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ABSTRACT 

ZnO:Ce structures have been obtained by a vapour-solid method. Different dopant concentrations have 

been used, and the incorporation of cerium in the crystalline structure of zinc oxide has been verified by 

means of Energy Dispersive Spectroscopy and Raman investigations. The morphology of the structures 

varies depending on the initial content of Ce in the samples, changing from long and thin rods and wires 

to “bottle-like” and truncated hexagonal pyramids as the Ce content increases. Cathodoluminescent 

properties have also been studied, the near band edge and deep level emissions change depending on 

both Ce content and morphology of the structures. Photocatalysis investigations show that an increase 

above 5 wt % of cerium oxide in the material causes a slight decrease in the efficiency of these 

structures in the degradation of the contaminant.  

Keywords: ZnO:Ce; Nanostructures; Optical properties; Photocatalytic activity. 
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1. Introduction 

In recent years there has been a notable interest in the field of nanoscience for the development and 

characterisation of semiconductor materials of metal oxides. In particular, zinc oxide is a wide band gap 

(3.37 eV at room temperature) semiconductor extensively investigated for several applications. The 

excitation of ZnO by UV light gives a luminescence covering almost the entire visible spectrum, from the 

UV associated to the band edge emission to the blue, green and yellow bands originated from 

recombination at defect levels [1-5]. These extrinsic emissions make the material a perfect candidate for 

some applications from emitting devices to fluorescent bio-labelling [6, 7], surface acoustic wave (SAW) 

devices, gas sensors or photocatalysis [8-10]. Moreover, the extrinsic doping of ZnO with several 

elements greatly influences most of the properties of ZnO that are relevant for the different applications 

[11-14]. Among the possible dopants, Ce ion has received extensive attention due to the excellent optical 

properties derived from the presence of strongly shielded 4f levels [15]. The emissions from Ce ions are 

located within UV –Vis range, which is very important for luminescent devices, but also has tremendous 

importance for applications in the field of photocatalysis and sensing [16]. It has been shown that the 

incorporation of small amounts of Ce into ZnO can improve its optical and gas detection properties and 

also its applicability in heterogeneous photocatalysis for the degradation of organic pollutants [17,18], 

and inorganic pollutants [19-21]. To improve photocatalytic properties, it is essential to increase both the 

separation of electron-hole pairs and the absorption capacity of the material as reflected in previous 

studies [22-24]. The cerium incorporation significantly improves the first requisite, since it acts trapping 

electrons and, thus, reducing the events of electron-hole recombination [25]. For the second requirement, 

it is critical to increase the surface / volume ratio since the catalytic activity is a surface effect, so that, 

nano- and microstructures of Ce doped ZnO are good candidates. 

Regarding the growth methods, several approaches have been extensively reported [26,27]. In the 

present work, Ce doped nano- and microstructures have been grown by a vapour-solid method. Their 

morphology and the corresponding optical properties of the structures with different percentages of 

doping have been studied. In order to elucidate how the defect structure of the material has changed due 

to the incorporation of Ce atoms, a detailed cathodoluminescence study has been performed. Differences 

in both the near band edge and deep level emissions have been observed depending on the Ce content and 

the type of morphology. Besides, photocatalysis investigations have been carried out. Methylene blue 

degradation rates up to 96% after 80 min have been obtained for the samples with the lowest Ce content. 

However, a further increase of dopant concentration does not improve the material performance probably 

due to trapping of carriers in the defect centres introduced during doping and the consequent reduction of 

free electrons. 
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2. Experimental methods 

2.1. The synthesis process of ZnO nanostructures doped with Ce 

The doped micro- and nanostructures were obtained by Vapour-Solid method (VS) from a mixture of 

zinc sulphide (ZnS) and cerium oxide (CeO2) powders in different proportions, the total amount of 

powder is 1g. The weight percentage of CeO2 was set at 1, 5 and 10 wt %, corresponding to atomic % of 

Ce of 0.24, 1.2 and 2.4. To homogenise the mixtures, the samples are mechanically milled for 5 h at 180 

rpm in a centrifugal ball mill (RESTCH) with 20 mm agate balls. The final powder was compacted under 

a 1 tone compressive load to form disk shaped samples of about 7 mm diameter and 2 mm thickness. No 

appreciable amount of material is lost during this procedure. The samples were then placed on an alumina 

boat and annealed in a horizontal tubular furnace (CHESA) under a constant N2 flow (1 l/min) at 950 ºC 

for 10 h. 

