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A B S T R A C T

This study demonstrates that, under the specific synthesis conditions applied, the addition of rare earth ions 
(Ce³⁺, Y³⁺, Eu³⁺) to ZnO does not lead to their incorporation into the lattice as dopants but instead results in their 
surface decoration, as revealed by advanced nanoscale characterization.

ZnO and rare earth-modified ZnO photocatalysts (ZnO:RE = ZnO:Eu, ZnO:Y, ZnO:Ce) with a rare earth (RE) 
concentration of 2 at.% were synthesized via a rapid and environmentally friendly microwave-assisted hydro
thermal method. The effect of adding different RE elements on the structural, morphological, and photocatalytic 
properties of the samples was systematically investigated. A thorough characterization was conducted using X- 
ray diffraction (XRD), field emission scanning electron microscopy (FESEM), high-angle annular dark field 
(HAADF)-scanning transmission electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDX), and 
photoluminescence spectroscopy (PL) at various excitation wavelengths and temperatures.

XRD analysis confirmed that all ZnO:RE samples retained the hexagonal wurtzite crystal structure of ZnO. 
FESEM images revealed that pure ZnO consisted of randomly distributed smooth nanosheets, while the addition 
of RE elements led to the formation of small particles dispersed over the nanosheet surfaces. A detailed structural 
analysis using STEM revealed that the rare earth elements formed structures decorating the surface of ZnO 
nanosheets rather than being fully incorporated into the ZnO lattice, indicating a dispersion of RE species over 
the ZnO matrix. This unique distribution significantly influenced the material’s properties.

The photocatalytic performance of the ZnO:RE samples was evaluated through the degradation of methylene 
blue (MB), demonstrating superior activity compared to pure ZnO and TiO2-P25. Among the modified samples, 
the cerium-modified ZnO (ZnO:Ce) exhibited the highest MB degradation efficiency. Furthermore, PL spectros
copy combined with TEM analysis provided critical insights into the relationship between defect characteristics 
and photocatalytic activity, offering a deeper understanding of the mechanisms driving performance enhance
ment. These findings highlight the potential of rare earth surface structures-ZnO nanosheets heterojunctions as a 
strategy for optimizing the photocatalytic properties of ZnO-based materials.

1. Introduction

Nowadays, semiconductor materials such as SnO2, Bi2O3, WO3, TiO2 
and ZnO, have gained significant attention for applications in lumines
cence, solar cells, gas sensors and UV-blocking [1–3]. Among these 
materials, TiO2 and ZnO stand out for their favorable chemistry, low 
cost, and potential to replace traditional pollutant-removal methods (e. 
g., adsorption, biological degradation, chlorination, ozonation) [4–6]. 

ZnO has emerged as a promising candidate in this particular field due to 
its wide direct bandgap, as well as its low cost, non-toxic nature, and 
ease of surface modification, making it environmentally sustainable [7].

However, the industrial application of ZnO photo-catalyst faces two 
main limitations: (i) its large band gap of 3.37 eV at room temperature, 
making it primarily responsive to UV light. Since UV light constitutes 
only approximately 5 % of the solar spectrum, a significant portion of 
solar photons in the visible light (approximately 40 %) are not absorbed 
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[8,9]. Second, rapid recombination of photogenerated electron–hole 
pairs reduce its efficiency under UV–Vis illumination [10,11]. To over
come these limitations and enhance the efficiency of ZnO as a 
photo-catalyst under solar irradiation it is crucial to modify its bandgap 
and mitigate the recombination phenomena to facilitate visible light 
absorption.

In this context, extensive efforts have been made to modify ZnO 
properties to extend its response to visible light and increase the e-/h+

pairs lifetime. For example, doping using metals/nonmetals is an effi
cient process to adjust properties of ZnO to meet the needs for highly 
efficient applications [12–15]. Another approach involves constructing 
heterojunction photo-catalyst by combining different semiconductors, 
which has gained considerable attention for enhancing the lifetime of 
photo-generated electron-hole pairs [16–19]. Recently, there has been 
increasing research in rare earth elements modified ZnO. The addition of 
rare earth ions to ZnO was reported as an effective approach to enhance 
the photocatalytic response [20,21]. In this sense, rare earth elements 
contribute to modifying structural parameters such as crystallite size, 
surface defects, and consequently catalytic activity. In addition, rare 
earth ions can generate the intra-4f optical transition due to their 
partially filled 4f shell [22,23]. Doping with rare earth elements also 
provides means to stabilize the structure, preventing crystallite 
agglomeration and enhancing thermal stability of ZnO [24,25]. Several 
studies have been devoted to enhancing the light response of ZnO via 
integrating many rare earths as dopants. These elements appear to be 
very efficient to trap the photoinduced charge carriers and prevent the 
recombination process, as demonstrated in systems like Er-doped 
spherical-like ZnO [26,27], Eu modified ZnO nanoparticles [28,29] 
Ce-modified nanostructures [30] or Sm-doped ZnO nanorods [31].

