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ABSTRACT: As a wide-bandgap rare-earth oxide, Eu2O3 was
often utilized as an auxiliary material of other photocatalysts
because its photocatalytic performance was limited by the
luminescence characteristics of Eu3+ and low light utilization. In
this study, we improved the photocatalytic degradation perform-
ance of the Eu2O3 nanoparticles by doping with Fe cations. The
Eu2O3 nanoparticles with different Fe-doping concentrations (1, 3,
and 5%, noted as EF1.0, EF3.0, and EF5.0, respectively) were
synthesized via chemical precipitation and calcination methods. It
was found that doping could reduce Eu2O3’s bandgap, which
probably originated from the introduction of oxygen vacancies with
lower energy levels than the conduction band of Eu2O3. Compared
with the undoped Eu2O3 nanoparticles with a removal efficiency of 22% for degrading rhodamine B dye within 60 min, the
photocatalytic degradation efficiencies of EF1.0, EF3.0, and EF5.0 were demonstrated to be improved to 42, 48, and 33%,
respectively, and EF3.0’s performance was the best. The enhanced photocatalytic performance of the doped samples was related to
the oxygen vacancies acting as capture centers for electrons, such that the photogenerated electron−hole pairs were efficiently
separated and the redox reactions on the surface of the nanoparticles were enhanced accordingly. Additionally, the enhanced light
absorption and broadened spectral band further improved EF3.0’s degradation efficiency.

1. INTRODUCTION
The treatment of organic wastewater from factories and
organic chemicals used in agricultural production processes is
one of the major challenges in pollution control of the
environment.1−3 In recent years, photocatalytic technology
based on semiconducting oxides has been utilized for
degradation of various organic pollutants owing to their high
efficiency, environmental friendliness, and high oxidation
capacity.4,5 Up to now, many oxide photocatalysts have been
excavated, such as TiO2,

5−7 ZnO,8−10 SnO2,
11−13 Ga2O3,

14−16

WO3,
4,17,18 perovskites,19,20 etc. The degradation mechanism

of photocatalysis depends on the formation of electron−hole
pairs in a photocatalyst by light irradiation. When the
photocatalyst is irradiated by light with energy higher than
its bandgap, electrons will be excited to the conduction band
(CB), leaving holes in the valence band (VB). Subsequently,
the photogenerated electrons and holes will transfer to the
surface of the photocatalyst and produce reactive oxygen
species, such as superoxide anions (•O2

−) and hydroxyl
radicals (•OH).14 These reactive oxygen species with strong
redox ability will react with organic pollutants and degrade
them into smaller, nontoxic molecules.14,15,21 Therefore,
improving the electron−hole separation efficiency is critical
to the photocatalytic process.

In general, wide-bandgap semiconductors have greater
catalytic capacity compared with narrow-bandgap ones due
to the higher oxidation potential of holes or reduction
potential of electrons.22 However, the ultraviolet absorption
band of the wide-bandgap semiconductors mainly absorbs
ultraviolet light, which takes only 5−7% proportion of solar
light, limiting the utilization rate of the solar light and the
photocatalysts’ degradation ability. Among these wide-bandgap
semiconductors, rare-earth oxide Eu2O3 exhibited potential
capacity in photocatalytic applications.23−25 Nevertheless, due
to europium’s unique 4f electron shell with split energy levels,
the electric dipole transition could lead to photogenerated
charge carrier recombination that is not favored in the
photocatalytic degradation process.26,27 Besides, the low light
utilization caused by the wide bandgap of Eu2O3

28 restrained
its photocatalytic capacity. Up to now, most Eu2O3 and
europium cations-related photocatalytic studies are mainly
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about their auxiliary effect for enhancing other materials’
photocatalytic performances.29−33 For Eu2O3 itself as a
photocatalyst, how to improve the material’s photocatalytic
degradation efficiency is an interesting topic to be explored.
There are several ways for improving a photocatalyst’s
degradation capacity, such as to increase the active reaction
sites, to enhance the light absorption, to inhibit/enhance the
recombination/separation of photogenerated electrons and
holes, and so forth. Practically, doping is a commonly used
method for improving the charge carrier separation efficiency
and light absorption in semiconductors. Metal ion doping, like
Sr2+ in SnO2,

21 Zn2+ in Ga2O3 nanofibers,34 and the
others,26,35,36 could introduce defects like oxygen vacancies
with energy levels located within the bandgap of the oxides,
and these oxygen vacancies acted as trapping states for
electrons, such that the recombination of the photogenerated
carriers was inhibited. Moreover, the bandgap of the material
could be reduced, and thus, the light absorption band could be
broader to enable a higher utilization efficiency of the light.
Thereby, to harness the method of foreign element doping in
Eu2O3 could be a promising way for promoting the material’s
photocatalytic performance.