2.2. Characterization techniques 

All the samples were characterised by Scanning Electron Microscopy (SEM) based techniques. 

Secondary electron images were recorded in FEI Inspect Microscope. X-Ray Microanalysis (EDX) was 

performed in a LEICA Stereoscan 440 with a Bruker AXS Quantax system attached. Raman spectroscopy 

measurements have been performed in a confocal microscope Horiba Jobin Yvon LabRAM HR800, 

operating with a red He-Ne laser at λ = 632.8 nm. Luminescence properties have been assessed by 

cathodoluminescence (CL). Spectra and images recorded in a HITACHI S2500, operating at 15 kV. 

Spectra have been recorded with a CCD camera HAMAMATSU PMA-11, while images have been 

registered with a HAMAMATSU R-928 photomultiplier. XRD analysis has been done by means of a 

Philips X’Pert PRO diffractometer using Cu Kα radiation, with a step in 2θ of 0.05º. 

2.3. Photocatalytic degradation test 

The photocatalytic behaviour of all the as-grown samples was evaluated through the removal reaction 

of methylene blue (MB) as a typical test contaminant. 5 mg of the obtained doped samples were 

suspended in 600 ml of a standard MB aqueous solution (2.5 ppm) in a Pyrex glass reactor, and the 

mixture was then magnetically stirred during 20 min in the absence of light, to obtain the adsorption in 

equilibrium conditions. The photocatalytic degradation was carried out for 80 min in continuous stirring 

under UV-light irradiation (365 nm), in a dark room with a 125W high-pressure mercury vapour lamp 

(Jinfei Company, Shanghai). Every 10 minutes, a constant volume of the MB solution (an aliquot of 3 ml) 

has been taken to evaluate the photocatalytic degradation process by measuring the absorption spectra 
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using a UV-visible spectrophotometer (Lambda 14P). Besides, to observe that no significant 

decomposition of MB was generated in the absence of samples with Ce content and UV light, blank 

experiments have been performed at RT in the same experimental conditions. 

 The photocatalytic activity of samples was also evaluated by comparing the percentage 

photodegradation using the following relation: 

�ℎ�������	�	�
��	%� =
�����

��
                  

where C0 is the initial MB solution concentration, and C is the MB solution concentration at time (t). 

For the test bundles of samples with equivalent average effective surfaces have been selected. The 

stability of the samples after the dye degradation tests has been studied by SEM (secondary electron 

images and cathodoluminescence).  

3. Results and discussion 

As a first general observation, the grown morphologies are strongly dependent on the dopant content. 

For the samples with the lowest Ce content (1 wt %), the substrate is entirely covered with rods and wires 

(Fig. 1a). Close to the rim of the pellet, the growth is more disordered, and the wires are thinner and more 

irregular in shape, being some of them linked by thin plates (Fig. 1b); however all over the substrate, the 

predominant shapes are hexagonal columns, very homogeneous in diameter (Fig. 1c) and with lengths 

ranged from few to several hundreds of micrometres. Some of these rods seem to delineate a 

“macrostructure” which could correspond to the grain boundaries of the substrate, a sintered pellet. A 

closer look to the ordered rods reveals two main morphologies — the thinnest consist of a stem (below 1 

µm of diameter) that widens to adopt the shape of a truncated hexagonal or triangular pyramid (Fig. 1d). 

The largest are well-defined nail-shaped structures, as shown in part e of Fig. 1. Additionally, clusters of 

larger and more complex structures, including combs, tinsels and feathers appear on isolated regions (Fig. 

1f). 

In the samples with a higher Ce content (nominally 5 wt %) the sizes of the structures are larger, with 

lengths up to hundreds of microns, as shown in Fig. 2. In these structures, much rougher surfaces are 

obtained (Fig. 2b and d). Complex morphologies formed by the stacking of progressively smaller 

hexagonal plates which ends as truncated pyramidal rods are observed, where the hexagonal symmetry 

characteristic of ZnO is clearly seen (Fig. 2c). However, the most characteristic morphology from these 

samples are “bottle –like” structures (Fig. 2b), most of them showing a very well-defined hexagonal plate 

on top, and long tapered hexagonal prisms as shown in Fig. 2d. Although these structures are similar to 

the nails described for the samples with the lower dopant content (Fig. 1e), in this case, the faces are 
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much rougher, and the shape suggests that the growth perpendicular to the growth axis occurs in a way 

similar to that described in ref. 28. In this work, the growth of the rods is described according to a model 

in which first, a rod shaped like a six arms star begins to grow and then the spaces between the arms are 

progressively filled until a perfect hexagonal rod is formed. This growth mechanism would also be 

operating in the bottle-like structures. In this case, the decrease in diameter would be due to an increase in 

the surface energy of the growing faces causing a change in growth habit to lower energy surfaces.  

