Facile synthesis of mono-disperse sub-20 nm
NaY(WO,),:Er**,Yb** upconversion nanoparticles:
a new choice for nanothermometry+
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We report a novel optical nanothermometer based on ultra-small NaY(WO.,):Er¥*,Yb*" (NYW:Yb,Er)

upconversion nanoparticles (UCNPs). The monodisperse, diamond-shaped sub-20 nm NYW:Er,Yb UCNPs

with an average size of ~8.5 x 12.5 nm were prepared via a facile one-step thermolysis protocol. Upon
980 nm laser excitation, the NYW:Er,Yb UCNPs yield bright green UC emission. The maximum relative

sensitivity (S,e) and absolute sensitivity (S,os) Were determined to be ~1.2% K 1 at 293 Kand ~0.9% K ! at
503 K, respectively. The excellent repeatability of fluorescence intensity ratio (FIR) and low temperature
uncertainty ATpin of ~0.4 K at 293 K make them promising for optical nanothermometry covering a wide

temperature range of 293 503 K.

1. Introduction

Upconversion (UC) is an anti-Stokes process of converting two
or more low energy photons to one high energy photon. In the
last decade, rare-earth activated UC nanoparticles (UCNPs)
have been rapidly developed due to their broad applicability
in many fields, such as bio-imaging, drug delivery and optical
thermometry.'™ Recently, UCNPs have been reported as one
of the best candidates for nanothermometry.®™® Optical nano-
thermometry based on UCNPs can provide a contactless and
non-invasive approach to map the temperature of the environ-
ment and human body."*™"* The non-contact optical thermometer
technology strongly relies on the variation of fluorescence inten-
sity ratio (FIR) of two emission lines arising from two thermally
coupled levels of trivalent rare earth ions.'® Er*" is the most
popular activator based on its green UC emission originating
from the two thermally coupled levels (TCLs) of *H,;,, and *Ss),.
The energy gap AE between them is 700-800 cm ', which
' < AE < 2000 cm " well

14,15

matches the requirement of 200 cm™
for effective thermal coupling in optical thermometry.
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To date, Yb**/Er*" activated UC materials including fluorides,
oxides, oxyfluorides and oxysulfides have been frequently reported
as excellent candidates for optical thermometry."™"*'*™"® Among
them, B-NaYF,:Yb,Er UCNPs have been recognized as promising
candidates for nanothermometry due to their well-controlled
morphology, small particle size of <50 nm, narrow size distribu-
tion and high UC emission efficiency due to their low phonon
energy. Compared with fluorides, oxide materials present the
advantages of easy preparation, good thermal conductivity, iso-
tropic optical properties, and excellent thermal, mechanical and
chemical stability.>***' Consequently, rare earth activated oxide
phosphors have been found wide applications in many fields.**
However, rare earth activated oxide nanoparticles typically exhibit
properties of poor morphology control, large particle size
(>50 nm), and broad size distribution, which strongly limit
their application in the field of optical nanothermometry.>*>®

Herein, we successfully synthesized monodisperse, diamond-
shaped sub-20 nm NaY(WO,),:Er**,Yb*" (NYW:Yb,Er) UCNPs via
a facile one-step thermolysis protocol.>® Under excitation of
980 nm continuous laser, the NYW:Er,Yb UCNPs present a bright
green color output to the naked eye. Based on the FIR technique,
we monitored the samples in the temperature range of 293-503 K.
The maximum relative sensitivity (S.j) was determined to be
~1.2% K at 293 K (physiological temperature region) and it
decreases from ~1.2% K™ ' at 293 K to ~0.4% K ' at 503 K. It was
found that the absolute sensitivity (Saps) increased with tempera-
ture from ~0.6% K ' at 293 K to the maximum ~0.9% K ' at
503 K. A low temperature uncertainty of 0.4 K (293 K) based on the
Sre1 value was confirmed. The FIR of NYW:Er,Yb UCNPs shows
excellent repeatability over two heating and cooling cycles



over 293-503 K. These results suggest that NYW:Er*",Yb** UCNPs
are promising candidates for nanothermometry.

