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Abstract 

Metal molybdate compounds have attracted considerable attention due to their 

technological applications. Herein, we demonstrate the controllable synthesis of cerium 

molybdate (Ce2(MoO4)3) nanocrystals via the co-precipitation method followed by 

microwave-assisted hydrothermal (MAH) treatment at 150 °C during different times (15, 30 

and 60 min). The effect of MAH treatment time on the microstructural, optical, and ozone 

gas-sensing properties of these nanocrystals was investigated. X-ray diffraction (XRD) and 

Raman spectroscopy measurements revealed that the samples presented a single-crystalline 

phase with scheelite-type tetragonal structure. Field emission gun scanning electron 

microscopy (FEG-SEM) images showed that the MAH conditions favored changes in the 

Ce2(MoO4)3 nanocrystal morphology. Photoluminescence (PL) measurements indicated a 

significant enhancement of PL emission with MAH time, suggesting an increase in the 

intrinsic defects formed during the MAH treatment. The gas-sensing performance of cerium 

molybdate nanocrystals towards sub-ppm ozone levels was also investigated. The experiments 

revealed complete recovery and good repeatability as well as good sensor response, which 

was improved in the sample synthesized at longer MAH time. 

 

Keywords: Cerium molybdate; Microwave-assisted hydrothermal; Microstructure; Gas 

sensor; Ozone.  
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1. Introduction 

Metallic molybdates have aroused interest in several sectors of the industry due to their 

potential applications in different areas, such as photoluminescence, photocatalysis, and gas 

sensors [1-7]. In the case of gas-sensing devices, the automotive industry performs daily 

diverse industrial processes which involve the combustion of fossil fuels, consequently 

generating several pollutants, such as O3, CO, NOx, NH3, and SO2 [8, 9]. In the lower 

atmosphere, these harmful gases cause damage to the environment as well as to human health 

[10].  

Among the harmful pollutants, ozone (O3) is a strong oxidizing agent used in several 

practical applications in food industry, water drinking treatment and medical therapies, etc 

[11-13]. It is formed in the troposphere as a result of photochemical reactions, being related to 

the pollution generated by vehicles and industrial processes. However, high O3 gas levels are 

currently being monitored because of the congestion and inflammation processes which occur 

when in contact with the human respiratory system [14-16]. To solve this problem, analytical 

techniques have been used to measure O3 levels in the range of 0.01 to 10 ppm (parts per 

million), which are extremely necessary for industrial sensors [17, 18]. These concentrations 

are required to be detected precisely and rapidly. 

Resistive gas sensors are composed of a sensing layer made by semiconducting metal 

oxide (MOX) or multi-metal oxide (MMO) materials [19, 20]. MOXs have been widely 

studied due to its simple structure, low cost, and abundance. There are several MOXs 

described in the literature with potential applications as sensing layers, meanwhile the main 

MOX used as sensing material in chemical gas sensor devices are SnO2 [21], ZnO [22], WO3 

[23], In2O3 [24], and CuO [25]. These MOXs have presented high sensitivity for different 

analytes (reducing and oxidizing), good stability, and low production cost, facilitating their 

integration into sensor devices [8, 26, 27]. As mentioned, MMO nanomaterials (such as 
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NaBi(MoO4)2) are another class of materials currently used to improve gas detection because 

of their adjustable structural, photocatalytic, catalytic, and electrical properties [28]. On the 

other hand, few papers investigate the gas-sensing performance of MMOs compounds [3, 4]. 

Among the MMOs, we can highlight A2(MoO4)3 molybdates, which belong to the 

scheelite family and can have tetragonal or monoclinic structures, where A atoms can be La3+, 

Ce3+, Pr3+, Nd3+, Sm3+ and Eu3+ [29]. These types of structures can promote complex 

molybdates and provide high feasibility for incorporating different doping metals, including 

rare-earth elements [30].  Therefore, rare-earth metal(III) exhibits a tetragonal structure with 

space group I41/a, in which the [MoO4] cluster is coordinated by four oxygen atoms resulting 

in a polyhedral which can be strongly distorted [31-34] metallic clusters without complete 

occupancy.  