The samples with the highest Ce content (nominally 10 % wt of Cerium oxide) show morphologies 

with even larger sizes, more irregular shapes and rougher surfaces than the samples with 5% wt. Ce (Fig. 

3). In some cases, the hexagonal habit is even lost, and fourfold-faceted structures are mainly observed, 

sometimes ending in an apex (Fig. 3a). Since cerium oxide has a cubic structure, this change of habit 

could be related to the incorporation of larger quantities of Ce ions, that would change the coordination 

geometry. One of the most characteristic structures from these samples is short and thick irregular and 

partially hollow rods. The holes observed on the top of the structures seem to be pipes running along the 

rod axis (Fig. 3b). Similar features, but not fully developed, were also observed in the samples with 5% 

wt. of Ce. Hence, the appearance of these pipes could be related to the stress induced by the substitution 

of Ce (with larger ionic radius) in Zn sites. 

X-ray microanalysis has been performed in all the samples. The EDX maps show that a homogeneous 

distribution of Zn and O in the structures. Ce has been incorporated into the lattice, although its 

proportion depends on the initial content of cerium oxide in the precursor mixture and on the morphology 

observed. No sulfur has been detected in any of the samples indicating it has been eliminated during the 

thermal treatments. Despite the different content of Ce incorporated, its distribution seems to be quite 

homogeneous, even in the most irregular structures, as shown in the EDX maps (Fig. 4). The 

semiquantitative analysis shows that for the samples with the lowest dopant concentration, the 

incorporation of Ce at the structures is high (close to the nominal) while for the samples more heavily 

doped, the incorporation degree is much lower, on average, 3.2 and 7.2 for samples with 5% and 10% wt. 

CeO2 respectively. However, in the samples with the highest content (10 wt. % CeO2), significant 

variability in the incorporation degree is observed, ranging from 18.4 to 1.6 % wt, on the different 

structures. These notable differences could be attributed to an excess of energy associated to the stress 

induced by the incorporation of Ce, that, as mentioned, would also be responsible for the irregular shapes 

observed in these samples. 

The crystallinity and the incorporation of Ce ions into the structures have been further assessed by 

Raman spectroscopy. Fig. 5a displays the Raman spectra recorded on the different samples. The observed 

peaks are related to known modes of ZnO [29]. The appearance of the non-polar E2 optical modes peaks 
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at 98 and 436 cm-1 of the ZnO wurtzite phase indicates the excellent crystallinity of the samples. On the 

other hand, the broadening observed in the lower part of the high E2 mode, which is usually attributed to 

Ce dopants occupying positions along the c axis, confirms the Ce incorporation to the ZnO lattice [30]. 

The displacement at lower frequencies suffered by all peaks can be attributed to the stress generated by 

the lattice distortion occurred as a consequence of the incorporation of Ce cations in substitutional Zn 

positions [31]. Finally, a shoulder centred at 455 cm-1 is observed. This peak could be related to the 

presence of a second phase (CeO2) in the sample [32]. As its intensity increases as Ce content does, this 

could indicate that in the structures with higher Ce concentration, the ZnO lattice cannot incorporate all 

the dopant ions and small particles of CeO2 are forming. XRD measurements have also been performed. 

However, no additional information is obtained due to the lack of spatial resolution inherent to this 

technique. As expected for a wurtzite structure, the three more intense peaks correspond to (100), (200) 

and (101) reflections. However, a shift and broadening of the ZnO peaks is observed in fig 5b. These 

changes are compatible with the difference in ionic radii between Ce and Zn ions, and with the stress 

associated to the lattice distortion due to Ce incorporation into the Zn lattice. On the other hand, the 

absence of peaks related to cerium oxide phases also points towards the incorporation of Ce ions into the 

the Zn sublattice. For angles above 40º only peaks associated to wurtzite are observed. Below 30º an 

extremely weak and broad peak associated to CeO2 is only observed in the samples with highest Ce 

content.  