2. Experimental

2.1 Materials

High purity absolute ethanol (A.R.), cyclohexane (A.R.), oleic
acid (A.R.), oleylamine (80-90%), 1-octadecene (> 90%), yttrium(im)
acetate tetrahydrate (99.9%), erbium(u) acetate hydrate (99.9%),
ytterbium () acetate hydrate (99.9%), hexacarbonyl tungsten (97%),
and sodium hydroxide (A.R.) were used as raw materials without
further purification.

2.2 Synthesis of the NaY(100-x—y)/100(WO4):XEr,yYb
nanoparticles

Double tungstate nanocrystals with nominal compositions of
NaY(90.5x)/100YDx/100Er0.005(WO4)s (NYW:xYb,0.5Er, X = 5, 10, 15,
20, and 25) and NaY(go_y)100Ybo.2ELy/100 (WO4), (NYW:20YD,VET,
y =0.1, 0.2, 0.5, 1, 1.2 and 1.5) were synthesized via a one-step
thermolysis protocol via the modification of the synthetic
procedures for fluorides described in the literature.>**° In a
typical procedure, oleic acid (10 mL), oleylamine (10 mL) and
1-octadecene (20 mL) were mixed in a 150 mL three-necked
flask and heated at 150 °C for 1 h under vacuum to remove
dissolved water. When the solution had been cooled to room
temperature, the rare-earth ion(u) acetate (1 mmol), hexa-
carbonyl tungsten (2 mmol) and sodium hydroxide (1.5 mmol)
were added to the cooled solution. The obtained solution was
stirred at room temperature for 30 mins and then heated at
300 °C for 2 h under a protective nitrogen atmosphere. The
nanoparticles were precipitated by addition of ethanol, collected by
centrifugation (10000 rpm, 5 min), washed several times with

ethanol and dispersed in hexane, and then dried at 80 °C overnight.
The final nanocrystals can be re-dispersed in nonpolar solvents,
such as cyclohexane.

2.3 Characterization

The X-ray diffraction (XRD) patterns were recorded using a
D-MAX 2200 VPC (Japan) X-ray diffractometer (Cu Ko radiation,
/. =1.5406 A) with 20 ranging from 10° to 70°, a step of 0.02° and
an integration time of 1 s. Transmission electronic microscopy
(TEM), high-resolution TEM (HRTEM) and selected area elec-
tron diffraction (SAED) were performed on an FEI Tecnai G2
F30 operating at 300 kV. A statistical center distance distribu-
tion histogram was estimated by software (J-image) based on
the obtained digital TEM images. The UC emission spectra,
luminescence decay curves at room temperature and tempera-
ture dependent UC emission spectra were measured on an
Edinburgh Instruments FLS 980 spectrometer. A power tunable
980 nm continuous-wave diode laser was used as the excitation
source and a photomultiplier tube (Hamamatsu R928P) was
used as the detector. For temperature dependent UC emission
measurements, the samples were loaded in a small custom-
made chamber (Oxford Optistat DN liquid nitrogen cryostat)
and the temperature was controlled with an accuracy of £0.1 K
(Oxford variable temperature device) via a thermocouple located
next to the sample.

3. Results and discussion

3.1 Structure and morphology

Fig. 1a shows the X-ray diffraction (XRD) patterns of the
NYW:xYb,0.5Er (x = 5, 10, 15, 20 and 25) UC nanoparticles
(UCNPs) as a function of Er** concentration. The diffraction
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Fig. 1 (a) XRD patterns of NYW:20Yb,yEr (y = 0.1, 0.2, 0.5, 1, 1.2 and 1.5) UCNPs as a function of Er** concentration, with the standard XRD pattern of
NaY(WO,), JCPDS card no. 48 0886 provided as a reference. (b) The dependence of the average particle size (calculated using egn (1)) on Er’*
concentration. (c) Statistical center distance distribution histogram in two directions for NYW:20Yb,0.5Er UCNPs estimated using J image software based
on TEM images. (d and e) TEM images of the NYW:20Yb,0.5Er UCNPs with different magnification. (f) HRTEM image of NYW:20Yb,0.5Er UCNPs and inset

is the corresponding SAED pattern.