Ce2(MoO4)3 nanocrystals are inorganic materials that have received great attention due 

to their photoluminescent [34], biosensing [35], photonic [34] and catalytic [36, 37] 

properties, having application in various fields. Several synthesis methods have been used to 

produce Ce2(MoO4)3 nanocrystals, such as organometallic precursors [32], sol-gel [38], and 

solvothermal [33] and microwave-assisted hydrothermal/solvothermal methods [34]. Singh et 

al. synthesized cerium molybdate by the hydrothermal method at 180 °C for different times 

(from 6 to 48 h), using a mixture of water and ethanol as synthesis solvents to obtain the pure 

phase [35]. In contrast, Maisang et al. synthesized cerium molybdate by the microwave-

assisted hydro/solvothermal method and obtained the monoclinic phase [34]. 

In the present study, we describe the synthesis of Ce2(MoO4)3 nanocrystals via a 

microwave-assisted route and their structural, optical, and gas-sensing properties. To the best 

of our knowledge, this is the first time that cerium molybdate is used as a sensing material for 

the detection of sub-ppm ozone levels. The nanocrystals were obtained by the co-precipitation 

method and then treated in a microwave-assisted hydrothermal (MAH) system at 150 °C for 
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different times (15, 30, and 60 min). The as-obtained Ce2(MoO4)3 nanocrystals were 

investigated by X-ray diffraction, micro-Raman spectroscopy, ultraviolet-visible 

spectroscopy, electron microscopies (FEG-SEM and HRTEM), and photoluminescent (PL) 

measurements. Gas-sensing experiments revealed good sensitivity and repeatability as well as 

total recovery after consecutive exposures to various O3 gas levels. 

 

2. Materials and methods  

2.1. Synthesis of Ce2(MoO4)3 powders 

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24.4H2O, 99% purity, Vetec), cerium 

(III) nitrate hexahydrate, (Ce(NO3)3.6H2O, 99% purity, Alfa Aesar) and distilled water were 

used as precursor materials. The stoichiometric quantities of (NH4)6Mo7O24.4H2O and 

Ce(NO3)3.6H2O in a 2:3 ratio of Ce+3 and Mo+6 were dissolved in 50 mL of distilled water. 

The solution pH was adjusted to 7 by adding a strong base to increase the hydrolysis rate. The 

resulting solution was stirred for 30 min. Afterwards, the mixture was transferred to a Teflon 

reactor and processed by a microwave-assisted hydrothermal system (2.45 GHz, maximum 

power of 800 W). The microwave-assisted hydrothermal processing was performed at 150 °C 

for different times: 15, 30, and 60 min. The as-prepared samples were labeled as CeMO15, 

CeMO30, and CeMO60, respectively. After the microwave-assisted hydrothermal treatment, 

the solution was naturally cooled down to room temperature. Then, it was washed with 

distilled water and ethanol several times. Finally, the yellow powders were collected and dried 

at 100 °C for 24 h. 

 

2.2.  Characterizations of Ce2(MoO4)3 powders 

Ce2(MoO4)3 nanocrystals were structurally characterized by X-ray diffraction using a 

diffractometer (Shimadzu, XRD-7000, with Cu-Kα radiation) in the 2θ range from 10° to 80° 
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and with a step size of 0.02°/min. The morphological properties and particle size were 

investigated using field-emission gun scanning electron microscopy (FEG-SEM) (Supra 35-

VP, Carl Zeiss, Germany) operated at different magnifications. Transmission electron 

microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) images, and 

chemical analysis using energy-dispersive X-ray spectroscopy (EDS) were performed with a 

FEI TECNAI G2 F20 microscope operating at 200 kV.  

Raman measurements were recorded at room temperature using a T-64000 (Jobin-Yvon, 

France) triple monochromator coupled to a CCD detector. UV-vis absorption spectra were 

achieved using a UV-2600 (Shimadzu) device in total reflectance mode. Room-temperature 

photoluminescence (PL) spectra were collected with an ANDOR-Kymera 193i-B1 device 

using a 355 nm line of a krypton ion laser (Coherent Innova 90 K, USA) in a Mosospec 27 

monochromator and a photomultiplier (Hamamatsu R446).  

