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Abstract

	 This study outlines the synthesis of cerium oxide nanoparticles, their characterization and 
their activity in the oxidation of methanol. A simple and easy co-precipitation method was used for 
the preparation of cerium oxide, without any added surfactants. The physicochemical properties 
of the sample were studied using scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDX) and X-ray diffraction (XRD). The morphology and size of the catalyst was studied 
using SEM. EDX confirms the element content of the synthesized cerium oxide. The structure of CeO2 
was confirmed using XRD. Thus, the reported CeO2 was an active catalyst for methanol oxidation 
to form formaldehyde at a temperature range of 523–753K in the gas phase. At 753K, the cerium 
oxide catalyst gave 53% formaldehyde selectivity, 57% methanol conversion and 31% formaldehyde 
yields.
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Introduction

	 Different rare-earth oxides have different 
nanostructures and different applications and 
studies report that their chemical characterization 
arises from their 4f electrons1-5. Compared with the 
other nanostructured lanthanide oxides, cerium 
oxide nanocrystals have been widely investigated 
as important functional materials6,7. 

	 The nanomaterials of cerium oxide have 
attracted much interest due to their wide-ranging 
applications8-15. Cerium oxide has a wide range of 

applications, such as decolonizing glasses, infra-red 
filters, energy storage and the electrical, electronic 
and battery industries. It is also used as a catalyst 
and for adsorption in many chemical reactions, and 
has different and useful promising applications in 
many biomedical fields16-19. 

	 Various methods – such as hydrothermal 
synthesis, spray pyrolysis, surfactant-templated 
synthesis, solid-state reactions, mechanochemical 
reactions, sonochemical synthesis, microwave 
irradiation, ball milling, combustion synthesis – 
have been suggested for the synthesis of diverse  
CeO2-based nanomaterials20-24. 
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	 The oxidation of methanol to formaldehyde 
is significant: formaldehyde is an important product 
because of its industrial applications and its  
role in producing other useful chemicals such as 
urea-phenolic acetal. The amount of formaldehyde 
produced worldwide by oxidation of methanol is 
around 4–5 x 107 tons per year. Different types 
of catalysts have been used and tested in the 
oxidation of methanol to produce formaldehyde 
and other products, such as hydrogen and carbon 
dioxides25. The effectiveness of the alcohol selective 
oxidation reaction in aqueous hydrogen peroxide 
has been investigated using Rh-bis (benzidazole) 
Pyridinedicarboxylate complex as the catalyst, using 
different solvents, temperatures and quantities of 
catalyst. Polar solvents, such as acetonitrile and 
ethanol, gave better yields of corresponding carbonyl 
compounds compared to less polar solvents, such 
as toluene and ethyl acetate. However, solvent-free 
system gave the best product yields; for example, 
the benzaldehyde yield was 96% with the solvent-
free method, compared to 74% using acetonitrile 
solvent. The mole ratio of alcohols to H2O2, as well 
as the temperature and quantity of catalyst, affect 
this reaction. Increasing the reaction temperature 
and amount of catalyst led to increased product 
yields26. Using a thiophene-based covalent triazine 
framework as free toxic metals in the selective 
oxidation of benzyl alcohols under visible light in the 
presence of oxygen and at room temperature gave 
100% benzaldehydes yields27.

	 V2O5-MoO3 with different V/Mo ratios and 
its supported catalysts were tested for producing 
of formaldehyde by oxidation of methanol at low 
temperature. In this work, both V and Mo played a 
role in the reaction: MoO3 enhanced Bronsted acid 
sites on the surface of catalysts and V enhanced 
the oxygen capacity in the reaction. This process 
gave good oxidation of methanol reaction selectivity, 
which was 92% at low reaction temperature (120°C), 
and the catalysts were active in the reaction28. The 
oxidation of methanol was carried out with Ag (110) 
and Cu (110) catalysts at 250–340K to produce 
formaldehyde. The results showed that at constant 
rate, Ag had a higher surface, but Cu showed 
stronger catalytic absorbate as it has a different 
surface adsorption of oxygen and methanol29. 
Supported Ag-nanoparticle catalysts have been 
tested and reported in the oxidation of methanol 
to form formaldehyde using different Ag loadings 
at higher temperatures of 560–650°C. The results 

showed that, at 650°C, the yield of formaldehyde 
was increased to around 85%30. Ferric tungstate and 
ferric molybdate have been tested in the oxidation of 
methanol under the same conditions. It was found 
that ferric molybdate produced mainly formaldehyde, 
while ferric tungstate produced dimethyl ether31. This 
catalyst was selective and both phases of MoO3 and 
Fe2O3 are important: MoO3 for selective formaldehyde 
and Fe2O3 for methanol conversion32. 

