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ials containing ytterbium: low and
high concentration – luminescence analyzed in the
near infrared region†

Sitshengisiwe Chemura,a Tim Schrumpf,a Christina Günterb

and Michael U. Kumke *a

Lanthanide based ceria nanomaterials are important practical materials due to the redox properties that are

useful in the avenues pertaining to technology and life sciences. Sub 10 nm spherical and highly

monodisperse Ce1−xYbxO2−y (0.04 # x # 0.22) nanoparticles were synthesized by thermal

decomposition, annealed separately at 773 K and 1273 K for 2 hours and characterized. Elemental

mapping for Yb3+ doped ceria nanoparticles shows homogeneous distribution of Yb3+ atoms in the ceria

with low Yb3+ content annealed at 773 K and 1273 K for 2 hours. However, clusters are observed for 773

K annealed ceria samples with high concentration of Yb3+. These clusters are not detected in 1273 K

annealed nanomaterials. Introducing small amounts of Yb3+ ions into the ceria lattice as spectroscopic

probes can provide detailed information about the atomic structure and local environments allowing the

monitoring of small structural changes, such as clustering. The emission spectra observed at room

temperature and at 4 K have a manifold of bands that corresponds to the 2F5/2 / 2F7/2 transition of Yb3+

ions. Some small shifts are observed in the Stark splitting pattern depending on the sample and the

annealing conditions. The deconvolution by PARAFAC analysis yielded luminescence decay kinetics as

well as the associated luminescence spectra of three species for each of the low Yb3+ doped ceria

samples annealed at 773 K and one species for the 1273 K annealed samples. However, the ceria samples

with high concentration of Yb3+ annealed at the two temperatures showed only one species with lower

decay times as compared to the low Yb3+ doped ceria samples.
Introduction

Ceria, CeO2, is one of themost important materials in industrial
applications: in solid oxide fuel cells, in biomedical applica-
tions, and as heterogeneous catalysts.1–5 Modifying the struc-
ture of pure CeO2 through doping (or mixing) with lanthanide
ions (Ln3+) or tetravalent ions increases its lattice oxygen
mobility. This in turn modies the redox properties of the
oxide.6,7 CeO2 can be easily altered by doping with other rare-
earth ions for example Yb3+, because of their comparable
ionic radii. Yb3+ has an ionic radius of 0.0985 nm which is close
to that of Ce4+ (0.0970 nm) and Ce3+ (0.1143 nm).4,8–10During the
modication process of the crystal lattice, the incorporation of
the Yb3+ or other lanthanides ions results in the Ce4+ ions
substitution.1 The consequence is a one charge-compensating
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oxygen vacancy for every two trivalent dopants, resulting in
multifaceted possible arrangements between Ce4+, Ln3+, O2−

and oxygen vacancies.7,11,12 Yb3+ doped in nanomaterials nds
many applications such as sensitizer in up-conversion and also
as luminescence probe showing near infra-red (NIR) emis-
sion.13,14 Like other Ln3+ ions, Yb3+ can exhibit sharp lumines-
cence bands via intra-4f or 4f–5d transitions.15 Taking
advantage of this noble property, Yb3+ doped nanomaterials are
an integral part of many lasers.16–19 With Yb3+ doping, highly
desired imaging in the NIR spectral range is enabled which is
otherwise hardly possible with other materials.1 The preferred
oxidation state of ytterbium is +III (f13), but the +II (f14) can also
be formed. Depending on its oxidation state f–f transitions or f–
d-transitions can be observed. In complexes and solids Yb3+

ions can be found in different local symmetries, for example
during formation of ceria, some of the Yb3+ ions substitute for
the Ce ions and situate themselves in cubic (Oh), tetragonal
(C4v), or trigonal C3v environments. These three sites can be
accurately detected optically and only at very low dopant
concentrations as there are no complex centers and defects in
the lattices, which occur as a result of aggregates of Yb3+ ions
when they are present in higher concentrations.20 Thus, at high
concentrations an exclusive type of Yb3+ luminescent center is
RSC Adv., 2023, 13, 35445–35456 | 35445
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formed which dominates the emission. This has also been re-
ported for CaF2:Yb

3+ nanomaterials.21–23

The Yb3+ ion has the electronic ground and excited states
assigned to the 2F7/2 and

2F5/2 state, respectively.24,25 Depending
on the crystal eld, these can be further split into Stark level
multiplets. At a low Cs symmetry, the ground state 2F7/2 can split
into four and the excited state 2F5/2 into three Kramer's
doublets.16,20,25–27 Thus, the transitions between the splitting
levels are sensitive to the lattice site environment and also to the
thermal vibration of crystal lattice occurring at room tempera-
ture and therefore thermal processes play a crucial part on the
optical properties of the system.19,25,28

Trivalent rare-earth ions doped nanomaterials have
a tendency to form cluster structures that contain at least two
rare-earth ions in close environments and that are lumines-
cence quenching centers.20 An additional luminescence
quenching process can occur as a result of internal defects
inside the oxide lattice, e.g., of CeO2, when Yb3+ are available in
the lattice at high concentrations.1 Yb3+ clusters can likewise act
as trapping centers resulting in a fast-non-radiative decay.29,30

Additionally, luminescence quenching takes place through
cooperative luminescence between Yb3+–Yb3+ pairs. Annealing
nanoparticles containing Yb3+ ions results in improved crys-
talline structure and to a greater extent eliminates quenching
centers resulting in intensication of high temperature
annealed samples' NIR emission.17 With the Gd2O3:Yb

3+ phos-
phor, luminescence intensity was observed to become higher
with increasing annealing temperature.27 This is envisaged to be
due to lattice distortion which is eliminated by heating to
a higher temperature and promoting crystallite growth, which
in turn is responsible for the enhancement of NIR emission.
Annealing Yb3+ doped CaF2 crystals in inert atmosphere also
resulted in the reduction of Yb3+ to Yb2+ energy transfer and this
also reported for BaZrO3:Yb

3+ aer a calcination at 1273 K.17

Upconversion luminescence has been used to track Yb3+

distribution in a ceria lattice incorporated with other lantha-
nide ions and corroborate the data from XRD and Raman on the
formation of homogeneous solid solutions.29 In these materials,
the down conversion luminescence of Yb3+ is seldom examined.
Instead, the luminescence of the activator ions (Er3+, Tm3+ or
Ho3+) is detected.

