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Lanthanide-doped upconversion nanoparticles (UCNPs) have attracted great attention in temperature
sensing because of their widespread thermal quenching effect (TQE), a phenomenon in which
luminescence intensity decreases as the temperature increases. However, enhancing the TQE of
activated ions without changing the dopants or the host is still challenging. Herein, Yb** and Er®*
codoped UCNPs in a cubic CaGdFs host were synthesized by a coprecipitation method for optical
temperature sensing. Compared with the homogeneous shell (CaGdFs), those heterogeneous (CaF,)
shelled UCNPs exhibited stronger upconversion luminescence (UCL) due to the significantly reduced
multiphonon nonradiative relaxation. Further, we investigated the effects of homogeneous and
heterogeneous shells on TQE. The relationship between the intensity ratio of the green emission bands

of Er** ions (2H11/2 — 4I15/2 and Sz, — *li5/0) and temperature are obtained for these two core@shell
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Accepted 5th March 2023 UCNPs. The results demonstrated that the UCNPs with CaF, shells are more sensitive to temperature in

the 200-300 K. The maximum thermal sensitivity of CaGdFs:Yb,Er@CaF, could reach 2.2% K=t at 200 K.

DOI: 10.1039/d3ra00716b These results indicate that the heterogeneous core@shell UCNPs are promising for use as optical
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1 Introduction

Optical temperature sensing based on the luminescence
intensity ratio (LIR) has been used in the past decades since it
allows for noninvasive thermal detection.'” This sensing tech-
nique monitors temperature-dependent changes at specific
thermally coupled energy levels by measuring emission inten-
sity ratios. Lanthanide-doped UCNPs can convert long-
wavelength photons to short-wavelength photons, and are
considered promising probes in optical thermometry with a fast
response, and great resolution and sensitivity.*” It has been
shown that the LIR of the thermally coupled two green bands of
Er*" ions varies as a function of temperature. Consequently,
Er*'-doped luminescent materials have been widely used as
probes for thermal sensing applications.*™*

Besides, it is crucial to choose an appropriate host material
with low crystal field symmetry** and low phonon energy*® that
provide an efficient luminescence signal for practical applica-
tions. On the one hand, the forbiddance of the 4f-4f electronic-
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dipole transitions of rare-earth ions can be broken by the crystal
field symmetry of the host matrix. On the other hand, the host
materials also require low phonon energy, which prevents
luminescence quenching due to the nonirradiation relaxation.
Lanthanide fluorides (LaF;, YF; and GdF;) have been taken as
promising materials for upconversion luminescence because of
low phonon energy. Unfortunately, these materials suffered
from the high crystal field symmetry of orthorhombic phase,
resulting in limited upconversion efficiencies.'*® Therefore,
research interest turns to alkaline or alkaline-earth rare-earth
fluoride (MReF) host lattices showing more efficient upconver-
sion luminescence, such as hexagonal NaLnF,, and cubic BaYF5
NPs.'*?¢ Recently, SrLuF host lattices have provided more effi-
cient upconversion than B-NaGdF, with similar nanoparticle
size.”” Lanthanide-doped MReF UCNPs should be the promising
host material for optical temperature sensing applications. In
addition to composition optimization, the core@shell structure
can also improve temperature detection sensitivity. Liu et al.
reported core@multishell UCNPs with an enhanced thermal
sensitivity three times higher than core-only NPs.”® For
preparing core@shell UCNPs, epitaxial growth is preferred for
constructing the same or similar crystal structure for core and
shell counterparts, such as NaYF,@NaGdF,. Nevertheless, the
influences of shell composition on the temperature sensitivity
of UCNPs have not been thoroughly investigated until now.
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Here, we developed a thermal decomposition method to
synthesize ultra-small CaGdF nanoparticles (NPs) with cubic
phase. Sub-5 nm Yb*" and Er’* codoped CaGdF UCNPs were
synthesized with an optimized Ca®"/Gd*" molar ratio of 1:1.
Our alkaline-earth-based UCNPs doped with Yb** and Er** show
mostly green and red upconversion emissions under 980 nm
laser illumination. The dominant upconversion mechanism is
based on Forster resonant energy transfer (FRET), which
depends on the inverse distance between the dopants. What's
more, we studied the influence of CaGdF and CaF, shells on
optical properties. Due to less non-irradiation relaxation, the
core@shell CaGdFs@CaF, NPs (CGF@CF) performed higher
efficient luminescence than CaGdFs;@CaGdFs; NPs (CGF@CGF).
Furthermore, we evaluated the thermal sensing performance of
CGF@CF and CGF@CGF in the temperature range from 200 K
to 300 K. The LIR of thermally coupled two green bands of Er**
ions in CGF@CF is more sensitive to temperature variation,
indicating the potential for these NPs as thermometers.