	 Recently, aldehydes, ketones and carboxylic 
acids were produced by oxidation of alcohols using 
hydroxyl ammonium as a catalyst, in conjunction 
with sodium hypochlorite-5-haydates as the terminal 
oxidant and acetonitrile with water as the solvent. 
The reaction completed within half an hour to two 
hours with good yields of products33. To improve the 
oxidation of alcohols, direct oxidation of alcohols 
with hydrogen was electrochemically tested in the 
continuous flow reactor without any additives. The 
results showed a very high yield of corresponding 
carbonyl compounds. Different currents have been 
trialed in the reaction, ranging from 10–800 mA. At 
800 mA, using carbon cloths and nickel plates, the 
benzaldehyde yield was 99% for 25-min reaction 
times34. Electrocatalytic oxidation of C1-C3 and 
polybasic alcohols was investigated using different 
electrodes such as Pt, Pd, and Au, and using acidic, 
natural and alkaline media. It has been found that 
the best selectivity of formaldehyde by oxidation of 
methanol took place with Pt, but for alcohols with 
higher amounts of carbon C2-C3, Pd was the active 
electrode, while Au was active for oxidation reactions 
of polybasic alcohols in the alkaline medium35.

	 In our work, we synthesized cerium 
oxide nanomaterials using the simple and easy  
co-precipitation method, characterized it using 
scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX) and X-ray 
diffraction (XRD) methods, and tested it for the 
oxidation of methanol to form formaldehyde at range 
of temperatures. To our knowledge, the oxidation of 
methanol to form formaldehyde with a cerium oxide 
catalyst has never been investigated.

Materials and methods

Chemicals and materials 
	 Cerium sulfate (Sigma-Aldrich, ≥99.99%), 
sulfuric acid (PanReac, 95–98%), extra pure 
ammonia solution (Loba Chemie), and distilled 
water were used in this work, without any additional 
purification processes.
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Cerium oxide nanoparticle synthesis
	 For the synthesis of cer ium oxide 
nanoparticles, a co-precipitation method was used. 
First, 3.32 g of cerium sulfate was dissolved in 2M 
of sulfuric acid. That mixture was diluted to 50 mL 
with distilled water. The solution was continuously 
stirred using a magnetic stirrer until the cerium 
sulfate was completely dissolved and a clear 
solution was achieved. After the dissolution of the 
cerium sulfate, ammonia solution (extra pure, 30%) 
was added dropwise with constant stirring, until the 
solution pH reached 10–12. The resulting solution 
was stirred for an aging time of 1 h and washed four 
times: three times with distilled water and the fourth 
time with ethanol, to remove the byproducts and 
some impurities. After that, the product was dried in 
an oven at 80°C overnight. Finally, the sample was 
calcined at 400°C for 4 h to obtain cerium oxide. The 
following schematic diagram shows the synthesis 
steps of cerium oxide.

Catalyst testing
	 The catalytic reaction of methanol oxidation 
was carried out in a stainless steel reactor located in 
the center of a furnace, fed from the top using oxygen 
mixed with nitrogen (O2 and N2 at a ratio of 80% to 
20% with a flow rate of 20 mL/min). The molar ratio of 
O2/methanol was 0.52, using a range of temperature 
523–753K for 5 hours’ time on stream (TOS). The 
products were analyzed using gas chromatography 
(Varian 3800 with a capillary column and flame 
ionization detector). 

Results and discussion

Catalyst characterization
	 The structure of the synthesized cerium 
oxide was studied using XRD32. The patterns of 
synthesized cerium oxide nanoparticles confirmed 
the structure of CeO2 as shown in Fig. 1. Positions 
of all peaks in the XRD pattern of cerium oxide 
matched data for the standard CeO2 crystal structure 
in JCPDS card No. 81-0792, and they also showed 
the same results as reported by Z. L. Zhang  
et al.,36 No noticeable peaks were detected indicating 
the formation of single-phase CeO2 with a cubic 
structure (Figure 1). 