Numerous studies have reported that the addition of rare earth ions 
in ZnO matrices can introduce significant surface defects which, in turn, 
enhance the photocatalytic performance of ZnO by promoting charge 
separation. However, contrasting reports have pointed out adverse ef
fects of defects on the catalytic activity of ZnO [32,33]. Therefore, there 
are yet uncertainties concerning the role of different relevant structural 
parameters, whose clarification calls for further experimentation.

Many of these works assume that rare earth cations are incorporated 
into the ZnO lattice because no new phases are observed in the X-ray 
diffraction patterns. However, nanoscale characterization of these ma
terials using electron microscopy techniques allows for the identification 
of these new phases, which may be present in very small quantities, 
below the detection limit of X-rays [34].

In this study, our main objective is to analyze the influence of 
incorporating different rare earth cations on the photocatalytic response 
of ZnO systems. We will approach this question by examining the in
fluence of this modification on the structural properties, including the 
formation of different types of defects, as well as on their charge carrier 
dynamics. To achieve this goal, we have prepared different photo
catalysts based on ZnO which were modified with a fixed amount of RE 
metal ions (2 at %) via a microwave-assisted hydrothermal method. A 
fixed doping level of 2 atomic percent (at %) of rare earth (RE) metal 
ions was chosen based on previous reports indicating this concentration 
as optimal for enhancing photocatalytic activity while minimizing 
excessive lattice distortion or secondary phase formation. This synthesis 
technique enables the production of well-controlled nanostructures 
within short reaction times under uniform heating conditions. Addi
tionally, the microwave-assisted method provides a cost-effective 
approach, as its high yield ensures efficient utilization of precursor 
materials [35].

Building on these advancements and in comparison, to studies that 
have developed ZnO-based photocatalysts [36–38] demonstrating 
improved activity under UV or visible light. Our work complements 
these efforts by introducing a microwave-assisted hydrothermal syn
theses that is faster and more energy-efficient, by evaluating perfor
mance under solar-simulated irradiation, and by providing nanoscale 
(STEM, EDX, TEM) and post-use (XRD, TEM) characterization to confirm 

surface decoration and long-term stability. Together, these features 
underscore the practical applicability and mechanistic clarity of our 
RE-modified ZnO photocatalysts for real-world pollutant degradation.

2. Experimental

2.1. Photocatalyst preparation

The materials employed for the preparation of RE-doped ZnO were of 
analytical grade without further purification. The pure ZnO and ZnO:RE 
samples with 2 % at. RE in the cationic fraction were synthesized by a 
microwave-assisted hydrothermal method. The procedure followed for 
pure ZnO preparation was as follows: 6 g of zinc acetate dihydrate (Zn 
(O2CCH3)2(H2O)2) and 4 g of hexamethylenetetramine (HMT, 
(CH2)6N4) were dissolved in 100 mL of MQ water. Then, 0.3 M aq. NaOH 
solution was added dropwise into the above solution and stirred 
continuously for 1 h at room temperature (pH = 10). The resultant milky 
mixture was transferred and sealed in two 100 mL Teflon-lined auto
clave vessels, placed into the reactors and then heated up to 180 ◦C in a 
microwave oven with a controlled power of 400 W for 18 min. The white 
precipitates formed were centrifuged and thoroughly washed by 
repeated centrifugation – redispersion with MQ water and then absolute 
ethanol. The white precipitates were collected and dried in an air oven 
maintained at 110 ◦C for 12 h. A similar procedure was followed to 
prepare the samples modified with a 2 % at. Y, Ce or Eu using the cor
responding amounts of the nitrate precursors. All rare earth (RE) nitrate 
precursors used in this work were purchased from Sigma-Aldrich, with a 
stated purity of 99.99 %. These precursors (Y(NO₃)₃, Ce(NO₃)₃, and Eu 
(NO₃)₃) were fully dissolved as RE³⁺ ions (Y³⁺, Ce³⁺, Eu³⁺) in the reaction 
solution. TiO₂-P25 from Evonik was used as a reference for the photo
catalytic activity tests.

