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 10 

Ce0.5M0.5O2 (M=Ti,Zr, Hf) nanoparticles have been successfully synthesized by microwave irradiation in 

the ionic liquid [C4mim][Tf2N] (1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide). The 

morphology, crystallinity, and chemical composition of the obtained materials were characterized by 

scanning electron microscopy (SEM), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy 

(EDX), Raman spectroscopy, and N2-adsorption measurements. XRD and Raman spectroscopy analyses 15 

confirmed the formation of solid solutions with cubic fluorite structure. The catalytic activities of the 

Ce0.5M0.5O2 (M=Ti, Zr, Hf)  nanoparticles were investigated in the low-temperature oxidation of CO. 

Ce0.5Zr0.5O2  nanospheres exhibit the best performance (100% conversion at 350°C), followed by 

Ce0.5Hf0.5O2 (55% conversion at 360°C) and Ce0.5Ti0.5O2 (11% conversion at 350°C). Heating the as-

prepared Ce0.5Zr0.5O2 to 600°C for extended time leads to a decrease in surface area and, as expected 20 

decreased catalytic activity. Depending on the ionic liquid the obtained Ce0.5Zr0.5O2  exhibits different 

morphologies, varying from nano-spheres in [C4mim][Tf2N] and [P66614][Tf2N] (P66614 = 

trishexyltetradecylphosphonium) to sheet-like assemblies in [C3mimOH][Tf2N] (C3mimOH = 1-(3-

hydroxypropyl)-3-methylimidazolium). The microwave synthesis superiority to other heating methods 

like sonochemical synthesis and conventional heating was proven by comparative experiments where the 25 

catalytic activity of Ce0.5Zr0.5O2 obtained by alternate methods such as conventional heating was found to 

be poorer than that of the microwave-synthesised material.  

1. Introduction 

Cerium oxide (CeO2, ceria) and ceria-based materials have 

attracted significant attention due to their particularly high 30 

performance in a variety of applications such as three-way 

catalysts (TWC) and solid oxide fuel cells (SOFCs).1 One of the 

most important properties of ceria is its oxygen storge capacity 

(OSC): the ability to release and store oxygen under oxidizing 

and reducing conditions. This metal oxide is able to incorporate 35 

more or less oxygen atoms into its crystal lattice depending the 

temperature and oxygen partial pressure. This is made possible by 

the low Ce3+/Ce4+ redox potential. Advantageous for any 

application of ceria is its good thermal stability and that it is 

readily available at low cost.2 40 

Ceria on the nanoscale has demonstrated even better performance 

for oxygen storage owing to the large surface to volume ratio.3 

The oxygen vacancy formation energy is reduced compared to 

bulk material, which leads to higher surface reactivity at low 

temperature. An increase in its electronic conductivity is also 45 

observed for nanoscale material.4 The catalytic activity of nano-

ceria results from a higher oxygen mobility by creating defect 

sites.1 Substitution of Ce4+ by Ti4+, Zr4+, Hf4+ in CeO2 leads to 

solid solutions with a composition of Ce1-xMxO2 (M= Ti, Zr, Hf) 

which is found to increase, both, the OSC and ionic conductivity 50 

and also has a direct impact on the catalytic activities. The 

activity is also dependent on other parameters such as the size, 

morphology and type of dopants.5 

Microwave heating is a rapid and environmentally friendly option 

for chemical synthesis. It has been developed as an efficient 55 

technology to meet the increasing demand for replacing 

conventional heat transfer processes. Compared to conventional 

heating methods, microwave reactions are not only more energy 
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efficient and faster, but also the reaction product may be obtained 

even with a higher yield.6,7 Many different types of materials 

such as fine chemicals, polymers and inorganic nanomaterials 

have been effectively synthesised employing microwaves. The 

two important mechanisms involved during a microwave assisted 5 

reaction are dipolar polarisation and ionic conduction.8 These are 

the fundamentals, which give rise to a substantial enhancement in 

heating rate and a reduction in reaction time.  

Ionic liquids (ILs), being salts composed of only ions which are 

liquid at relatively low temperatures (below 100°C) are 10 

extraordinarily well suited for microwave reactions. They are 

receiving increasing attention in recent years for materials 

synthesis because of their special properties. The possibility to 

vary the cation and anion as well as the ion combination makes it 

possible to engineer a solvent with unique properties such as a 15 

high ion mobility, low melting points, negligible vapour pressure, 

good thermal stability, low toxicity, large electrochemical 

window, non-flammability, and the ability to dissolve a variety of 

chemicals, in a highly polar yet weakly coordinating solvent.13,14 

In the context of microwave assisted synthesis, ionic liquids 20 

feature excellent dielectric properties, which offers great 

advantages when used as a solvent and reaction medium.9 There 

are many types of bulky cations that can be used in ILs which 

have a high polarisability. The ionic character of the ILs allows 

them to absorb microwave irradiation even better and energy can 25 

be transferred more quickly through this ionic conduction 

mechanism. 