In this work, the luminescence of Yb3+ ions in ceria-based
mixed oxides Ce1−xYbxO2 was investigated using time-resolved
laser uorescence spectroscopy (TRLFS). The dependence of
the luminescence on the concentration of Yb3+ ions in ceria and
on annealing temperatures was examined. The TRLFS experi-
ments were carried out at room temperature and at 4 K (cryo-
genic conditions) in order to elucidate the distribution of Yb3+

ion in the ceria lattice, e.g., with respect the presence of lattice
defects or to clustering.

Experimental section
Ce1−xYbxO2 nanomaterial synthesis

Thermal decomposition method was used to synthesize ceria
nanoparticles doped (low content) or mixed (high content) with
ytterbium. The protocol from Lee et al. was used with
35446 | RSC Adv., 2023, 13, 35445–35456
modications.31 Briey, ytterbium(III) nitrate pentahydrate,
99.9% (0.03 mmol; 0.0135 g), cerium(III) nitrate hexahydrate,
99.9% (0.97 mmol; 0.4212 g) were dissolved in oleylamine,
technical grade, 70% (0.990 mL; 0.805 g) and 1-octadecene,
technical grade, 90% (5 mL; 4 g). All chemicals were procured
from Sigma-Aldrich and used without further purication. The
mix proportions of ytterbium and cerium were varied according
to the desired nal product. The mixture was stirred (600 rpm
and at 353 K) for 30 min under vacuum (∼50 mbar) until a clear
brownish yellow solution was formed. Thereaer, it was heated
to 533 K to react for 2 h. Aer cooling to room temperature,
80 mL acetone was added to the solution and the nanoparticles
were collected by centrifugation (30 min; 4500 rpm) using an
Eppendorf centrifuge (Model 5804, Eppendorf, Germany). The
nanoparticles were redispersed in hexane (max. 3 mL). The
nanoparticles were washed three more times in the same way
and nally dispersed in 10 mL hexane and stored in the fridge
for further analyses. To obtain a powder, the volumes of the
nanoparticle solvent were reduced in a Heidolph rotary evapo-
rator equipped to a Heidolph vacuum pump, before being dried
in an oven at 353 K for an hour. The powders were calcined in
air at 773 K and 1273 K for 2 h aer that (in an oven MLM VEB
Electro Bad Frankenhausen, WMW AG Maschinenbau,
Germany).
Ce1−xYbxO2 nanomaterial characterization

The powders were characterized by XRD, TEM, Raman spec-
troscopy, and TRLFS at room as well as ultra-low temperature.
X-ray powder diffraction data were collected on a PANalytical
Empyrean powder X-ray diffractometer in a Bragg–Brentano
geometry. It is equipped with a PIXcel1D detector using Cu Ka
radiation (l = 1.54187 Å) operating at 40 kV and 40 mA. q/q
scans were run in a 2q range of 4–70° with step size of 0.0131°
and a sample rotation time of 1 s. The diffractometer is
equipped with a programmable divergence and anti-scatter slit,
and a large Ni-beta lter. The detector was set to continuous
mode with an active length of 3.0061°. The sizes of the crys-
tallites were calculated using the Debye–Scherrer-equation:

D ¼ Kl

b cos q
(1)

where D is the crystallite size, K= 0.9; the Scherrer constant, l=
0.15418 nm, b is the FWHM in radians and q is the peak posi-
tion in radians.

The lattice parameter a was calculated using the formulae:

d ¼ l

2 sin q
(2)

a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
(3)

where a is the lattice parameter, d is the inter-planar spacing,
and q is the diffraction angle of the peak with the highest
intensity.

Raman spectra were recorded to examine the lattice vibra-
tions in the nanomaterials at room temperature with an exci-
tation source of 633 nm laser using a Ramanmicroscope (Witec,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM micrographs for as-synthesized Ce1−xYbxO2 nano-
materials. The particles sizes of the as-synthesized nanoparticles were
determined to be 6 ± 1 nm.
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Alpha 300) with a grating of 2400 L mm−1 equipped with Andor
DU401-BR-DD-352 CCD camera. 10× objective was used.

Scanning electron microscopy (SEM) and energy dispersive
X-ray diffraction (EDXS) experiments were done on a JEOL JSM-
6510 with a W-lament operated at 15 kV and equipped with an
Oxford Instruments INCAx-act detector. Small amounts of the
samples were deposited on a carbon glue pad. Prior to analysis,
all samples were coated with 25 nm of carbon by vaporizing
a thin carbon wire under extremely high temperatures in
a vacuum chamber using a Polaron CC7650 Carbon Coater. The
back scattered electron (BSE) detector was used for material
contrast, the secondary electron (SEE) detector for topographic
images at 15 kV. TEM measurements were done using a JEOL
microscope (Model JEM 1011). The ImageJ soware was used in
the nanoparticle size calculation, for which 100 nanoparticles
were considered in each case.