patterns of the NYW:xYb,0.5Er UCNPs coincide well with the
standard JCPDS card of NaY(WO,), [JCPDS: no. 48-0886; space
group: I41/a S (88)] following the well-known scheelite crystal
structure of tetragonal CaWO,.>" The single crystal phase
nature suggests that Yb*" and Er*" have been incorporated into
the NYW crystal phase. This is ascribed to the similar ionic radii
and same valence state of Y** (0.90 A, eight-fold coordination) and
Yb**/Er** (0.86/0.88 A, eight-fold coordination).* Interestingly, the
full width at half maximum (FWHM) of all diffraction peaks of
NYW:xYb,0.5Er is much wider than that of the micro-sized
counterpart, which is a clear sign of the formation of nano-
particles. Based on the well-known Debye-Scherrer formula, the
average size of nanoparticles can be estimated via eqn (1):**

D = K/(Bcost)

(1)

where A is the X-ray wavelength (1 = 1.5406 A); 0 is the Bragg
angle of the diffraction peak, K is the Scherrer constant, which
is set to 1.0; and B is the FWHM of the given diffraction peak. In
the present case, the strongest diffraction peak at 26 degree
of ~28.9° was chosen for evaluation via eqn (1). The average
size was calculated to be ~12 nm for the NYW:xYb,0.5Er
UCNPs (see Fig. 1b). XRD patterns of the NYW:20Yb,yEr
(y =0.1, 0.2, 0.5, 1, 1.2 and 1.5) UCNPs as a function of Er’"
doping concentration present similar behavior to those of
NYW:xYb,0.5Er (see Fig. S1, ESIt).

TEM was used to investigate the morphology and particle
size distribution of the obtained UCNPs, as shown in Fig. 1c-f.
The morphology of NYW is monodisperse diamond-shaped
nanoparticles.”® As shown in Fig. 1c, the statistical average
width x length of the NYW:20Yb,0.5Er UCNPs was estimated to
be (8.5 £ 2.7) nm x (12.5 + 1.9) nm, which is close to that
calculated by the Debye-Scherrer equation, as shown in Fig. 1b.
It is noteworthy that the particle size is smaller and the size

distribution is more homogeneous than typical oxide-based
nanomaterials.”*>® The HRTEM image presented an interplanar
spacing of 3.1 and 4.7 A, which correspond to the d spacings of
the (112) and (101) planes of tetragonal NaY(WO,),, respectively.
The corresponding SAED pattern (see inset of Fig. 1f) reveals a
pattern of tetragonal NaY(WO,),, which well-matches the XRD
result in Fig. 1a. On the basis of these results and the symmetry
of the crystal lattice of tetragonal NaY(WO,),, it can be concluded
that the NYW nanocrystals are enclosed by (011) and (101) facets.

3.2 UC luminescence properties

The UC emission spectra of NYW:xYb,0.5Er and the NYW:20YDb, yEr
UCNPs as a function of Er** and Yb®* concentration upon excita-
tion of a 980 nm laser with a power density (PD) of 4 W cm™ > are
plotted in Fig. 2a and c, respectively. The UC emission spectra of
NYW:Yb,Er are composed of two distinct parts in green and red.
The red UC band ranging from 640 to 680 nm with a maximum at
656 nm is attributed to the infra-configuration 4f — 4f electronic
transition of Er**:"Fs;, — I;5,,. The green band ranging from
510 to 570 nm comprises two bands with maxima at 530 and
552 nm, which are attributed to the infra-configuration 4f — 4f
electronic transitions of Er*": *H,y,, — *I;5, and Er**: *S;, — 1,5,
respectively.”® The emission intensity of the green band is
~ 2 times stronger than that of the red band at room temperature
leading to a pure green output color due to the poor sensitivity of
the human eye in the deep red spectral region. This is demon-
strated by the inset in Fig. 2a, which shows the emission photo-
graph upon irradiation of a 980 nm laser (4 W cm ™ ?) in a dark
environment. As mentioned in the introduction, the energy gap
between *Hy,,, and *S;,, levels is ~700-800 cm ™. They are typical
TCLs and very suitable for fluorescent ratiometric thermometers,
which will be discussed later. The emission from the *H,y,, and
4S5, levels is defined as G, and G,, respectively.
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Fig. 2 The UC emission spectra of NYW:xYb,0.5Er (x = 5, 10, 15, 20 and 25) and NYW:20Yb,yEr (y = 0.1, 0.2, 0.5, 1.0, 1.2 and 1.5) UCNPs as a function of
Yb3* (a) and Er®* (c) concentration, respectively. The excitation source is a 980 nm laser (PD = 4 W cm ). Inset in (a): photograph of the NYW:20Yb,0.5Er
UCNPs dispersed in cyclohexane solutions under excitation of an 8 W cm 2 980 nm laser. The dependence of UC emission intensities of green and red