 

2.3. Gas-sensing measurements 

The as-obtained Ce2(MoO4)3 samples were dispersed in isopropyl alcohol by an 

ultrasonic cleaner for 30 min. The suspension was then dripped onto a pre-cleaned Al2O3 

substrate with interdigitated Pt electrodes [39]. Afterwards, the samples were annealed at 500 

°C for 30 min in an electric oven under air atmosphere. The sensor samples were then inserted 

into a dynamic chamber that allows the control of the operating temperature (up to 350 oC) 

and the O3 gas levels by using mass flow controllers (MFC). Further details regarding the gas-

sensing workbench may be found in a previous work [23]. Ozone gas was formed from 

oxidizing oxygen molecules of dry air by a calibrated pen-ray UV lamp (UVP, model P/N 90-

0004-01), which provided concentrations from 0.07 to 0.53 ppm that were verified using a 

toxic gas detector (ATI, model F12). The total gas flow rate was kept constant at 500 SCCM 

(Standard Cubic Centimeters per Minute). The applied DC voltage was also kept constant, 
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while the electrical resistance was monitored using an electrometer (Keithley, model 6514). 

The sensor response (S) was defined as S = Rair/RO3, where Rair and RO3 are the electric 

resistances of the device exposed to dry air and gas, respectively. 

3. Results and discussion 

3.1. Structural Analyses  

Figure 1 shows the XRD patterns of Ce2(MoO4)3 nanocrystals processed at different 

MAH treatment times. It was observed that all XRD reflections  were indexed to the 

scheelite-type tetragonal structure following the Inorganic Crystal Structure Database (ICSD) 

card No. 423509 [40]. In addition, the relative intensities and sharp peaks of the XRD 

measurements indicate that the Ce2(MoO4)3 nanocrystals are well crystallized, suggesting an 

ordered structure over a long range. Nevertheless, the Ce2(MoO4)3 compounds synthesized by 

unequal methods were obtained with the presence of monoclinic phase [32], hydrate form 

[33], or secondary phases, such as Ce(OH) [34], Ce11O20 and Ce7O12 [31], which is in 

accordance with the literature. The analysis of these results reveals that the preparation of 

nanocrystals by the MAH method can promote the obtention of the pristine Ce2(MoO4)3 

phase, even at shorter MAH times.  

 

[Insert Figure 1] 

 

The lattice parameters and unit cell volume were calculated using the General 

Structure Analysis System (GSAS) with an EXPGUI graphic interface [41] to obtain 

quantified information regarding the influence of MAH time on the structural properties of 

Ce2(MoO4)3 nanocrystals. Further information on Ce2(MoO4)3 nanocrystals was investigated 

by the Rietveld refinement method using the Inorganic Crystal Structure Database (ICSD) 

card No. 423509 [40]. These results (Table 1 and Figure S1) demonstrate the high quality of 
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the refinements with regard to the lattice parameters, cell volume, refinement reliability 

parameters, and crystalline size, while the microstrain was revealed by statistical fitting 

parameters (Rp, RF², and χ2) [42].  

[Insert Table 1] 

The refinement results confirm that the Ce2(MoO4)3 nanocrystals obtained by the 

MAH method present a pure tetragonal phase with I41/a space group. Additionally, the 

obtained results of the lattice parameters and unit cell of Ce2(MoO4)3 nanocrytals are in good 

agreement with the data reported in the ICSD card No. 423509, as shown in Table 1. 

Nevertheless, some variations in such parameters were observed when comparing the 

Ce2(MoO4)3 samples processed by the MAH route and the reference data(ICSD card no. 

423509), which can be linked to different types of synthesis methods [40]. Regarding the 

MAH time, we noted variations in the values of the lattice parameters a and c, i.e., a reduction 

in the parameter a and an increase in the parameter c as a function of MAH time, which 

implies the stretching of the tetragonal structure indicated by the c/a ratio. Likewise, the 

amount of phase crystallinity and the average crystallite size were also influenced by the 

MAH time, as seen in Table 1. 

Figure 2 illustrates a schematic representation of the Ce2(MoO4)3 tetragonal unit cell. 

This was modeled using the CrystalMaker software [43]. Figure 2 shows that Mo atoms are 

coordinated to four oxygen atoms and one Mo-O bond path, forming bisphenoidally distorted 

tetrahedral [MoO4] clusters, whose bonding angles, labeled as α and β, were slightly distorted 

in the lattice exhibiting variations as a function of MAH time. As a consequence, the Mo-O 

bond paths and O-Mo-O angles exhibited small variations between the samples CeMO15 

(Mo-O = 1.711 Å (4x), α = 108.6°, and β = 112.3°) and CeMO30 (Mo-O = 1.732 Å (4x), α = 

107.5°, and β = 113.4°), while the sample CeMO60 presented a larger distortion (Mo-O = 

1.711 Å (4x), α = 112.2°, and β = 104.2°). Such differences can be attributed to the 
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continuous dissolution and recrystallization process of Ce2(MoO4)3 nanocrystals promoted by 

the MAH processing and treatment time [44].  

