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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Here, the facile dry synthesis of composite CeOy/CeF3 nanoparticles doped with Er>" probe ions using ammo-

nium bifluoride (NH4HF) is reported. This method allows synthesizing composite nanoparticles with different

Keywords: ratio of CeOy and CeFs3, The structural properties of the composite nanoparticles were studied using XRD, SEM,
CeO, and TEM techniques, which confirmed the formation of composite CeO,/CeF3 nanoparticles. The luminescence
;Zl:;com osites spectra show that the intensity of the Ce®* peak increases after fluorination procedure, revealing the fact that the
EPR P amount of Ce®* is increased. In particular, the total 4f-4f luminescence intensity of CeOZ/CngzEr3+(O.1 at.%)

nanoparticles is 3.5 time higher compared to CeO2:Er’*(0.1 at.%) ones under both UV or resonant pumping.
Probably it can be associated with the increased concentration of trivalent rare-earth ions in a cubic-distorted
environment. The same tendency is observed for the excitation spectra. EPR measurements showed that fluo-
rination of CeO, nanoparticles doped with different concentration of Er®* ions leads to the formation of trigonal

sites in ceria nanoparticles.

1. Introduction

Rare earth-based nanoparticles (NPs) are promising nanomaterials
for applications in various areas such as catalysis, medicine, optoelec-
tronics, bio-imaging [1,2], and temperature sensing [3]. Among them
cerium dioxide and cerium fluoride NPs doped with rare-earth ions are
attractive subject for researchers due to the features that include low
phonon energy [4,5], which leads to the decrease of non-radiative
transition probability increasing the luminescence intensity. This fact
makes CeO, and CeF3 excellent host-matrices for optical applications.
There are numerous publications devoted to the applications of both
types of cerium NPs for catalysis and medical purposes. Cerium dioxide
NPs (or ceria - CeO3) has been extensively studied due to its great
properties such as the oxygen storage capacity as well as the ability to
keep its fluorite-type structure at a high concentration of oxygen va-
cancies. These properties related to the easy transition between Ce**
and Ce3* oxidation states in ceria that are accompanied by the formation
of oxygen vacancies in the structure [6]. The presence of both ce*t and
ce®** ions provides redox activity on the surface of CeOz NPs and exert
outstanding antioxidant effects. It allows CeOs NPs acting as
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anti-inflammatory agents, with them being potentially innovative
therapeutic tools [7-9]. CeOy NPs can be easily converted to CeF3 NPs
that also can be used for biomedical applications [10]. Recently there
was a publication devoted to the experimental evidence of the mitogenic
action of cerium dioxide and cerium fluoride NPs via observation of the
regeneration of a whole organism - freshwater flatworms Schmidtea
mediterranea (planarian) [11]. CeF3 NPs were shown to protect both
organic molecules (organic dyes) and living cells (testicular cells) from
the oxidative activity of hydrogen peroxide [12].

In the case of optical applications, rare-earth doped CeO5 or CeF3 NPs
are highly promising as up-conversion materials in biological labeling,
multimodal bioimaging, photodynamic therapy, and drug delivery [10].
Both CeO, and CeFj3 are capable of generating reactive oxygen species
under external irradiation (UV or X-ray irradiation) in aqueous media,
that makes them promising candidates as inorganic photosensitizers for
X-ray induced photodynamic therapy as well as for photocatalysis [13,
14]. Moreover, the cerium ion in the inorganic host acts as a sensitizer
converting X-ray irradiation in the UV one. This property is also
demanded in the X -ray induced photodynamic therapy, where
cerium-based NPs convert X -ray in the visible light that activates
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organic photosensitizers conjugated with the surface of Ce-based NPs
[15].

Particularly, CeF5 NPs co-doped with Yb® and Tm3* are proposed to
be used for photocatalytic nitrogen fixation [16]. In its turn, Zn?*, Tb3*:
CeO5, phosphors can be used as optical temperature sensors operating in
the 303-523 K temperature range [17].

Prominent properties of CeOy and CeFs NPs can be combined by
synthesizing composite CeOy/CeF3 NPs.