The influence of the incorporation of Ce on the luminescent properties has been studied by means of 

cathodoluminescence measurements. As it is observed, the visible emission consists of two main bands. 

The highest energy band, in the violet-blue region, corresponds to the NBE emission, while the broader 

(multicomponent) band extending from green to red is associated with deep levels related to different 

defects. The general tendency, as shown in Fig. 6, is a shift of the near band edge (NBE) emission 

towards higher energies as the Ce content increases, in agreement with results reported by other authors 

[15, 33, 34]. It is also worthy to note an increase in the relative intensity of the visible (green) emission as 

the dopant level raises. This emission is almost as intense as the NBE in the samples doped with 10% wt. 

CeO2 and almost disappears in the samples doped with 1% wt. CeO2. This behaviour would indicate a 

higher concentration of defects, in agreement with the presence of stress previously discussed, and also 

agrees with earlier results reported by other authors [9,14-16].  

The green emission of ZnO is a controversial topic and widely discussed in the literature [35]. Its 

origin is not fully understood, although it is known that it is related to transitions involving oxygen and 

zinc related intrinsic defects: oxygen vacancies (VO), oxygen interstitials (Oi), zinc vacancies (VZn), zinc 

interstitials (Zni), oxygen antisites (OZn) and zinc antisites (ZnO). The main emissions ascribed to these 
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native defects are found between 1.62 and 3.06 eV [19, 36], which are all within the range of the broad 

band observed in our samples. In addition, this band might have contributions (in the green-blue region), 

related to surface defects. These are very sensitive to changes in morphology, due to either change in the 

amount of surface area or face symmetry, and hence in atomic configuration. Specifically, the depletion 

region associated with the surface affects the ionisation state of some defects [37]. On the other hand, 

when Ce is incorporated into ZnO, a certain amount of both Ce+3 and Ce+4 are expected. In fact, in our 

samples, some contribution related to intraionic transitions at Ce3+ could be observed in the blue region. 

Emissions at 2.97 eV due to intrinsic transitions between the excited levels 5d (2D5/2 and 2D3/2) and the 

fundamental ones 4f (2F7/2 and 2F5/2) have been reported [38]. The dopant may also be responsible for the 

appearance of localised states that allow transitions from donor states to the valence band or to shallow 

acceptors, the presence of emissions related to charge transfer processes between ZnO and Ce ions should 

be considered as well [14, 39]. 

Regarding the shift observed in the band edge, previous reports [40-42] mentioned that, at RT, the 

coupling of the excitons with the longitudinal optical phonons may cause an energy shift of the NBE up 

to 80 meV depending on the characteristics of the material, specifically the density of impurities and other 

types of crystal defects. Along with this effect, band renormalisation [43] and Moss - Burstein [16] effects 

cannot be discarded. In our case, in comparison to the undoped ZnO,  a red shift of the band edge 

emission in samples with 1% wt. of Ce is observed, which may be due to the additional energy levels 

associated to Ce doping [9, 22, 23, 44]. The substitutional Ce ions introduce electron states into the band 

gap of ZnO, which are located close to the lower edge of the conduction band resulting in an apparent 

narrowing of the gap (ionic radius are 0.74 for Zn+2, 1.01 for Ce+3 and 0.87 for Ce+4 all in coordination VI 

and expressed in Å). Upon Ce content increases, a larger number of carriers are introduced into the empty 

states of the conduction band. These results agree with those of J. G. Lu et al. [27] who focus their 

research on the dependency of the forbidden band with the density of n-type carriers in ZnO. They 

conclude that, for a relatively low concentration of electrons (ne ≤ 4,2·1019 cm-3), the variation of the band 

gap energy is positive, i.e., is increased according to the Moss-Burstein model [27, 45]. In our case, both 

Ce+3 and Ce+4 would contribute with carriers into the conduction band, shifting the Fermi level upwards 

and the consequent blue shift. According to our experimental observations, the Moss - Burstein effect is 

more likely to be predominant, whereby the energy required to promote transitions to the conduction band 

increases, since the lower energy states are occupied by the electrons contributed by the donor impurity. 

