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Monodispersed Ce(IV)–Gd(III)–Eu(III) oxide
phosphors for enhanced red emission under visible
excitation†

C. Sorbello,a B. C. Barja*ab and M. Jobbágy*abc

A family of Ce0.95�xGdxEu0.05(OH)CO3$H2O monodispersed spherical particles of ca. 200 nm with 0 # x

# 0.95 was obtained by the urea homogeneous alkalinization method. These precursors were

decomposed at 1273 K under an air atmosphere, resulting in ternary spheroidal phosphors obeying the

general formula Ce0.95�xGdxEu0.05O1.975�x/2. Samples with 0.57 # x # 0.95 exhibit a c-type (Ia3) structure

related to the Gd2O3 lattice, while a Fm3m-type (CeO2) one was found for 0 # x # 0.19. For both ternary

families, the partial substitution of host cations dramatically decreases the efficiency of the ligand to metal

charge transfer (LMCT) based emission, with respect to their binary end members. In contrast, the

emission obtained from direct excitation of Eu(III) with visible light is enhanced. For both structures, the

binary Ce(IV)–Gd(III) host improved emission with respect to Gd0.95Eu0.05O1.5 and Ce0.95Eu0.05O1.975

samples, achieving an optimum value for the sample Ce0.23Gd0.71Eu0.05O1.6 with a Ia3 structure.
Introduction

Nowadays, inorganic phosphorescent materials are triggering an
increasing number of applications beyond the traditional ones
related to luminescent display technology. New so chemistry
based synthetic routes have allowed the preparation of many of
these phosphors in the form of sub-micrometric or even nano-
particles, opening the gate for their application in bio labeling.
Among them, trivalent rare earth (RE)-based oxides arise as a
suitable alternative due to their highly biocompatible chemical
nature.1 In particular, europium-based phosphors hosted in RE2O3

oxides are currently employed as a non-bleachable source of red
photons, due to their characteristic sharp emissions centered at
610 nm, arising from the Eu(III) 5D0 to 7F2 intra-4f electronic
transitions.2,3 One of the most accepted Eu(III) phosphors is based
on the isomorphic substitution of this ion within the Y2O3 oxide;
however binary Y2�xGdxO3 oxides arise as improved hosts since
Gd(III) additionally plays the role of a magnetic resonance imaging
contrast agent while preserving good emissive properties.4,5 In
parallel, CeO2 based RE phosphors demonstrate outstanding
biocompatibility.6–8 Then, it is attractive to envisage binary oxidic
nanoparticles based on Gd(III) and Ce(IV) to host RE based emissive
centers. On these oxidic matrices, emission can be activated either
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by UV excitation via the charge transfer (CT) band of the host oxide
or by direct excitation of the Eu(III) active center, bymeans of visible
range photons. In the case of the latter, an increasing number of
appropriate excitation sources such as the GaN-LED (440–470) or
the Kr–Ar laser (488 nm) expand the potential applications of these
non-bleachable phosphors for biolabeling.2,9 Besides the inherent
aspects of emission, mainly governed by the host's composition,10

the performance of luminescent particles also requires well tuned
morphological properties (size, shape andmonodispersion) as well
as chemical homogeneity.11–14 In this sense, the urea method
provides a powerful tool to prepare numerous precursors of mixed
oxides, including several binary RE oxides10 in the form of mono-
dispersed sub-micrometric spherical particles.15–18 Interestingly,
beyond the RE2O3 phases, this method also allows the preparation
of binary Ce(IV)–RE(III) oxides, using Ce(III) based precursors. This
cation shares similar hydrolytic properties with most RE(III) ions,
including Gd(III) and Eu(III), increasing the ability to develop
coprecipitation of suitable precursors of the aforementioned
cations.19,20 The present work presents a systematic preparation
and exploration of a family of ternary phosphors obeying the
general formula Ce0.95�xGdxEu0.05O1.975�x/2 with 0 # x # 0.95,
textured in the form of monodispersed sub-microparticles. The
luminescent properties of the resulting phosphors are discussed in
terms of their structure.
Experimental
Synthesis and characterization of precursors and their mixed
oxides

Solutions containing Gd(III), Ce(III) and Eu(III) nitrates in a total
amount of 5 � 10�3 mol dm�3 and urea 0.5 mol dm�3 were
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 FESEM images of a typical sample of amorphous Ce0.95�xGdx-
Eu0.05(OH)CO3$H2O precursors (left) and the resulting spheroidal
polycrystalline Ce0.95�xGdxEu0.05O1.975�x/2 phosphors obtained after
thermal treatment (right).
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prepared by dissolving the salts in water. All solutions were
made up using analytical grade reagents and deionized water
(18 MU cm) obtained from a Milli-Q apparatus and ltered
through 0.2 mm pore-size cellulose nitrate membranes.

