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Optical thermometry based on the fluorescence intensity ratio (FIR) of two thermally coupled levels in
lanthanide ions has potential application in non-contact optical temperature sensing techniques. In this
work, a shell of SiO, with tunable thickness was uniformly coated on NaGd(WO,), Yb**/Er** core
upconversion nanoparticles (UCNPs). The effects of the silica shell on UC luminescence and thermal
sensing properties of core-shell NaGd(WQ,),:Yb**/Er**@SiO, UCNPs were investigated. Under 980 nm
laser excitation, the temperature-dependent UC emission spectra of obtained samples were measured.
The FIR was analyzed based on the thermally coupled 2Hyy,» and Sz, levels of Er®* in the biological
temperature range of 300-350 K, in which the Boltzmann distribution is applied. The emission from the

R 427t N ber 2020 upper 2H11/2 state within Er®" was enhanced as temperature increased due to the thermal effect.
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Accepted 5th January 2021 Absolute sensitivities (Sa) and relative sensitivities (Sg) of the core and core-shell UCNPs were calculated.
It was found that after SiO, coating, the maximum S, was enhanced by ~2-fold (1.03% K~! at 350 K).

DOI: 10.1035/d0ra10039k Especially, Sp was as high as 2.14% K™ at 350 K by analyzing the FIR of the non-thermally coupled 2Hiy,»
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1. Introduction

Lanthanide-doped nanomaterials have been widely investigated
in bio-therapies, such as magnetic resonance imaging, photo-
dynamic therapy, photothermal therapy, and X-ray tomography
because of their outstanding chemical and optical properties.'”
In biological environments, temperature is an important param-
eter. However, it is not easy to get accurate temperature in vivo
directly. Recently, upconversion (UC) luminescent materials for
optical temperature sensing application have been received
considerable attention.® It is based on the fluorescence intensity
ratio (FIR) of two thermally coupled energy levels, which can
provide a non-invasive technique to monitoring temperature with
a high sensitivity and a fast response. This technique is indepen-
dent on variations of sample concentration and intensity fluctua-
tion.”® The energy difference is required to be in the range of 200-
2000 cm ™" to enable a Boltzmann distribution for the population
ratio of two neighboring excited states.’ The Yb®>" and Er** ions are
the most popular ion couple to realize UC luminescence. The Hy,
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» and *S;, levels within Er*" are thermally coupled with energy gap
of ~800 cm ™. Yb*" ions are employed as the co-doping ions to
sensitize Er’* due to the large absorption cross-section at 980 nm
of Yb®" and the efficient energy transfer from Yb>" to Er*'.
Compounds such as oxides, fluorides, and oxysulfides, have
been reported with good properties of optical temperature
sensing.'®' However, to enable good control of shape and
uniformity, UC nanoparticles (UCNPs) are usually synthesized
in non-polar solvents. Then, aqueous dispersibility is absent for
the UCNPs. Therefore, post-treatments are usually required.” In
general, rare-earth oxides have better thermal stability and
thermal sensitivity than fluorides,"** and thus are promising in
bio-imaging and bio-sensing. Coating the nanoparticles with
shell structures is a common approach to eliminate the surface
defects and enhance the luminescence, so the optical ther-
mometry performance of the nanoparticles can be
improved.'**® A versatile shell is silica due to its high chemical
stability, optical transparency, and easy control of shell thick-
ness. Especially, for biological applications, the silica is non-
toxic and bio-compatible,'** and the surface of the silica can
be further modified to enable dispersity in a variety of polar
solvents.”* The silica can be porous and can realize targeting
binding, such as for drug delivering.?*”* Therefore, SiO, coating
on lanthanide doped nanomaterials can not only improve the
chemical and physical properties, but expand the application of
lanthanide doped luminescent materials in biomedicine fields.
Lanthanide doped double tungstates have been investigated as
potential thermometric probes due to their good thermal stability