2 Experimental

2.1 Reagents

Ln(CH;3CO0);-xH,0 (>99%), Ln,O; (Ln: Gd, Yb, Er, > 99%),
Ca(CH3;CO0),, CaO, NH,F (>98%), oleic acid (OA, 90%), 1-
octadecene (ODE, 90%), trifluoroacetic acid (99%), ethanol and
cyclohexane were purchased from Sigma-Aldrich and used
without further purification.

2.2 Synthesis of core Ca,GdyF(sx+3):20% Yb,2% Er NPs

The synthesis of monodisperse Ca,GdyF(5x+3y):20% Yb,2% Er
nanocrystals was slightly modified from the previously reported
method.” x mmol of Ca(CH3;COO),, 0.78y mmol of Gd(CHj;-
CO0);-xH,0, 0.2y mmol of Yb(CH;COO);-xH,O, and
0.02y mmol of Er(CH;C0O0);-xH,0 (x:y=0:1,1:1,2:1), 8 mL
of oleic acid and 8 mL of 1-octadecene were added to a 100 mL
flask under stirring. The solution was heated to 120 °C and then
kept for 1 h under vacuum and then cooled to room tempera-
ture. After (2x + 3y) mmol of NH,F was added, the solution was
heated to 120 °C and kept for 1 h under a vacuum. Finally, the
solution became a clear yellow solution. Then the solution was
heated to 300 °C under a vacuum for 1 h and then cooled to
room temperature. The nanocrystals were precipitated with
10 mL of ethanol, collected after centrifugation, and redis-
persed in 10 mL of cyclohexane.

2.3 Synthesis of CaGdF; and CaF, precursor

To obtain 0.1 mmol per mL CaGdF; precursor for shell coating,
1 mmol CaO, 0.5 mmol Gd,O; and 5 mmol trifluoroacetic acid
were added to a 100 mL flask and heated to 50 °C under
vigorous stirring. After the system became a clear solution, 5 mL
of oleic acid and 5 mL of 1-octadecene were added, and the
solution was heated to 100 °C for 10 min and then to 156 °C for
30 min. The precursor is finally cooled to room temperature and
waiting to use. The CaF, precursor is obtained by the same
method using only CaO instead of CaO and Gd,O3.
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2.4 Synthesis of core@shell CaGdF5:20% Yb,2% Er@CaGdF5
NPs (CGF@CGF) and CaGdF5:20% Yb,2% Er@CaF, NPs
(CGF@CF)

To obtain core@shell NPs, a solution of 0.2 mmol core
CaGdF;5:Yb,Er nanocrystals in 2 mL of cyclohexane was added to
the solution of 5 mL of oleic acid and 5 mL of 1-octadecene.
Then the solution was kept at 70 °C for 30 min. After the
cyclohexane was evaporated, the solution was heated to 300 °C
under an argon atmosphere. The shell precursor is injected with
a 0.02 mL min ™" rate into the solution. The core@shell nano-
crystals were precipitated with 10 mL of ethanol, collected after
centrifugation, and redispersed in 10 mL of cyclohexane.