The Eu(III) to total cationic content molar ratio was xed at
5%. The Gd(III) to Ce(III) molar ratio was varied between 0 and
100 (see Table S1†). From now on, the samples will be named
CGX, where X ¼ [Gd(III)]/([Ce(III)] + [Gd(III)]). Typically, the pre-
cursor's precipitation experiments were performed as follows:
25 cm3 of ltered aliquots were poured into 30 cm3 screw-cap-
ped glass tubes, which were then placed in a thermostatized
water bath preheated at 363 K. Aer 3 h, the bottles were
removed and immersed in an ice-water bath to quench the
reaction. Precipitated solids were collected by ltration through
0.2 mm pore size cellulose nitrate membranes, washed three
times with cold water, and dried at room temperature over-
night. The supernatant solutions were stored for chemical
analyses; Gd(III), Eu(III) and Ce(III) concentrations were deter-
mined, within ICP. The precursors' composition was assessed
by CHON elemental analysis.

Mixed oxides (phosphors) were synthesized by heating
precursors for 6 h at 1273 K under an air atmosphere. All
synthesized solids were characterized by powder X-ray diffrac-
tion (PXRD) using the graphite-ltered CuKa radiation
(l ¼ 1.5406 Å), with a step size of 0.02 and 2 s step time. Cell
parameters were estimated from the main reections recorded
between 20 < 2q < 100 degrees.

High resolution scanning electron microscopy (HRSEM)
coupled with Energy Dispersive X-ray Spectroscopy (EDS) was
performed over samples straightly deposited onto conductive
silicon wafer supports with no further metallization.
Characterization of luminescent properties of mixed oxides

The phosphors were grinded and introduced by pressing into
quartz capillary tubes. The excitation and emission spectra were
measured in a front face arrangement under the same conditions
of thickness and slit widths. AnOG515 Schott lter was employed
in the emission to prevent the excitation beam from reaching the
detector. The steady state emission spectra were recorded on a
PTI QuantaMaster QM-1 luminescence spectrometer.
Fig. 2 Middle panel: PXRD patterns of the Ce0.95�xGdxEu0.05O1.975�x/2

phosphors. Indexed patterns of reference oxides Gd2O3; PDF#43-
1014 and Eu2O3; PDF#34-0392 (lower panel), and CeO2; PDF#65-
2975 (upper panel), obtained under similar conditions.
Results and discussion

In the aim of exploring the role of a Gd(III)–Ce(IV) matrix, a
constant cationic fraction of Eu(III) xed at 5% moles over the
total cationic content was chosen. This load offers a good
emission intensity and prevents the undesired non-radiative
Eu(III) to Eu(III) energy transfer, according to previous
reports dealing with related EuxRE2�xO3 matrices.5 Chemical
analyses revealed that all precursors follow the formula
Ce0.95�xGdxEu0.05(OH)CO3$H2O. PXRD inspection revealed an
ill crystallized structure, exhibiting the typical broad diffraction
signals of the so-called amorphous RE basic carbonates, in good
agreement with the chemical composition (data not shown).19,21

Fig. 1 depicts HRSEM images of the typical monodispersed
spherical particles of ca. 200 nm obtained; the size and shape
This journal is © The Royal Society of Chemistry 2014
were preserved irrespective of the Ce(III) to Gd(III) molar ratio.
The precursors were decomposed in air at 1273 K in order to
ensure a proper crystallization and chemical homogeneity in
the phosphors, while preventing the undesired loss of primary
texture due to the eventual sintering of the particles.22,23 Aer
the annealing, the initially monodispersed precursor particles
resulted in contracted 150 nm polycrystalline faceted spheroids;
no major sintering was observed and the particles preserved
their dispersibility (see Fig S1†).