Thus, it is a clear advantage to combine the ILs and microwave 

heating. The benefits of the duo provide an environmentally 

friendly, fast, simple and highly efficient route for chemical 30 

synthesis10 which we have now employed for the preparation of 

Ce0.5M0.5O2 (M= Ti, Zr, Hf) nanoparticles. In this reaction the 

ionic liquid acts not only as the solvent, reaction medium and, 

hence, microwave susceptor but also the structure directing 

agent. We have evaluated the effect of the preparation method, 35 

calcination temperature, and the structure of the ionic liquid on 

the phase purity, crystallinity, morphology and the catalytic 

activity of Ce0.5Zr0.5O2 where the catalytic activity towards CO 

oxidation was investigated in detail.  

2. Experimental Section 40 

2.1 Materials  

All reagents employed were commercially available and directly 

used without further purification. The ionic liquids 1-butyl-3-

methylimidazolium [C4mim], 1-(3-hydroxypropyl)-3-

methylimidazolium [C3mimOH], tetradecyltrihexyl phosphonium 45 

[P66614] bis(trifluoromethanesulfonyl)amide (Tf2N) were 

prepared according to modified common procedures reported in 

the literature. was prepared according to a literature procedure.11 

Lithium bis(trifluoromethansulfonyl)amide (99%), 1-

methylimidazole (99%), ethanol (p.a.), 1-chlorobutane (99%) and 50 

titanium isopropoxide (97%) was obtained from Sigma-Aldrich, 

tetradecyltrihexylphosphonium chloride from Cytec, Canada Inc., 

1-chloro-3-hydroxypropane (98%) from Acros, sodium hydroxide 

(98%), acetonitrile (99.5%), ethylacetate (99%) from J.T.Baker, 

cerium acetate hydrate (99.9%), cerium(IV)oxide (99.99%) and 55 

hafnium (IV) chloride (98%) from ABCR,  

zirconium(IV)oxynitrate hydrate (99.5%). 

 

2.2 Synthesis of Ce0.5M0.5O2 (Ti, Zr, Hf) 

Cerium acetate (0.184 g) and an equimolar amount of 60 

zirconium(IV)oxynitrate hydrate (0.134 g) or 

hafnium(IV)chloride (0.134 g) and sodium hydroxide (0.2 g) was 

added to 2 ml of the ionic liquid, and stirred for 30 min. For the 

microwave synthesis, the reaction mixture was placed in a 10 ml 

glass vessel equipped with a Teflon septum and irradiated for 10 65 

min at 80 °C using a single mode microwave operating at 2455 

MHz (CEM Discover, Kamp-Lintfort, D). The irradiation power, 

time and temperature were computer controlled. The product was 

separated by centrifugation and washed thoroughly with ethanol 

and deionized water. After that, the product was dried at 85 °C 70 

overnight.  

For the sonochemical synthesis, the reaction mixture was 

irradiated in a glass tube sealed with a screw cap in an ultrasound 

bath (USC200T, VWR International, 45 KHz and 60 W) at room 

temperature in ambient air for 9 h. The product was washed 75 

thoroughly with acetonitrile and deionized water and dried at 85 

°C overnight. 

Ionothermal synthsis experiments were performed in 50 ml 

Teflon© cups enclosed in stainless steel autoclaves (Parr 

Instrument, USA). The reaction mixture was transferred to the 80 

Teflon© cup, and sealed in the autoclave, which was placed into 

a furnace where it was held at 170 °C for 20 h. Then, the 

autoclave was cooled in air. The resulting powders were 

separated by centrifugation, washed with ethanol and deionized 

water several times, and finally dried at 85 °C overnight. 85 

For preparation of Ce0.5Ti0.5O2, cerium acetate (0.184 g), titanium 

(IV) isopropoxide (0.165 g), sodium hydroxide (0.2 g) were 

added to the ionic liquid, [C4mim][Tf2N] (2 ml), together with 

deionised water (1 ml) and stirred for 30 min. The mixtures were 

placed in the microwave using the above described protocol. 90 

2.3 Characterization 

Powder diffraction. Powder X-ray diffraction measurements 

were carried out on a G670 diffractometer with an image plate 

detector (Huber, Rimsting, D) operating with MoKα radiation (λ 

= 0.07107 nm).  95 

Transmission Electron Microscopy (TEM). Transmission 

electron microscopy was carried out on a H-8100 TEM (Hitachi, 

Tokyo, Japan) equipped with a Penta FET EDX detector (Oxford 

Instruments, U.K.). An acceleration voltage of 200 kV was 

applied. To prepare the samples, a suspension of the sample in 100 

ethanol was dropped on a copper or gold grid coated with carbon 

and then dried in air. 