3 Results and discussion

In order to acquire uniform and monodispersed CaLnF host-
based UCNPs, the thermal decomposition method was
explored. To ensure the successful formation of CaLnF NPs,
a set of UCNPs samples (cores) (S1-3) were synthesized by
changing the molar ratio of Ca to Gd acetate salts from 0:1 to
2:1. Transmission electron microscope (TEM) images in
Fig. 1a-c show monodisperse and small diameters of 4.5 +
1.2 nm, 4.6 + 1.0 nm, and 4.0 + 1.1 nm for S1, S2, and S3,
respectively (Fig. 1d and S1f). From X-ray diffraction (XRD)
patterns, the peaks of S1 well agreed with the characteristic
peaks of orthorhombic GdF;, and the peaks became broadband
due to their relatively small size. As we can see, the morphology
of GdF; NPs is oval, and coincide with their orthorhombic
phase. Those XRD peaks of S2 and S3 well agreed with the
characteristic peaks of cubic Cags55Gdy3F,, indicating the
synthetic Ca,GdyF(>x:3, samples are CagssGdgsF, crystals
(denoted as CaGdF). The alkaline-earth rare-earth fluoride
(MLnF) host is based on the MF, crystal structure and every
alkaline-earth cation position can be exchanged with rare-earth
cations.”” To ensure all the Gd*" ions were doped in the CaGdF
NPs, the Ca?'/Gd*' ratio was increased from 1:1 to 2:1.
Compared to the GdF; NPs, the spherical NPs of CaGdF are
observed in Fig. 1b and c. The size of S3 is slightly smaller than

(e) CaGdF pdf #31-0293
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Fig. 1 TEM images of (a) S1, (b) S2, and (c) S3 Ca,Gd,Fox+3,) samples
with the molar ratio of Ca®* to Gd** (0:1, 1:1, and 2: 1, respectively),
scale bar: 5 nm; (d) the size and (e) XRD patterns of three Ca,Gd, F(>,+3y)
samples.
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that of 2, since the extra Ca®>" ions would produce more nuclear
and decrease the average particle volume. Fig. S21 shows the
energy dispersive spectrometer (EDS) patterns of the CaGdF NPs
with Ca®'/Gd*" molar ratio of 1:1, which reveals that the
synthesized products are composed of F, Ca, Gd, Yb and Er.

Next, the UCL performance of as-obtained UCNPs was
studied under 980 nm excitation, as seen in Fig. 2a. The Yb*" as
sensitizers strongly absorb the excitation irradiation and
transfer the excited energy to the nearby Er’* emitter to produce
upconversion emissions.

The CaGdF:Yb/Er (20/2 mol%) NPs exhibited characteristic
emission peaks resulting from *Hyyj, *S30 — *Iiss (520-550
nm), and ‘Fy, — *Ijs5;, (640-670 nm) transitions of Er’’.
Fig. S3t1 displays the UC integrated intensity bar chart of the
samples with fixed Yb/Er (20%/2%) and varying Ca**/Gd*>" molar
ratio. The UC emission intensity drastically increased with the
increase of Ca**/Gd*" from 0:1 to 1:1 due to the added Ca®*
ions changing the symmetry of the crystal lattice from ortho-
rhombic GdF; to cubic CaGdF, and increasing the transition
possibility of emitter ions. That is to say, the CaGdF host matrix
is better than GdF; for upconversion emissions. When the Ca>*/
Gd*" molar ratio increased to 2 : 1, the UC emission kept almost
the same intensity, indicating that CaGdF:Yb,Er were success-
fully synthesized with a Ca>*/Gd** molar ratio of more than1:1,
which is consistent with the XRD results. Compared to
CaF,:20% Yb,2% Er NPs, CaGdF:20% Yb,2% Er showed
stronger UCL (Fig. S41), which suggested that the added Gd**
reduced the symmetry of the CaF, crystal lattice and increased
the transition possibility of Er** ions. As we can see, CaGdF:20%
YDb,2% Er NPs showed stronger luminescence intensity than
NaGdF,:20% Yb,2% Er with similar size, which is consistent
with the previous work.?” This may be related to the fact that the
value of cation doping concentration in CaGdF is closer to the
set optimal value. In general, the smaller the particle size, the
lower the UCL efficiency because more quenching defects are
generated on their surface as size decreases (specific surface
area increases). Therefore, an optically inert shell is needed to
prevent the excited state energy from coupling to the surface
defects and thus quench the UCL. Next, we studied the UCL
performance of homogeneous shells (CGF@CGF) and hetero-
epitaxial shells (CGF@CF). For comparison, the same core and
same moles of injection precursor were employed during the
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Fig. 2 (a) Upconversion emission spectra of the Ca,Gd,Fpx+3y)