PXRD of phosphors revealed the occurrence of two different
yet related cubic cells (see Fig. 2).
J. Mater. Chem. C, 2014, 2, 1010–1017 | 1011
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For Gd(III)-rich samples, ranging from CG100 to CG50,
reections of the c-type (Ia3 space group) phase related to bare
Gd2O3 were observed, including characteristic 411, 332 and 134
reections placed in the range of 34� < 2q < 44� (see Fig. S2†).
For lower Gd(III) contents, all the reections could be indexed to
a CeO2-like structure (Fm3m space group). Fig. 3 presents the
dependence of the cell parameter, either indexed to Ia3 (RE2O3)
or to Fm3m, (REO2) as a function of the Gd(III) to Ce(IV) molar
ratio. Binary end members indicate that solid solutions with
Eu(III) were achieved. The magnitude of lattice distortion of
sample CG0 with respect to bare CeO2 is fully coincident with
previously reported Eu(III)–Ce(IV) solid solutions,24–26 and obeys
the inherent differences between both cations' radii (see Table
S2†) and the associated oxygen vacancies.27 The CG100 cell also
agrees with the value reported for Gd1.9Eu0.1O3 solid solution,
slightly expanded with respect to the parent Gd2O3 due to the
larger radius of Eu(III) (see Table S2†).28 Inspecting the whole
range of compositions, three zones can be discriminated.
Samples ranging from CG100 to CG60 exhibit a Ia3 or c-type
structure and their cells expand linearly with increasing Ce(IV)
substitution, in excellent agreement with related reports (see
Fig. S3†).29 In contrast, samples ranging from CG0 to CG20
exhibiting a Fm3m cell expand linearly their a parameter with
increasing Gd(III) contents. In this range, a solid solution is also
expected; several trivalent RE cations, including Eu(III) and
Gd(III), can be incorporated within the ceria lattice up to a
cationic molar fraction of 0.25 with no Ia3 phase segrega-
tion.30–34 Typically, under such conditions, the foreign trivalent
cations are placed in sites with six, seven and eight-fold oxygen
coordination environments within the CeO2 lattice.35,36 A higher
incorporation of RE(III) results in the enrichment of RE(III)
dimers associated with oxygen vacancies37 or even nanometric
crystalline Ia3 RE2O3 precipitates.38 In the present case, samples
with Gd(III) contents higher than sample CG20 and lower than
sample CG60 exhibit a constancy in the a parameter. This
intermediate compositional range can be interpreted in terms
of a biphasic system in which a mixture of the aforementioned
solid solutions coexists.

From the aforementioned results, the emissive properties of
each monophasic family of samples will be analyzed separately,
and a comparative discussion will be presented.
Fig. 3 Dependence of the cell parameter a as a function of the Gd(III)
to Ce(IV) ratio; reference values for Gd1.9Eu0.1O3 (>, ref. 28) and
Ce0.95Eu0.05O1.975 (o, ref. 26) are also included.

1012 | J. Mater. Chem. C, 2014, 2, 1010–1017
Spectroscopic measurements

Structural correlations. An interesting and very useful
property of the Eu(III) ions lies in the possibility of using them as
structural probes given their capability to monitor the local
environment in which they are located. This is so because the
dielectric 5D0 /

7F2 (E) transition is known to be hypersensitive,
and then greatly affected by the coordination environment in
which the ion is immersed. On the other hand, the magnetic
dipole transition 5D0 / 7F1 (M) is almost insensitive to the
medium and can be used as an internal standard. In a site with
inversion symmetry, the magnetic dipole transition 5D0 /

7F1
is dominant, while in a site without inversion symmetry the
5D0 /

7F2 electric dipole transition prevails.39 The ratio of the
aforementioned bands, R, provides an insight into the average
symmetry of the Eu(III) environment.