Scanning electron microscopy (SEM). Scanning electron 

microscopy measurements were performed with a high resolution 

thermally aided field SEM (Zeiss, LEO 1530 Gemini) with a field 105 

emmission gun (FEG) and an acceleration voltage of Uacc = 0.2-

30 KV. For the SEM measurements the TiO2 nanopowders were 

put on a carbon-film, dried under vacuum for 20 min and covered 

with gold to allow for a better electronic conductivity. 

IR spectroscopy. Attenuated total reflection (ATR) spectroscopy 110 
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was carried out on an Alpha ATR spectrometer equipped with a 

diamond crystal (Bruker, Karslruhe, D). Solid samples were 

pressed on the crystal.  

Raman spectroscopy. Raman spectra were obtained at 150 mW 

on a Bruker IFS-FRA-106/s at room temperature.  5 

UV-vis spectroscopy. UV-Vis spectra were measured at room 

temperature on a Cary 5000 spectrometer (Varian, Palo Alto, US) 

in reflection mode. 

Brunauer-Emmett-Teller (BET) surface area. Nitrogen 

physisorption experiments were carried out in modified Autosorb 10 

1C setup (Quantachrome). The sample was thermally pretreated 

at 200 °C for 2 h in He. The physisorption measurement was 

performed at the boiling point of liquid N2 (78 K). The surface 

area was calculated according to the BET (Brunauer-Emmett-

Teller) equation. The pore size distribution was obtained through 15 

the BJH (Barrett-Joyner-Halenda) method.  
CO oxidation was measured with 100 mg of catalyst in tubular 

fixed bed reactor with 100 ml/min CO/He feed. The temperarure 

was ramped up to 773 K with 5 K/min heating rate during the 

measurement. Analysis of CO and CO2 in the exhaust was 20 

performed with a ABB AO2020 NDIR gas analyser. 

                                                           

3. Results and Discussion 

[C4mim][Tf2N] was chosen as it is one of the most common room 

temperature ionic liquids (ILs) with an appreciably low viscosity. 25 

The [Tf2N]- anion is known to be weakly coordinating and it 

should have a comparatively small direct impact on the phase, 

size and morphology of the reaction products when compared to 

the cation which is believed to contribute much stronger. 12  

[C4mim]+ represents a short-chain alkyl methylimidazolium 30 

cation with an aromatic core which is a highly electron accepting 

region and is likely to be resposible for the electrostatic attraction 

with polar moities on the surface of the oxide particles. The 

acidic protons of the imidazolium head group are likely to be 

involved in hydrogen bonds.  35 

 Conversion of suitable Ce/M precursors in this ionic liquid 

under microwave irradiation (10 min at 80 °C) led to single phase 

products with  cubic fluorite structure with a composition 

Ce0.5M0.5O2 (M = Ti, Zr, Hf), see Fig. 1. In the case of  

Ce0.5Ti0.5O2 the XRD reflections are much broader indicating 40 

smaller particle size. Crystalline sizes of synthesized samples 

were estimated by the Scherrer formula to be 2.9 nm for 

Ce0.5Ti0.5O2, 5.7 nm for  Ce0.5Zr0.5O2 and 4.6 nm for Ce0.5Hf0.5O2. 

The lattice constants for the three samples deviate significantly 

from that of pure bulk ceria,13 from 0.5414 nm to 0.523 (6) nm 45 

for Ce0.5Ti0.5O2, 0.528 (3) nm for Ce0.5Zr0.5O2 and 0.527 (6) nm 

for Ce0.5Hf0.5O2. The decreased lattice dimensions for the three 

materials agrees well with the change in radius of the tetravalent 

cations: 0.097 nm for Ce4+ compared to 0.064 nm for Ti4+  and 

0.084 nm and 0.083 nm for Zr4+ and Hf4+.14 The lattice parameter 50 

of Ce0.5Zr0.5O2 is very close to that for Ce0.5Hf0.5O2 and agrees 

well with expected values (Fig. 1). 15,16 

 

 

 55 

 

 

 

 

 60 

Fig.1 XRD patterns of the as-prepared Ce0.5M0.5O2 (M=Ti, Zr, Hf) 
samples, database patterns Ce0.5Zr0.5O2 (ICSD 161650) , and Ce0.5Hf0.5O2 
(PDF 47-493). 