2.2. Characterization details

The XRD patterns of ZnO and RE modified ZnO were recorded using 
Bruker D8 advance X-ray diffractometer in the 20◦− 80◦ 2θ range with λ 
= 0.154056 nm. Surface morphology of the crystallites was examined by 
scanning electron microscopy (SEM, Nova NanoSEM 450). Transmission 
Electron Microscopy (TEM) was performed with a TEM/STEM system 
(FEI Talos F200X) equipped with 4 Super-X SDDs. HAADF-STEM images 
and XEDS maps were acquired using a high brightness electron probe in 
combination with a highly stable stage which minimized sample drift. 
Element maps were acquired with a beam current of 100 pA, a dwell 
time of 50 µs was used, resulting in a total acquisition time of approxi
mately 12 min.

Optical absorption spectra of pure and modified ZnO were recorded 
on a Shimadzu UV- 1603 UV–Visible spectrophotometer. Ethanol ab
solute was used as the reference medium. The optical bandgap was 
determined by analyzing the first derivative of the absorption spectrum 
(dα/dE). This method identifies transition energies directly from de
rivative peaks, resolving weak excitonic features and overlapping tran
sitions that conventional Tauc plots may miss [39–41].

The photoluminescence (PL) spectra were recorded either on a 
confocal Horiba Jobin Yvon Labram HR 800 with excitation at 325 nm 
or using a photoluminescence spectrometer FLS 1000 (Edinburgh In
struments), where the samples were excited by a continuous 450 W Xe 
lamp and the photoluminescence was detected by a Hamamatsu R928P 
photomultiplier detector. All the spectra were corrected for the instru
ment response. The near-band edge peak positions were obtained by 
numerical fitting of the PL spectra to determine the maxima with higher 
accuracy than visual inspection of the raw spectra.

2.3. Photocatalytic activity

The photocatalytic activity of the different samples was evaluated by 
studying the degradation of methylene blue dye (MB). For each 
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experiment, 100 mg of sample was dispersed in 300 mL of a 10 mg/L MB 
solution, a concentration selected based on commonly adopted values in 
photocatalytic studies to ensure comparability with literature while 
providing optimal conditions for accurate spectrophotometric moni
toring without saturation or self-shielding effects. No sacrificial agent 
was added, as the study focused on evaluating the intrinsic photo
catalytic activity of the materials under solar-like irradiation. The 
resulting mixture was stirred magnetically for 60 min in complete 
darkness to attain the adsorption-desorption equilibrium of MB onto the 
photo-catalyst.

Cold water was continuously supplied through a water circulating 
jacket to maintain the reaction temperature below 25 ◦C. A xenon im
mersion lamp (model TXE150, UV-Consulting Pechl), emitting radiation 
comparable to solar spectrum, was fully submerged in the reaction so
lution in a zero-distance configuration to ensure direct and uniform light 
exposure without air gaps. Aliquots (5 mL) were withdrawn every 15 
min, centrifuged (10 min, 5000 rpm), and the absorbance variation at 
λmax was monitored.

For recyclability tests, the catalyst was harvested by centrifugation 
after each cycle, air-dried, re-weighted, and re-dispersed in fresh MB 
solution for subsequent activity tests (up to 4 cycles) following the same 
adsorption equilibrium procedure.

The photocatalytic efficiency (PE) of different photo-catalysts for the 
degradation of MB was estimated using the following formula. 

PE (%) =

(

1 −
Ct

C0

)

x100% (1) 

In which, C0 corresponds to the initial concentration of MB dye after 
adsorption-desorption, and Ct represents the concentration of MB at 
different times. Blank experiments without adding any catalysts were 
also performed to discard MB self-photolysis.

3. Results and discussion

3.1. Structural analysis

X-ray diffraction (XRD) analysis was conducted to investigate the 
crystal structure and estimate the average crystallite size of both pure 
ZnO and rare earth (RE)-modified ZnO samples. Fig. 1a presents the XRD 
patterns of all synthesized materials. The diffraction peaks observed in 
all samples correspond to the hexagonal wurtzite phase of ZnO (JCPDS 
No. 36–1451) [42], with no additional peaks attributable to secondary 

phases. Upon closer examination of the (101) region Fig. 1b, we do 
observe a slight shift in peak position for the RE-modified ZnO samples 
most pronounced for ZnO:Ce consistent with local lattice distortion or 
strain induced by surface decorated RE species. However, complemen
tary HAADF-STEM and EDX analyses confirm that these elements form 
discrete surface domains rather than uniformly substituting into the ZnO 
lattice, indicating that the observed shift arises from interfacial in
teractions rather than classical substitutional doping. Furthermore, the 
presence of intense and sharp peaks suggests high crystallinity in all 
samples, underscoring the quality of the synthesized materials.