Excitation spectra of CG0 and CG100
CG0 (CeO2 host matrix). When Eu(III) ions are incorporated

within the CeO2 host lattice in loadings lower than 1%, they
tend to isomorphically substitute Ce(IV) cations adopting a
symmetrical Oh environment, reaching R values close to
zero.40,41 In general, dopants with larger ionic radii than Gd(III),
as is the case of Eu(III), tend to repel the oxygen vacancies at the
next-nearest-neighbor (NNN) sites within the CeO2 lattice.42–45

However, the R value can be affected by the annealing condi-
tions.46 It was also observed that for a given Eu(III) content, the
value of R is lower when the matrix is excited at the LMCT band
than when it is directly excited at the intra f–f bands of the
dopant lanthanide.30 For increasing concentrations of Eu(III),
the emission efficiency through its direct excitation is enhanced
up to contents of ca. 15–16%. In parallel, a dramatic rise in the R
value occurs due to the increasing nearest-neighbor (NN)
vacancies, obeying the massive depletion of oxygen ions in the
lattice.9,46 Then, in addition to Oh sites at least three charac-
teristic oxygen vacancy-compensated sites with C3v, C2v or lower
symmetries dene the emission spectra.45 Fig. 4 shows the
excitation spectra of CG0 measured at room temperature. The
bands are assigned as follows: for the CG0 sample the broad
band located at 366 nm corresponds to the LMCT band of
Ce(IV)4f–O2p. The

7F0 / 5D2 (E, electric) transition locates at
468 nm while the bands in the range 520 nm–540 nm corre-
spond to the 7F0,1 /

5D1 (M, magnetic) transitions of Eu(III).47

The number of bands evidences that the environment of Eu(III)
Fig. 4 Excitation spectra of CG100 (left) and CG0 (right) monitored at
lem ¼ 610 nm (black) and lem ¼ 590 nm (red).

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Emission spectrum of CG100 (left) excited at 261 nm (black line)
and at 468 nm (red line). Emission spectrum of CG0 (right) excited at
368 nm (black line) and at 468 nm (red line).
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was distorted as a result of the interstitial Eu(III) and O2�

vacancy defects formed during charge compensation in the
CeO2 matrix with the Eu(III) ions being located in sites with
lower symmetries. When the excitation spectra are monitored at
590 nm (5D0/

7F1, M), the intensity of the magnetic transitions
enhances than when monitored at 612 nm (5D0 / 7F2, E)
allowing the identication of the nature of the transitions in the
matrix. It is known that the band at 468 nm with DJ ¼ �2 is an
electric dipole transition 7F0 /

5D2 and its intensity decreases
when monitored at 590 nm. This can also be conrmed in the
corresponding emission spectra.

The nature of the bands in the 525–535 nm range associated
with the 7F0,1 /

5D1 transitions of Eu(III) seems to be different.
The low intensity band at 528 nm is enhanced when monitored
at 590 nm in agreement with its magnetic nature while the
intensities of the bands at 534 and 538 nm keep unaltered.

CG100 (Gd2O3 host matrix). Since Eu(III) and Gd(III) oxides are
isostructural (Ia3 space group), once introduced into the latter
phase, Eu(III) ions are able to isomorphically substitute Gd(III)
ones developing a vacancy free solid solution. The foreign
cation can either occupy the lattice centrosymmetric sites S6 or
the low symmetry sites C2 which are present in a 1 : 3 ratio,
respectively.48 The S6 sites have an inversion center and there-
fore only the magnetic transitions (M) are allowed according to
the selection rules (DJ¼ 0,/ 1 with J¼ 0/ J¼ 0 forbidden). In
contrast, the C2 sites allow electric dipole transitions (E), with
DJ ¼ 0, �1 and �2 and either electric or magnetic transitions
are allowed. The excitation spectra of CG100 (Fig. 4) were
measured by monitoring the 5D0–

7F2 (C2) emission at 612 nm
and at 590 nm. These spectra show the well-known sharp lines
in the 300 nm to 550 nm region corresponding to the 4f–f
transitions of Eu(III) and Gd(III). In the 300–320 nm range the
7F0,1/

5H3/
5H6 transitions of Eu(III) overlap with the 8S7/2/

6PJ
bands of the Gd(III) ion. The bands located at 394 nm, 468 nm
and 360 nm correspond to the 7F0,1 /

5L6,
7F0 /

5D2 (C2) and
7F0 /

5D4 transitions of Eu(III) in this order. In the 500–550 nm
range the bands of the 7F0,1 /

5D1 transitions can be observed
as well. The broad strong peak with maxima at 261 nm is
assigned to the ligand to metal charge transfer band LMCT
(O2p–Eu4f) while the shoulders located at 234 nm and at 276 nm
correspond to the band gap of the GC100 and to the intra f–f
transitions (8S7/2 /