The prepared Ce0.5M0.5O2 (M=Ti, Zr, Hf) was further analyzed by 

Raman spectroscopy (Fig. 2). The spectrum of CeO2 is 65 

characterized by a sharp Raman mode at 464 cm-1 which is due to 

a symmetrical stretching (F2g) mode of the {Ce-O8} unit.17 For 

the solid solutions Ce0.5M0.5O2 (M=Ti, Zr, Hf) an intense broad 

band can be found at about  451 cm-1 for Ce0.5Ti0.5O2 and 464 cm-

1 for Ce0.5M0.5O2 (M=Zr, Hf ).18  The F2g mode of Ce0.5Ti0.5O2 is 70 

shifted towards a lower frequencies compared to Ce0.5M0.5O2 

(M=Zr, Hf) and the reported value for bulk CeO2,
25 due to the 

much smaller size of Ti4+ compared to Ce4+, Zr4+ and Hf4+. 

Furthermore, for the Ti-containing sample a weak and broad band 

at 300 cm-1 is visible. This may be ascribed to the displacement of 75 

oxygen atoms from their ideal fluorite lattice positions.19  

Analysis of the Raman line width allows to estimate the particle 

size according to 

 

Γ(cm
-1

) = 10 + 124.7/DR     (1) 80 

 

where Γ(cm-1) is the full width at half maximum of the Raman 

active mode band and DR is the particle size. The particle size 

(DR) of the as-obtained samples ranges from 5.6 nm for 

Ce0.5Zr0.5O2, to 5.2 nm for Ce0.5Hf0.5O2, to 3.8 nm for 85 

Ce0.5Ti0.5O2. The determined values are in good agreement with 

the crystallite sizes obtained from XRD measurements.  

EDX analysis reveals aside from gold and carbon signals that 

come from the sample preparation only product specific signals 

which indicates that the samples are pure and free from the ionic 90 

liquid. 

 

 

 

 95 
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 5 

Fig. 2 Raman spectra of the as-prepared Ce0.5Ti0.5O2 (a), 

 Ce0.5Zr0.5O2 (b), Ce0.5Hf0.5O2 (c). 
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 25 

 

Fig. 3 EDX spectra of the as-prepared Ce0.5Ti0.5O2 (a),  Ce0.5Zr0.5O2 (b), 

Ce0.5Hf0.5O2 (c). 
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Fig. 4 UV-vis absorption spectra (top) and (αhν)1/2 –hν (eV) curves for as-

prepared samples (bottom). 

 

Table 1. Band gap, particle size as determined from Raman and XRD 

measurements. 75 

Sample XRD particle size 
(nm) 

Raman particle 
size (nm) 

Band gap 
(eV) 

Ce0.5Ti0.5O2 2.9 3.8 2.20 

Ce0.5Zr0.5O2 5.7 5.6 2.40 

Ce0.5Hf0.5O2 4.6 5.2 2.44 

 

 
The optical absorption spectra of the synthesized samples can be 

used to determine the optical band gap (Fig. 4 and Table 1). The 

absorption spectra exhibit an onset at 501.1 nm for Ce0.5Ti0.5O2 80 

for 448.3 nm for Ce0.5Zr0.5O2 and 442.6 nm for Ce0.5Hf0.5O2 

(determined by the linear extrapolation of the steep part of the 

UV absorption towards the base line). The optical band gap (Eg) 

of the samples can be calculated on the basis of the optical 

absorption spectra by the following equation 85 

                               (αhν)n = B(hν-Eg) 

where hν is the photo energy, A is the absorbance, B is the related 

to the effective masses associated with the valence and 

conduction bands and n is either n=2 for an indirect allowed 

transition or n=1/2 for the direct forbidden transition. As shown 90 

in Fig. 4, bottom. Plotting (αhν)1/2 versus hν (SI) yields band gaps 

of about 2.2 for Ce0.5Ti0.5O2 and 2.4 eV for Ce0.5Zr0.5O2 and 

Ce0.5Hf0.5O2. 
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Fig. 5 TEM images of as-prepared Ce0.5Ti0.5O2 (top-left), 15 

 Ce0.5Zr0.5O2 (top-right), and Ce0.5Hf0.5O2 (bottom). 

 

TEM micrographs show that all samples are composed of 

aggregated spherical shaped particles with sizes less than 10 nm. 

 20 

 

 

 

 

 25 
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Fig. 6. N2 adsorption-desorption (top) and pore size distribution curves 50 

(bottom) of the as-prepared samples. 