The time-resolved laser uorescence spectroscopy (TRLFS)
experiments were carried out using the box car method. The
initial gate delay, Dt was set to 5 ms and the gate width was 100
ms using a slit width of 10 mm. Yb3+ ions were excited at lex =
915 nm. Fluorescence line narrowing spectroscopy measure-
ments were accomplished by cooling samples contained in
NMR tubes to T = 5 K using a closed cycle liquid helium cryo-
stat. The cryostat is composed of a helium compressor unit
(CKW-21, Sumitomo Heavy Industries Ltd.), a vacuum pump for
the sample chamber (Turbolab 80, Oerlikon Leybold Vacuum),
and a temperature controller (331, Lakeshore). A pulsed Nd:YAG
laser (Quanta Ray, Spectra Physics, USA) with a set repetition
rate of 10 Hz was coupled to an optical parametric oscillator
(OPO, GWU Lasertechnik, Germany), serving as excitation light
source. The excitation light was coupled into one of the
branches of a Y-shaped ber bundle, whereas the other branch
was connected to a spectrograph (Kymera KY328i, Andor
Technology, Oxford Instruments, equipped with a 300 L mm−1

grating) combined with an intensied charge-coupled device
(iCCD) camera (iStar iCCD-06389, Andor Technology, Oxford
Instruments). The time resolved emission data were analyzed by
the parallel factor analysis (PARAFAC) algorithm, using MAT-
LAB 2021b soware (The MathWorks, Inc.).

The PARAFAC algorithm deconvolutes time delay and exci-
tation dependent emission data based on the assumption that
the total measured emission is the superposition of the
weighted single species emission.32,33 This way it is possible to
deconvolute the data into the luminescence decay kinetics and
emission spectra of each ytterbium species. Deconvolution
using a monoexponential constraint in the time dimension was
done by the procedure described by.34 The term “species”
describes groups of ytterbium ions located in identical lattice
sites, yielding the same emission spectrum and decay kinetics.
In case of a distribution with only minimal different lattice
sites, PARAFAC will fuse those into a single species with an
average emission spectrum or decay kinetics. The number of
species present is judged by the core consistency value. The
TRES results of the ceria–Yb mixed oxides samples are two-
dimensional (delay-emission tensor) and were deconvoluted
in one global function thus, no reasonable core consistencies
were calculated in these cases.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Basic characterization of Ce1−xYbxO2 nanomaterial

TEM. The morphology of the powders was analyzed by TEM.
TEM micrographs for as-synthesized CeO2:Yb

3+ nanoparticles
are shown in Fig. 1. The micrographs display nano-sized single
particles, highly monodisperse, which are spherical in shape.
With the increase of the Yb3+ concentration, the sizes of the
nanoparticles decrease only slightly. These materials were
further used and annealed at 773 K as well as 1273 K.

XRD. Fig. 2 shows the X-ray diffraction patterns of low
concentration Yb3+–ceria (set 1, le) and high concentration
Yb3+–ceria samples (set 2, right) annealed at T= 773 K and 1273
K, respectively. For all samples six diffraction peaks are
observed. Calculations using the Debye–Scherrer equation (eqn
(1)) show that the crystallite size decreased inversely with the
Yb3+ concentration in the samples (see Table 1). Additionally,
a minor shi to lower 2q values of the peak at 28.57° (for
Ce0.996Yb0.004O2) with the increase in Yb3+ concentration is
observed. For T = 773 K, broader peaks are found indicating
a smaller crystallite size in these samples compared to the
higher annealing temperature. As an example, for the inuence
of the annealing temperature, for the lowest Yb3+–ceria nano-
particles, the value of FWHM for the rst peak decreased by
a factor of ve from 0.73 to 0.14 (see Table 1). Thus, an increase
of the annealing temperature to 1273 K caused a substantial
increase in crystallite size, suggesting melting and formation of
larger aggregates in the crystal lattice. Although all the powders
annealed at 1273 K were well crystallized (Fig. 2), there was no
appearance of any peaks related to an isolated Yb3+-phases.
Diffraction peak positions of all samples match with standard
diffraction positions of cubic uorite CeO2:Yb (standard card
PDF 98-018-2971). Based on the Debye–Scherrer equation, the
crystallite size of the nanomaterials decreases by 33%
comparing nanomaterials of set 1 and set 2 (as shown in Table
1). With the increase in calcination temperature to 1273 K, the
RSC Adv., 2023, 13, 35445–35456 | 35447
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Fig. 2 XRD patterns of the 773 K and 1273 K annealed Ce1−xYbxO2 nanomaterials (x= 0.004, 0.01, 0.03 and 0.05) (set 1, left) and for (x= 0.15, 0.18
and 0.22) (set 2, right).
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diffraction patterns slightly moved toward the higher 2q values,
which is in accordance with reports on the same nanomaterials
synthesized by Florea et al.12

The lattice parameter for the lowest Yb3+ concentration
(0.04 mol%) was calculated to be 0.5416 nm, but it varied from
0.5417 nm (for 1 mol% Yb–ceria) to 0.5412 nm (for 5 mol% Yb–
ceria), as calculated from eqn (2) and (3). The difference in the
lattice parameter shi can be directly related to the ionic radii of
the dopant as compared to the host. There is a slight decrease in
lattice parameter by introducing more Yb3+ ions in the host ion.
The results are consistent with that observed by Babu et al. and
supports that doping smaller trivalent ions e.g. Yb3+ (ionic
radius 0.0985 nm) in ceria results in its lattice contraction. The
extent of the lattice parameter change depends on the concen-
tration of the trivalent dopant ion.35 Our results are also in line
with what was observed by Giannici et al., where lattice
contraction occurs with Yb3+ ion mixing into CeO2.36 However,
Matović et al. observed an increase in the lattice parameters
from a Yb3+ ions mixing concentration range of 5% to 20%.4