RSC Adv, 2021, 11, 3981-3989 | 3981


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10039k&domain=pdf&date_stamp=2021-01-19
http://orcid.org/0000-0001-5997-780X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10039k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011007

Open Access Article. Published on 21 January 2021. Downloaded on 1/30/2026 10:41:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

and high thermal sensitivity.**** Temperature sensing perfor-
mance of material can be improved after silica coating. It has been
reported that the performing temperature of nanothermometry for
the classical up-converting nanoparticles NaYF :Er*",Yb*" was
expanded from 600 K to 900 K, which enables the application of
the material in high temperature environments.” The protective
effect of silica shell benefits the UCNPs to maintain the
morphology and optical properties at high temperatures with good
repeatability. In addition, the UC luminescence and the thermal
sensitivity can be enhanced by the silica coating, which was
demonstrated by the study on LuvO,:Yb*"/Er**.

In this work, NaGd(WO,),:Yb*>/Er*" (NGW:Yb**/Er*") core
UCNPs and NaGd(WO,),:Yb*'/Er**@si0, (NGW:Yb*'/
Er*'@si0,) core-shell UCNPs were successfully synthesized.
Silica with different thickness was coated on NGW:Yb*>'/Er’**
nanoparticles by Stober method. The morphology, structure
and luminescence properties of the core NGW:Yb**/Er*" and
core-shell NGW:Yb*'/Er**@SiO, UCNPs were characterized.
Performance of optical temperature sensing was studied via the
FIR analysis on the two thermally coupled energy levels *Hy,,
and “S,,, within Er’’. The benefits of silica shell coating were
also discussed in detail.

2. Experimental
2.1 Materials

Absolute ethanol (Analytical Reagent, A.R.), ammonium
hydroxide (A.R.), gadolinium(m) acetate hydrate (99.9%), ytter-
bium(m) acetate hydrate (99.9%), erbium(m) acetate hydrate
(99.9%), sodium tungstate hydrate (A.R.), ethylene glycol (A.R.),
tetraethyl orthosilicate (TEOS, 99.0%) were used as raw mate-
rials without further purification.

2.2 Synthesis of NGW:Yb**/Er** UCNPs

NGW:Yb**/Er** core UCNPs were synthesized with ethylene
glycol-assistant hydrothermal method. Firstly, solutions of
0.10 mol L' Gd(CH;COOH);, 0.10 mol L™ Yb(CH;COOH);,
0.02 mol L™ Er(CH3;COOH); and 0.20 mol L' Na,WO, were
prepared via dissolving the reactants separately in deionized
water. Next, 3.33 mL Na,WO, was added to the solution con-
taining 2.65 mL Gd(CH3;COOH)3, 0.67 mL Yb(CH3COOH); and
83 uL Er(CH3;COOH); under magnetic stirring. After stirring for
5 min, 27 mL ethylene glycol was mixed into the solution with
following vigorous stirring for 30 min. Subsequently, the
mixture was transferred into a 40 mL Teflon-lined stainless
autoclave, which was sealed and maintained at 200 °C for 20 h.
The white products were collected by centrifugation and washed
three times with distilled water and ethanol, and were obtained
in powder after drying at 70 °C for 12 h. Finally, the obtained
UCNPs were annealed at 600 °C for 3 h with temperature rise of
2 °C min ! in a muffle furnace.

2.3 Synthesis of NGW:Yb*'/Er**@SiO, UCNPs

In order to coat a SiO, shell onto the NGW:Yb*'/Er** UCNPs,
0.030 g NGW:Yb*'/Er** UCNPs were dispersed in mixtures
including 50 mL ethanol, 10 mL deionized water, and 2 mL
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ammonium hydroxide in a 100 mL flask via ultrasonication for
20 min. Then, TEOS dropwise was added with mild stirring. To
prepare core-shell UCNPs with various SiO, shell thickness,
a certain amount of TEOS (10 pL, 20 puL, 40 pL, 80 pL, 160 pL and
320 pL) was added into the above mentioned solution with
stirring at room temperature for 8 h. The suspensions were
washed by deionized water and ethanol for three times, and the
NGW:Yb*'/Er** @Si0, UCNPs were collected by centrifugation
and further dried at 70 °C for 12 h. Finally, the obtained UCNPs
were annealed at 600 °C for 3 h with a heating rate of 2 °C min—"
in a muffle furnace.