 

The nitrogen adsorption-desorption isotherms and the 

corresponding pore size distributions of the synthesized samples 

are shown in Fig. 6; their texture properties are listed in Table 2.  55 

The isotherms are of type IV with a hysteresis loop of H1 and H3 

type which are characteristic of mesoporous materials. The pore 

sizes of as-prepared samples are centered at 1.2-4 nm with 

relatively narrow pore size distribution determined by the BHJ 

method from the adsorption branch of the isotherms.  The pores 60 

are formed by the interparticle spaces and not by the porous 

sturcture of the material as the crystallite size is about 5 nm. The 

largest pore volume of 0.33 cm3g-1 was observed for Ce0.5Ti0.5O2. 

Moreover, high surface areas are observed for all samples (Table 

2). The specific surface areas range from 162.17 for Ce0.5Ti0.5O2 65 

to 126.23 for Ce0.5Zr0.5O2 and 104.08  m2g-1 for Ce0.5Hf0.5O2. 

These values are larger than that reported for Ce0.5Zr0.5O2 

prepared by high-energy mechanical alloying of pure CeO2 and 

ZrO2 and ceria-doped zirconia prepared by sol-gel synthesis with 

the use of tetraethylammonium hydroxide.20,21  However, the 70 

surface areas of as-obtained samples  are lower than those as-

prepared Ce0.5Zr0.5O2  by hydrothermal treatment (190 m2g-1 ) and 

as-prepared Ce0.5Zr0.5O2  by coprecipitation using a cation 

surfactant hexadecyl trimethyl ammonium bromide.22,23 

 75 

Table 2. Texture properties of the synthesized Ce0.5M0.5O2 (M=Ti, Zr, 
Hf) samples 

Sample BET surface 
area,        SBET 

(m2/g) 

Nitrogen pore 
volume, Vpore 

(cm3/g) 

Pore diameter, 
from BJH analysis 

(nm) 

Ce0.5Ti0.5O2 162.17 0.33 1.8 

Ce0.5Zr0.5O2 126.23 0.165 1.2;1.8; 2.6 

Ce0.5Hf0.5O2 104.08 0.129 1.8 

 

The catalytic activities in CO oxidation of the as-prepared 

Ce0.5M0.5O2 (M=Ti,Zr, Hf) were evaluated and their performance 80 

is shown in the Fig. 7. During the course of the CO oxidation, 

Ce4+ is reduced to Ce3+, accompanied by extraction of oxygen 

from the lattice, which is consumed to oxidise CO to CO2. The 

defect mobility of oxygen on the surface has a large influence on 

the CO oxidation activity and is determined critically by the 85 

structure, size and morphology of catalyst. The nanosize of CeO2 

contributes a high surface area to volume ratio, and doping with 

transition metal oxides could create even more active defect sites 

and lead to enhanced CO conversion. 

 90 

 

 

 

 

 95 

 

 

Fig. 7 Catalytic activity for CO oxidation of the as-prepared Ce0.5M0.5O2 
(M= Ti, Zr, Hf) in comparison with bulk ceria.   
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Both the formation of oxygen vacancies and the reduction of Ce4+ 

to Ce3+ is thermodynamically more favourable on a ceria surface 

than in the bulk.24 Therefore the surface area of the mixed oxide 

samples provided is very important for CO oxidation. The 

conversion curves for CO oxidation as a function of temperature 5 

are given in Fig. 7 for the as-prepared Ce0.5M0.5O2 (M= Ti, Zr, 

Hf,) and commercial bulk ceria. The commercial bulk CeO2 

shows little to no activity throughout the whole temperature range 

tested. It reached only 2% of CO conversion at 450 °C, with an 

oxidation onset at about 380 °C. Clearly all synthesised mixed 10 

oxides achieve much higher catalytic activities and start CO/CO2 

conversion at lower temperatures.  

Ce0.5Ti0.5O2 starts converting at 252 °C and reaches a 8% 

conversion rate at 350°C. For Ce0.5Zr0.5O2 CO conversion starts at 

250°C and reaches 100% at 350°C. After reaching the maximum 15 

the catalyst activity curves off and stayes at its maximum level 

indicating a good stability of the catalyst. For the Ce0.5Hf0.5O2, 

the CO conversion only reaches 55% at about 360 °C at its best. 

After reaching the maximum the curve drops which shows the 

catalyst does not possess a good stability at high temperatures.  20 

In view of these results, the order of CO oxidation ability is 

Ce0.5Zr0.5O2 > Ce0.5Hf0.5O2 > Ce0.5Ti0.5O2 > bulk ceria. 