The surface area is a key factor influencing photocatalytic activity, as 
a higher surface area provides more active sites for pollutant adsorption. 
We determined the BET surface areas of pure and RE-modified ZnO 
nanoparticles from N₂ adsorption–desorption isotherms; the corre
sponding isotherms and calculated surface area values are provided in 
the Supporting Information (Fig S1).

The average crystallite size of all samples was obtained by means of 
Debye Scherrer Formula: 

D =
0.9λ

βcosθ
(2) 

Where D, λ, θ and β correspond to the effective crystallite size, X-ray 
wavelength, Bragg’s diffraction angle and full width at half maximum 
(FWHM) respectively. The numerical values were obtained using the 
most intense peak (101). The average crystallite size of pure ZnO was 
found to be higher than that of the modified ZnO as shown in Table 1. 
The reduction in crystallite size observed in RE-modified ZnO is attrib
uted to the formation of RE-O-Zn linkages on the surface of the modified 
samples, which likely inhibit crystal grain growth [43]. This smaller 
crystallite size increases the surface area, allowing for greater adsorption 
of pollutants onto the catalyst surface which could likely have a bene
ficial effect on the catalytic activity.

Fig. 1. (a) XRD patterns of ZnO and ZnO:RE samples (b) Zoom on the (101) peak region.

Table 1 
Calculated values of crystallite size of the prepared samples.

Photocatalyst ZnO ZnO:Eu 2 
%

ZnO;Ce 2 
%

ZnO:Y 2 %

Crystallite size (nm) ± 1 
nm

45 35 29 35
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3.2. Morphological and compositional analysis

The surface morphology of the pure (ZnO) and modified (Eu, Ce or Y) 
were characterized using scanning electron microscopy (SEM). The SEM 
images shown in Fig. 2 revealed the formation of plates with varying 
diameters ranging from 200 to 600 nm. These plates exhibited a rela
tively consistent thickness of 25 to 50 nm.

When a second element (Eu, Ce, or Y) was added into the ZnO 
composition, slight changes in the surface appearance of the sheets were 
observed. Aggregates of much smaller size were noticed, which may be 
related to the presence of a secondary phase in the modified ZnO sam
ples. Considering the small amount of the second element introduced 
into the catalyst formulation, the quantity of this secondary phase is so 
small that it is not detectable by XRD.

To provide a comprehensive morphological and compositional 
characterization of the samples, a detailed analysis was performed by 
Scanning Transmission Electron Microscopy (STEM) recording both 
images in High-Angle Annular Dark Field (HAADF) mode and X-EDS 
elemental maps. In HAADF images, the contrast is directly related to 
both the sample’s thickness and the atomic number of the elements 
present in the imaged areas. This allows for the visualization and dif
ferentiation of various structural features and chemical elements in the 
samples.

Fig. 3 shows representative STEM-HAADF images of each of the 
samples. These STEM-HAADF images provided further confirmation of 
the observations made using SEM, but with higher resolution and finer 
details. The samples are composed of nano-sheets which in the case of 
samples with a second element also have areas with different 
morphology, that are highlighted in the images with a white square. 
These regions depict different structural characteristics and elemental 
composition. In the case of Europium, they appear as small rods and in 
the case of cerium and yttrium, as agglomerates of small particles.

To perform a quantitative analysis of the composition of a given area 

of the sample, either the electron beam can be stopped at any point of 
interest and acquire a spot-type XED spectrum, or more efficiently for 
this type of materials, an area can be delimited and a XED spectrum can 
be recorded on each of the pixels contained in that region. Each of these 
spectra can be processed and images can be formed in which the pixels 
containing a certain element are colored with a specific color code for 
that element. Furthermore, with the collected XED spectra, it is also 
possible to quantify the elements present in any part of the mapped area. 
This quantitative analysis provides valuable information about the 
elemental composition and allows for a deeper understanding of the 
distribution and concentration of elements in the sample.