On the other hand, the site of the Ce3+ cations cannot be fully occupied in this structure 

due to the need to maintain the electroneutrality conditions. Because of this, two-thirds of the 

Ce atoms are coordinated to eight oxygen atoms and two Ce-O bond paths, thus forming 

trigonal dodecahedral [Ce0.667O8] clusters [40, 45-47]. Similar to the Mo-O bond path, the Ce-

O bond path exhibited a small difference between the samples CeMO15 (Ce-O = 2.553 Å (4x) 

and 2.597 Å (4x)) and CeMO30 (Ce-O = 2.533 Å (4x) and 2.581 Å (4x)), while the CeMO60 

nanocrystals presented a more expressive distortion (Ce-O = 2.522 Å (4x) and 2.693 Å (4x)). 

Therefore, the Ce2(MoO4)3 sample obtained by the MAH route proved to be extremely 

sensitive to the synthesis time. In addition, since such structural modifications are strongly 

influenced by the cluster distortions, they can usually result in improved properties [48].  

 [Insert Figure 2] 

 

3.2. Raman Spectroscopy  

The Raman-active phonon modes are a powerful characterization to investigate and 

estimate the short-range structural order in the materials [49]. According to the literature [50, 

51], the scheelite-type tetragonal structure has 26 different modes in the theoretical 

calculation (Γ = 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu) for zero wavevectors of the scheelite 

primitive cell, where 13 vibration modes (3Ag, 5Bg, and 5Eg) are active in the Raman spectra, 

while only 8 (4Au and 4Eu) are active in the infrared. In contrast, 2 modes (Au and Eu) are 

acoustic vibrations and the 3Bu vibrations are silent modes. 

According to Raman spectroscopy, there are only two vibrational modes in scheelite 

structures, namely external and internal modes [50, 52]. The first corresponds to the motion of 

the Ce3+ cation and the rigid [MoO4]
2− tetrahedral molecular units, while the second, 
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considered as the stationary state of the mass center, belongs to the vibration inside [MoO4]
2− 

tetrahedral units [46, 53]. The [MoO4]
2− tetrahedrons have Td symmetry in free space [50], 

and their internal modes are composed by ν1 (A1), ν2 (E1), ν3 (F2) and ν4 (F2), one free rotation 

mode, νf.r., (F1) and one translation mode (F2) [54].  

Figure 3 displays the Raman spectra of the Ce2(MoO4)3 nanocrystals in the range of 

100 to 1200 cm-1. The spectra clearly show the existence of three bands at 893, 380, and 316 

cm-1. In addition, we can observe shifts in the Raman modes of Ce2(MoO4)3 caused by the 

covalent bond formation between Mo6+ and O2− ions in the [MoO4] clusters, which change the 

efficient mass of the oscillating atoms. This phenomenon can be influenced by some 

parameters, such as preparation methodology, average crystal size, distortions in the O-Mo-O 

and O-Ce-O bonds, interaction forces between the ions, or even the degree of structural order 

in the lattice [55].  

The active Raman modes show that the Ce2(MoO4)3 nanocrystals are structurally 

disordered at short range. The analysis of the results reveals the presence of ν1 (Ag) mode at 

approximately 893 cm-1, which is associated with the symmetric stretching of the tetrahedral 

[MoO4] clusters. The peaks at 824 and 795 cm-1 corresponding to ν3 (Bg) and ν3 (Eg) modes, 

respectively, are attributed to the anti-symmetric stretching. At 380 cm-1, a less intense ν4 (Bg) 

mode is identified, and the peak at 316 cm-1  is a stronger ν2 (Ag) mode of the regular [MoO4] 

cluster [56]. Regarding the MAH time, we also observed an increase in the intensity of the 

modes as a function of MAH treatment time (Figure 3), revealing an enhancement of 

structural organization of the Ce2(MoO4)3 samples, which is in good agreement with the XRD 

analyses. 
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3.3. Morphology of Ce2(MoO4)3 nanocrystals 

FEG-SEM micrographs of the as-obtained Ce2(MoO4)3 nanocrystals are illustrated in 