2.4 Characterization

Crystal phase of the prepared UCNPs was determined by X-ray
diffractometer (XRD, RIGAKU, D-MAX 2200 VPC, Cu Ko radia-
tion) at a scanning rate of 10° min~ " with a step of 0.02° and 26
ranging from 10° to 70°. Fourier transform infrared (FT-IR, Fron-
tier) spectra were measured within the frequency range of 400-
4000 cm " by using the KBr pellet technique. Morphologies of
UCNPs were characterized by scanning electron microscope (SEM,
field-emission SEM, Zeiss Gemini 500) with an energy dispersive X-
ray spectrometer (EDS, Bruker Flat QUAD). High-Resolution
Transmission Electron Microscopies (HRTEM) were analyzed by
using spherical aberration corrected transmission electron
microscope JEM-ARM200P. UC emission spectra and decay curves
at room temperature were obtained using the Edinburgh Instru-
ments FLS1000 spectrometer with a power tunable 980 nm laser as
the excitation light source and a detector of photomultiplier tube
(Hamamatsu R928P). Temperature-dependent UC emission
spectra were measured using the OXFORD instrument with
a temperature controlling system under nitrogen cryogenics.

3. Results and discussion
3.1 Crystal structure and morphologies

The synthetic procedures of core NGW:Yb?*/Er** and core-shell
NGW:Yb*'/Er**@SiO, UCNPs are schematically shown in
Fig. 1a. The core UCNPs were synthesized initially by the
hydrothermal method. Then, the tunable silica layers were
coated on the core NGW:Yb**/Er** UCNPs by the Stober method.
Finally, both the core and core-shell UCNPs were sintered in air
at 600 °C for 3 h to improve the crystallinity and enhance the
luminescence properties.

The NaGd(WO,), crystal is in a scheelite-like tetragonal
structure with /4,/a space group and cell parameters of a = b =
0.5243 nm, ¢ = 1.1368 nm.*' The phase composition and crys-
talline nature of the prepared samples at each stage have been
characterized by XRD measurements. Fig. 1b shows the XRD
patterns of the core and core-shell UCNPs. Referring to the
NaGd(WO,), standard (JCPDS#25-0829), both the core and
core-shell UCNPs are in the tetragonal structure. No second
diffraction peak can be observed after the silica coating.

The surface chemistry of the core NGW:Yb**/Er*" and core-
shell NGW:Yb*'/Er**@SiO, UCNPs were analyzed by FT-IR
measurements as shown in Fig. 1c. The multiple absorption
peaks from 700 cm™" to 900 cm™ " and weak absorption band

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterizations for the core NGW:Yb**/Er** and the core—shell NGW:Yb>*/Er**@SiO, UCNPs after annealing. (a) Schematic illustration

for the synthesis. (b) XRD patterns. (c) FT-IR spectra.

around 927 em™ " are assigned to the asymmetrical stretching
vibrations and symmetrical stretching vibrations of W-O in the
WO,>~ group.®*® The peak around 2342 cm™ " observed in both
UCNPs is due to the asymmetrical C-O stretching mode from
ambient of CO,.** In addition, the broad absorption bands near
3405 ecm™"' and 1600 em™' can be attributed to the O-H
stretching and bending vibrations of water molecules, respec-
tively. The water adsorption on the UCNPs can occur during the
preparation of the UCNPs, especially because the UCNPs are
nanocrystalline. The new peaks at 1095 cm™ ' and 472 cm ™"
(curve B) belong to the symmetrical stretching vibration of Si-
O-Si and the bending vibration of Si-O, which indicates the
successful coating of silica shell.