samples under 980 nm excitation (10 W cm™2). (b) Simplified energy
level diagrams of Er** and Yb** ions and proposed energy-transfer
mechanisms under 980 nm excitation.
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shelling procedure. The TEM and high resolution TEM (HR-
TEM) images of core@shell UCNPs are shown in Fig. 3a and
b, presenting a diameter of 8.2 £+ 0.2 nm for CGF@CGF nano-
spheres and an edge length of 7.0 £ 0.1 nm for CGF@CF
nanocubes. It can be found a typical core-shell structure of
CGF@CF NPs because the lanthanide ions (Gd**) show high
contrast (darker) over Ca*>". However, the core-shell structure of
CGF®@CGF NPs failed due to the same composition in the core
and shell layers. Furthermore, to study the shell growth kinetics
of these two structures, we took intermediate samples at
different precursor injection time points.

As we can see from TEM images (Fig. S5t), morphological
change of CGF@CF NPs from spherical to cubic is observed
after the second aliquot when the nanoparticle size exceeds
approximately 6 nm. For CGF@CGF NPs, however, remain
nearly spherical. This morphology could be related to a kineti-
cally dominated shell growth regime due to the larger lattice
parameters of CaGdF-based host. Furthermore, XRD analysis
revealed the detailed lattice changes caused by different inter-
facial strains and epitaxial shell growth (Fig. 3c). It can be found
that the diffraction peaks of CGF@CGF shift toward lower
angles for Gd*" doping in the host lattice because of the larger
lattice parameters according to the Bragg diffraction equation.

Then, we investigated the UCL intensities of these two
core@shell samples. To ensure that the UCL intensities of the
two kinds of NPs were comparable, we calculated the effective
diameter by equating the cubic volume with the spherical
volume. For example, the CGF@CF sample with an edge length
of 7.0 £ 0.1 nm converts into an effective diameter of 8.1 nm,
comparable to spherical CGF@CGF particles. As we can see,
upon 980 nm excitation, the upconversion emission was greatly
enhanced by coating the NPs with both CaGdF and CaF, shells.
Interestingly, the CGF@CF NPs with CaF, shell are more effi-
cient in upconversion than those with CaGdF shell and the
green to red ratio in CGF@CGF NPs is smaller than CGF@CF
NPs (Fig. 3d). The luminescence intensity of energy level of
lanthanide ions is expressed as below:

(d) —— CGF@CF
—— CGF@CGF

Intensity (a.u.)

40 45 50 55
20 (degree)

1"
—CaF, POF#35.0816 1!
—— CaGdF, PDF#310293 :i

H

T . T T ¥
60 500 550 600 650 700
Wavelength (nm)

Fig. 3 TEM images of (a) CGF@QCGF and (b) CGF@QCF NPs, scale bar:
20 nm. Inset: HR-TEM of CGF@QCGF and CGF@CEF, scale bar 5 nm. (c)
XRD patterns of CGF@QCGF and (b) CGF@QCF NPs. (d) Upconversion
emission spectra of the core@shell UCNP samples at 10 W cm 2.
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where, I, is a constant, A, is the radiative transition rate, W, is
the multiphonon nonradiative relaxation rate. For UCL of
CGF@CGF and CGF@CF NPs, the values of A, are the same
because the luminescent Er*" ions are in the same host lattice
and the same core. Therefore, the stronger UC emission of the
latter is due to the smaller nonradiative relaxation rate W,,,
which is showed in Fig. 2b.

We next investigated the performance of the CGF@shell
NPs as a temperature sensor in the 200-300 K range. The
emission intensity ratio of the 520 nm (*Hyy/, — “I;s),) to the
540 nm (*S;;, — “I;5,) shows a strong temperature depen-
dence because the ?H;,,, and *S;,, states of Er’" ions are
thermally coupled. It is observed that the emission band at
520 nm increases with the increasing temperature from 200 to
300 K after being normalized at the peak of 540 nm (Fig. 4a and
b). Only several hundred wavenumbers separate these two
states, and the thermal equilibrium of states population is
determined by the Boltzmann distribution.