6IJ) of the Gd(III), respectively.
The band at 528 nm which is also present in the CG0 spec-

trum is assigned to a 7F0 / 5D1 (M) transition as discussed
previously while the band at 534 nm should also be associated
with the 7F0 / 5D1 transition but for sites of lower symmetry
(C2) in the matrix. Energy transfer from Eu(III) (C2 site) to Eu(III)
(S6 site) occurs at room temperature because the energy differ-
ence between the 5D0 levels of both ions can be bridged
thermally.48

From these spectra, it is clear that the excitation energy is
transferred to the Eu(III) ions mostly through the LMCT (O2p–

Eu4f), following the intra f–f transitions (
8S7/2/

6IJ) of the Gd(III)
and the band gap of CG100.

Emission spectra of CG0 and CG100. Fig. 5 shows the
emission spectra of CG100 and CG0. The band assignment is as
follows: 579 nm: 5D0 /

7F0 (E); 589 nm: (5D0 / 7F1); 610 nm
This journal is © The Royal Society of Chemistry 2014
and 631 nm: (5D0 / 7F2) and 653 nm: (5D0 / 7F3).41 In pure
ceria oxide the Ce(IV) ions occupy highly symmetric Oh sites
(inversion center) and the selection rules dictate that only those
transitions with DJ ¼ �1 (M) are allowed. No band associated
with the electric 5D0 /

7F2 transition should be observed in a
perfect Oh symmetry site but given the different charges
between Eu(III) and Ce(IV) ions, the inclusion of the former
introduces oxygen vacancies, relaxing the selection rules.45

Fig. 5 shows that the magnetic 5D0 /
7F1 transition at 590 nm

dominates the spectrum of CG0 over the electric dipole 5D0 /
7F2 bands at 610 and 630 nm (one band for DJ ¼ 1 with the
highest intensity and two bands for DJ ¼ 2), indicating
that the Eu(III) ions locate in sites with symmetry close to Oh.
When the sample is excited at the LMCT band of Ce(IV)4f–O2p

(368 nm), the energy is transferred to the emissive state 5D0 of
the Eu(III) and the most intense emission occurs at 590 nm.

In contrast, when the Eu(III) is directly excited at the electric
dipole transition 7F0 / 5D2 (lexc ¼ 468 nm), the emission
spectrum shows a different pattern because at this wavelength
those transitions that are electrical in nature are being selected
favoring the emission bands with DJ ¼ �2. The emission
spectra of the Eu(III) ions in CG100 (Fig. 5) monitored at two
different excitation wavelengths show the sharpest and most
intense 5D0 / 7F2 (E) transition at 612 nm, together with
another weaker one at 631 nm. The three 5D0–

7F1 (M) transi-
tions locate at 588, 590 and 600 nm while the 5D0–

7F0 (E) locates
at 581 nm. The intensity of the emission of these bands depends
on the excitation wavelength in the following order.

Il¼261,LMCT(Eu4f–O2p) > Il¼276,f–f of Gd(III) [ Il¼234,Band gap y
Il¼466 > Il¼396

This order shows that the energy transfer to the Eu(III) is
most efficient exciting in the LMCT band (Eu4f–O2p). The
assistance of the matrix in the emission spectra of the Eu(III)
ions is evident if we compare them with the emission spectra
obtained by direct excitation of the Eu(III) ions at 468 nm (E) (or
396 nm, not shown).

The number and proles of the bands of the emission
spectra of CG100 differ remarkably from those of CG0 (Fig. 5).
In the emission spectrum of CG0, the electric dipole transition
5D0 /

7F2 (612 nm) of Eu(III) dominates the spectrum over the
magnetic dipole transitions 5D0–

7F1 (588, 593 and 600 nm) and
the 5D0 /

7F0 transition at 581 nm. The bands at 612 nm and
J. Mater. Chem. C, 2014, 2, 1010–1017 | 1013
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631 nm of Eu(III) arise mainly from Eu(III) ions located in low
symmetry C2 sites (DJ ¼ �2) while the bands with DJ ¼ �0, 1
associated with the more symmetric S6 sites are remarkably
depressed.
Fig. 8 Emission spectra of Gd(III)-rich (left) and Ce(IV)-rich (right)
samples excited at 468 nm.
Gd2O3–Ceo2 binary hosts

Excitation and emission spectra. Fig. 6 and 7 show how the
incorporation of Ce(IV) into the Gd2O3 matrix drastically lowers
the intensity of the LMCT (O2p–Eu4f) centered at 261 nm of
CG100 to be replaced by the LMCT band of Ce(IV)4f–O2p.