Recently we presented the works devoted to the synthesis of com-
posite CeOo/CeF3 NPs using annealing of CeOy NPs in tetrafluoro-
methane (CF4) and tetrafluoroethane (HFC-134a) gases [18,19]. The
characterization of the obtained composite NPs with XRD, TEM, and
optics proved the formation of CeF3 structure on the CeO5 nanoparticles.
In this paper we report on a dry synthesis using ammonium bifluoride
NH4HF; and characterization of composite CeOy/CeF3 nanoparticles
doped with Er®* probe ions. The formation of double-phase CeO,/CeF3
NPs can provide the synergy of excellent properties of both CeO, and
CeFs. In its turn, the doping procedure can increase the number of ap-
plications. For example, it could be used for temperature sensing, X-ray
induced photodynamic therapy, catalysis, up and down conversion and
other fields.

2. Experimental techniques

The phase composition of the powders was studied by X-ray
diffraction method (XRD) using Bruker D8 Advance X-ray diffractometer
(Cu Ka radiation A = 0.154 nm). TEM analysis of the studied samples
was carried out in a transmission electron microscope Hitachi HT7700
Exalens with an accelerating voltage of 100 kV.

Scanning Electron Microscopy (SEM) images and EDS spectra were
obtained with multipurpose analytical complex Merlin (Carl Zeiss).

Fluorescence spectra were recorded using HORIBA Fluorolog QM-
75-22-C spectrofluorometer with attached Hamamatsu R13456-11
photomultiplier. The spectral resolution of the device was 0.25 nm.

The EPR measurements were made using continuous wave spec-
trometer operating at ~9.4 GHz (X-band, Bruker ESP-300). The modu-
lation frequency was 100 kHz, the modulation amplitude 1 G, the power
level varied within of 2.5-25 mW to avoid the saturation. Low tem-
peratures were obtained using a commercial liquid-helium flow cryostat
system (Oxford Instruments).

3. Samples preparation and their characterization

CeO4:Er®" NPs were synthesized using the co-precipitation tech-
nique from aqueous solution of Ce(NO3)3*6H,0 + Er(NO3)3*5H30
powders and hexamethylenetetramine (CH)eN4, (HMTA) [20-22]. The
precursor of erbium ions was Er(NO3)3*5H;0 which was taken in the
amount to obtain 0.01 at.%, 0.1 at.% of Er®* ions in CeO, nanoparticles.
Aqueous solutions of Ce(NOs3)3*6HoO (purity 99.95 %) + Er
(NO3)3*5H20 (purity 99,95 %) and HMTA (purity 99.9 %) were filtered
and then mixed and kept at room temperature for 15 h. Next, the so-
lution was heated to 60 °C and kept at this temperature for an hour
during which the mixture was stirred on a magnetic stirrer. Throughout
the process the acidity of the solution was kept at pH = 6. After the
heating, the solution was cooled down for 24 h.

The precipitated oxides were collected by centrifugation of the
mixture at a rate of 9000 rpm for 10 min. The solution was drained, and
the particles remaining at the bottom were broken up using an ultrasonic
bath for half an hour. The washing process was repeated five times. The
resulting nanopowders were dried at 50 °C for 24 h and typically were
annealed under air at 600 °C for 4 h in the muffle furnace.

Notations of the prepared samples are given in Table 1. CeOy NPs
denoted as samples 1 and 3 differ only by concentration of Er’* ions.

Composite CeOy/CeF3 NPs (samples 2, 4) were obtained by fluori-
nation of corresponding CeO5 NPs (samples 1, 3). This has been done by
annealing CeO2 NPs in fluorine atmosphere [23]. In the previous works
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Table 1
Notations and composition of studied samples.
Sample Composition annealing Fluorination
notation temperature temperature
1 CeO,: 0.01 at.%Er* 600 °C air, -
4h
2 25%Ce04/75%CeFs3 : 600 °C air, 300 °C,
0.01 at.%Er** 4h 2h
3 CeO, : 0.1 at.%Er*' 600 °C air -
4 50%Ce02/50%CeFs3 : 600 °C air, 300 °C,
0.1 at.%Er>" 4h 2h
5 CeFs: 0.1 at.%Er* - -