To explore the direct formation of the silica layer around the
NGW:Yb*'/Er** UCNPs, scanning transmission electron micros-
copy in scanning electron microscopy (STEM-in-SEM) was used to
determine the morphology of the products in different stages as
shown in Fig. 2. Core NGW:Yb*"/Er*" UCNPs are monodisperse in
a regular olivary shape with an average size of 300 nm x 150 nm
(Fig. 2a). We can observe the distinct contrast between the core and
the shell structures. The low contrast contour demonstrates
a uniform growth of the silica shell on the core NGW:Yb*"/Er**
UCNPs. The mean thickness of silicon shell is 25 nm (Fig. 2c). The
morphology and monodispersity for the UCNPs are unaltered after
the SiO, coating. Therefore, the STEM images confirm that the
NGW:Yb*"/Er** UCNPs are coated by silica shell successfully.

Lattice fringes can be well-resolved in the HR-TEM image
(Fig. 2d) and the distance of lattice fringe is 0.310 nm, which is

© 2021 The Author(s). Published by the Royal Society of Chemistry

consistent with the d-spacing between (112) planes of NaGd(WO,),
(JCPDS#25-0829). The inset in Fig. 2d is the corresponding fast
Fourier transform pattern, indicating a single crystalline nature of
the inner core NaGd(WO,),. Moreover, the EDS spectra and
elemental mapping profile of the core-shell UCNPs (Fig. 2e and f)
were collected through a single core-shell UCNP to qualitatively
analyze the chemical compositions. The resulting elemental
mapping profile in Fig. 2f reveals the homogeneous distribution of
Na, Gd, W, Si, O in the core-shell UCNPs. Notice that the Si and O
elements (red and indigo) cover larger area than other elements,
which confirms the existence of the silicon outer shell.

For biological nanomaterial, it is imperative to produce
UCNPs with good control on morphology, size, and aqueous
dispersity. To give an insight into the effects of SiO, shell on
morphology and monodispersity, the obtained core and core-
shell UCNPs before and after annealing are characterized by
STEM as showed in Fig. S1.f The core NGW:Yb*'/Er** UCNPs
are well-dispersed in water after the hydrothermal reaction.
However, the annealing process, which is used to improve the
luminescence properties of the UCNPs, could cause a severe
agglomeration (see Fig. S1bf). This problem can be solved
mostly by coating SiO, shell, as shown in Fig. Sic.f Due to the
protective effect of the silica, the NGW Yb**/Er**@SiO, core-
shell UCNPs after annealing preserve the morphology and the
monodispersity. In addition, the thickness of SiO, layer can be
tuned by changing the amount of TEOS that is the silica source
during the shell growth. The STEM images of the NGW Yb?"/
Er**@SiO, core-shell UCNPs with silica layer in different

RSC Adv, 2021, 11, 3981-3989 | 3983
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Fig. 2 Electron microscopy characterizations of the core NGW:Yb>*/Er®* and the core—shell NGW Yb**/Er**@SiO, UCNPs. (a and b) STEM
images. (c and d) HR-TEM images. (e) EDS spectrum. (f) Elemental mapping profiles.

thickness are shown in Fig. S2.1 The average thickness of SiO,
layer is calculated to be 15 nm, 25 nm, 40 nm, 60 nm, 90 nm,
120 nm for the UCNPs synthesized with 10 pL, 20 uL, 40 pL, 80
uL, 160 pL, and 320 uL TEOS. If the TEOS is much excess,
spherical silica can be formed as a second phase (Fig. S2f¥).