for the NYW:Yb,Er UCNPs on Yb®* (b) and (d) Er®* concentrations.



The UC emission peak position does not change, whereas
the emission intensity is sensitive to the variation of Yb** and
Er** concentrations of the NYW:Yb,Er UCNPs. As summarized
in Fig. 2b and d, when Yb** < 20 mol% and Er** < 0.5 mol%,
the increase of Yb*" and Er*" concentration results in the
increase of UC emission intensity for the NYW:Yb,Er UCNPs.
The optimal doping concentrations of Yb®* and Er’*" were
determined to be 20 and 0.5 mol% for the NYW:Yb,Er UCNPs,
respectively. The higher doping concentrations of Yb** > 20 mol%
and Er** > 0.5 mol% result in a decrease of UC emission intensity
for NYW:Yb,Er due to concentration quenching effects, which are
caused by non-radiative energy transfer and the cross relaxation
between Er’* and/or Yb**.**7%7

3.3 UC mechanism

The photoluminescence decay curves of both the green
(552 nm) and red (656 nm) UC emissions of the NYW:xYb,0.5Er
(x =5, 10, 15, 20, and 25) UCNPs are illustrated in Fig. 3a and b,
respectively, as a function of Yb®" concentration. A rise time can
be observed for all decay curves of the NYW:xYb,0.5Er nano-
particles, which confirms the energy transfer UC mechanism.’>°
As summarized in Fig. 3c, with increasing Yb*" concentration,
the lifetime of the green and red UC emission decreases from 37
to 18 ps and from 44 to 17 ps, respectively. The lifetime values
of the green and red UC emission for NYW:xYb,0.5Er are
longer than the reported values for NaGd(WO,),:Yb*"Er**
micro-crystals, ~10 ps, but shorter than that of La,05:Yb** Er**
micro-crystals, ~200 ps.>%3®

To better understand the possible UC mechanism, the
power dependent UC emission spectra were determined.

Fig. 3d shows the UC emission spectra of the NYW:20Yb,0.5Er
UCNPs under 980 nm laser excitation at a range of PDs. It is
obvious that the UC emission intensity of the NYW:20Yb,0.5Er
UCNPs increases with increasing pumping power.

UC is a nonlinear process and the variation of UC emission
intensity (I.,) based on the excitation laser power (P,ump) can
be described using eqn (2) in the low excitation PD regime:*’

(2)

where I.p, is the integrated UC emission intensity, Ipump is the
pump laser power density, and n is the number of pumping
photons required to excite rare earth ions from the ground state
to the emitting excited state. The value of n can be obtained by
the linear fit of the double logarithmic plot of UC emission
intensity versus excitation PD. Fig. 3e presents the corres-
ponding double logarithmic plot and linear fitting. The value
of n was determined to be 1.80 £ 0.04 for green UC emission
and 1.85 £ 0.04 for red UC emission indicating two-photon
processes for both the green and red UC emission in NYW:Yb,Er
nanoparticles. The similarity of the n values for the red and
green UC indicates a stable pure green UC emission color with
varying excitation PD.