 

To evaluate the effect of elevated temperatures on phase, particle 

size and oxidative conversion of carbon monoxide the as-25 

prepared Ce0.5Zr0.5O2 was calcined at 600 °C. From the XRD 

patterns for the as-prepared Ce0.5Zr0.5O2 and its thermally treated 

sample (SI. 1), no occurrence of a phase transition can be 

observed as all of the diffraction peaks match the cubic reference 

pattern of Ce0.5Zr0.5O2 (ICSD 161650). The particle sizes as 30 

estimate using Scherrer’s equation increased only slightly from 

5.7 nm for the as prepared to 6.0 nm for the calcined sample. 

However, the specific surface area decreased significantly from 

126.23 m2/g to 40.53 m2/g after heat treatment at 600 °C (SI. 2) 

which can be attributed to particle sintering. Fig. 9 shows the CO 35 

catalytic activities of the as-prepared and thermally treated 

Ce0.5Zr0.5O2. It can be seen that the catalytic activity of 

Ce0.5Zr0.5O2 decreased from 100 % to 80 % after calcination 

which is an expected trend.25,26 

 40 

 
Fig. 8. Catalytic activity for CO oxidation of the as-prepared Ce0.5Zr0.5O2 

and its thermally treated sample. 

 

As a superior catalytic activity was found for the Ce0.5Zr0.5O2 45 

material compared to Ce0.5M0.5O2 (M = Ti, Hf), the production of 

material with the same composition via the other two synthetic 

approaches (sonochemical (S1) and ionothermal (S2)) in the same 

ionic liquid were tested.  

 50 

 

 

 

 

 55 
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 65 

 

 

Fig. 9. XRD patterns of as-prepared Ce0.5Zr0.5O2 using different 

preparation methods in comparison with the database pattern. 
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 95 

 

Fig. 10. N2 adsorption-desorption (top) and (top) pore size distribution 

curves (bottom) of as-prepared Ce0.5Zr0.5O2 using different preparation 
methods. 
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The XRD patterns for the nanoparticles prepared from different 

synthetic approaches (Fig. 9) share great similarities. All match 

the database pattern of Ce0.5Zr0.5O2 (ICSD 161650). The particle 

sizes were estimate using Scherrer’s equation and are about 

5.6 nm, 3.6 nm and 6.7 nm for the nanoparticles prepared using 5 

microwave, ultrasound and ionothermal heating, respectively. 

The pattern of the sonochemically material clearly shows the 

broadest diffraction peaks, which implies that the degree of 

crystallinity of the nanoparticles synthesized using this method is 

the least probably because of enhanced nucleation rate under the 10 

sonochemical-assisted conditions.  

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

Fig. 11 SEM images of Ce0.5Zr0.5O2 nanoparticles synthesized in 

[C4mim][Tf2N] by (top-left) microwave, (top-right) sonochemical, and 

(bottom) ionothermal  methods. 

 30 

The SEM images of the Ce0.5Zr0.5O2 prepared from different 

approaches are shown in Fig.11. From the micrographs the size of 

the agglomerated Ce0.5Zr0.5O2 NPs prepared sonochemically and 

ionothermally were estimated to be about 50 nm and 20 nm, 

respectively. This size is different to what is obtained from the 35 

PXRD using Scherrer’s equation. This may be due to the fact that 

the formula estimates the size of single crystalline domains but 

not the actual size of the agglomerated, polycrystalline 

nanoparticles.27 Indeed, observation of the material obtained by 

microwave irradition by TEM which provides a better resolution 40 

confirms small NPs (Fig. 5(top right), whereas SEM micrographs 

are only able to show the larger aggregates formed (Fig. 11). 

The nitrogen adsorption-desorption isotherms and pore size 

distribution for Ce0.5Zr0.5O2 prepared from different approaches 

are plotted in Figure 10 and the texture properties are shown in 45 

Table 3. The adsorption-desorption isotherms for the samples 

belong to type IV with hysteresis loops of H3 type. The pore size 

distribution curve shows that microwave and ultrasound 

syntheses produce multi-disperse porous nanoparticles. A bi-

modal distribution was established for samples prepared via 50 

ultrasound (0.7 nm, 1.8 nm) and tri-modal for the microwave 

prepared samples (1.2 nm, 1.8 nm, 2.6 nm). The nanoparticles 

prepared ionothermally are rather monodisperse with a pore 

radius of 1.82 nm. The sonochemically prepared sample shows 

the largest surface area (139.4 m²g-1) compared sample prepared 55 

via microwave irradiation (126.2 m²g-1) or using the ionothermal 

synthesis approach (127.6 m²g-1). 