In our study, the thermometric parameter LIR is defined as
the intensity ratio of the two emission peaks, which shows an
excellent exponential relationship, described as follows:

LIR:%:Cxexp(f:B—];) 2
where C is a constant, 7T is the absolute temperature, AE is the
energy gap between excited states of *H,,), and *S;,, and kg is
the Boltzmann constant. From eqn (2), we can see that the LIR is
independent of photons since the theoretical model only
considers the Boltzmann distribution and radiative transitions
between two thermally coupled levels (*Hyy;, and *Sp).
However, the nonradiative relaxation could not be neglected in
the upconversion processes at high temperatures due to the
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Fig. 4 Normalized emission spectra of (a) CGFQCGF and (b) CGF@CF.
core@shell NPs as a function of temperature under 980 nm excitation.
(c) LIR of 520 nm and 540 nm as a function of temperature. (d) Relative
thermal sensitivity of the CGF@CGF (black curve) and CGF@CF (red
curve) NPs in the temperature range of 200-300 K.
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increased multiphonon relaxation. From the fitting of In(LIR)
vs. 1/T in Fig. 4c, the linear behavior is obtained with the slope
values of —512 and —928 for CGF@CGF and CGF@CF UCNPs,
respectively. It indicates that the temperature increase has
a stronger influence on the UCL of CGF@CF than that of
CGF@CGF. This consequent can be supported by the lifetime of
upconversion emission in Fig. S6.7 As we can see, the lifetime of
upconversion emission at 520 nm or 540 nm for CGF@CGF only
changed slightly while the lifetime for CGF@CF changed a lot
when the temperature increased from 200 K to 300 K. Thus, the
CGF®@CF nanocrystals provide a luminescent probe for radio-
metric thermometry. The XRD pattern (Fig. 3c) revealed that the
crystal plane spacing of the CaF, lattice was smaller than that of
CaGdF with the same crystal plane index, which was in agree-
ment with their difference in lattice constants (CaF,: a = 5.46 A,
CaGdF: a = 5.50 A). Besides, after coating with a CaF, shell, the
peaks of CGF@CF NPs had a lightly right shift compared to
those of CGF@CGF NPs. It means that there is noticeable lattice
distortion at the interface of CaGdF@CaF,. That means the
interface lattice distortion can benefit the process of sensing
temperature. A similar result has been reported in NaGdF,@-
NaYF, heterojunctions.*

Based on the ratiometric thermometer parameter, the rela-
tive sensitivity (S,) was calculated by eqn (3):

1 9LIR AE @)
"7 LIR 0T = kT

The dependence of relative thermal sensitivity S, on
temperature is shown in Fig. 4d, revealing that the maximum
relative thermal sensitivity reaches an ultrahigh value of 2.20%
K" at 200 K for CGF@CF NPs, which is higher than the value of
1.28% K~ ' for CGF@CGF. Additionally, the relative thermal
sensitivity of CGF@CF UCNPs (200 K) is more promising than
that of similar reported UCNPs, as shown in Table S1.1 Based on
the results outlined, the excellent performance of the CGF@CF
as a sensitive luminescence thermometer makes them prom-
ising candidates for applications where the temperature needs
to be monitored with high precision and real-time. In Fig. S7,}
we demonstrate the potential of this luminescent temperature
probe for an in situ measurement technique in an extreme
environment, such as a space satellite. Under the excitation of
980 nm diode lasers, a spectrometer collects the luminescence
spectra, and the corresponding temperature changes can be
obtained in real-time.

4 Conclusions

We have developed a coprecipitation synthesis method to
synthesize ultra-small and efficient lanthanide-doped core®@-
shell UCNPs. By optimizing of Ca®*/Gd*" molar ratio, sub-5 nm
alkaline-earth rare-earth fluoride cores were prepared. On the
one hand, Gd*" ions doping can reduce the CaF, lattice
symmetry, enhancing UCL. On the other hand, compared with
homogeneous CaGdF shell of CGF@CGF NPs, heterogeneous
CaF, shell of CGF@CF NPs further increases the UCL intensity.
Notably, the CGF@CF heterostructure is more sensitive to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature changes due to lattice distortion in the interface,
which is particularly interesting as multiphoton nanoprobes for
applications in temperature sensing.
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