Fig. 3f illustrates the UC emission mechanism of the
NYW:Yb,Er UCNPs. Upon excitation of a 980 nm laser, electrons
of Yb*" ions are excited from the ground state of *F,, to the excited
state of *Fs,. The first energy transfer from Yb** to Er** populates
the Er*":*L,,), level via ET1:Yb*' F,, + Er'h:'Li5 —. YD*'2F5) +
Er**:’ly,. The subsequent second energy transfer from Yb** to Er**
populates the Er*":'F,, level via ET2:Yb*":’F,, + Er’':'ly, —
Yb**:’F5), + Er**:*H,4 5, which give rise to the green UC emission.
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Fig. 3 Decay curves of (a) green@552 nm and (b) red@656 nm UC emission of NYW:xYb,0.5Er (x = 5, 10, 12.5, 15, 17.5, 20, 22.5, and 25) UCNPs dependent
on Yb** concentration upon 980 nm laser excitation (4 W cm 2). (c) The dependence of the lifetime of red and green UC emission on Yb** concentration
for the NYW:xYb,0.5Er (x = 5,10, 12.5, 15, 17.5, 20, 22.5, and 25) UCNPs. (d) Excitation power density (980 nm, 1 6 W cm 2) dependent UC emission spectra
of the NYW:20Yb,0.5Er UCNPs. (e) Double logarithmic plot of UC emission intensity in green and red versus excitation PD. The solid line is the linear fit of the
double logarithmic plot, yielding a value for the slope n. (f) UC mechanism of the NYW:Yb,Er UCNPs upon excitation of a 980 nm laser.



There are two routes to populate the red UC emission: (i) non-
radiative relaxation from the I, level to the I3, level followed
by energy transfer from Yb** to Er’* via ET3:Yb*'’F,, + Er’":
Mz —. Yb¥'PFg, + Ert'?Fyp,, and (ii) nonradiative relaxation
from the S;), level to the *F, level can populate the Er*":*F,,, level
leading to red UC emission.*

3.4 Temperature sensing behaviour

Fig. 4a shows the normalized UC emission spectra of NWY:20Yb,
0.5Er (normalized to peak at 656 nm) dependent on tempera-
ture upon excitation of a 4 W cm ™ 980 nm laser. With respect
to G,, the UC emission intensity of G; gradually increases with
increasing temperature from 293 to 503 K. Consequently, the
FIR of I/I, strongly increases with rising temperature from 1.4
(at 293 K) to 3.2 (at 503 K), as shown in Fig. 4b. The monotonic
change in the behavior of Ig /I, with temperature makes it
highly suitable for optical thermometry, which will be discussed
in detail below.

The relative electron population in the TCLs follows a
Boltzmann distribution and the FIR of the two emissions from
the TCLs can be well-described by eqn (3)*°
AE
fur)

FIR = 4 +Bexp< (3)
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where AE is the energy gap between TCLs, K is the Boltzmann
constant, T is the absolute temperature, and A and B are
constants. In the present case, the upper and lower energy
levels are H,q,, and “S;,, respectively. The AE value can be
obtained by fitting experimental FIR data via eqn (3). The
experimental FIR data can be best fitted by FIR = 0.91 +
19.98 exp( 1127/T). As a consequence, the AE value is evalu-
ated to be about 660 cm™*, which is close to the 700-800 cm™*
splitting between *Hy,,, and *S;/, multiplets.

The absolute temperature sensitivity S,ps can be calculated
by eqn (4):*!

OFIR
oT

AE
kpT?

Sups = = (FIR  4) x (4)

The relative sensitivity S can be calculated via eqn (5):**

SAiAE

Sl = FIR = kg T2

(5)

Fig. 4c and d shows the variation of S, and S, as a function
of absolute temperature, respectively. Saps at 293 K was determined
to be ~0.6% K '. It increases slightly with temperature from
~0.6% K ' (293 K) to a maximum at ~0.9% K ' (503 K). S
was determined to be 1127/T%. S, at 293 K was determined to
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Fig. 4 (a) Temperature dependent (293 503 K) UC emission spectra of NYW:20Yb,0.5Er UCNPs upon excitation of a 980 nm laser with a PD of 4 W cm 2
The spectra are normalized to the emission peak at 552 nm. (b) (d) The dependence of fluorescence intensity ratio (FIR) of G; to G; (Ig,/lg,). absolute
sensitivity (Saps) and relative sensitivity (S,e) on temperature.