UV-vis absorption spectra recorded from the as-grown structures are consistent with the CL results (Fig. 

6).  
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The changes in the spectra are not only related to the amount of dopant. Although the degree of 

impurities introduced marks a predominant character in the luminescent response, it is also affected by 

the type of morphology or the preferred crystallographic orientation, as shown in the spectra from figure 

7. If we compare the spectra from similar structures, needles, for different Ce content, we observe that in 

the needles with the higher dopant concentration, the relative intensity of the defect band is much lower. 

This could appear to be contradictory with the spectra shown in Fig. 6, where the sample with the higher 

Ce content showed the largest relative intensity of the defect band, however this contradiction disappears 

if we observe the spectrum recorded from a tinsel, where the major contribution to the luminescence 

comes from the defect band (Fig. 7). In fact, in this kind of structures, the spectra vary considerably when 

recorded in different points: secondary branches, stem, etc, as shown in Fig. 8. The influence of the face 

structure is also appreciated from a more regular morphology like the hexagonal prism shown in part a) of 

Fig. 9. According to previous studies [12 and refs there in], ZnO rods grow preferentially along the c axis; 

then the top face corresponds to a basal plane (polar) while the lateral faces are prismatic faces (non- 

polar). The spectra from Fig. 9 show that for the prismatic faces, the low energy component of the NBE is 

dominant, while for the basal plane, both components are similar in intensity. These differences are also 

apparent from the CL images, the basal planes of thick rods appear dark (Fig. 10a), while in the structures 

ending in a thin rod, they appear brighter. In the spectra from figure 10b, it is clear that this enhanced 

emission is associated with a higher intensity of the NBE. The lower part of the structure, more irregular, 

shows a more significant contribution of defects, while in the upper part the defect contribution has 

almost disappeared and, correspondingly, the NBE is shifted towards the UV region.  

The methylene blue (MB) aqueous solution, a typical contaminant organic dye used in the textile 

industry is employed as a model compound to evaluate the photocatalytic activities of the samples with 

different Ce content. For comparison, the photocatalytic experiments of all the samples are carried out at 

identical conditions under UV irradiation at RT. The results for the intermediate doping level are shown 

in Fig. 11a. This figure displays the variations of the absorbance vs wavelength as a function of UV 

irradiation time for the photocatalytic degradation of MB dye The 665 nm wavelength represents the λmax 

for absorption for the dye under investigation. This band exhibits a steady decreasing trend with 

increasing illumination times. A blank experiment study of MB degradation without catalyst under the 

same conditions was also performed. The result indicates that the unchanged MB concentrations during 

irradiation for 80 min show that the MB can not be degraded only in the presence of UV-vis light. During 

the irradiation for 80 min, a complete photodegradation is practically obtained for all the samples (Fig. 

11b). Fig. 11c shows the variations in the percentage of photodegradation with illumination time for the 

photodegradation of the MB dye by different Ce-doped samples. The photocatalytic activity of the 
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samples doped with Ce was compared with previous studies on ZnO micro- and nanostructures [46, 47], 

and it was found that our doped structures present better photocatalytic performances. The inset in Fig. 

11c shows the degradation degree after 80 min of UV illumination for the different Ce contents. The best 

degradation rates are obtained for the lowest Ce contents (96.9 % for the samples doped with 1% wt. 

CeO2 and 96.3 % for 5 wt. % of dopant). Part d of this figure shows the UV-Vis absorption spectra of the 

different doped samples. For the two series of samples with the lower cerium content, the most prominent 

characteristc of the spectra are the band edge absorption, much more intense than the rest of the 

absorption bands associated to defects present in the material. In the case of the samples doped with the 

highest Ce content, the absorption band associated to the band edge is much weaker, while the absorption 

associated to defects and/or lattice disorder are dominant. The lower contribution of the defects bands in 

the case of the intermediate doping concentration, has been already observed from luminescence 

measurements in other ZnO:M3+ [48]. For the largest Ce content, the degradation rate is much lower 

(91.7%). Thus, optimum Ce content seems to be obtained at low dopant concentrations, nominally 1 wt 

%. The enhanced photocatalytic activity of the doped samples could be explained on the basis of the 

electron and hole migration to the catalytic surface upon UV irradiation and the subsequent participation 

in a redox reaction with the adsorbed dye [49-52]. To explain the enhanced photocatalytic activity, Fig. 