Schematic diagram for the synthesis of CeO2 nanoparticles

Fig. 1. XRD spectra of the synthesized CeO2 nanoparticles

	 Figure 2 shows the surface and morphology 
of the cerium oxide obtained using SEM and the 
shape of cerium oxide was confirmed32,36. The cerium 
oxide particles were confirmed as nanoparticles, 
as shown in Fig. 2. EDX shows the composition of 
cerium oxide elements that were prepared and used 
in this work: Fig. 3 shows high intensified peaks for 
cerium and oxygen in the EDX spectrum (similar 
results have been previously reported37), and a small 
peak related to sulfur, which came from the sulfuric 
acid used for dissolving the cerium sulfate during 
the catalyst synthesis.
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Fig. 2. SEM of cerium oxide nanoparticles

Fig. 3. EDX of cerium oxide nanoparticles

Cerium oxide and oxidation of methanol
	 In this work, the cerium oxide catalyst was 
tested in methanol oxidation in the gas phase using 
0.5 g of catalysts, in the presence of oxygen. The 
products were analyzed, and the results showed that 
the catalysts were active at different temperatures 
in the range of 523–753K for 5 hours’ TOS. It was 
noted that the conversion of methanol increased 
when the reaction temperature was raised. The 
highest conversion of methanol was at the highest 
temperature applied in this study, which was 
753K. Fig. 4 shows that, at 523K, the conversion 
of methanol over cerium oxide was 25%, and it 
increased to 57% at 753K.

	 Formaldehyde selectivity is shown in 
Fig. 5. The selectivity decreased with increasing 
temperature. At 523K, formaldehyde selectivity was 
77%. However, it decreased when the temperature 
was increased from 523K to 753K with 5 h’ TOS, 
gradually dropping to 53% at 753K.

	 Figure 6 shows the formaldehyde yields. It 
can be seen that the highest formaldehyde yield was 
at 753K, which was 31% (conversion of methanol was 
57% and selectivity of formaldehyde was 53%). 

Fig. 4. Conversion of methanol over 0.5 g of cerium oxide,  
5 h’  TOS, 20 mL/min of O2 and N2 mixture

Fig. 5. Selectivity of formaldehyde over 0.5 g of cerium 
oxide, 5 h ’ TOS, 20 mL/min of O2 and N2 mixture

Fig. 6. Yields of formaldehyde over 0.5 g of cerium oxide,  
5 h ’ TOS, 20 mL/min of O2 and N2 mixture

	 2.0 wt% of Ag/TiO2 gave 60% methanol 
conversion at 69% formaldehyde selectivity at 673K, 
but the catalyst showed higher conversion and 
selectivity by increasing the load of Ag/TiO2 from 2.0 
to 12.0 wt% using the same reaction conditions25. 
These results are similar to the activity of CeO2 

nanoparticle catalysts for methanol oxidation to form 
formaldehyde in this study.
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	 Green protocol of the selective oxidation 
of various alcohols in the system of quinaldinium 
chromate, periodic acid (H5IO6), and solvent-free 
has been previously investigated. The oxidation of 
benzyl alcohol gave a 96% benzaldehyde yield in a 
0.5-h reaction time at room temperature38. This good 
product yield result, in comparison to the results in 
the present study, might be due to only bulk cerium 
oxide being used in the gas phase, without any 
supported catalyts. 

	 Electrical oxidation of benzyl alcohol using 
carbon cloths and nickel plate at 800 mA and 0.05 
mL/s flow rate gave a benzaldehyde yield of 67%. 
The yield of aldehyde was increased to 99% by 
increasing the flow rate to 0.1 mL/s and the current 
to 1000 mA34. Oxidation of a range of alcohols over 
a (NH4)5[IMo6O24] catalyst was investigated using 
acetonitrile and water as a solvent and a 10% NaCl 
and oxygen balloon at 70°C for a 12-h reaction time. 
The yield of benzaldehyde (as one example of the 
products) was 96%, but when the additives changed, 
the products yields also changed, so the additives 
can be used to control the product yields39.

Conclusion

	 In  summar y,  a  s imp le  and  easy  
co-precipitation method has been developed for the 

synthesis of CeO2 nanomaterials using ammonia as 

the precipitating agent. The cerium oxide nanoparticle 

catalyst was characterized using techniques such as 

XRD, SEM and EDX. The catalyst was active in the 
oxidation of methanol and it gave 53% formaldehyde 
selectivity at 57% methanol conversion at 753K.
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