In this work, we investigated the photocatalytic degradation
performance of Fe-doped Eu2O3 nanoparticles synthesized by
chemical precipitation and calcination methods. The crystalline
structure, morphology, surface chemical states, and light
absorption capacity, as well as the photoluminescence (PL)
properties, were characterized and analyzed. Different molar
ratios of Fe-doped Eu2O3 were prepared, and their photo-
catalytic degradation efficiencies for degrading organic rhod-
amine B (RhB) dye were compared. The possible mechanism
of the improved photocatalytic degradation performance was

analyzed. This study demonstrates a possible route for
improving the rare-earth oxide Eu2O3’s photocatalytic
degradation ability and confirms its potential application
value in terms of environmental governance.

2. RESULTS AND DISCUSSION
The crystalline structures of the undoped Eu2O3 and Fe-doped
Eu2O3 nanoparticles were characterized by X-ray diffraction
(XRD), as shown in Figure 1. It is seen in Figure 1a that all of
the observed peaks can be well indexed to the body-centered
cubic phase of Eu2O3 (PDF#34-0392). The lattice parameters
are a = b = c = 1.087 nm and α = β = γ = 90°, and the space
group belongs to Ia3̅ (206), as the structural model shows in
Figure 1b. There is no other peak observed for the Fe-doped
nanoparticles, indicating that Fe did not form any other
compounds but only acted as dopants.38 The peaks at 28.42,
32.93, 47.27, and 56.08° correspond to the (222), (400),
(440), and (622) lattice planes, respectively. In Figure 1c−f, it
is seen that all these diffraction peaks demonstrate gradual
slight shifts toward higher angles with the increase of the
doping concentration, which could be possibly due to the
shrinkage of lattice distances caused by the smaller radii of Fe3+

cations incorporated in the Eu2O3 lattice, suggesting that Fe
cations were successfully doped into the lattice of Eu2O3. We
also calculated the average crystallite sizes of the nanoparticles
according to the Debye−Scherrer equation: D = Kλ/(B cos θ),
where D is the average thickness of the grain in the direction
perpendicular to the lattice plane, B is the full width at half
maxima of the measured diffraction peak, K is the Scherrer
constant which equals 0.89, θ is the Bragg diffraction angle,
and λ = 0.15406 nm is the wavelength of the X-ray from the
Cu Kα radiation source. Lower-angle diffraction peaks for the

Figure 1. (a) XRD patterns of Eu2O3, EF1.0, EF3.0, and EF5.0. (b) Structure model of a body-centered cubic Eu2O3 unit cell. (c−f) XRD peaks
from (a) displayed in different diffraction angle ranges.
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(222) and (400) lattice planes were used for the calculation.
The obtained average crystallite sizes for Eu2O3, EF1.0, EF3.0,
and EF5.0 are 20.56, 24.84, 24.95, and 29.62 nm, respectively,
indicating that the crystallite size of the doped nanoparticles
increases with the Fe-doping concentration. Besides, the
surface morphologies of the doped and undoped Eu2O3
nanoparticles were characterized by scanning electron
microscopy (SEM), as shown in Figure 2. It can be observed

that these nanoparticles exhibit different degrees of agglomer-
ation. As the doping concentration increased, the agglomer-

ation became more and more significant, which could be due
to the slight variation of pHs during the precipitation
procedure.37

To further analyze the surface chemical states of the
nanoparticles and identify the existence of Fe cations, we
performed the X-ray photoelectron spectroscopy (XPS)
measurement, as shown in Figure 3. The full spectra for
Eu2O3 and Fe-doped Eu2O3 in Figure 3a show that there was
no obvious peak for the Fe element except for those of the Eu
and O elements. The possible reason could be attributed to the
weak signal of Fe compared to that of the others. A clear
display of peaks for the Fe 2p orbitals is shown in Figure 3b.
The peaks at 710.35 and 710.03 eV correspond to the Fe 2p3/2
orbitals of EF3.0 and EF5.0, respectively, indicating the
presence of Fe3+ in the Eu2O3 lattice.3 Due to the low
percentage of Fe in EF1.0, the peak near 710.00 eV was not
significant. In Figure 3c, two groups of peaks located near 1150
eV are attributed to large spin−orbit interactions of the Eu 3d
electrons. The group of peaks lower than 1150 eV is associated
with Eu 3d5/2 electronic states, and the higher ones are for Eu
3d3/2 states. Here, the peaks labeled with * and # correspond
to Eu3+ and Eu2+ ions, respectively.30,38 The small amount of
Eu2+ could possibly originate from the “surface-valence-
transition” phenomenon of the surface layer, which was
discovered in many rare-earth compounds before.38−40 Be-
sides, the small peaks labeled as “mult” near 1145 eV are
consistent with the theoretical calculation by using the
multiplet structure of 3d4f.6,39 The peaks near 1170 eV for
the Fe-doped nanoparticles could be attributed to the similar
origin as the “mult” ones. The electronic states of the O 1s
were split into three peaks marked as Oi, Oii, and Oiii,
respectively, as shown in Figure 3d. As the Fe-doping
concentration increases, the peaks for the surface lattice
oxygen (Oi) and oxygen in the Eu−O bonds (Oii) both tend to