[18,19] we used tetrafluoromethane (CF4) and tetrafluoroethane
(HFC-134a) gases to get composite CeOy/CeF3 NPs. However, in the case
of using above mentioned techniques it is difficult to control the ratio
between the formed CeO, and CeFj3 structures. In this study we applied
ammonium hydrogen fluoride (ammonium bifluoride) for the dry syn-
thesis process that was described in reference [24]. The CeO, NPs and
ammonium bifluoride (NH4H)F, were thoroughly mixed and placed in
the muffle furnace. It is known that the ammonium bifluoride de-
composes in the range of 120-220 °C, and the melting point according to
papers [25,26] is 126.5 °C. Thus, CeO2 NPs interact with molten
ammonium bifluoride at a temperature above the melting point.

The chemical reaction can be described as following [27,28].

2 CeO, 4+ 8 NH4HF, = 2 CeF; 4+ 8 NH4F + 4H,0 + F,

This reaction took place at 300 °C in glassy carbon crucibles for 2 h.
Using this method, we could choose the ratio between CeO2 and
ammonium bifluoride to get structure with different weights of CeO,
and CeFs3, for example we could get 50 %, 75 % or 100 % of CeF3 from
whole amount of fluorinated CeO,. Hereinafter we denote fluorinated
CeO- nanoparticles as CeO,/CeF3 NPs.

The reference sample 5 (CeFs: 0.1 at.%Er3+) NPs for EPR measure-
ments was prepared using the precipitation technique by mixing stoi-
chiometric solution of cerium nitrate Ce(NO3)3*6H50 (purity 99.95 %),
Er(NO3)3*5H20 (purity 99,95 %) and ammonium fluoride NH4F (purity
99.99 %). The mixture was kept for 20 min with continuous stirring of
the solution, then centrifuged and washed with distilled water, and this
process was repeated three times. The resulting product was dried at
50 °C for 24 h.

a Ce0,:0.01%Er** b Ce0,/CeF;:0.01%Er*"
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Fig. 1. XRD patterns of CeO, NPs doped with Er®* ions before and after fluo-
rination

a) CeO,: 0.01 at.%Er>* NPs air annealed. b) XRD pattern of 25%Ce0,/75%
CeF3: 0.01 at.%Er’*t NPs. ¢) XRD pattern of CeO,: 0.1 at.%Er®" NPs air
annealed. d) XRD pattern of 50%Ce0,/50%CeF3: 0.1 at.%Er>" NPs. e) Peaks
positions for CeO, f) Peaks positions for CeFs.
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XRD spectra of the NPs samples are shown in Fig. 1. Analysis of
obtained spectra shows that after fluorination of ceria NPs with the
applied method the structure of CeFj is formed. The simulations and
calculations of XRD peaks were carried out using the Vesta program
[29].

The size of the NPs was estimated from the TEM images using the
freeware ImageJ program. Statistics are based on the analysis of
120-160 nanoparticles. The TEM images and size distribution histo-
grams of CeO, NPs doped with Er®" ions are shown in Fig. 2. Histogram
plots were obtained with the OriginPro 8.1 software. To get the diameter
(D) of the NPs, the area (in squire nanometers) of each nanoparticle from
TEM image was equated to the area of a circle 1-D?/4, where n = 3.14, D
is the diameter.

The CeO3, particle sizes determined by TEM agree well with the X-ray
powder diffraction data.

EDS spectra at 30 different spots of SEM images of the studied
samples were measured and as example of the SEM (a) image along with
the EDS spectrum (b) are presented in Fig. 3. It was found that in some of
the spots the fluorine atom is detected whereas in some other spots it is
absent. We suppose that some small part of CeO, NPs was not fluori-
nated most probably due to insufficient mixing of ammonium bifluoride
and CeO5 NPs. This fact has led us to conclusion that obtained fluori-
nated nanoparticles are not core shell but mixture of core-shell and
partially fluorinated CeO,/CeF3 NPs. However, in average according to
XRD patterns obtained NPs have combined structure of CeO, and CeFg in
ratio corresponding applied precursors. The applied synthesis technique
is very simple and efficient to control the ratio between CeF3 and CeO
components, but still needs to be improved.

