 
nanocatalysts at room and high temperature, in-situ FTIR 
measurements have been carried out according to the 
following procedure:  

i) First of all, the catalytic cell is heated at the 
desired temperature, without any catalyst, in order 
to perform the blank experiment and control the 
purity of the cell itself; argon gas is injected in the 
cell with a flow gas of 5 mL/minute and a series 
of FTIR spectra are recorded.  

ii) Then, in order to define a new blank experiment 
with catalyst only (without any active gas), the 
catalyst sample is introduced in the quartz tube, 
then argon flux is injected to evacuate room 
atmosphere (air with residual CO2 and H2O 
gases), FTIR spectra are also recorded in these 
conditions.  

iii) Finally, in order to perform the catalytic test, the 
active gas (air with 2500 ppm of methane CH4) is 
introduced at the desired temperature and 
simultaneously, a sequence of FTIR spectra is 
recorded at about 1-minute intervals.  

The catalytic reaction is then monitored by the 
evolution of FTIR bands of CH4 (characteristic bands at 
3020 cm-1 and 1300 cm-1), CO2 (characteristic bands at 
2350 cm-1 and 670 cm-1) and H2O (characteristic band at 
1590 cm-1), as shown in Fig. 2 (Supplementary Material). 
Assuming that the FTIR band intensity is proportional to 

the concentration of CH4 and CO2, the concentration of 
CH4 and CO2 at time ‘t’ can be calculated as below:  

          [CH4]* = I(CH4)/Imax(CH4)                           

with I(CH4) is the measured FTIR band surface of CH4 

and Imax(CH4) is the measured FTIR band surface of CH4 

in the absence of any catalytic interaction. 

By the way, according to the reaction 1, when one 
mole of CH4 is oxidized, one mole of CO2 is formed. So, 
the concentration of CO2 at time t can be calculated as 
below:  

                   [CO2]*= 1 - [CH4]*                         

 

Fig. 2: Supplementary Material  
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Relative normalized values [CH4]* and [CO2]* 
are then used to represent the conversion rate of CH4 into 
CO2. For example, when [CO2]* is equal to 1, this 
indicates a complete conversion of the 2500 ppm of CH4 
into 2500 ppm of CO2. The CO2 band at 2350 cm-1 was 
finally chosen to follow the catalytic reaction, because of 
its better definition in the spectra (Fig. 2, Supplementary 
Material). 

3. RESULTS AND DISCUSSION 

3.1 Preparation and characterization of nano-
sized BaNdxCe(1-x)O3  catalysts   

Fig. 3 (Supplementary Material) shows the 

TGA and TDA results of dried gel precursor 

corresponding to the un-doped BaCeO3 catalyst. The 

curves show a multi-step decomposition behavior, with 

an endothermic peak at 130 °C, related to the loss of 

moisture and dehydration of the precursors, an 

exothermic peak at around 325 °C, which can be 

attributed to the decomposition of the organic content of 

the gel. However, no weight loss was observed at 

temperature higher than 950 °C. The reactions involved 

in the synthesis of BaCeO3 can be written as below: 

 • For cerium precursor:  

Ce(CH3COO)3 + 3 H2O       Ce(OH)3 + 3 CH3COOH   (2) 

     2 Ce(OH)3        Ce2O3 + 3 H2O                    (3)  

 Ce2O3 + ½ O2        2 CeO2                             (4) 

• For barium precursor: 

Ba(CH3COO)2 + 2 H2O       Ba(OH)2 + 2 CH3COOH (5) 

      2 Ba(OH)2         2 BaO + 2 H2O                  (6) 
 

Therefore, the formation of barium cerate occurs 

according to: 
 
    BaO + CeO2        BaCeO3                          (7) 

 

 

Fig. 3: Supplementary Material  

 

The Fig. 4 shows the XRD pattern of    

BaNdxCe(1-x)O3 catalysts with different Nd content. The 

results showed that all the samples are well crystalized 

and all diffraction peaks of the samples are indexed as the 

orthorhombic perovskite structure, which matches with 

the JCPDS card number 22-0074.  

 

 

 Fig. 4: XRD patterns of BaNdxCe(1-x)O3 catalysts with x 
variation from 0 to 0.15% 

The lattice parameters and average crystallite size 

of the samples have been calculated from XRD patterns 

and results are summarized in Table 1. The calculated 

lattice parameters are in good agreement with the values 

reported in the literature (Senthil Kumar et al. 2017). 

Results also showed that no significant change is 

observed in the lattice parameters with increasing Nd 

doping, indicating a homogeneous dispersion of Nd in 

the BaCeO3 structure where Ce4+ sites would be 

substituted with Nd3+ ions. This substitution is facilitated 

by the very similar ionic radii between Ce4+ (1.11 Å) and 

Nd3+ (1.08 Å).  