3.2 Upconversion luminescence properties and mechanism

To investigate the effect of the silica shell on UC emission, the UC
spectra of the core (NGW:Yb*'/Er*") and core-shell (NGW:Yb*'/
Er**@8i0,) UCNPs were measured under excitation of 980 nm laser
(power density of 56 mW cm™ ). The optimal doping concentrations
for Yb*"/Er*" ions are 20% Yb*" and 0.5% Er’* according to the
analysis of concentration quenching (Figure S3t). As shown in
Fig. 3a, the UC emission consists of intra-configurational 4f-4f Er**
transitions at green and red regions. The red emission with
maximum intensity at 657 nm derives from the ‘Fgp — *Iis5p
transition. The green emission is attributed to the transitions from
the thermally coupled states *Hy,/, and *S), to the ground state “I; 5/,
at 531.5 nm and 553 nm. The silica shell has no influence on the
position of emission lines and the relative UC emission intensity.
For nanoparticles, on the one hand, UC luminescence can be
enhanced by growth of SiO, shell owning to the passivation effect to
reduce the surface defects.>** On the other hand, SiO, layers can
quench the UC emission due to O-H vibrations. As our UCNPs
before and after silica coating are thermally treated, the above effects
of silica coating can be neglected. As a result, the core-shell UCNPs
are similar to the core UCNPs on the UC luminescence intensity.
In the Yb**-Er** ion couple, Yb*" ions can resonantly transfer
energy to neighboring Er** ions involving a multi-photon process.

3984 | RSC Adv, 2021, 11, 3981-3989

UC emission spectra were measured under different excitation
powder density of laser. The relation of UC emission intensity and
pumping power density can be described by eqn (1):

Iyc = Ppumpn (1)

where I is the UC emission intensity, P represents the 980 nm laser
power density, and value 7 is the number of pumped IR photons
that are required for UC emission. The logarithm of UC emission
intensity is plotted versus power in Fig. 3b, indicating a two-photon
UC process for the red emission. Both two- and three-photon UC
processes contribute to the green emission. The silica shell barely
affects the UC processes. The energy level diagram and the
proposed energy transfer UC mechanism are schematically shown
in Fig. 3c. Upon excitation of 980 nm laser, the Yb*" ions are
excited from the ground state °F;,, to the excited state *F5,,. Energy
could be resonantly transferred from Yb** excited state to Er** *I;4,,
by ground state absorption. The Er*" ion is excited to the *Fy,
excited state by subsequent excited state absorption. Fast non-
radiative relaxation occurs from *F-, to >Hy 1,5, *Ss), Or *Fy, states.
An alternative path to populate the red emission state is originated
from the nonradiative relaxation from “I;;,, to “L;, and the
following excited state absorption. From the red emitting *Fy,
level, a third photon can be absorbed and excites Er** to ?Hy, state.
Finally, the radiative decay from the excited states *H, 5, *S5, and
*Fo/, to the ground state “I,5,, gives rise to green and red emission.

Fig. 4a and b shows the luminescence decay curves of the
*H,./5/*S5,» and *Fy, excited states for both core and core-shell
UCNPs. The rise time indicates the energy transfer of Yb** to
Er*" jons. Following decay fits to the mono-exponential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UC emission spectra for the core NGW:Yb*>*/Er** and the core—shell NGW Yb>*/Er**@SiO, UCNPs under excitation of 980 nm laser
(power density of 56 mW cm™2). (b) Double logarithmic plot of green and red UC emission intensity versus excitation power density for the core
and core—shell UCNPs. The solid lines are the linear fits of the double logarithmic plots. (c) Energy-level diagram for UC emission.