The effect of the higher annealing temperature on the
samples is corroborated by the morphology results from SEM
examinations (Fig. SI1†). No (signicant) differences between
set 1 and set 2 are found in XRD patterns, which indicate that no
additional phase due to high Yb3+ ions content is formed or that
would point to clustering of Yb3+ in the lattice.
Table 1 Crystallite size and lattice parameter of set 1 and set 2 at the tw

Sample Size (nm) Peak position (°)

Annealing temperature 773 K 1273 K 773 K 1273 K

Ce0.996Yb0.004O2 12.4 � 0.2 78.7 � 2.3 28.57 � 1.2 × 10−3 28.54 �
Ce0.99Yb0.01O2 12.5 � 0.2 71.6 � 1.8 28.60 � 2.0 × 10−3 28.53 �
Ce0.97Yb0.03O2 12.4 � 0.2 40.5 � 1.0 28.56 � 9.5 × 10−4 28.55 �
Ce0.95Yb0.05O2 9.4 � 0.2 36.7 � 0.7 28.56 � 1.4 × 10−3 28.55 �
Ce0.85Yb0.15O2 8.0 � 0.3 40.7 � 0.6 28.58 � 1.7 × 10−3 28.65 �
Ce0.82Yb0.18O2 7.6 � 0.3 40.0 � 0.6 28.55 � 1.1 × 10−3 28.67 �
Ce0.78Yb0.22O2 8.0 � 0.2 — 28.59 � 1.6 × 10−3 —

35448 | RSC Adv., 2023, 13, 35445–35456
Raman spectroscopy. Raman data to determine the anion
ordering in the samples were collected complementary to XRD
data. Fig. 3 (top) shows the Raman spectra of 773 K annealed
ceria nanomaterials with increasing Yb3+ concentration from
0.04 to 22 mol% (both sets).

Four vibrational modes are observed in the Raman spectra.
These are around 268, 464, 560, and 610 cm−1, respectively. The
prominent peak at 464 cm−1 corresponds to the triply degen-
erate F2g Raman active mode of the uorite structure. It is
viewed as a symmetric breathing mode of the oxygen atoms
around cerium ions.11 This peak is slightly blue shied and
becomes progressively broader (see FWHM in Table 2) and
asymmetric with an increase in Yb3+ concentration. The inten-
sity of the two modes that appear around 560 and 610 cm−1

(referred to as T and C respectively) gain intensity with
increasing the Yb3+ concentration in the samples.

These defect modes are assigned to extrinsic vacancies
induced by Yb3+ doping and the presence of Ce3+, respectively.3

As a consequence a substantial amount of oxygen vacancies due
to charge compensation is introduced in the materials as the
amount of Yb3+ increases as also reported by Florea et al.12 A
very weak Raman mode around 268 cm−1 can be seen for the
samples of set 2 heated at 773 K. Annealing at 1273 K intensies
this peak and result in the red shi of this mode to around
250 cm−1.
o annealing temperatures with increasing Yb3+ concentration

FWHM (°)

Lattice parameter (nm)773 K 1273 K

6.1 × 10−4 0.73 � 0.0029 0.14 � 0.0015 0.5416 � 1.8 × 10−4

6.4 × 10−4 1.42 � 0.0048 0.15 � 0.0015 0.5417 � 1.8 × 10−4

5.4 × 10−4 0.73 � 0.0023 0.16 � 0.0013 0.5414 � 2.5 × 10−4

5.1 × 10−4 1.02 � 0.0033 0.17 � 0.0012 0.5412 � 2.1 × 10−4

3.3 × 10−4 1.29 � 0.0041 0.18 � 7.7 × 10−4 —
3.1 × 10−4 0.74 � 0.0026 0.18 � 7.4 × 10−4 —

1.24 � 3.7 × 10−3 — —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of ceria nanomaterials annealed at 773 K (top)
and at 1273 K (bottom) with increasing Yb3+ concentration from 0.04
to 22 mol%. (llaser = 633 nm).

Table 2 Yb3+ doping and calcination temperature effect on the F2g
Raman mode of CeO2

Sample FWHM (cm−1)

Annealing
temperature 773 K 1273 K

Ce0.996Yb0.004O2 20.5 � 0.2 12.8 � 0.1
Ce0.99Yb0.01O2 20.6 � 0.2 12.4 � 0.1
Ce0.97Yb0.03O2 22.3 � 0.2 14.4 � 0.1
Ce0.95Yb0.05O2 26.6 � 0.3 14.4 � 0.1
Ce0.85Yb0.15O2 42.0 � 0.6 32.0 � 0.4
Ce0.82Yb0.18O2 42.0 � 0.0 36.7 � 0.4
Ce0.78Yb0.22O2 41.2 � 0.6 —
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As shown in Table 1, annealing the nanomaterials at 1273 K
promotes the increase in the crystalline size. This might lead to
the noticeable decrease in the FWHM of the F2g peak of the
Raman spectra with annealing temperature, as shown in Table
2 and Fig. 3 (bottom). A slight blue shi in the F2g peak is also
observed with the higher calcination temperature.
© 2023 The Author(s). Published by the Royal Society of Chemistry
SEM. The topography of the nanomaterials was analyzed by
SEM. The micrographs of Ce1−xYbxO2 powders are presented in
Fig. SI1† (773 K, le column and 1273 K, right column). The
SEM micrographs for 773 K annealed Yb3+–ceria samples
display that the nanomaterials have an irregular shape, have
ssures and rough surfaces. The microstructural observation of
the 1273 K annealed powder of set 1 shows distinct agglomer-
ation of individual crystals (especially seen for low Yb3+

content). The micrographs established in some parts that there
is formation of clean grains with distinct grain boundaries, to
demonstrate that the grains are roughly equiaxial and
condensed (can be clearly seen in the 1273 K annealed
Ce0.996Yb0.004O2 sample). With higher Yb3+ concentration, the
surface becomes smoother and the ssures becomes less
distinct, especially for the high annealing temperature.