4. Results and discussion
4.1. Optical spectroscopy

Generally, the optical properties of Er>* ions doped in CeO, NPs are
stipulated by optical transitions of Ce>* and Er®* ions. The 4f-4f lumi-

nescence spectra of Er®' ions in CeO, NPs were previously studied in
Ref. [30]. However, as it was mentioned above, cerium has two
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oxidation states, 3+ and 4+, and the relative concentration of Ce>" and
cett depends on the redox conditions of the sample preparation process.
For instance, the fluorination procedure implements the formation of
double-phase CeO,/CeFg3 structure with the increased amount of cedt.

The energy level diagram of Ce3*/Er®" system is represented in
Fig. 4.

Under Ce3" excitation at 266 nm, the broad Ge>" emission peak
centered at ~440 nm is clearly observed. There is also energy transfer
from Ce®* to Er’" via “Fs,, excited sate of Er®t. Also there are non-
radiative transitions from excited 4F5/2 state to lower 2Hj; /2 and 4F9/2
ones.

The optical spectra of Ce*>" ions in UV and visible spectral ranges are
determined by the allowed electric dipole 4f<5d interconfigurational
transitions. In contrast, the Ce** ion does not have 4f electrons and
therefore does not have optical spectra. The increase of Ce>" amount
must increase the absorption of UV radiation and vice versa. This is
confirmed by excitation and luminescence spectra.

The excitation spectrum of Er®*_fluorescence demonstrates (Fig.5)a
broad peak in the ~300-400 nm range corresponding to the absorption
band due to 4f-5d transitions of Ce>" in CeO,. Also, there are narrow
peaks in the visible spectrum which correspond to the transitions from
4115/2 ground state to the excited 4F5/2, 4F7/2 u 2Hyp ,2 manifolds of Erd*
ions. According to the excitation spectra, the intensity of Ce>* peak in-
creases after the fluorination procedure revealing the fact, that the
amount of Ce>" is increased. The same tendency is observed for the
luminescence spectra.

Room-temperature luminescence spectra of air annealed CeO5: 0.1%
Er’* NPs and fluorinated NPs under excitation into 4f-5d band of Ce3*
ions or into the CeO; charge-transfer (CT) band [31] at 355 nm and
under resonant excitation to 4115/2—>2H11 /2 transitions of Er* ions at
517 nm are presented in Fig. 6, a) and b), correspondently. Both lumi-
nescence spectra consist of intensive line groups due to 2Hy1/2-*I15/2 (A
= 509-534 nm), 453/2-4115/2 (7\ = 535-573 IlIl’l) and 4F9/2-4115/2 (}\, =
635-703 nm) 4f-4f transitions of Er’t ions. Moreover, the intensive
5d-4f luminescence of Ce>t ions in CeO,/CeF3:Er>t(0.1 at.%) NPs is
detected under the UV excitation. In particular, the total intensity of
4f-4f luminescence of CeOZ/CngzEre’*(O.l at.%) NPs is 3.5 time higher
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Fig. 2. The TEM images and size distribution histograms of CeO, NPs doped with Er®" ions. a) TEM image of CeO,: 0.1 at.%Er>" NPs air annealed. b) The size
distribution histogram of CeO-: 0.1 at.%Er>* NPs air annealed. ¢) TEM image of CeO,/CeF3: 0.1 at.%Er>* NPs. d) The size distribution histogram of CeO,/CeF3: 0.1

at.%Er>" NPs.
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Fig. 3. SEM image (a) and EDS spectrum (b) at some spot of CeO,/CeF3: 0.1 at.% Er®* NPs.
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Fig. 5. The room temperature excitation spectrum of CeO,: 0.1%Er’" and
CeO,/CeF3: 0.1 at.% Er’t (Aem = 545,5 nm, Er**, 4S5 /5 — “I;5, transition).

compared to CeOzzEr3+(0.1 at.%) one under both UV or resonant exci-
tations. Probably it can be associated with the increased concentration
of trivalent rare-earth ions in a cubic-distorted environment and the
observed phenomena require further studies. The normalized at 546 nm
Er®* peak room temperature luminescence spectra of Er®*-doped CeO,
and CeOy/CeF3 sample are presented at Fig. S1 of supplementary file. It
can be seen, that the shape of the Er’' spectra is not significantly
affected by the formation of double-phase sample. It can be explained by
the shielded nature of the 4f shell of Er3*. Hence, the probabilities of
radiative transitions are almost constant. On the other hand, after
annealing there is an interplay between intensities of Stark peaks of Er>*
emission (4S3/2 - 4115/2 radiative transition). This interplay can be
related to the formation of the second phase after annealing and changes
in crystal field.