 

Fig. 5: Supplementary Material 
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Table 1: Lattice parameters and average crystallites size of BaNdxCe(1-x)O3 nanocatalysts 

Catalyst a (Å) b (Å) c (Å) 
Average 

crystallite diameter (nm) 

BaCeO3 8.776± 0.002 6.212 ± 0.004 6.231 ± 0.002 19.6 ± 0.5 

BaNd0.05Ce0.95O3 8.775 ± 0.003 6.210 ± 0.004 6.228 ± 0.005 18.4 ± 0.5 

BaNd0.1Ce0.9O3 8.771 ± 0.002 6.211 ± 0.004 6.229 ± 0.004 17.3 ± 0.5 

BaNd0.15Ce0.85O3 8.772 ± 0.002 6.210 ± 0.003 6.228 ± 0.004 17.0 ± 0.5 

 

 

Fig. 6: TEM image (a) and HRTEM image (b-c) of BaNd0.1Ce0.9O3 nanocatalyst 

 

Moreover, results showed that crystallite diameter 

significantly decreases from about 20 nm to 17 nm when 

x is increased from 0 to 0.15. In addition to XRD results, 

the chemical composition of un-doped BaCeO3 catalyst 

was confirmed by EDS measurement (Fig. 5, 

Supplementary Material).  

The as-prepared nanocatalysts have also been 

observed by TEM. We should note that all the samples 

have similar morphology, which consists of 

agglomerates of nanocrystals of about 100 nm as shown 

in Fig. 6(a), in the case of BaNd0.1Ce0.9O3. The formation 

of agglomerate of particles could result from the high 

surface/volume ratio of the nanocrystals. By the way, 

since the crystallite diameter calculated from XRD 

showed smaller nanocrystals, the particle size measured 

from TEM image suggests that particles are 

polycrystalline. HRTEM image also shows that the 

particles are highly crystalline with a lattice fringe 

spacing of d=0.3 nm (image 3(c)), which corresponds to 

the (002) plane of BaCeO3 perovskite structure. Table 2 

provides the specific surface area of the as-prepared 

BaNdxCe(1-x)O3 catalysts calculated using BET method. 

As can be seen from Table 2, all the samples 

exhibit a large surface area and thus are supposed to yield 

a high catalytic activity, since the heterogeneous catalytic 

reaction is generally enhanced by the high surface area of 

the catalyst. Results also showed that the surface area 

significantly increases with increasing Nd content, which 

is in agreement with the decrease of crystallite diameter 

with increasing Nd content, already shown in Table 1.  

Table 2: BET surface area of BaNdxCe(1-x)O3 nanocatalysts 

Nanocatalyst 
BET specific surface area 

(m2g-1) 

BaCeO
3
 47.3 

BaNd
0.05

Ce
0.95

O
3
 53.7 

BaNd
0.1

Ce
0.9

O
3
 55.2 

BaNd
0.15

Ce
0.85

O
3
 56.5 

 

3.2 Catalytic performance  

3.2.1 Catalytic behavior of Nd-doped BaCeO3 nanocatalysts 

Fig. 7 shows the evolution of CH4 conversion as 

a function of time at 300 °C in the presence of our 

BaNdxCe(1-x)O3 nanocatalysts. The obtained curves are 

similar and present three characteristic parts: 

i) the first one, which corresponds to a rapid 

increase in CO2 absorbance, indicating an increase in the 

conversion rate of CH4, can be associated with the active 

phase of the catalyst. This can be explained by the 

increasing adsorption of CH4 on the active sites of the 
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catalyst due to constant flow rate of CH4, flowing through 

the catalytic material, which is also enhanced by the high 

surface area of the nanocatalysts.  

  

 
Fig. 7: Rate of catalytic conversion of CH4 into CO2 measured 
from FTIR spectroscopy (CO2 vibrational band at 2350 cm-1 
was used for monitoring the catalytic reaction) 
 

ii) the second part, which corresponds to the top 

part of the curves where a maximum CO2 formation is 

reached, results from the saturation of surface-active sites 

of the catalysts; this is because adsorbed methane 

molecules have reacted and the corresponding active 

sites have lost their reactivity.  

 

iii) the third phase, which corresponds to the 

decrease in CH4 conversion rate, can be ascribed to the 

damping of the catalysts. This is because the surface-

active sites of the catalyst are no longer available to gas 

molecules and the catalytic reaction is stopped.  

  

The catalyst lifetime of our BaNdxCe(1-x)O3 

nanocatalysts, which is defined as the time difference 

between the beginning of CH4 conversion and the end of 

the saturation phase, can be estimated from the [CO2]* 

vs. time curves (Fig. 7). This time increases from 19 to 

40 minutes when the Nd content (x) is increased from 0 

to 0.15 %, respectively, as shown in Table 3.  