Table1 Optical thermometer parameters in some typical Er**/Yb®* co doped UC materials. NPs and MPs represent nano particles and micro particles,
respectively. ATn values were recalculated via eqn (6) based on the reported sensitivity values in the literature

Samples Temperature range (K) Maximum S,p,s (K 1) Sret (K 1) ATmin (K) Ref.
NaY(WO,),:Yb**/Er*" NP 293 503 0.9% K '@503 K 1127/T* 0.4 K@293 K This work
B NaYF,:Yb*'/Er*" NP 303 483 984/T* 0.5 K@293 K 43
La,05:Yb*'/Er*" NP 313 573 0.66% K ‘@573 K 1183/T* 0.4 K@293 K 44
Gd,0,:Yb*'/Er** MP/NP 298 723 0.84% K '@570 K 1175/T> 0.4 K@293 K 45
B NaYF,:Yb*'/Er*" MP 293 753 0.39% K @500 K 1113/T* 0.4 K@293 K 46
NaY(MoO,),:Yb*'/Er** MP 303 523 0.97%K ‘@493 K 983/T> 0.5 K@293 K 47
SIrWO,:Yb**/Er** MP 300 420 1.50% K ‘@403 K 866/T% 0.5 K@293 K 48
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Fig. 5 The repeatability of the FIR /1//, in the temperature range of 293 503 K over two heating and cooling cycles.

be ~1.2% K" and decreases with increasing temperature from
~1.2% K (293 K) to ~ 0.4% K ' (503 K). These values
are close to the reported values in the literature for other
Yb*'/Er**-based thermometers and nanothermometers, as
summarized in Table 1. The maximum S,p,s value of the newly
developed NYW:Yb,Er (0.9% K" at 503 K) UCNPs is smaller
than that of S'WO,:Yb**Er** micro-crystals (1.5% K" at 403 K)
but bigger than others in Table 1. The maximum S, value of
the newly developed NYW:Yb,Er (1122/7> K~ ') UCNPs is similar
to that of the reported La,03:Yb*",Er** nano-crystals (1175/7> K ),
Gd,03:Yb* ,Er’* nano/micro-crystals (1175/7° K~ ') and B-NaYF,:
Yb** Er** micro-crystals (1113/7> K™ ), but bigger than others in
Table 1. It is smaller than that of the typical Yb*"/Tm*" based
nanothermometers based on TCLs of F,;/°H,, such as LaPOy:
Yb**,Er*" nano-crystals (3050/7° K~ ').** The repeatability of FIR is
important for real applications of the thermometers. As shown in
Fig. 5, excellent repeatability of the FIR of I /I, can be observed
over two heating and cooling cycles with a step of 20 K.

The temperature uncertainty can be determined via eqn (6):**

0.5%

ATmin = S 1
rel

(6)

A low temperature uncertainty of ~0.4 K at 293 K, which lies
in the physiological temperature region, can be obtained.

4. Conclusions

In summary, we report a novel optical nanothermometer based
on ultra-small NaY(WO,),:Yb*" Er*" (NYW:Yb,Er) UCNPs obtained
by a facile one-step thermolysis protocol. The XRD and TEM
results indicate the successful synthesis of high purity and mono-
disperse diamond shaped sub-20 nm NYW:Yb,Er UCNPs with the

average size of ~8.5 x 12.5 nm. NYW:Yb,Er UCNPs yield pure
green UC emission under 980 nm laser excitation and the
optimal composition was confirmed to be NYW:20Yb,0.5Er.
The maximum relative sensitivity and absolute sensitivity were
determined to be Sy ~ 1.2% K ' at 293 K and Sy ~ 0.9% K*
at 503 K, respectively. Hence, the high temperature resolution
of 0.4 K at 293 K and excellent repeatability of the FIR suggest
that the NYW:Yb,Er UCNPs have potential application in
nanothermometry.
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Fig. S1 XRD patterns of NYW:20Yb,yEr (y = 0.1, 0.2, 0.5, 1, 1.2 and 1.5) UCNPs as a function of Er3* concentration,

with the standard XRD pattern of NaY(WO,), JCPDS card no. 48-0886 provided as a reference.
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