4.2. EPR spectroscopy

The first observation of EPR lines of Er®* ions due to cubic sites in
ceria NPs was reported in the publication [30]. The spectra in Ref. [30]
were similar to EPR of Er®* (4fn, 4115/2) ions in CeOs crystals that were
first studied in the works [32,33]. The features of EPR spectroscopy of
rare earth ions in solids are described in detail in the fundamental
monograph by A.Abragam and B.Bleaney [34]. Y. Komet et al. [32]
reported about observation of the isotropic line due to the cubic site with
g = 6.759 + 0.005 and measured a hyperfine constant Ay,(Er'®”) =
72.7 + 0.3 G, M.M. Abraham et al. [33] reported close g-value for the
cubic site with g = 6.747 + 0.006 and the hyperfine constant of 73.7 +
0.1 G but also found two sets of axial sites with g| = 10.25 + 0.05, gL =
4.847 + 0.005 (the first set), g|| = 4.539 £ 0.005, gL = 7.399 + 0.007
(the second set). In the previous study [30] no axial EPR lines were
detected in ceria NPs. It should be noted that in the publication [30] the
concentration of Er®* ions was rather small, ~0.002 at.% and ~0.005 at.
% in the studied samples which may explain the difficulty in detecting
axial lines in a powder at such concentrations. In this work we present
EPR results for higher concentration of Er’t ionsin CeO5 and CeOQ,/CeF3
NPs that are shown in Fig. 7. Fig. 7a shows EPR spectra detected in the
CeO3 (sample 1) and CeO,/CeF3 NPs (sample 2) containing 0.01 at.% of
Er®* ions. Both spectra consist of intensive line from even isotopes of
Er’* ions with g ~6.76 assigned to cubic sites and less intensive hy-
perfine lines due to odd isotope (I = 7/2) of Er'%7 (22.94 % abundance).
Besides the EPR lines due to cubic sites the EPR spectrum of CeO2/CeF3
NPs has an additional line with g ~4.84. We assigned this line to the
trigonal site that is close to the axial site with gL = 4.847 observed by M.
M. Abraham et al. [33]. The trigonal sites of Er* jons in CeO-, crystals
were also observed by A.A. Antipin et al. [35] who gives g-values of gj|
=10.3 + 0.05, gL = 4.84 + 0.02. To prove that we detected the trigonal
line in CeO, we made the simulation of the EPR spectrum using the
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Fig. 6. Room-temperature luminescence spectra of CeO,: 0.1%Er>" and CeO,/CeF3: 0.1 at.% Er®™ NPs under excitation at Aey = 355 nm (a) and Aex = 517 nm (b).

0.1at.%Er**

@ 0.01at.%Er* ©
g~6.76 f6‘747 simulation
J/ CeO,/CeF,
- - 1 g..=4.847
3 3
. 3 )
< > 97675 CeO,/CeF,
g g 1 g~4.84
S £
- g~6.76 CeO,
Ve
Pg~as4
0 500 1000 1500 2000 0 500 1000 1500 2000
Magpnetic field (G) Magnetic field (G)
© 0.1at.%Er**

3 g~676 CeO,/CeF,

©

> / 1 2

z <

5 g~4.84

=

CeF,
0 1000 2000 3000 4000

Magnetic field (G)

Fig. 7. EPR spectra of Er-doped CeO, and CeO,/CeF3 NPs at 15K, X-band. a) EPR spectra of 25%Ce05/75%CeF3: 0.01 at.%Er>* NPs and CeO,: 0.01 at.%Er>* NPs. b)
Simulated EPR spectrum and EPR spectra of 50%Ce0O»/50%CeF3: 0.1 at.%Er’" NPs and of CeO,: 0.1 % Er®* NPs. ¢) Extended EPR spectra of 50%CeO,/50%CeF3: 0.1

at.%Er>" NPs and CeF3:0.1 % Er’* NPs.