Table 3: Catalyst lifetime and CH4 conversion rate of 
BaNdxCe(1-x)O3 nanocatalysts 

Nd Content (x %) 
CH4 conversion 

(%) 

Catalyst 

lifetime (min) 

0 95 19 

0.05 98 25 

0.1 88 28 

0.15 78 40 

 

Fig. 8: The light-off curve of BaNd0.05Ce0.95O3 nanocatalyst 
and Pd/Al2O3 commercial catalyst (CO2 vibrational band at 
2350 cm-1 was used to calculate the conversion rate) 

Interestingly, results show that the barium 

cerate nanocatalyst doped with 5% Nd (compared to Ce 

content), with the formula BaNd0.05Ce0.95O3, yields 

higher CH4 conversion rate and improved catalysis 

lifetime compared to un-doped BaCeO3 catalyst. The 

result is also in agreement with the surface area 

measurements (Table 2), which showed higher specific 

surface area for BaNd0.05Ce0.95O3 compared to un-doped 

BaCeO3 nanocatalyst. The 5% Nd-doped nanocatalyst 

was able to convert almost the totality of CH4 into CO2 

with only about 8 minutes of reaction. The catalyst 

lifetime was also improved from 19 min (for un-doped 

catalyst) to 25 min. However, when the doping level 

exceeds 5% Nd, the conversion efficiency of CH4 into 

CO2 significantly decreases, even though the catalyst 

lifetime is remarkably enhanced, as shown in Table 3. 

These results indicate that the Nd content greatly affects 

the catalytic properties of BaNdxCe(`1-x)O3 nanocatalyst 

and can thus be optimized to achieve the desired catalytic 

properties in terms of conversion efficiency and catalyst 

lifetime. The enhancement of the catalytic properties of 

5% Nd-doped BaCeO3 nanocatalyst compared to un-

doped BaCeO3 is likely due to higher production of 

oxygen vacancies when the Ce4+ sites are substituted by 

the trivalent Nd3+ dopant in the BaCeO3 perovskite 

structure, which promotes the oxidation of CH4 (Cheng 

et al. 2016). However, at doping rate higher than 5% Nd 

(compared to Ce), the quantity of oxygen vacancies 

produced by the nanocatalyst would be lower because of 

a significant partitioning of Nd dopant over both Ba and 

Ce sites, as already reported in the literature (Wu et al. 

2005). Such partitioning reduces the concentration of 

oxygen vacancies, which, in turn, would lower the 

oxidizing ability of Nd-doped BaCeO3 nanocatalyst. 

However, further investigations will be carried out for a 

deep understanding of the effect of Nd doping rate and 

the role of oxygen vacancies formation on CH4 

conversion efficiency of Nd-doped BaCeO3 nanocatalyst.           
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3.2.2 Optimization of CH4 conversion temperature  

5% Nd-doped Barium cerate BaNd0.05Ce0.95O3 

nanocatalyst, which exhibited the highest CH4 

conversion efficiency was selected in order to optimize 

the conversion temperature of CH4. A series of catalytic 

test was thus carried out at different temperatures in 

presence of BaNd0.05Ce0.95O3 nanocatalyst. Fig. 8 shows 

the light-off curve of this material in comparison with the 

one obtained with Pd/Al2O3 commercial catalyst.  

 Results show that CH4 conversion efficiency 

rapidly increases up to a temperature of about 250 °C 

where conversion rate is almost total. At higher 

temperatures, the conversion rate remains stable. 

Interestingly, more than 80 % CH4 conversion is 

achieved at temperature as low as 200 °C, which 

indicates that Nd-doped BaCeO3 nanocatalyst needs 

much lower activation temperature compared to noble 

metal-based catalysts that generally require temperature 

higher than 500 °C to be active, as shown by Fig. 8.      

4. CONCLUSION 

Nd-doped BaCeO3 nanocatalysts, with different 

Nd doping rate, have been successfully synthesized using 

a simple sol-gel method starting from acetate precursors 

in isopropanol solvent. The as-prepared materials have 

been fully characterized with different characterization 

methods which confirmed the formation of highly 

crystallized nano-sized spherical particles with crystallite 

diameter of 17-20 nm, depending on Nd doping rate. The 

catalytic performances of the as-prepared nanocatalysts 

have also been measured through the catalytic conversion 

of CH4 into CO2 at different temperatures. To the best of 

our knowledge, this is the first application of such 

nanomaterials for total catalytic conversion of CH4 into 

CO2. The 5% Nd-doped BaCeO3 nanocatalyst shows the 

highest CH4 conversion rate (98%) and improved catalyst 

lifetime (25 min.) compared to un-doped BaCeO3 

nanocatalyst (95% and 19 min., respectively). Moreover, 

the light-off curve of 5% Nd-doped BaCeO3 nanocatalyst 

showed that the catalyst has much lower activation 

temperature compared to noble metal-based Pd/Al2O3 

catalysts. Finally, these results substantiate the great 

potential of Nd-doped BaCeO3 nanocatalyst to be applied 

as an alternative material to noble metal-based catalyst, 

for the catalytic oxidation of CH4 into CO2. The 

application of such nanocatalysts for the catalytic 

conversion of CH4 into syngas and value-added products 

will also be explored in the near future.     
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