Elemental analysis. Elemental analysis was done to deter-
mine the elemental compositions of the samples (only cerium,
oxygen and ytterbium are seen in the EDX spectra). The results
are shown for Ce0.97Yb0.03O2 and Ce0.85Yb0.15O2 annealed at
1273 K in Fig. 4. The ratios of Ce, Yb, O is nearly consistent with
the nominal composition used in the synthesis.

Fig. 5 shows the elemental maps for Ce0.97Yb0.03O2 and
Ce0.82Yb0.18O2 nanomaterials annealed at 773 K and 1273 K,
respectively. Those for the Ce1−xYbxO2 (x = 0.04 and 0.15)
nanomaterials are shown in the Fig. SI2.† The maps display
homogeneous distribution of the ytterbium atoms in the ceria
matrix for low Yb3+ contents (set 1 annealed at 773 K) and
appear homogeneous for set 1 and 2 annealed at 1273 K. In case
of set 2 samples annealed at 773 K high concentration areas are
observed in some parts of the maps, which point to Yb3+ clus-
ters. It is interesting to note that when the samples are annealed
at 1273 K, the clusters are destroyed, which goes in line with the
luminescence results (vide infra) and those obtained by Oliva
et al.17 On the other hand, XRD did not indicate the formation of
clusters.

Luminescence spectroscopy of nanomaterials Ce1−xYbxO2

with low Yb3+ content (x # 0.05, set 1). The emission spectra of
the samples were collected at room temperature and at cryo-
genic conditions. Fig. 6 shows the emission spectra of 773 K
annealed samples.

Nine broad peaks are observed at room temperature (top) in
the NIR region (a list of peak position obtained from Gaussian
tting is given in the ESI†). The manifold corresponds to the
Stark levels of the 2F5/2 / 2F7/2 transition of Yb3+ ions in
different environments.19,27 There are two dominant peaks, the
972 nm and that around 976 nm. Based on the position of the
emission lines, it can be hypothesized that the Yb3+ ions are
located in C3v, and C4v symmetry environments, in the samples.
These ndings have been found in CaF2:Yb

3+ samples.20–22

These symmetries are possible locations for Yb3+ ions in the
ceria matrix due to defects sites or lattice distortions when the
Yb3+ ions replace some of the cerium ions in the lattice. The
intensity of the peak around 972 nm increases signicantly as
the concentration in Yb3+ increases from 1 to 5 mol%. The
opposite happens with the intensity of the 976 nm peak. At
room temperature, the homogeneous and inhomogeneous
RSC Adv., 2023, 13, 35445–35456 | 35449
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Fig. 4 EDX spectrum and elemental composition chart for Ce0.97Yb0.03O2 and Ce0.85Yb0.15O2 annealed at 1273 K.
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broadenings in the spectral emission are strong, thus the
transition between sub-levels is not totally resolved especially
for peaks in the high NIR wavelengths. Thermal vibrations
within the lattice could also account for the background
observed, but further analysis is needed to conrm its origin.

Fig. 6 (bottom) shows that at 4 K, the peaks in the emission
spectra become sharper and better resolved as homogeneous
and inhomogeneous broadenings are effectively reduced. The
peaks at around 972 nm and around 1028 nm become more
intense with cooling, especially for the lowest Yb3+ concentra-
tion containing sample. Also, the 976 nm peak intensity is
effectively reduced as compared to the room temperature
results. In comparison with the emission spectra at room
Fig. 5 Elemental maps for Ce0.97Yb0.03O2 and Ce0.82Yb0.18O2 nanomate

35450 | RSC Adv., 2023, 13, 35445–35456
temperature, the 972 nm is slightly red shied and the 976 nm
peak slightly blue shied as a result of cooling. This can imply
that as minor adjustments of the local environment around
Yb3+ occur, polarizability of the ligands slightly change. It can
be conrmed that the 976 nm peaks belong to the C3v

symmetry.20,22 The small shis observed are induced by the
changes of the crystal eld around the Yb3+ ions.

The emission spectra of Ce1−xYbxO2 nanocrystals (x # 0.05)
aer annealing at 1273 K collected at room temperature (le)
and at 4 K (right) are illustrated in Fig. 7. The shape of the
emission spectra (e.g., number of emission peaks) changes with
annealing temperature. At room temperature, the 972 nm peak
is most prevalent and is observed along with two broad peaks as
rials annealed at 773 K and 1273 K for 2 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Normalized emission spectra of 773 K annealed nanoparticles
collected at T = 295 K (top) and T = 4 K (bottom). The Yb3+ lumi-
nescence was excited at lexcitation = 915 nm. The delay after the laser
pulse was 5 ms and the gate width used was 100 ms.