EasySpin software package [36] and g, gL (the first set), A —values were
taken from the paper by M.M. Abraham et al. [33]. The result of simu-
lation is shown in Fig. 7b along with experimental spectra for CeO5: 0.1
% Er’" (sample 3) and CeOy/CeF5:0.1 % Er®t (sample 4) NPs. Simula-
tions revealed that the ratio of weights of cubic sites to trigonal sites is 5.
We can conclude that 20 % of Er>* ions occupy trigonal symmetry sites.
The last sites are formed due to defects along <111> axis of crystalline
structure that can be oxygen vacancies. Thus, it is possible to estimate
the number of defects using the ratio of cubic and axial symmetry sites.

As can be seen on Fig. 7b there is no notable differences in EPR

spectra of Er’" ions between air annealed and fluorinated CeO,: 0.1 %
Er®* samples, in both spectra there is the trigonal line. This differs from
EPR spectra for lower concentration of Er®" ions shown in Fig. 7a. We
explain this by following. The higher concentration of Er>* ions in CeO,
lattice the more probability to form defects like oxygen vacancies along
<111> axis that lead to local trigonal symmetry and corresponding EPR
line. In case of lower concentration, the trigonal symmetry can be caused
by fluorination, when an oxygen ion is substituted by fluorine ion. As
noted above, XRD measurements show that fluorination of CeO, NPs
leads to the formation of CeF3 structure on the part of these
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nanoparticles. Because CeO, and CeF3 have different structures, cubic
and hexagonal ones, it could be expected that EPR spectra of Er®' ions
reveal new lines. However, CeF3 is a paramagnetic and magnetic
interaction between host Ce>* ions and doped Er®" ions should lead to
the broadening of resonance lines. Such broadening up to 500 G for the
line corresponding to the central transition (—1/2<—> 1/2) was
observed at helium temperature for Gd®* ions (0.01 mol.%) in CeF3 bulk
crystals by S.K. Misra et al. [37]. Note that the broadening can be much
larger for the Er>* ion as compare with Gd®* ion which is the S-state ion.
This can explain the absence of additional absorption lines in fluorinated
CeO2 NPs. To prove this, we made EPR measurements of the sample 5 of
CeF3 doped with 0.1 % Er®" and compared the obtained spectrum with
the spectrum of fluorinated CeOy: 0.1 % Er3t (sample 4). The EPR
measurements of both samples were made at the same conditions and
parameters and corresponding spectra are shown in Fig. 7c. Thus, the
main contribution to the EPR spectrum of composite CeOy/CeF3:0.1 %
Er>* NPs produce the Ce04:0.1 % Er>* part of NPs. Fluorination of CeOx
NPs can lead to additional defects like trigonal EPR line. Fig. 7c shows
extended EPR spectrum of CeO,/CeF3:0.1 % Er®* NPs that include also
weak lines 1 and 2. The weak EPR line 1 with g ~3.42 we assigned to the
trace impurity of Yb3* ions in the cubic site of CeO, [32]. The other line
2 with g~1.96 most probably due to the small amount of Gd>* ions [38].

Thus, we can conclude from EPR measurements that fluorination
lead to formation of axial sites in ceria NPs.

5. Conclusions

In this work we present a new facile dry synthesis of composite
CeO,/CeF3 NPs doped with rare earth ions and this technique allows
varying the ratio between CeO; and CeF3 components.

XRD measurements prove the formation of CeFs structure with the
applied technique.

The size of CeOy/CeF3 NPs was estimated via the TEM technique that
corresponds to data obtained from linewidth XRD measurements using
Scherrer equation.

EPR measurements show that fluorination of CeO, NPs leads to the
formation of axial sites in CeO5 fluorite structure.

Fluorination of CeOy NPs to produce composite NPs of Er-doped
CeO,/CeFj3 in different proportion allows one to combine properties of
cerium oxide and cerium fluoride NPs.
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