In the analysis of the ZnO sample, Fig. 4(a) presents a HAADF-STEM 
image. The image showcases a porous sheet with a length of up to half a 
micron and a width of approximately 300 nm. Additionally, several 
sheets are visible in the profile view, exhibiting a thickness of about 50 
nm. Fig. 4(b) corresponds to the elemental map of the same area, ob
tained through X-ray energy-dispersive spectroscopy (XEDS). In this 
map, only the presence of Zn cations is identified, which is expected for 
an unmodified ZnO sample. The spectrum shown in Fig. 4(c) represents 
the entire analysed area and includes the signals from various elements. 
It displays characteristic lines corresponding to copper (originating from 
the grid), carbon (from the holey carbon film on which the sample is 
deposited), oxygen, and zinc (from the sample itself).

The compositional analysis of the samples modified with europium, 
cerium and yttrium provides very interesting results. Firstly, a repre
sentative analysis of the ZnO:Eu 2 % sample is shown in Fig. 5. The 
HAADF-STEM image presented in Fig. 5a shows a typical porous ZnO 
plate on which elongated, about 100 nm long and 20 nm wide, also 
porous structures are deposited. When the composition of this zone is 
studied by means of XEDS, it can be seen that the small rods are mainly 
composed of europium, which are shown as purple areas in Figs. 5(b) 
although small amounts of zinc, around 5 %, can also be quantified. 
However, the large sheets contain mainly zinc as shown in Fig. 5(b). In 

Fig. 2. SEM images of samples (a) ZnO, (b) ZnO:Eu 2 %, (c) ZnO:Ce 2 % and (d) ZnO:Y 2 %.
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fact, the amount of europium detected in these areas, below 0.1 %, can 
be considered as an artifact due to noise from the spectrum background. 
Therefore, from the analysis of a large set of experiments like the one 
shown in Fig. 5, ZnO:Eu 2 % sample consists of two different compo
nents, pure ZnO plates onto which nanorods with an average composi
tion of Eu0.95Zn0.05Ox are deposited.

For the cerium-modified sample, a similar situation is observed, 
albeit with certain distinctions compared to the europium-modified 
sample. As previously mentioned and evident in the HAADF-STEM 
image shown in Fig. 6(a), the sample is composed of nano sheets onto 
which accumulations of cerium-rich nanoparticles are deposited in a 
non-uniform way. Quantification of the chemical composition of the 
aggregates, Figs. 6b, evidence that they contain an appreciable amount 
of zinc. In fact, they correspond to a Ce0.7Zn0.3Ox mixed oxide as can be 
observed in the XEDS spectra quantified in Fig. 6(c). As in the europium- 
modified samples, the plate-shaped crystallites correspond to pure ZnO, 
as shown in XEDS in Fig. 6(d).

Finally, the analysis of the yttrium-modified sample reveals, as in the 
case of ZnO:Ce 2 %, the presence of yttrium-rich nanoparticles hetero
geneously supported on the ZnO plates, as can be seen in Fig. 7(a,b). 
However, when the composition of these nanoparticles is analyzed, it is 

observed that they also have small amounts of Zn, Fig. 7(c). In average, 
the stoichiometry of these nanoparticles is Y0.95Zn0.05Ox. As in the case 
of the europium and cerium-modified samples, the yttrium in the ZnO 
plates remains at noise level, Fig. 7(d). High-resolution microscopy 
analysis of the nanostructures formed from the different rare-earth el
ements is shown in Figures S2 to S4 of the supporting information, 
evidencing in all cases the presence of the corresponding rare-earth 
oxides.

To ensure the representativeness of the data discussed in the main 
manuscript, additional X-ray energy-dispersive spectroscopy (XEDS) 
maps for each individual sample are included in the supporting infor
mation (Figs S5 to S7).

4. Photoluminescence studies

Luminescence studies have been extensively used to investigate the 
incorporation of dopants into ZnO [44–46] and its effect on the defect 
structure of the material. PL spectra of all the samples have been 
measured from 5 to 285 K in 20 K steps, but the more significative ones 
are those at 5 K and 285 K (room temperature, RT), which are shown in 
Fig. 8. Fig. 8a shows PL spectra of the samples at 5 K. In all samples, two 