 

Table 3. Texture properties of the synthesized Ce0.5Zr0.5O2 samples 

using different preparation methods.  60 

 

 

 

 

 65 

 

 

 

 

 70 

 

 

 

 

Fig. 12.  Catalytic activity for CO oxidation of the as-prepared 75 

Ce0.5Zr0.5O2 using different preparation methods in comparison 
with bulk ceria. 

 

It is found that the material prepared by ultrasound irradiation 

exhibits a similar CO conversion onset temperature as the 80 

microwave-prepared catalyst but it reaches its maximum of 

conversion (96%) at a much higher temperature (495°C). The 

ionothermally prepared sample starts the CO conversion at a 

higher temperature of 300°C and only reaches its maximum of 

89% at similar temperature (495°C) to the ultrasound-prepared 85 

catalyst. Thus, the materials show a CO oxidation ability in the 

order: microwave prepared Ce0.5Zr0.5O2 > sonochemically 

prepared Ce0.5Zr0.5O2 > ionothermally prepared Ce0.5Zr0.5O2 >> 

bulk ceria. 

Reddy et al. investigated the CO oxidation activity of Ce0.5Zr0.5O2 90 

obtained by microwave-assisted synthesis and co-precipitation. It 

was observed that the microwave synthesized sample showed 

higher CO oxidation activity (100 %, 525 °C) in comparison to 

the co-precipitated sample (80 %, 525 °C).18 Yan et al. 

determined an activity of 100 % at 500 °C for Ce0.5Zr0.5O2, 95 

synthesized via thermolysis at 300 °C using oleic acid and 

oleylamine as surfactants.28 Compared to these studies the 

Ce0.5Zr0.5O2 prepared in ionic liquid via microwave heating 

reached this conversion at lower temperatures (100 %, 350 °C). 

Luu et al. [25] determined a CO oxidation activity of 100 % at 100 

350 °C for Ce0.5Zr0.5O2, prepared by the combustion of the gel 

obtained from mixture of polyvinyl alcohol (PVA) and metal 

Sample BET surface 

area,        SBET 
(m2/g) 

Nitrogen pore 

volume, Vpore 
(cm3/g) 

Pore diameter, 

from BJH 
Ananlysis (nm) 

S1 (ultrasound) 139.4 0.104 0.7;1.8 

S2 (ionothermal) 127.6 0.147 1.8 

S3 (microwave) 126.23 0.165 1.2;1,8;2.6 
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nitrates at 600 °C. The microwave prepared Ce0.5Zr0.5O2  showed 

a comparable efficiency but under milder reaction conditions 

without the need for further treatment such as calcination at high 

temperature.  

 5 

 

 

 

 

 10 

 

 

 
Fig. 13. SEM images of Ce0.5Zr0.5O2 nanoparticles synthesized (left) in 

[C3mimOH][Tf2N], and (right) in [P66614][Tf2N]. 15 

 

The kind of ionic liquid used in synthesizing Ce0.5Zr0.5O2  is one 

of the factors that could affect the morphology and crystallization 

of Ce0.5Zr0.5O2 . It has been reported that it is the cation of the ILs 

which has a greater impact on the nanomaterials.29 Dupont et.al. 20 

conclude that the Ag-NPs and Au-NPs are stabilized by the 

interaction of the cation [C4mim]+ with the M-NP surface. In 

Raman experiments it was observed that in contrast to the anion 

the absorption bands of the cation are found at lower frequencies 

than those resulting from neat ILs indicating a substantial 25 

interaction. [30] For WO3 nanoparticles, the presence of the 

hydrogen bonding between the C2-H of the imidazolium ring and 

the oxygen of the metal oxide nanoparticles was verified by 

Raman measurments. [31]  For Co–NPs and Mn–NPs prepared in 

the functionalized IL 1-methyl-3-(3-carboxyethyl)-imidazolium 30 

tetrafluoroborate [EmimCO2H][BF4], it was found that the 

stabilization of M-NPs takes place through the cation via its 

functional group.32  For Ni-NPs, according to SAXS analysis the 

increase of the alkyl side-chain of the imidazolium ring from C4 

to C14 leads to a decrease in size and in distance between Ni-35 

NPs.33 To investigate the influence of the cations on the 

formation of Ce0.5Zr0.5O2, [C3mimOH]+, and [P66614]
+ with the 

anion bis(trifluoromethylsulfonyl)amide, [Tf2N]- were used. 