Figure 4. Figures 4(a-c) show that the sample CeMO15 is composed of nanostructured 

sheets and agglomerated plates, in addition to presenting a polydispersal nature with a  

random growing without orientation planes. Figures 4(d-i) reveal that the samples CeMO30 

and CeMO60 are formed by nanoplate and polyhedron-shaped morphology with larger 

particle sizes when compared to CeMO15, which has a relationship with the crystallite size 

values seen in Table 1. The morphology of the CeMO30 and CeMO60 nanocrystals had a 

similar shape to that reported by Singh et al. [35] when they synthesized Ce2(MoO4)3 at 180 

°C for 48 h via the conventional hydrothermal route. Therefore, this morphology tends to be 

formed in hydrothermal methods in the absence of surfactants. 

The morphological variations found in Ce2(MoO4)3 nanocrystals can be attributed to 

the microwave radiation used in the MAH method, which promotes high heating rates, many 

collisions of atoms, and fast formation of nanoparticles present in the Ce2(MoO4)3 precursor 

solution. Both the MAH treatment time and heating provoke the nucleation of several 

crystalline nuclei due to microwave radiation penetration. Afterwards, when the nucleus 

reaches a critical size, it grows to form the particles so that a large number of particles 

prevents the overgrowth of the others [2, 57]. The MAH method also allows the obtention of 

crystalline compounds in short synthesis times compared to the conventional hydrothermal 

route. Since the increase in the synthesis time allowed particle growth and morphology 

changes, all the events aforementioned can justify the adsorption process between the 

particles [58-60]. 

[Insert Figure 4] 

Figures 5 (a-f) display the TEM images of the as-obtained samples CeMO15, 

CeMO30, and CeMO60. It is possible to observe that the CeMO15 particles are quite thin as a 
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nanosheet on account of their high TEM beam transmittance, resulting in images with 

translucent particles. However, longer MAH synthesis times promoted the growth of thicker 

particles due to a lower TEM beam transmittance, consequently enhancing the opacity of the 

particle image. Figures 5 (g-i) show the HR-TEM images of the nanocrystals, where it is 

possible to see interplanar distances of 0.32, 0.31, and 0.31 nm for CeMO15, CeMO30, and 

CeMO60, respectively, which correspond to the (112) Miller index. Furthermore, the SAED 

patterns in Figures 5 (j-l) confirm the polycrystalline nature of the as-obtained materials, 

demonstrated by the diffraction concentric rings of (112), (002), (024), and (116) planes,  

which could be observed according to their interplanar spacing in the respective figures and 

Table 2. The SAED patterns proved that Ce2(MoO4)3 nanocrystals were formed. 

 [Insert Figure 5] 

[Insert Table 2] 

EDS analysis was used for the elemental characterization of the Ce2(MoO4)3 

nanocrystals. Figures 6 (a-c) indicate the presence of the elements O, Ce, and Mo as well as 

the elements C, Ni, and Cu from the TEM grid.  

[Insert Figure 6] 

 

3.4. UV-vis Absorption Spectroscopy Analyses 

The optical gap (Egap) was first estimated from the diffuse reflectance data and 

converted to absorbance through the Kubelka-Munk function [61-63], then calculated by the 

method proposed by Wood and Tauc [64].  

Figure 7 shows the band gap energy for all Ce2(MoO4)3 samples, using n = 1/2 (i.e. 

direct permissible transition) [32, 34]. Each energy gap was determined by extrapolating each 

linear portion of the curves until α = 0. According to our study, the increase of the MAH time 

was not able to promote the formation of intermediate energy levels between the valence 
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(VB) and conduction (CB) bands in Ce2(MoO4)3 nanocrystals. Moreover, the presence of 

these energy levels was found to be dependent on the degree of structural order-disorder in the 

lattice [44]. 

[Insert Figure 7] 

As a result, we could observe that the ���� value ranged between 2.76 and 2.84 eV, 

which is consistent with the values reported in the literature for the Ce2(MoO4)3 compound 

[32, 34]. These values can then indicate that the samples present a certain degree of order-

disorder, which directly influences their structural defects.   

 

3.5. Photoluminescence Analyses 

Figures 8 (a-b) show the room-temperature photoluminescence (PL) spectra and the 

CIE (International Commission on Illumination) diagram of the Ce2(MoO4)3 nanocrystals, 

respectively. The result of the PL spectra indicates that all Ce2(MoO4)3 nanocrystals exhibit 

broadband emission with maximum intensity at approximately 500 nm (blue-green region). 