Fig. 3. STEM HAADF images of samples (a) ZnO, (b) ZnO:Eu 2 %, (c) ZnO:Ce 2 % and (d) ZnO:Y 2 %.
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clear bands are resolved: one whose peak lies in 3.369 eV, attributed to 
near-band edge of zinc oxide in the literature [47], and another wide one 
centred around 2 eV, normally ascribed to lattice defects [48]. The 
near-band edge band is left-shifted from its centre as a tail, possibly due 
to surface states generated by the dispersion on the size of the nano
particles. Besides, the existence of shallow donors can also introduce 
energy levels close to near-band edge that can lead to luminescence 
emissions in this region. On the other hand, the visible band is alike for 
all samples except for their intensity. The visible band of ZnO pure 
nanoparticles is barely observed compared to the others, indicating a 
higher defect content in modified nanocrystals. The formation of va
cancies or other native defects would be required to compensate the 
excess of charge leading to the observed increase of the intensity in the 
defect related emission bands. A more careful inspection of the visible 
band of ZnO:Eu shows that this band has shoulders at 1.8, 1.88, 2, 2.08, 
and 2.25 eV. The 2 and 2.08 eV peaks are ascribed to ionized vacancies 
and neutral vacancies, respectively [48,49]; 1.88 eV peak is attributed to 

zinc vacancies [50]. 2.25 eV peak is usually associated with deep level 
defects [51,36]. Although not as clear as in the Eu modified sample, the 
rest of the samples show the same emissions associated with intrinsic 
defects. These variations indicate a certain degree of incorporation of 
the dopants, however, as XED spectra show, their concentration in ZnO 
nanocrystals is very low, below the detection limit of the technique. In 
addition, the intraionic transitions of Eu are located at 1.75, 1.96 and 
2.02 eV [52], that can be also included in the wide visible band, how
ever, for the other samples, no direct evidence of dopant-related emis
sions into the lattice are observed in the luminescence spectra since all 
bands may be ascribed to intrinsic defects or near-band edge of ZnO 
[53].

In Fig. 8b, a significant effect of temperature is observed. The near- 
band edge is redshifted, as expected, since the thermal activation 
helps to reduce the effective gap between valence and conduction bands. 
In addition, it varies slightly depending on the sample. The maxima of 
the peaks are collected in Table 2. Except for ZnO, the difference in 

Fig. 4. (a) HAADF-STEM image, (b) XEDS elemental map showing the spatial distribution of Zn corresponding to the area displayed in (a), (c) XED spectra of the area 
displayed in (a).
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relative intensities in the rest of the samples is reversed, what suggests 
two ideas: temperature activates non-radiative mechanisms which 
diminish the relative intensity of the near-band edge; or dopants 
enhance certain luminescence mechanisms on the visible band at the 
expense of the near-band edge one. The ZnO visible band is centred at 
2.25 eV, and the other are centred around 2.1 eV. These peaks were 
observed before at low temperature, so the efficiency of each contri
bution may be dependent on the activation energy of the mentioned 
defects, and not on the selected dopants. No changes in the spectra 
recorded on the modified samples at 5 and 295 K are observed, indi
cating a faint influence of added elements in the PL emission. As known, 
intraionic transitions are independent on temperature; if dopants were 
incorporated to the lattice, characteristic peaks at the same temperature 
as 5 K would be observed at RT. If yttrium played a significant role, its 
green band would also be flatter than the rest at RT, a not observed fact. 
The spectra of ZnO:Y and ZnO:Eu are already the same at RT, which may 
be indicative of the absence of Eu. The same argument could be applied 
to ZnO:Ce. These observations lead us to conclude that while the dop
ants are present, they are not incorporated into the lattice. This 
conclusion is supported by the absence of their typical features in the PL 
spectra at any temperature.

The dependence of the optical bandgap with the temperature can be 
also investigated. Fig. 9 shows the relationship between these two var
iables and its fitting to Varshni’s relation [54]: 

Egap(T) = Egap(0) −
αT2

T + β
,

where α and β are typical constants characteristic of each material, and 
Egap(0 K) is the theoretical value of the near-band edge at absolute zero. 
As can be seen, the fit to the experimental data is good, and the theo
retical value of the near-band edge is given in the Table 3. Although only 
ZnO:Y experimental near-band edge is compatible with the range given 
in Table 1, it should be taken into account that our measurements were 
taken at 5 K. As the divergence on the theoretical values and the 
experimental is minute and, bearing in mind that those last ones are in 
consonance with the literature [47–50], we can conclude that the ob
tained discrepancy is not significant. Nevertheless, the interval of en
ergies of theoretical near-band edges overlaps with some of the samples, 
in particular, with pure ZnO, suggesting that the bandgap shift is not 
caused by the incorporation of dopants in agreement with the 
above-mentioned observations.