Table 3 FWHM of the luminescence peak at 976 nm of Ce1−xYbxO2

nanomaterials (x# 0.05) annealed at 1273 K measured at RT and at 4 K
and FWHM of the luminescence of the dominant peaks of the nano-
materials (x $ 0.15) annealed at 773 K and 1273 K

Sample

FWHM976 (nm)
FWHMdominant

peak (nm)

RT_773 4 K_773 RT_1273 4 K_1273

Ce0.996Yb0.004O2 — — 5.8 � 0.1 1.8 � 0.0
Ce0.99Yb0.01O2 — — 6.1 � 0.1 2.0 � 0.0
Ce0.97Yb0.03O2 — — 7.4 � 0.2 2.1 � 0.0
Ce0.95Yb0.05O2 — — 9.3 � 0.3 3.0 � 0.8
Ce0.85Yb0.15O2 12.1 � 0.6 12.4 � 0.2 4.5 � 0.1 3.9 � 0.2
Ce0.82Yb0.18O2 15.7 � 0.7 12.7 � 0.1 4.7 � 0.1 3.9 � 0.2
Ce0.78Yb0.22O2 16.7 � 1.1 12.8 � 0.1 4.8 � 0.2 4.5 � 0.3
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well as shoulder peaks between 950 nm and 970 nm. The most
dominant peak is blue shied and the FWHM increases with
the increase of the Yb3+ ions amount (see Table 3). Lattice
Fig. 7 Emission spectra of Ce1−xYbxO2 nanomaterials (set 1, x# 0.05) ann
K (right). A shoulder on the emission spectra around 976 nm is circled. The
as an inset showing that two sub-peaks (fit peak 1 and 2) can be extracte
The luminescence was excited at lexcitation = 915 nm. The delay after th

© 2023 The Author(s). Published by the Royal Society of Chemistry
distortion is removed as crystallite growth is promoted with the
higher annealing temperature resulting in the enhancement of
the luminescence. Due to the position of the emission peaks
and the Stark splitting pattern it is likely that the Yb3+ ions are
located in C4v and C3v symmetry environments like in the room
temperature results, although the peak positions are slightly
shied.20

The emission spectra of 1273 K annealed samples measured
at 4 K again show sharper peaks compared to the spectra
measured at room temperature (see Fig. 7, right). This is
because the processes contributing to the spectral broadening
of electronic transitions are reduced. The main feature in the
emission spectra is the relatively sharp band around 972 nm.
This peak is blue shied with the increase in the Yb3+ ion
concentration and red shied with respect to the room
temperature data. Although the peaks are narrower than those
from room temperature measurements, it is still observed that
there is an increase in the FWHM, with an increase in the
concentration of Yb3+ ions (vide infra). Also, the 1028 nm peak is
ealed at 1273 K andmeasured at room temperature (left) as well as at 4
Gauss deconvoluted fit for nanoparticles with 3mol% Yb3+ is displayed
d. These peaks have a maximum at 971.7 nm and 973 nm respectively.
e laser pulse was 5 ms and the gate width used was 100 ms.

RSC Adv., 2023, 13, 35445–35456 | 35451
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red shied as the concentration of the Yb3+ ions increase in the
samples. This may be a result of a mild modication of the local
environment around Yb3+.37 The peaks around 967 nm are
better resolved, too (see Fig. 7, le and right, respectively). There
appears to be a shoulder around 976 nm (circled) that is
protruding especially for samples with 0.4, 1 and 3 mol% Yb3+

ions. The Gauss deconvoluted t for Ce0.97Yb0.03O2 displayed as
an inset in Fig. 7 (right) shows that two sub-peaks can be tted
in the original 972 nm peak. These curves have a maximum at
971.7 and 973 nm respectively.

Luminescence kinetics and PARAFAC analysis Ce1−xYbxO2

nanomaterials with (set 1, x # 0.05). The time-resolved emis-
sion data were evaluated using parallel factor analysis (PAR-
AFAC). The PARAFAC analysis yielded the separated emission
spectra and the luminescence decay times of the respective
homogeneous group of Yb3+ ions that are found on dened, iso-
symmetric lattice sites in ceria, herein referred to as Yb3+

species (Sp1–Sp3, see Fig. 8) present in set 1. Fig. 8 shows the RT
(le) and 4 K (right) emission spectra PARAFAC results of 773 K
annealed nanomaterials.

For room temperature three species were determined to be
present in set 1 samples. The emission spectra are composed of
broad peaks. The luminescence decay times for the species Sp1 and
Sp2 are 583.2 ms and 1324.5 ms respectively. Species Sp3 has the
least relative emission contribution and thus the determination of
the respective decay time very inaccurate. Based on the emission
peak pattern, Sp3 can be assigned to Yb3+ ions occupying a trigonal
symmetry environment. On the other hand, for species Sp1 and Sp2
the C4v and C3v symmetries are assigned based on the location of
emission peaks observed for CaF2:Yb

3+ ceramics.21–23,38

Yb3+ ions in three different chemical environments are seen
aer cooling the samples to 4 K (Fig. 8, right) as well. The
spectra display sharper, better resolved, and more intense
signals compared to room temperature data. Moreover, the
peaks also show a blue shi (as also seen in the raw data).
Although, the spectrum from species Sp3 has a shoulder around
976 nm, the peaks around 1040 nm are well resolved and clearly
seen. The luminescence decay time of species Sp2 is longest
Fig. 8 Emission spectra from RT (left) and 4 K (right) 773 K annealed n
measurements, lexcitation = 915 nm. The delay after the laser pulse was 5

35452 | RSC Adv., 2023, 13, 35445–35456
(1992.2 ms), which might be an indication for a slow rate of
energy migration between the isolated Yb3+ ions.25 Sp1 has
a decay time of 545.3 ms. Also, in this case the relative emission
contribution of species Sp3 is low. However, as it is seen (vide
infra), this species becomes the main species aer annealing
the nanomaterial samples at a higher temperature. As in the RT
results, Yb3+ ions assigned to species Sp3 could be located in
a C3v environment, while the other Yb3+ ions represented by
species Sp2 and Sp1 are assigned with more condence to C4v

and C3v symmetry environments since they dominate in the
luminescence.20,22 More research on the down conversion in
ceria-based nanomaterials mixed with Yb3+ should be done to
be able to conrm the assignment of the emission peaks in
these materials.