This behavior can be explained by the multiphonon and multilevel process, where the 

relaxation process involves many states that participate in several levels within the band gap 

of the material [65, 66]. 

[Insert Figure 8] 

Several studies in the literature have reported on the possible origin of the PL 

properties of molybdates, basing their explanations on the recombination of electrons in the 

1T2 excited state and holes in the 1A1 ground state [67], the charge transfer transitions within 

the [MoO4]
2- complex [68], the energy absorption of the 2p orbitals of oxygen and the 

promotion of molybdenum 4d orbital [69], and vacancies in the oxygen complex [MoO4] 

clusters [70]. 
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Figure 8 (a) indicates that the maximum PL emission of the Ce2(MoO4)3 nanocrystals 

are in the blue region and centered around 463, 474, and 483 nm for CeMO15, CeMO30, and 

CeMO60, respectively, which is generally attributed to a charge diffusion from the Ce 4f level 

to the O 2p level [71]. As previously mentioned, several authors have tried to determine the 

mechanism of the PL properties. Using theoretical investigations, our group has proposed that 

the physical property is directly associated with distortions in the [MoO4] and [XO8] clusters 

(X= Ca, Ba, Pb, Sr) [72]. Therefore, in our study we could observe a substantial increase in 

the intensity of the PL emission with MAH time. This finding can be related to the degree of 

order-disorder of the nanocrystals as a function of MAH time, which consequently generated 

defects that induced symmetry breaking in the material. However, some studies have 

attributed the increase in the PL spectra to a slightly intrinsic distortion of the tetrahedral 

[MoO4] clusters, the morphology, and the charge-transfer transitions within the [MoO4]
2- 

complex (ions) [45, 70, 73-75]. These distortions are responsible, for example, for the 

excellent interaction between the Mo atoms and the microwave radiation, and the continuous 

dissolution and recrystallization mechanisms during the crystal growth processes.   

As it can be seen in Figure 2, the [MoO4] clusters created greater distortions in α and 

β angles, which in turn caused the Mo-O bond paths and O-Mo-O angles to exhibit small 

variations between the samples CeMO15 (Mo-O = 1.711 Å (4x), α = 108.6°, and β = 112.3°) 

and CeMO30 (Mo-O = 1.732 Å (4x), α = 107.5°, and β = 113.4°), while the sample CeMO60 

presented a larger distortion (Mo-O = 1.711 Å (4x), α = 112.2°, and β = 104.2°). Such 

distortions in the Ce2(MoO4)3 nanoparticles are important for the formation of deep-level 

defect process and influence the blue PL emission more intensely in CeMO60 due to the 

longer time of exposure to microwave radiation. This observation was based on the structural 

refinement data performed for each Ce2(MoO4)3 nanocrystal (Figure 2 and Table S1).  
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3.6. Ozone Gas-Sensing Performance 

As previously mentioned, few studies have focused on the gas-sensing performance of 

molybdates. In one of them, Zou et al. reported the gas-sensing properties of a composite 

based on Fe2(MoO4)3 microspheres for the detection of butanol [4]. With regard to the 

sensitivity towards ozone (O3) gas, at the present moment we have not found any study in the 

literature, justifying our investigation on the ozone gas-sensing properties of Ce2(MoO4)3 

nanocrystals.  

The thermal stability of the tetragonal phase of the powders was measured by thermal 

treatment at 500 °C for 30 min, and the conservation of such phase after thermal treatment 

was observed, as it can be seen in Figure S2. The optimum operating temperature (Topt) of the 

Ce2(MoO4)3 nanocrystals was initially investigated by varying the Topt from 100 to 350 °C 

and exposing each sample to 0.07 ppm of O3 gas for 30 s. According to Figure 9, the sensor 

responses increase with the operating temperature (Topt), reaching a maximum value at 

approximately 200 °C, and then decrease at higher temperatures. This behavior was identified 

in both samples (CeMO30 and CeMO60); however, the latter exhibited a higher response at 

this temperature than the first. This enhancement can be attributed to the presence of 

additional active sites on the CeMO60 surface, possibly formed as a result of longer MAH 

synthesis time. We would like to draw attention to the following points: (i) due to the high 

resistance of the samples, the lowest Topt studied was 100 °C; (ii) the sample CeMO15 did not 

exhibit any sensitivity towards different O3 levels, considering the Topt and the gas level range 

investigated herein.  