behavior. The lifetime for the Hy;,/*S;/, green UC emission is
40.2 ps (core) and 40.7 ps (core-shell). For the *Fy, red emis-
sion, the lifetime is 68.4 ps (core) and 66.6 us (core-shell).
Again, the results of decay time confirm that UC emission and
UC efficiency is unaltered with the silica coating. The decay time
of the green and the red UC emission is 2-3 times longer than
those for NaY(WO,),:Er’*/Yb** UCNPs in our previous work.*
Reason is that the UCNPs in this work is relatively large in size
and is thermally treated, thus the quenching from defects and
surrounding ligands is largely suppressed.
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To further justify the effects of the silica coating on UC
luminescence, the NGW:Yb*"/Er** core UCNPs were coated with
a silica shell in varied thickness. The UC emission spectra for these
core-shell UCNPs (Fig. S4t) show that the UC emission intensity
decreases gradually upon coating thicker layer of silica. It was
speculated that the silica could attenuate the emission. The inte-
grated intensity ratio of green and red emission is plotted in Fig. S4.}
With the increased silica shell, the integrated intensity ratio of
green/red emission increases. This is contrary to the usual obser-
vation of enhanced red emission, thus decreased green/red intensity
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Fig. 4 Luminescence decay of (a) 2H11/2/%S3/0 green emission and (b) *Fq/» red emission for the core NGW:Yb**/Er** and the core-shell NGW
Yb3*/Er**@SiO, UCNPs under excitation of 980 nm laser (power density of 56 mW cm~172).
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ratio.** In those cases, the nonradiative decay from Er’*" *I, to
1,5, state is enhanced due to the O-H quenching as the energy gap
between “I,;/, and “I;5, states matches the O-H vibration energy
(3200-2600 cm ™ *).4*> Then, there is a high probability that the
second IR photon excites Er** from the *I, state to the red emitting
“F,, state. In our case, the core-shell UCNPs with thermal treatment
are limited influenced by the O-H quenching. This agrees with the
unchanged green and red emitting lifetime after the silica coating
because the nonradiative decay rate is unaltered.

3.3 Luminescence thermometry

Temperature sensing properties were measured and compared
for the core NGW:Yb*'/Er** and core-shell NGW:Yb*'/
Er**@Si0, UCNPs. Temperature-dependent UC emission
spectra of UNCP powders were collected in the temperature
range of biological systems (300-350 K in a step of 5 K) under
980 nm laser excitation (power density of 162 mW cm ' ~?).
Before measuring spectra, each temperature point holds for at
least 5 min for stabilization. The thermocouple can measure the
real-time temperature and compensate the caused laser heat-
ing. Furthermore, the laser power density is relatively low, thus
the laser heating effect should be slight. As the population
probability in the *Hy;,, and *S;), states follows the Boltzmann's
distribution, the relative emission intensity in the two states
changes with temperature. The fluorescence intensity ratio
(FIR) follows eqn (2)

FIR — ﬁ: 1531.5 nm __

IZ 1553 nm

(2)
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where Is3;5 nm and Issz nm are the integrated UC emission
intensity of the >Hyy,, and *S;;, levels, AE is the energy gap
between the ?H,;;, and “S,, levels, kg is the Boltzmann's
constant, 7 is the absolute temperature and B is a constant. Fig. 5a
shows the temperature (300-350 K) dependent UC emission spectra
of the core-shell NGW:Yb*'/Er*' @SiO, UCNPs with the normalized
intensity of “S3, — *I;5, emission. The emission intensity of the
transition *Hyy;, — *I5, increases with temperature, as expected for
the thermal coupling of excited states. Thus the FIR of the H,,), and
“S,/, green emission increases as shown in Fig. 5b. Fitting the plot
with eqn (2), AE between the Hy,,, and “S;, states is calculated to
be about 845.8 cm ' and matches the experimental value of
796.4 cm™ ' determined from the emission spectra of the core and
core-shell UCNPs (Fig. 3a). For temperature sensors, absolute
sensitivities (S,) and relative sensitivities (Sg) are key parameters for
practical applications to evaluate the temperature sensitivity of FIR
technique and are defined as following equations:

IFIR AE
— 2" _FIR 3
Sa= 7 X ke T2 (3)
Sa AE
_ PA _ 4
Sk = FIR kT2 (4)