[Tf2N]- containing ILs are quite chemically stable and low 

viscous compared to ILs that contain other anions.34 In addition, 40 

this anion is known to be only weakly coordinating, 35 and 

therefore should have little direct impact on the particle formation 

and growth.  Two cations with substantially different properties , 

1-(3-hydroxypropyl)-3-methylimidazolium [C3mimOH]+ and 

trishexyltetradecylphosphonium [P66614]
+ were chosen for 45 

comparative studies: The [C3mimOH]+ cation contains an 

imidazolium core like [C4mim]+ with acidic ring protons, while 

also bearing a hydroxyl functional group (OH) at the end of the 

alkyl chain. This is can likely to interact with the surface of 

nanoparticle through hydrogen bonding. 36 [P66614]
+ is a 50 

phosphonium based cation with four long alkyl chains attached to 

it, rendering the cation bulky and hydrophobic. It contains neither 

acidic proton nor aromatic ring system, and has a highly 

hydrophobic moiety.  

Nano-spherical Ce0.5Zr0.5O2 crystals with an average crystal size 55 

of 50 nm are obtained when [P66614][Tf2N] is used (Fig. 13- 

right). When [C3mimOH][Tf2N] is added to the system, the 

obtained morphology of Ce0.5Zr0.5O2 is a sheet-like assembly 

(Fig. 13-left). Fig. (SI-3) presents the XRD patterns of microwave 

synthesized Ce0.5Zr0.5O2 in different ionic liquids. All diffraction 60 

peaks can be indexed to cubic structure of Ce0.5Zr0.5O2 (ICSD 

161650). According to Scherrer’s formula the sample prepared in 

[C3mimOH][Tf2N] showed  the largest crystallite size of 5.5 nm, 

whereas the sample prepared in [P66614][Tf2N] showed the 

smallest size of 4.3 nm. In agreement with previous works 65 

concerning the influence of the structure of ionic liquids on 

formation and stabilization of NPs, the results in this study 

demonstrate that the structure of the ionic liquid plays a vital  

impact in determining the crystallinity and the morphology of 

Ce0.5Zr0.5O2 nanoparticles, and in consequence for their 70 

applications in catalyst in order to provide high CO oxidation 

activity at low temperature.  

  

4. Conclusion 
 75 

Three types of ceria based catalysts for CO oxidation, 

Ce0.5Ti0.5O2, Ce0.5Zr0.5O2, Ce0.5Hf0.5O2, were successfully 

synthesised by microwave reaction in the ionic liquid 

[C4mim][Tf2N]. The mixed metal oxides were obtained as highly 

crystalline materials directly from this synthesis without requiring 80 

additional treatment (e.g. calcination). The catalytic activity for 

CO conversion of all the samples was tested and it was found that 

Ce0.5Zr0.5O2 shows the best performance. The conversion onset 

temperature was as low as 250°C and 100% conversion could be 

achieved at 350°C. At higher temperatures the performance was 85 

unchanged, indicative of the high stability of catalyst. 

Ce0.5Hf0.5O2 and  Ce0.5Ti0.5O2 showed an optimum conversion of 

55% at 370 °C and 11% at 350°C, respectively. Varying the 

cation of the ionic liquid resulted in a change in the morphology 

of Ce0.5Zr0.5O2 from nano-spheres in [C4mim][Tf2N] and 90 

[P66614][Tf2N], to larger sheet-like assemblies in 

[C3mimOH][Tf2N]. It also could be demonstrated that the heating 

method has a strong impact on the catalytic activity of the 

obtained material. The catalytic activity of Ce0.5Zr0.5O2 using 

ionothermal and ultrasound synthesis, respectively, was found to 95 

be poorer than that of the microwave-synthesised material. This 

can be related to the different heating mechanisms: In the 

microwave heating process a rapid direct heating of the IL takes 

place through dielectric heating which results in homogeneous 

nucleation and a comparatively high degree of crystallinity. 100 

During sonication of a liquid ultrasonic waves cause high and 

low-pressure regions: The low pressure stage is associated with 

the formation and growth of microscopic bubbles. Collapse of 

these bubbles leads hot spots of extremely high temperatures and 

pressure.37 The fast changing local conditions lead to high 105 

nucleation rates, but leave little time for crystallization and 

particle processes. In the ionothermal process indirect heating 

occurs through heat transfer from outside to the reaction medium 

which is associated with a slower heating rate.38 Thus it is clear 

that via ultrasound irradiation material with a high surface are, 110 

but small particle diameter and pore size is obtained, where as the 
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ionothermal process yields the largest particles. In summary, the 

microwave reaction conditions favour the formation of the 

material with the best catalytic activity. 

 
 5 
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