Figure 2. SEM images of undoped Eu2O3 (a), EF1.0 (b), EF3.0 (c),
and EF5.0 (d).

Figure 3. XPS survey spectra (a) and the fine spectra of Fe 2p (b), Eu 3d (c), and O 1s (d) orbitals.
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shift to lower binding energies. The Oiii peaks are attributed to
the existence of surface chemically adsorbed oxygen, such as
oxygen in hydroxyl groups, etc.41

The light absorption spectra of the Eu2O3-based nano-
particles are shown in Figure 4a. It is seen that Eu2O3
demonstrates a strong absorption range between 250 and
333 nm. For the light wavelengths between 275 and 500 nm,
the overall absorption intensities of EF1.0, EF3.0, and EF5.0
tend to have a positive correlation with the Fe-doping
concentration. However, EF3.0 demonstrates to have a broader
absorption band than others and exhibits the strongest
absorption above 515 nm. To analyze the optical bandgap
change caused by the Fe-doping effect, the corresponding Tauc
plots of the absorption spectra in Figure 4a are shown in Figure
4b by using the following equation

h A h E( ) ( )2
g= (1)

where A is a constant, α is the absorption coefficient, and Eg is
the optical bandgap of the material. In Figure 4b, the extended
dotted line for the linear section of each absorption curve
intersects with the abscissa axis, giving rise to the Eg value at
the intersection point. The obtained bandgaps of Eu2O3,
EF1.0, EF3.0, and EF5.0 are 4.23, 3.64, 3.18, and 3.50 eV,
respectively. It is seen that the optical bandgaps of EF1.0,
EF3.0, and EF5.0 are distinctly reduced compared with that of
Eu2O3, which could be probably due to the introduced O
vacancies by the doping of Fe3+.

The photocatalytic degradation capacities of these doped
and undoped Eu2O3 nanoparticles were examined by using
RhB as a colored organic dye, as presented in Figure 5. The
removal efficiency curves in Figure 5a illustrate the relative
concentration of the RhB solution (C/C0) versus the
irradiation time. According to the Lambert−Beer law,14 C0
and C correspond to the absorbance intensities of RhB
solution in the UV−vis absorbance spectra at 554 nm. These
removal efficiency curves show that, compared with the
undoped Eu2O3 particles with a removal efficiency of 22%
within 60 min, all Fe-doped nanoparticles demonstrated
significantly enhanced efficiencies of 42, 48, and 33% for
EF1.0, EF3.0, and EF5.0, respectively. In order to further
analyze the photocatalytic degradation of RhB, we fit the data
points obtained from the photocatalytic process, as illustrated
in Figure 5b. The fittings followed the Langmuir−Hinshel-
wood pseudo-first-order kinetic model, as illustrated as follows

C C ktln( / )0 = (2)

where k and t are the pseudo-first-order constant and
irradiation time, respectively. The slopes of these linear fittings
correspond to the degradation rates of the photocatalysts.
According to Figure 5b, the obtained k values for Eu2O3,
EF1.0, EF3.0, and EF5.0 are 0.0035, 0.0074, 0.0078, and
0.0061 min−1, respectively. It is known that all the Fe3+-doped
nanoparticles have superior photocatalytic degradation per-
formance compared to that of Eu2O3, and EF3.0 demonstrates
the highest photocatalytic degradation rate, which proves that

Figure 4. UV−vis DRS spectra (a) and the corresponding Tauc plots between 275 and 620 nm (b) for Eu2O3, EF1.0, EF3.0, and EF5.0.

Figure 5. (a) Removal efficiency curves and (b) photocatalytic degradation rate curves for Eu2O3, EF1.0, EF3.0, and EF5.0 under Xe lamp
irradiation.
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the doping of Fe3+ in Eu2O3 can effectively improve the
photocatalytic performance of the catalysts. In Table 1, we

compared the photocatalytic degradation efficiencies of EF3.0
and other rare-earth oxides for RhB removal. It is seen that
EF3.0 demonstrates a competitive photocatalytic degradation
performance among these rare-earth oxides.