Fig. 10 shows the optical absorption spectra of the samples at room 
temperature. It is well known that ZnO is a direct-gap semiconductor 
[55], which is reflected on the absorption spectra of all samples by a 
sharp, increasing line when the optical bandgap is reached. The deter
mination of the optical bandgap has been done by computing the de
rivative of the absorption spectrum, that will show a maximum at the 
optical bandgap position [56]. The numerical derivative is plotted on 

Fig. 5. Sample ZnO:Eu 2 %. (a) HAADF-STEM image, (b) XEDS elemental maps showing the spatial distribution of Eu (purple) and Zn (green). (c) XED spectra of the 
area marked in blue in (b). (d) XED spectra of the area marked in yellow in (b).
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the inset of the Fig. 10, whose maxima are marked with a dashed vertical 
line, and whose maximum values at RT are summarized in Table 4. The 
calculated optical bandgaps fully coincide with experimental data, and 
their proximity may also suggest that RE have no effect on the bandgap 
energy.

5. Photocatalytic activity of RE-modified ZnO

The photodegradation rates of methylene blue (MB) using ZnO, ZnO: 
RE, and commercial TiO2-P25 photocatalysts under simulated sunlight 
illumination are depicted in Fig. 11. The evaluation of the synthesized 
samples commenced by analyzing their MB degradation efficiency under 
identical experimental conditions. A negligible self-degradation of MB 
was observed in the absence of any catalyst, confirming that both the 
light source and the catalysts are indispensable for initiating the trans
formation of MB.

The modified ZnO samples exhibited a remarkable enhancement in 
MB degradation efficiency compared to both pure ZnO and P25. This 
superior performance can be attributed to several critical factors. 
Extensive research has shown that the formation of interfacial hetero
structures, such as heterojunctions, facilitates more efficient charge 
separation and transfer at the interface, thereby minimizing electron- 
hole recombination [57–59]. For instance, Zhao et al. demonstrated 
that coupling ZnO with cerium not only broadens the spectrum ab
sorption but also significantly improves charge separation efficiency. 
Similarly, Zhang et al [60]. revealed that the concentration of oxygen 
vacancies in ZnO–CeO₂ hybrids can be precisely tuned by adjusting the 

nitrogen atmosphere during synthesis, with the synergistic effect be
tween ceria and oxygen vacancies enhancing the optical response and 
boosting photocatalytic activity for Rhodamine B (RhB) degradation. In 
a related study, Rodionov et al [61]. explored the incorporation of 
europium as a coating material on ZnO for dye degradation, attributing 
the improved performance to the enhanced stability, mechanical 
strength, and transparency of the coatings, which collectively optimize 
the spectral response and photocatalytic efficiency.

The most active sample, ZnO:Ce, was subjected to four consecutive 
cycles to evaluate its recyclability and stability as a photocatalyst. 
Specifically, the recyclability tests were conducted using MB as the 
target pollutant under consistent experimental conditions. After each 
cycle, the sample was recovered via centrifugation, followed by air 
drying for reuse. The results, as illustrated in Fig. 12, reveal exceptional 
stability in the photocatalytic degradation efficiency of the model 
molecule, underscoring the sample’s robust reusability and potential for 
practical applications. Evidence for the morphological, structural, and 
compositional stability of the samples subsequent to the various cata
lytic runs is provided by XRD and XEDS-STEM analyses, depicted in 
Figures S8 and S9 of the supporting information.

In addition, the kinetics of MB dye degradation over ZnO, P25 and 
ZnO:RE photocatalysts were analyzed in terms of the Langmuir- 
Hinshelwood mechanism, a model widely employed to describe the 
relationship between the starting photo-degradation rate and initial 
concentration of reactant [62,63]. 

Fig. 6. Sample ZnO:Ce 2 %. (a) HAADF-STEM image, (b) XEDS elemental map showing the spatial distribution of Ce (red) and Zn (green) (c) XED spectra of the area 
marked in blue in (b). (d) XED spectra of the area marked in yellow in (b).
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r = −
dC
dt

=
krkad C

1 + Ckad 

Where, kr represents an intrinsic rate constant, kad an adsorption 
constant and C the reactant concentration. Fig. 13 shows the plots cor
responding to the integrated (ln(C0/C)/(C0–C) vs t(C0–C)) form of the 
LH model, obtained MB photodegradation process by P25, ZnO and 
ZnO: RE photocatalysts. From the figure it is evident that all the pho
todegradation essays can be nicely fitted to the l-H model. The numerical 
values of the apparent constant rates after fitting are summarized in 
Table 5. The photocatalytic efficiency of the ZnO:RE photocatalyst was 
higher than ZnO and P25. the ZnO:Ce displayed a maximum degradation 
of about 95 % Fig. 13.