The emission spectra from PARAFAC results of room
temperature and 4 K luminescence measurements of 1273 K
annealed samples are shown in Fig. 9. PARAFAC deconvoluted
RT data showed only one Yb3+ species present which portrays
homogeneity and high crystallinity in the samples due to
annealing at a higher temperature (see Fig. 9).

A broad spectrum with a main peak centered around 972 nm
is observed at room temperature together with a shoulder at ca.
967 nm and three more small peaks. The peaks become sharper
with cooling to cryogenic conditions and the shoulder (in room
temperature result that is around 967 nm) is well separated now
into two peaks (although small) and the other peaks are also
better resolved and more intense. Furthermore, the main peak
is blue shied. Also, upon cooling, the luminescence decay
kinetics became slower indicated by the increased lumines-
cence decay time (441.7 ms and 612.4 ms at RT and at 4 K
respectively). For the samples annealed at 1273 K the Yb3+ ions
are assumed to be in tetragonal and trigonal symmetry envi-
ronments.22 Species Sp3 (RT, Fig. 8, le) and Sp3 (4 K, Fig. 8,
right) of samples annealed at 773 K PARAFAC analysis yielded
an emission prole which resembles that for single species
found in the 1273 K annealed samples.

Luminescence of Ce1−xYbxO2 (set 2, x $ 0.15) nano-
materials. Fig. 10 shows the emission spectra of 773 K and 1273
anomaterials obtained from PARAFAC results. For the luminescence
ms and the gate width used was 100 ms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Emission spectra of room temperature and 4 K measured 1273
K annealed samples (set 1, x # 0.05) obtained from PARAFAC analysis.
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K annealed Ce1−xYbxO2 (x $ 0.15) nanomaterials measured at
room temperature and at cryogenic conditions. The 2F5/2 /

2F7/
2 emission is observed.39 The spectra consist of two broad peaks
with the 976 nm peak being the most prevalent. The FWHM of
the dominant peak in each sample is displayed in Table 3. In
the luminescence measurements of set 2, a strong background
emission was observed for all samples of which the origin is not
clear. The overall appearance is hypothesized as the overlay of
spectra from Yb3+ ions which are in the close vicinity of each
other (possible in slightly different environments) leading to
distinct peak broadening. Strong emission at 976 nm reveals
self-absorption of Yb3+ ions in the nanomaterials.19,40 Also, as
Yb3+ concentration increases, there is a high chance that more
Yb3+–Yb3+ clusters are formed thereby reducing the emission of
isolated Yb3+ ions.27 Elemental mapping (Fig. 5) corroborates
this fact (vide supra). Contribution of the Yb3+ clusters increases
and the peaks in the emission spectra broaden. As a result, the
distinction between the purely electronic and vibronic transi-
tions is not clear cut. Cooling the samples down to 4 K does not
Fig. 10 Emission spectra of 773 K (left) and 1273 K (right) annealed (Ce1−x

K. lexcitation = 915 nm. The delay after the laser pulse was 5 ms and the g

© 2023 The Author(s). Published by the Royal Society of Chemistry
result in sharper peaks in the emission signals because energy
transfer between the Yb3+ ions is not eliminated. The two peaks
are noticeably red shied (the most dominant peak from about
976 nm to 980 nm). These peaks are also better separated
compared to room temperature results.

Annealing the nanomaterials at 1273 K results in the spectral
signature changes as new peaks emerge at (983 and 1028 nm),
with the most prevalent peak around 972 nm, all becoming
slightly sharper aer cooling to cryogenic conditions. The peaks
also become well separated and a shoulder peak around 976 nm
is observed, which is also observed for set 1 heated at 1273 K
and the emission measured aer cooling to 4 K (vide supra).
Also, cooling to 4 K induces a blue shi on the dominant peak. A
shoulder around 976 nm at emission proles for room
temperature measured samples is seen. Overall, for this set of
samples the Yb3+ ions are assumed to be located in low
symmetry environments based on their emission data. In Table
3, the FWHM of the dominant peak of the oxides is shown. A
decrease of the FWHM of the dominant peaks is observed aer
(i) annealing the oxides at 1273 K and (ii) aer cooling down the
samples to 4 K for the luminescence measurements.

PARAFAC analysis. The emission spectra based on room
temperature and 4 K luminescence measurements of 773 K and
1273 K annealed samples obtained from PARAFAC analysis are
shown in Fig. 11 (le and right, respectively).

PARAFAC deconvoluted data (room temperature as well as 4
K) for 773 K annealed samples (Fig. 11, le) reveal only one Yb3+

species. The determined emission spectra have a broad domi-
nant 978 nm peak along with another broad smaller peak
centered at around 1012 nm (very similar to the raw data). The
emission prole resembles that of a hexameric cluster that has
been identied for CaF2:Yb

3+ crystals with high content of Yb3+

ions.20,22 The luminescence of this species is greatly quenched
judged by its luminescence decay time of only 2 ms. This is due
to cross-talk between excited Yb3+ in close vicinity leading to
energy migration among Yb3+ ions.41 There is no signicant
change observed in the PARAFAC results analyzing the 4 K data,
except a slight red shi of the dominant peak. Thus, it is seen
YbxO2 (x$ 0.15)) nanomaterials collected at room temperature and at 4
ate width used was 100 ms.