 [Insert Figure 9] 

According to the literature, the traditional MOXs used as ozone sensing layer are 

SnO2, ZnO, WO3, and In2O3 [13, 76, 77]. These MOXs have been treated at temperatures of 
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around 150 and 300 oC. Thus, the working temperature obtained herein for cerium molybdate 

samples demonstrates its potential as an O3 sensing layer.   

The samples were kept at 200 °C and then exposed to different gas levels (i.e. from 

0.07 to 0.53 ppm) in order to investigate the O3 detection range. As seen in Figures 10 (a-b), 

the electrical resistance decreases under the presence of different O3 levels, indicating a p-

type conduction behavior [78, 79]. In addition, a gradual enhancement of the sensor response 

to O3 concentration can be observed. It should be noted that both samples detected low ozone 

levels, even after consecutive exposure cycles, highlighting their complete recovery and 

chemical stability. 

Furthermore, the response (tresp) and recovery (trec) times for both samples were also 

estimated. The tresp is defined as the time required for the electrical resistance to reach 90% of 

the initial value when exposed to the analyte investigated, while trec corresponds to the 

required time for the electrical resistance to reach 90% of its initial value after the interruption 

of the analyte flow. The obtained tresp values were similar for all samples, varying from 23-28 

s (CeMO30) and 22-25 s (CeMO60) depending on the O3 level investigated. On the other 

hand, CeMO30 presented a three times faster recovery than CeMO60, i.e. around 2 and 6 min, 

respectively. As abovementioned, the high sensitivity of CeMO60 implies a high density of 

O3 molecules adsorbed, which require more time for their complete desorption from the 

sample surface. 

 [Insert Figure 10] 

Additionally, Figure 10 shows that despite both samples successfully detected sub-

ppm levels of O3 gas, the sample CeMO60 exhibited a higher response, considering the O3 

levels investigated . 

 A brief summary of the Topt and the minimum O3 level detected, recently reported for 

some MOXs synthesized by different methodologies, can be observed in Table 3. 
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[Insert Table 3] 

As found in the literature, the superior sensing performance might be attributed to the 

presence of pre-adsorbed species on the semiconductor surfaces (acting as active sites), 

morphological features and the crystallization degree, among others [16, 80-82]. Therefore, 

our findings showed that the MAH treatment time plays an important role in the formation of 

active sites responsible for the adsorption of ozone molecules. We also observed similar 

improvements for the CuWO4 compound annealed at different temperatures in conventional 

oven [61].  

 

4. Conclusions  

Ce2(MoO4)3 nanocrystals were synthesized by the co-precipitation method and treated 

at 150 °C in a microwave-assisted hydrothermal system for 15, 30 and 60 min. According to 

the XRD and Raman results, the as-obtained nanocrystals presented a scheelite-type 

tetragonal structure without secondary phases. The FEG-SEM and TEM micrographs revealed 

the presence of crystals exhibiting nanosheet and nanoplate shapes. Regarding the optical 

properties, UV-vis spectra showed that the optical band gap of cerium molybdates remained 

unchanged with MAH time. The PL spectrum of the sample CeMO60 (treated for 60 min) 

exhibited an intense broadband emission in the blue region, which was associated with 

oxygen vacancies and defects of [MoO4] and/or [Ce0.667O8] clusters formed during the MAH 

treatment. Electrical measurements revealed the ozone sensitivity of Ce2(MoO4)3 nanocrystals 

in the range of 0.07 to 0.53 ppm. The samples presented a good response and total recovery 

after consecutive exposures, but mainly the one treated for 60 min (CeMO60). This behavior 

can be linked to the effect of the MAH treatment time, which favored the formation of active 

sites on the cerium molybdate surface. Finally, the promising properties of cerium molybdates 
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synthesized via facile and clean route, the MAH method, make them potential candidates for 

application as sensing layer for the detection of sub-ppm ozone levels. 
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Table Caption 

Table 1. Crystallographic parameters obtained from Rietveld refinement of Ce2(MoO4)3 

samples 

Table 2. d-spacing values and Miller indices of Ce2(MoO4)3 nanocrystals compared to ICSD- 

423509 (Å) 

Table 3. Results of ozone gas-sensing performance of compounds synthesized by different 

methodologies 
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Table 1. 