In order to interpret the possible scenario for the enhanced
photocatalytic degradation ability of the Eu2O3 nanoparticles
by Fe3+ doping, we performed PL measurements of the
photocatalysts, as shown in Figure 6. According to the
excitation spectra (Figure 6a) and the ultraviolet−visible
diffuse reflectance spectroscopy (UV−vis DRS) results (Figure
4), the PL spectra were measured at two different excitation
wavelengths of 280 and 467 nm, respectively, as shown in

Figure 6b,c. In both Figure 6b,c, five groups of characteristic
peaks are observed between 550 and 750 nm, ascribed to the
5D0 → 7FJ (J = 0, 1, 2, 3, and 4) of the Eu3+ 4f−4f transition.26

It is observed that peaks corresponding to the electric dipole
transition (5D0 → 7F2) are much stronger than those for other
transitions, indicating that the Eu3+ hosts occupied low-
symmetry sites without inversion centers.47 Besides, the 5D0 →
7F1, 7F2, and 7F4 transitions all split into different peaks due to
the energy level splitting originated from different Eu3+-site
occupations.27,47 In contrast to Eu2O3, the doped nanoparticles
exhibited a distinct decrease of the peak intensities, and those
for both EF3.0 and EF5.0 demonstrated to be even lower than
that of EF1.0, indicating that photogenerated carrier
recombination in EF3.0 and EF5.0 was relatively less and Fe
doping significantly inhibited the recombination process. One
possible scenario could be due to the oxygen vacancies
introduced by the doping of Fe3+ cations, which act as trapping
centers for photogenerated electrons, increasing the lifetime of
photogenerated carriers. Here, the lowest PL peak intensities
of EF3.0 coincide with its highest degradation rate, as shown in
Figure 5b. Moreover, in both Figure 6b,c, it is found that with
the increase of the Fe-doping concentration, peaks correspond-
ing to each single transition gradually disappeared. This could
be due to the fact that the doping of Fe3+ affected the
symmetry of Eu3+ in the lattice. Accordingly, it is concluded
that Fe-doped Eu2O3 particles have a lower electron−hole
recombination rate and a higher charge separation efficiency in
both UV and visible bands under 500 W Xe lamp irradiation.
Despite the fact that the decrease in the bandgap (Figure 4b)
of Fe-doped Eu2O3 could weaken the photocatalyst’s redox

Table 1. Photocatalytic Removal Efficiencies of Rare-Earth
Oxides in Degradation of RhB

photocatalyst

photocatalyst
concentration

(g/L)
RhB

concentration

xenon
lamp
power
(W)

removal
efficiency
with 1 h

(%)

Y2O3
42 0.4 4 mg/L 300 25

La2O3
43 1 10 mg/L 300 19

CeO2
44 1 1 × 10−5 mol/L 300 20

CeO2
45 1 1 × 10−5 mol/L 500 10

Eu2O3/Ag46 0.5 10 mg/L 50 20
Eu2O3 (this

work)
1 10 mg/L 500 22

EF3.0 (this
work)

1 10 mg/L 500 48

Figure 6. (a) Excitation spectrum of Eu2O3 nanoparticles. (b, c) PL spectra of Eu2O3, EF1.0, EF3.0, and EF5.0 at the excitation wavelengths of 280
and 467 nm, respectively. (d) Schematics of redox reactions on the energy bands of Fe-doped Eu2O3 nanoparticles. VO represents the energy level
(red dashed line) for the oxygen vacancies.
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ability, the longer lifetime of photogenerated carriers and the
increased light absorption together improved the photo-
catalytic degradation efficiency of the Fe-doped nanoparticles.

Figure 6d shows the redox reaction mechanism of Fe-doped
Eu2O3 nanoparticles during the photocatalytic degradation
process. Upon light irradiation, electrons in the VB of Eu2O3
were excited and transferred to the CB, forming electron−hole
pairs. During this process, some photogenerated electrons in
the CB could be trapped at these oxygen vacancies with lower
energy levels near the CB, and the recombination from 5D0 to
7F1, 7F2, 7F3, or 7F4 was partially inhibited, leading to enhanced
separation of electron−hole pairs. Here, the low-concentration
doping of Fe3+ in Eu2O3 could increase the concentration of
oxygen vacancies, which facilitated achieving a higher
separation efficiency of electron−hole pairs compared with
that of undoped Eu2O3. Among all Fe-doped samples, EF3.0
has the smallest bandgap (3.18 eV), which means that there
are probably more oxygen vacancies present and a wider visible
light absorption band for EF3.0, giving rise to the best
photocatalytic performance of EF3.0. Besides, the increase of
Fe doping in EF5.0 did not improve the photocatalytic
degradation of RhB further, which could be because more Fe3+

cations did not help add more oxygen vacancies and the energy
bandgap was not further narrowed for a broader spectral
absorption band.