Fig. 5c and d shows the plots of S, and Sk versus temperature,
respectively. In the biological temperature range from 300 K to
350 K, S, continuously increases with temperature, whereas Sg
decreases. The maximum S, is 1.03% K * at 350 K and the
maximum Sy is 1.10% K ' at 300 K for the core-shell
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Fig.5 FIR analysis of the 2Hy1,» and *Ss,» levels for the core—shell NGW:Yb**/Er**@SiO, UCNPs in the temperature range from 300 K to 350 K. (a)

UC emission spectra under 980 nm laser excitation (power density of 162 mW cm
553 nm. (b) FIR, (c) Sa, and (d) Sk versus temperature.
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NGW:Yb*'/Er**@Si0O, UCNPs. As a comparison, the
temperature-sensing properties of the core NGW:Yb**/Er*" UCNPs
were evaluated (Fig. S51). The S, of the core-shell NGW:Yb*"/
Er**@Si0, UCNPs is ~2-fold enhanced compared with the core
NGW:Yb*'/Er** UCNPs in the biological temperature range. The
observation of improved thermal sensitivity after silica coating is in
agreement with previous studies on the system of vanadates.*** It
was observed that an improvement of thermal sensitivity after silica
coating, but details in the mechanism for the performance
improvements is still not clear. Silica coating can improve the
thermal stability for NaYF,:Er’",Yb®* UCNPs, which may provide
a hint for the enhanced thermal sensitivity with the silica coating.
Although enhanced UC emission is not observed after silica coating,
the silica shell can somewhat passivate the surface and thus
improve the thermal sensitivity. Ultrasmall NaLa(WO,),:Yb**/Er**
UCNBPs (sub-10 nm in size) was demonstrated to be thermally stable
until ~600 K.* In regard of present NaGd(WO,),:Yb**/Er** UCNPs in
a relatively big size, it is reasonable to envisage that the silica coated
UCNPs in our work can survive at higher temperatures. Besides the
improvement of thermal sensitivity, the silica coating can extend the
application of the material to high temperature environments.
Although the most widely used model system in UC nano-
thermometry is the thermally coupled neighboring states,
emission from non-thermally coupled states can be feasible
probes of thermal sensing. Therefore, for the core-shell UCNPs,
the thermal sensing ability using the FIR of the *Hy,, (531.5
nm) and *Fo, (657 nm) levels was further investigated. The
population related to the *Hy;/, and *Fo, levels is not following
the Boltzmann distribution. For example, in the cases of Nd**-
Yb*" and Eu®*-Tb** ions couples, FIR technique can monitor

© 2021 The Author(s). Published by the Royal Society of Chemistry

the emission intensity from two different emitting ions.*** The
emission from two emitting levels for FIR analysis is not
following the Boltzmann law, which is based on energy transfer.
Fig. 6a shows the temperature dependent UC emission spectra
of the core-shell NGW:Yb**/Er** @SiO, UCNPs with normalized
emission intensity at 657 nm. The FIR can be fit well to a second
order polynomial relationship with temperature:

I nm
FIR = 33m _ 472 4 BT 4 C

657 nm

(5)

3.5

3.0 1

2.54 300K

2.0

FIR

b —=—?H,,,/*S

Cycles

Fig.7 FIR of Ers* 2H11/2/4S3/2 and 2H11/2/4F9/2 at 300 and 350 K in three
cycles of heating and cooling for the core—shell UCNPs (the dots are
experimental data).
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Table 1 Comparison of temperature-sensing properties using FIR technique within Erst