Compounds CeMO15 CeMO30 CeMO60 ICSD-
423509 

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal 
Space group I41/a I41/a I41/a I41/a 

Lattice parameters (Å) 
A 5.329 5.327 5.324 5.331 
C 11.72 11.72 11.73 11.83 
c/a 2.199 2.201 2.203 2.219 

V (Å3) 332.7 332.6 332.4 336.3 
χ

2 1.562      1.439      2.101 - 
Rp (%) 11.19 11.05 11.33 - 
RF2 (%) 8.03 6.01 15.88 - 
Dhkl (nm) 19 21 36 - 
εhkl (x10−3) 0.94 0.81 0.49 - 
a and c are lattice parameters, V is the unit cell volume, Dhkl is the average crystallite size, and Ɛhkl is the 
microstrain 
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Table 2. 

Miller indices 
d-spacing (Å) 

CeMO15 CeMO30 CeMO60 ICSD 423509 

(112) 3.126 3.105 3.153 3.179 

(020) 2.671 2.613 2.603 2.665 

(024) 2.149 2.087 2.096 1.980 

(116) 1.736 1.718 1.721 1.747 
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Table 3. 

Material  
Preparation 

method 

Operating 
temperature 

(oC) 

Minimum O 3 level 
detected 

(ppb) 
Reference 

Zn0.95Co0.05O Spray pyrolysis 250 20 [8] 

CuWO4 Sonochemical route 250 80 [80] 

WO3 
DC-magnetron 

Sputtering 
250 200 [83] 

ZnO 
Microwave-assisted 

hydrothermal 
200 100 [84] 

WO3 
Liquid precursor flame 

spray (LPFS) 
150 500 [85] 

V2O5 Hydrothermal 300 1250 [15] 

ZnO Hydrothermal 300 100 [86] 

CeMO 
Microwave-assisted 

hydrothermal 
200 70 

Present 
study 
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Figures Caption 

Figure 1. X-ray diffraction patterns of Ce2(MoO4)3 crystals synthesized at 15, 30 and 60 min 

Figure 2. Schematic crystal structure of Ce2(MoO4)3. Polyhedral coordination of [Ce0.67O8] 

and [MoO4] clusters and bond lengths of (a) CeMO15, (b) CeMO30, and (c) CeMO60. 

Figure 3. Raman spectra in the range of 100 to 1200 cm-1 of Ce2(MoO4)3 at different synthesis 

times (15, 30 and 60 min) 

Figure 4. SEM-FEG images of Ce2(MoO4)3 samples: (a-c) CeMO15, (d-f) CeMO30, and (g-i) 

CeMO60. 

Figure 5. Low magnification TEM images of Ce2(MoO4)3 samples: (a,d) CeMO15, (b,e) 

CeMO30, and (c,f) CeMO60; HR-TEM images of the (g) CeMO15, (h) CeMO30, and (i) 

CeMO60 particles; SAED patterns of (j) CeMO15, (h) CeMO30, and (i) CeMO60. 

Figure 6. EDS spectrum of (a) CeMO15, (b) CeMO30, and (c) CeMO60 nanopowders 

Figure 7. UV-vis absorbance spectra of Ce2(MoO4)3 samples: (a) CeMO15, (b) CeMO30, and 

(c) CeMO60 

Figure 8. PL spectra (I) and CIE diagram (II) of Ce2(MoO4)3 nanocrystals synthesized at 

different MAH processing times 

Figure 9. Gas-sensing response of CeMO30 and CeMO60 when exposed to 0.07 ppm of O3 as 

a function of operating temperature 

Figure 10. Dynamic response-recovery curves of Ce2(MoO4)3 nanocrystals synthesized at 

different times. (a) CeMO30 and (b) CeMO60 nanopowders exposed to different levels at an 

operating temperature of 200 °C. (c) Comparison of sensor response as a function of ozone 

concentration. 
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<Fig. 4> 
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<Fig. 10> 
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Highlights 

• Ce2(MoO4)3 samples were obtained by microwave-assisted hydrothermal 

method.  

• Ce2(MoO4)3 powders exhibited potentiality like ozone gas sensor materials. 

• Gas-sensing experiments revealed a good sensitivity of Ce2(MoO4)3 samples. 

• Ozone gas in the range of 0.07 to 0.53 ppm, exhibiting total recovery. 
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