12 shows a scheme of the proposed degradation mechanism. For the ZnO micro/nanostructures doped 

with Ce, the Ce4+ ions incorporated in ZnO lattice are supposed to absorb photo-excited electrons from 

the conduction band of the ZnO and get reduced into Ce3+ ions. Reduced Ce3+ ions are oxidised by 

transferring the electron to the adsorbed O2 molecules which produce the superoxide radical (Ο2
-●) [53]. 

As a result, a continuous trapping system becomes functional on the surface of the doped ZnO 

micro/nanostructures and inhibits the electron-hole recombination. This means that Ce4+ on the surface of 

ZnO micro/nanostructures may act as an electron scavenger. The Ο2
-● radical anions further result in the 

formation of OH● radicals which are mainly responsible for dye degradation.  

4. Conclusions 

Vapour - solid growth technique has been used to obtain Ce doped ZnO structures of diverse 

morphology with good crystallinity. The incorporation of the dopant has been demonstrated as well as its 

influence on the cathodoluminescent properties of zinc oxide. An increase in the density of native point 

defects of the material has been observed, as well as a broadening of the band edge attributed to the 

Moss-Burstein effect. In addition, the efficiency as photocatalysts of the structures is assessed The Ce 

content strongly influences the photocatalytic activities of MB. The appropriate Ce content can enhance 

the photocatalytic activities due to the efficient separation of electron-hole pairs by the Ce doping. In our 
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case, the lowest Ce content (nominally 1 wt %) exhibit the highest degradation efficiency. In addition, the 

direct band gap of Ce doped structures can be slightly adjusted, which shows a prospect for the visible 

light utilisation in the future. 
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Fig. 1. SE images of the different morphologies obtained in the samples with 1% wt. CeO2 
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 Fig. 10. a) CL image of structures ending in a thin rod and b) CL spectra recorded on the marked 
points of part a) 
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Fig. 11. a) Variations in absorption spectra vs wavelength for the photocatalytic 

degradation of MB as a function of irradiation time in the presence of photocatalysts doped 

5% wt of CeO2 , b) C/Co for MB dye of nanostructures doped with Ce vs irradiation time 

(min). c) Percentage photodegradation for MB of nanostructures doped with Ce vs 

irradiation time (min) using various synthesized photocatalyst, the percentage of 

photodegradation vs percentage of Ce doping content after 80 min of UV irradiation is 

shown in the inset. d) UV-Vis absorption spectra 

c)

a) b)

350 375 400 425 450 475 500 525 550

0.0

0.2

0.4

0.6

0.8

1.0

 
ab

so
rb

an
ce

 

︵N
or

m
al

iz
ed

︶

Wavelength ︵nm ︶

 1% wt CeO
2

 5% wt CeO
2

 10% wt CeO
2

 

 

d)



12 
 

 

Fig. 12. Proposed mechanism for the photocatalytic 
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Fig. 2. SE images of the different morphologies obtained in the samples with 5% wt. CeO2 
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Fig. 3. SE images of the different morphologies obtained in the samples with 10% wt. 
CeO2 
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Fig. 4: SE image and EDX mappings of Zn, O and Ce of a structure grown on a sample 
with 10% wt. of CeO2.  
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Fig. 5. a) Raman spectra and b) XRD pattern of the structures obtained in Ce doped ZnO 
samples. The data from pure ZnO is also shown for comparison 
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Fig. 6: Normalized CL spectra performed at low magnification on the structures obtained in 
samples with different CeO2 content, the spectrum from pure ZnO is also shown for comparison. 
The position of the maxima is indicated for each sample. 
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Fig. 7: Normalized CL spectra carried out on similar structures from different samples 

(black and red) and from different structures in the same sample (red and green) 
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Fig. 8. a) SE image of a tinsel type structure, b) and c) CL spectra recorded on the points marked in 
a) from the primary rod (b) and the secondary branch (c) 
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Fig. 9: a) SE image of a hexagonal prism and b) CL spectra recorded on the points marked 

in a) 
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Highligths 

• ZnO:Ce structures have been obtained by a vapour - solid method  
• The influence of  Ce on the cathodoluminescent properties of ZnO has been 

studied 
• These structures have proven effective as photocatalysts.  
• The lowest Ce content exhibit the highest degradation efficiency 
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