RSC Adv., 2023, 13, 35445–35456 | 35453
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Fig. 11 Emission spectra of 773 K annealed Ce1−xYbxO2 (x= 0.15, 0.18 and 0.22) oxides PARAFAC results of luminescencemeasurements done at
RT (blue) and at 4 K (red) (left) and of 1273 K annealed Ce1−xYbxO2 (x = 0.15, 0.18 and 0.22) mixed oxides PARAFAC results of analyses done at RT
and at 4 K (right).
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that when concentrations are elevated, as opposed to set 1,
samples show short luminescence decay times, signifying
a turning point for Yb3+, shiing from singly isolated state to
clusters.25 Therefore, it is only sensible to reiterate the fact put
out by Tamrak et al. that as Yb3+ concentration increases,
additional Yb3+–Yb3+ pairs are formed, promoting cluster
formation thus plummeting the emission of single Yb3+ ions.27

The emission spectra of set 2 annealed at 1273 K obtained by
PARAFAC analysis for luminescence measurements carried out
at RT and at 4 K are displayed in Fig. 11 (right). For the oxides
annealed at 1273 K also only one Yb3+ species was found. The
dominant peak in RT data is slightly blue shied and also
becomes slightly sharper with cooling (FWHM = 6.0 nm at RT
and 4.82 nm at 4 K). The shoulder peak found around 992 nm is
better resolved aer cooling. It should be stressed that with
a higher annealing temperature, the peak that dominates as
a result of the so called hexameric cluster, occurring at circa
979 nm in 773 K annealed samples disappears, paving way to
another new dominant peak. This also indicates a rearrange-
ment and a destruction of the clusters with a higher annealing
temperature, which is in line with the EDX results (vide supra).
The decay times for the samples change from 44.4 ms for RT
measurements to 50.4 ms for 4 K measurements (which is also
signicantly higher than for 773 K annealed samples and
a further indication that the energy transfer between Yb3+ ions
is reduced). It is however, interesting to note that, although the
concentration of Yb3+ ions are very different in Yb3+-doped ceria
and ceria oxide nanomaterials with high Yb3+ concentration,
the RT and 4 K luminescence spectral signatures of 1273 K
annealed nanomaterials (Fig. 11, right) are similar to that from
Fig. 9, depicting the similarity in the most dominant symmetry
environment occurring for the Yb3+ ions.
Conclusions

Ce1−xYbxO2−y:Eu
3+ (0.004 # x # 0.22) nanomaterials were

synthesized by a thermal decomposition method, with the
35454 | RSC Adv., 2023, 13, 35445–35456
molar quantities supported by EDX analysis. The particle crys-
tallites of the 773 K and 1273 K annealed nanomaterials are
nano-sized and have a cubic uorite structure with four Raman
vibrational modes as revealed by the XRD data and Raman
spectroscopy data, respectively. Elemental maps clearly show
that cluster formation occurs with high Yb3+ ion concentration
from 15 mol% in the ceria lattice. The emission spectra of the
Ce1−xYbxO2−y:Eu

3+ (0.004 # x # 0.05) nanoparticles observed
for room temperature and 4 K show amanifold of luminescence
bands that corresponds to the 2F5/2 / 2F7/2 transition of Yb3+

ions.
Different emission spectral signatures are observed for

Ce1−xYbxO2−y:Eu
3+ (0.15 # x # 0.22) nanomaterials, although

the 2F5/2 / 2F7/2 transition is still detected. The emission
spectra comprise of two broad high background dominated
peaks. Cooling the samples down to 4 K results in small shis
observed in the Stark splitting pattern. Annealing the nano-
materials at 1273 K changes the spectral signatures as new
peaks emerge and all peaks become slightly sharper and better
resolved aer cooling to cryogenic conditions.

PARAFAC analysis was executed to extract different Yb3+

species from the time-resolved luminescence data collected at
RT and 4 K for both low and high concentration Yb3+ samples.
The deconvolution yielded luminescence decay kinetics as well
as the associated luminescence spectra of three species for each
of the low Yb3+ doped ceria samples annealed at 773 K but only
one species for the 1273 K annealed samples. Decay kinetics
aer cooling the samples to 4 K resulted in species with the
decay times of 545.3 ms and 1992 ms. Annealing the nano-
materials at 1273 K and measuring the decay kinetics of the
species resulted in one species with a decay time of 441.7 ms and
612.4 ms at RT and 4 K, respectively. However, the high
concentration Yb3+ ceria samples yielded only one species with
a distinctly lower decay times as compared to the low Yb3+ ions
doped ceria samples. Here, the annealing temperature had only
a small inuence. As supported by elemental mapping analysis,
increasing Yb3+ concentration in the ceria oxides, from 15mol%
© 2023 The Author(s). Published by the Royal Society of Chemistry
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up, enhances cluster formation, thus reducing the emission of
single Yb3+ ions. A notable increase (from 2 ms to 50 ms) in the
luminescence decay time was found for set 2 samples annealed
at 1273 K, which conrmed that with higher annealing
temperatures clusters are removed.

On a balance of probabilities, with good data processing, the
presented results on Yb3+ could be an adaptable and sensitive
structural probe that can be used to probe samples in the NIR
region that is effective in technical materials. Also, in
conjunction with the PARAFAC algorithm, valuable deconvolu-
tion of the data observed in room temperature measurements
and overall high-resolution data from 4 K measurements
especially provide a distinction on the number of Yb3+ species
in low and high concentration Yb3+ ceria samples, where many
sites can contribute to the overall emission.
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