This broad band gradually enhances and shis from 322 nm
(CG95) to 368 nm (CG0) overlapping the bands at 394 nm and
360 nm of the 7F0,1 /

5L6 and
7F0 /

5D4 transitions of Eu(III) in
this order. For most mixtures, the intensity of the LMCT band of
Ce(IV)4f–O2p is always equal to or lower than the intensity of the
intra f–f band of Eu(III) at 468 nm. These spectra indicate that in
the mixtures, the excitation energy is not being efficiently
transferred from the host to the Eu(III) emissive levels. The most
luminescent emission spectrum is obtained by direct excitation
of the Eu(III) ion at 468 nm for all the binary Ce(IV)–Gd(III) hosts
(Fig. 8). The intensity of the band centered at 590 nm (5D0 /
7F1, M) is equally relevant for the Ce(IV)-rich mixtures when the
samples are excited at the LMCT band.

When the non-symmetric sites are selectively excited (lexc ¼
468 nm), R increases linearly with the gadolinium concentra-
tion indicating that the Eu(III) ions progressively locate in non-
symmetrical environments (NN vacancies), either for the Ce(IV)
or Gd(III) rich families.
Fig. 6 Excitation spectra of Gd(III)-rich (left) and Ce(IV)-rich (right)
samples monitored at 612 nm.

Fig. 7 Excitation spectra of Gd(III)-rich (left) and Ce(IV)-rich (right)
samples monitored at 590 nm.

1014 | J. Mater. Chem. C, 2014, 2, 1010–1017
Fig. 9 shows the emission spectra of the mixtures excited at
the LMCT bands, where all sites occupied by the Eu(III) ions are
excited. The R value increases less markedly with the Gd(III)
content because the more symmetric S6 and Oh sites at which
Eu(III) also locates tend to lower the value of R. Then, the ratio
R ¼ (lexc ¼ 468 nm)/R (lexc ¼ LMCT) would give a rough idea of
the symmetry of the occupation sites in the mixtures.

Fig. 10 shows the variation of R with the Ce(IV) to Gd(III)
molar ratio of the host matrix for lexc ¼ 466 nm and 350 nm.
Additionally, Fig. 11 shows the variation of the intensities of the
Fig. 10 Intensity ratio of Eu(III) 5D0 / 7F2 and 5D0 / 7F1 emission
bands as a function of host composition and excitation wavelength.

Fig. 9 Emission spectra of Gd(III)-rich (left) and Ce(IV)-rich (right)
samples excited at the LMCTO–Ce band. CG100was excited at 315 nm.

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Intensity of Eu(III) emission bands 5D0/
7F2 (,) and 5D0/

7F1
(D) and the sum of both (C), as a function of host composition
(lexc ¼ 468 nm).

Scheme 1 Illustration of a configurational coordinate model for end
members CG0, CG100 and two representative CeO2-like and Gd2O3-
like ternary phosphors. The boxes represent the conduction and
valence bands of each system.
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5D0/7F2, 5D0/7F1 and the sum of both as a function of the host
composition.

Congurational coordinates

The sequence of excitation, relaxation, and emission processes
in the samples can be interpreted in terms of the congura-
tional coordinate model (Scheme 1). In the case of CG0, the
excitation of Eu(III) takes place from the bottom of the 7F0 curve,
rising along the straight vertical line, until it crosses the charge-
transfer state of the LMCT Ce–O. Relaxation occurs along the
LMCT curve and the excitation energy is transferred to 5DJ

manifold to nally relax non-radiatively to the bottom of the 5D0

state followed by emission to 7FJ states.40 In the case of CG100,
the excitation energy is absorbed by the LMCT from the O2�

valence band at the bottom of the 7F0 curve rising along the
straight vertical line to the Gd(III) conduction band at 234 nm
(42735 cm�1). The energy can be directly transferred to the 5DJ