Overall, the photocatalytic degradation kinetics of methylene blue 
(MB) using ZnO, P25, and RE-modified ZnO catalysts were effectively 
described by the Langmuir–Hinshelwood model, as evidenced by the 
linearity of the fitting curves in Fig. 13. The derived apparent rate 
constants clearly demonstrate that all RE-modified ZnO systems exhibit 
significantly enhanced photocatalytic activity compared to both pure 
ZnO and commercial TiO₂-P25. In particular, the Ce-modified ZnO 

catalyst achieved the highest rate constant (12.03 × 10⁻² M⋅min⁻¹), 
representing a nearly 20-fold increase over P25 and resulting in ~95 % 
MB degradation. Although the kinetic analysis was based on a single 
measurement per sample, the observed trends are consistent and 
indicative of the superior reactivity imparted by rare-earth surface 
modification. These results underline the effectiveness of RE/ZnO ma
terials, especially ZnO:Ce, as efficient and rapid photocatalysts under 
solar-simulated irradiation.

6. Conclusions

This study provides novel insights into the interaction of rare earth 
(RE) elements with ZnO nanostructures, demonstrating, under specific 
synthesis conditions, that contrary to the common assumption of lattice 
doping Ce, Y, and Eu predominantly form surface-decorated nano
domains on ZnO nanosheets rather than substituting into the crystal 
lattice. ZnO and ZnO:RE (2 at. % Eu, Y, Ce) photocatalysts were syn
thesized via a rapid, energy-efficient microwave-assisted hydrothermal 
route and systematically evaluated.

XRD confirmed the retention of the hexagonal wurtzite phase and 

Fig. 7. Sample ZnO:Y 2 %. (a) HAADF-STEM image, (b) XEDS elemental map showing the spatial distribution of Y (yellow) and Zn (green). (c) XED spectra of the 
area marked in blue in (b). (d) XED spectra of the area marked in yellow in (b).
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high crystallinity in all samples, with only slight (101) peak shifts 
attributable to surface-induced lattice strain. FESEM showed that plate- 
like ZnO nanosheets remained the dominant morphology, while 
HAADF-STEM and EDX mapping unambiguously revealed RE-rich sec
ondary phases intimately decorating the ZnO surface. Band-gap mea
surements were unchanged, although RE modifiers altered ZnO’s 

absorption profile.
Photocatalytic degradation of methylene blue under solar-simulated 

irradiation demonstrated superior performance for all ZnO:RE samples 
compared to pure ZnO and TiO₂-P25, with ZnO:Ce achieving the highest 
rate constant (12.03 × 10⁻² M⋅min⁻¹). PL quenching and TEM analyses 
linked this enhancement to reduced electron–hole recombination and 
efficient Ce⁴⁺/Ce³⁺ redox cycling at the ZnO interface. BET surface-area 
measurements (Supporting Information) further support the role of 
increased active sites.

Together, these findings establish rare-earth surface decoration 
rather than lattice incorporation as a new design strategy for ZnO-based 

Fig. 8. PL spectra of all samples at: (a) 5 K; (b) 285 K (room temperature, RT).

Table 2 
Near-band edge of the samples at 285 K.

ZnO ZnO:Ce ZnO:Y ZnO:Eu

Egap at RT (eV) 3.2658 3.2706 3.2658 3.2622

Fig. 9. Dots represent experimental data of near-band energy at different 
temperatures. The dashed line represents their Varshni’s relation adjustment.

Table 3 
Theoretical near-band edge of the samples at 0 K, calculated by Varshni’s 
relation.

ZnO ZnO:Ce ZnO:Y ZnO:Eu

Egap (0 K) 
(eV)

3.36676 ±
0.00124

3.36248 ±
0.00237

3.36957 ±
0.00381

3.36725 ±
0.00085

Fig. 10. Absorption plot of the samples. The inset represents the numerical 
derivative of the absorption spectrum. The maximum of the derivative, repre
sented with a dashed vertical line, coincides with the near-band optical edge at 
RT. Pure ZnO and ZnO:Y have the same near-band edge and the vertical black 
line marks the same near-band edge for both.

Table 4 
Numerical near-band edge obtained from the derivative of the absorption 
spectra.

ZnO ZnO:Ce ZnO:Y ZnO:Eu

Egap at RT (eV) 3.2671 3.2621 3.2671 3.2718
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photocatalysts, combining rapid, scalable synthesis, realistic solar- 
driven testing, and in-depth nanoscale and post-use characterization to 
deliver robust, high-efficiency systems for environmental remediation.
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