3. CONCLUSIONS
In summary, the photocatalytic degradation performance of
pure and Fe-doped Eu2O3 nanoparticles was investigated by
utilizing RhB as the organic pollutant. The nanoparticles were
synthesized by chemical precipitation and calcination methods.
It was found that the doping of Fe cations in Eu2O3
nanoparticles could lead to a shrinkage of the material’s
optical bandgap and increase the light absorption, which could
be possibly due to the introduction of oxygen vacancies by Fe
doping. Photocatalytic degradation measurements demonstra-
ted that all Fe-doped Eu2O3 showed enhanced photocatalytic
performance, which was attributed to the improved separation
efficiency of carriers by the oxygen vacancies, as confirmed by
the PL spectra. Compared with other Fe-doped nanoparticles,
the EF3.0 sample demonstrated the highest photocatalytic
degradation efficiency of 48% for degrading RhB. This work
provides a new sight for rare-earth oxides applied in highly
efficient photocatalytic degradations and environmental
pollution controls.

4. EXPERIMENTAL SECTION
4.1. Materials. Europium nitrate hexahydrate [Eu(NO3)3·

6H2O, 99.99%] was sourced from Aladdin. Sodium hydroxide
(NaOH, 96%) was purchased from the Hongyan Chemical
Reagent Factory. Iron nitrate nonahydrate [Fe(NO3)3·9H2O,
98.5%] was supplied by the Damao Chemical Reagent Factory.

4.2. Synthesis. To prepare the Fe-doped Eu2O3 nano-
particles, we first dissolved three portions of 0.001 mol
Eu(NO3)·6H2O in three beakers with 40 mL of deionized
water each and stirred for 10 min. Then, three different
amounts of Fe(NO3)3·9H2O were added with the calculated
doping molar ratios (Fe3+:Eu3+) of 1, 3, and 5% into the
solutions, respectively, and stirred for 5 min. Subsequently,
three portions of 5 mL of NaOH (0.6 M) were slowly added
into the beakers separately and stirred for 30 min to obtain the
precipitated sediments. Next, these suspensions were centri-

fuged and washed with deionized water 4 times each and then
dried at 80 °C for 12 h. Finally, Fe-doped Eu2O3 nanoparticles
were achieved through a calcination process by heating the
products at 700 °C for 3 h. The corresponding samples are
labeled as EF1.0, EF3.0, and EF5.0 for the 1, 3, and 5% doping
of Fe, respectively.

For the synthesis of the undoped Eu2O3 nanoparticles, the
procedures were the same as the doped ones, except for
avoiding adding the Fe source, i.e., Fe(NO3)3·9H2O.

4.3. Characterizations. The crystal structure was charac-
terized by an X-ray powder diffractometer (DX-2700, Hao
Yuan, China) equipped with a Cu Kα radiation source (λ =
1.5406 Å). The morphology and particle size were
characterized by SEM (FEI Apreo S). XPS (Thermo Scientific,
EscaLab Xi+) was used to analyze the chemical state of
elements via an Al Kα X-ray as the excitation source. The light
absorption was measured by UV−vis DRS (F-7000 Hitachi,
Japan). The PL spectrum was obtained via a fluorescence
spectrometer (Edinburgh FLS920) equipped with a Xe lamp as
the excitation light source.

4.4. Photocatalytic Degradation Tests. We tested the
photocatalytic performances of EF1.0, EF3.0, and EF5.0 and
the undoped Eu2O3 nanoparticles separately by using RhB as
the organic pollutant. First, 50 mg of the photocatalyst was
dispersed in 50 mL of RhB aqueous solution (10 mg/L) in a
beaker. Before light irradiation, the beaker was kept in the dark,
and the mixture was magnetically stirred for 30 min to reach an
adsorption−desorption equilibrium of the dye on the surfaces
of the nanoparticles. Then, the mixture inside the beaker was
stirred continuously and irradiated under a 500 W Xe lamp for
60 min to enable the degradation reactions. During the
irradiation process, 4 mL of the mixture was extracted from the
beaker in every 10 min time interval and centrifuged at 9000
rpm for 20 min to completely remove the photocatalyst.
Afterward, the absorption spectra of the obtained supernatant
were measured by the UV−vis spectrophotometer.
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