Temperature
Sensing materials range (K) Maximum S,(K ™) Sk (% K1) 2 (nm) Ref.
LuvO,:Yb*'/Er** @SiO, NP 303-353 0.57% at 353 K 1077/T* 525/553 46
NaY(WO,),:Yb*'/Er*" NP 293-503 0.9% at 503 K 1127/T* 525/552 39
LuvO.:Yb*'/Er** MP 303-423 0.82% at 423 K 1030/T* 524/553 47
Er**/Yb**:Na, sGdysMoO, 298-778 0.86% at 590 K 1195/T* 521/541 48
B-NaYF,:Yb*'/Er** @SiO, NP 299-337 — 1168/T* 525/545 49
Er*'/Yb**:K;LuFs MP 300-773 0.38% at 625 K 1256/T" 521/545 50
Er’*/Yb*":GdvO,@SiO, NP 297-343 1.01% at 343 K — 520/550 43
SrWO,:Yb*'/Er*" MP 300-420 1.50% at 403 K 866/T" 525/547 51
Er’'/Yb*":GdOF@SiO, NP 260-490 0.98% at 490 K 1087/T* 534/543 52
NaGd(WO,),:Yb*'/Er** @Si0, NP 300-350 1.03% at 350 K (*Hy1/2/*S3)) 1217/T* 531.5/553 This work
NaGd(WO,),:Yb*'/Er**@siO, NP 300-350 2.14% at 350 K (*Hyq/5/"Foys) 1217/T* 531.5/657 This work

The FIR increases from 2.18 (300 K) to 3.09 (350 K) as shown in
Fig. 6b. The *H,y,/*Fo, FIR values are higher than those of
*H,1/5/*S;,» FIR. The corresponding S, and Sy are plotted versus
temperature in Fig. 6¢ and d. Similar to the case of ?Hyy,,/*S;/, FIR
(1.03% K ' at 350 K), here S, (calculated as the first derivative of
FIR respect to each temperature point) increases with temperature,
but is higher (2.14% K" at 350 K). The red emitting “F, level is
thermally quenched by increasing temperature, similar to the
green emitting *S;, level. In contrast, Sg also increases with
temperature with the highest 0.70% K" at 345 K.

Thermal cycling experiments were measured to demonstrate
the repeatability and accuracy of our FIR analysis based on the
prepared core-shell UCNPs. FIR per cycle step is shown in
Fig. 7. During different cycles of heating and cooling, FIR fluc-
tuates slightly, verifying the reliability of ratiometric technique.

Finally, thermal sensitivity is compared for the core-shell
NGW:Yb*'/Er** @Si0, UCNPs and other Yb** and Er** co-doped
materials, as summarized in Table 1. The results of comparison
demonstrate that the prepared core-shell NGW:Yb**/Er**@Si0,
UCNPs in this work is a good candidate for biological nano-
thermometry based on the FIR analysis of thermally coupled
and non-thermally coupled levels.

4. Conclusions

In summary, uniformly dispersed NGW:Yb*'/Er’** core and
NGW:Yb**/Er**@Si0, core-shell UCNPs have been successfully
synthesized using the ethylene glycol-assistant hydrothermal
method and the Stober method for silica coating. The silica
shell is homogeneously coated on the surface of the core
NGW:Yb*'/Er*" UCNPs. Through silica coating, the stability of
UCNPs was improved and provides more options in surface
functionalization without damaging UC emission. After thermal
treatments, the UCNPs can have relatively strong green and red
UC emission involving two- and three-photons absorption and
energy transfer. Temperature-dependent UC emission spectra
were measured in the small biological temperature range and
analyzed based on the FIR technique of the H,4,, level to the
thermally coupled *S;,, level and the non-thermally coupled
*Fyy, level. The maximum S, is ~2-fold enhanced through the
silica coating. A high absolute sensitivity of 2.14% K ' at 350 K

3988 | RSC Adv, 2021, 1, 3981-3989

can be realized by FIR analysis of the unconventional *H,,,, and
“Fy, levels. The study demonstrates that the core-shell
NGW:Yb**/Er**@Si0, UCNPs can be promising in nano-
thermometry for the biological systems with proper size control
and surface engineering.
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