manifold of Eu(III), or to the LMCT Eu–O (38314 cm�1 ¼ 261
nm). A similar route can be taken by direct excitation of the
LMCT Eu–O: the energy can be transferred to the 5DJ manifold
of Eu(III) or to the intra f–f 6IJ excited states of the Gd(III) ions
(276 nm ¼ 36232 cm�1) before reaching the 5DJ manifold of
Eu(III) to relax radiatively to the 7FJ states. Experimentally, it is
observed that the energy transfer from the LMCT Eu–O band at
261 nm to the excited states of the Eu(III) ion in this matrix is the
most efficient mechanism to sensitize the emission of Eu(III).
The band gap of the Gd2O3 lies much higher in energy than the
LMCT Eu–O and the intra f–f Gd(III) excited states.

Concerning the binary hosts, when 5% Ce(IV) is added to
Gd2O3, the excitation spectrum of CG95 shows that the intensity
of the broad band centered at 261 nm of the Gd2O3 decreases
remarkably with respect to CG100 (refer to Fig. 7 and 8). For
CG90, this band is already absent while the broad band of CeO2

(LMCTO–Ce) increases very slightly shiing from 325 nm to 368
nm in CG0. The fact that the broad band centered at 261 nm is
absent in the excitation spectra of these mixtures
This journal is © The Royal Society of Chemistry 2014
(lem ¼ 612 nm) means that the energy is not being efficiently
transferred from the LMCT Eu–O of the host to the 5DJmanifold
of Eu(III) or to the intra f–f 6IJ excited states of the Gd(III) ions
before reaching the 5DJ manifold of Eu(III) to relax radiatively to
the 7FJ states.

As the oxides become richer in Ce(IV), the LMTCCe–O band
enhances at the expense of a decrease in the intra 4f–f bands of
the Eu(III) ion, the intensity of the band associated with the 5D2

/ 7F0 transition being always higher in the excitation spectra of
all the mixtures.

The excitation energy can be absorbed from the bottom of the
7F0 curve rising along the straight vertical line to the LMTCCe–O,
and transferred to the 5DJ sates of Eu(III) to relax radiatively to its
7FJ manifold. Alternatively, the most efficient is the direct exci-
tation of the samples from the bottom of the 7F0 curve to the
excited 5D2 level of the Eu(III) ion, with no matrix assistance. In
fact, the LMTCCe–O band lies at much lower energy values than
the bands associated with the Gd2O3 host, and therefore it
crosses the excited 5D0 manifold of Eu(III) at lower energies. The
results show that for the present level of Eu(III) dopant concen-
tration in the mixtures, the band from the higher excited level
7F0 /

5D2 at 468 nm is present in all the excitation spectra and
enhances as the samples become richer in ceria up to CG20 with
the direct excitation of the Eu(III) being the most efficient way to
obtain the most intense emission spectra.

For both families, the partial substitution of host cations
dramatically decreases the efficiency of LMCT based emission,
with respect to their respective endmembers (CG0 and CG100). In
contrast, straight excitation of Eu(III) with visible light is enhanced
with respect to them, once the host is partially substituted. Just
considering the end members, CG100 offers emission intensities
as high as 5 times of that exhibited by CG0. However, a CeO2-like
rich host dramatically improves this value with the highest Gd(III)
content (sample CG20), almost reaching the value of CG100.
Conclusions

Monodispersed spheroidal sub-microparticles obeying the
general formula Ce0.95�xGdxEu0.05O1.975�x/2, with 0 # x # 0.95,
were obtained by the urea method coupled with a high
temperature oxidative annealing. Samples with 0.57 # x # 0.95
J. Mater. Chem. C, 2014, 2, 1010–1017 | 1015
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exhibit a c-type structure while a Fm3m-type structure was found
for 0 # x # 0.19. For both ternary families, the partial substi-
tution of host cations dramatically decreases the efficiency of
the ligand to metal charge transfer (LMCT) based emission,
with respect to their binary end members. The present Eu(III)
based phosphors offer the possibility to be used as bio-probes
given their ability to be excited at non-harmful radiation ranges.
For both structures, the binary Ce(IV)–Gd(III) host improved
emission with respect to Gd0.95Eu0.05O1.5 and Ce0.95Eu0.05O1.975

hosts, achieving an optimum value for the sample Ce0.23G-
d0.71Eu0.05O1.6 with a Ia3 structure.
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