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Introduction

Thermal enhancement and quenching of
upconversion emission in nanocrystals+t

Zijun Wang, 2@ Jeppe Christiansen,® Dennie Wezendonk,© Xiaobin Xie,®
Marijn A. van Huis® and Andries Meijerink (2 *@

Photoluminescence is a powerful tool in temperature sensing. Recently, the application of upconversion
(UC) nanocrystals (NCs) has shown great potential for nanothermometry due to high spatial resolution,
superior accuracy, and its non-invasive nature. In addition to spectral changes upon heating, anomalous
thermal enhancement of UC emission has been reported for UC NCs, but the underlying mechanism
remains unclear. Here, we report on NaY(WO.,), doped with the Er**=Yb®* UC couple in NCs and the
bulk material, and investigate the temperature-dependent luminescence in both air and dry nitrogen. For
UC NCs in air, strong thermal enhancement of UC emission is observed with good reversibility and
accompanied by a lengthening of the decay time for the Er®* UC emission and Yb** IR emission. In con-
trast, the measurements carried out on NCs in dry nitrogen demonstrate a transition from thermal
enhancement in the first cycle to thermal quenching in the subsequent cycles. The thermal quenching is
similar to that in bulk materials. Thermogravimetric analysis (TGA) and Fourier transform infrared (FT-IR)
measurements reveal the presence of water coupled on the NC surface that evaporates upon heating up
to ~470 K but is readsorbed upon cooling. Based on these observations, we explain the anomalous
thermal enhancement of UC NCs in air by quenching of the Yb** and Er®* emissions via surface adsorbed
water molecules. The present study highlights the importance of careful characterization of surface
adsorbed molecules which is crucial for understanding the luminescence properties of NCs, and enables
the exploration of UC NCs with higher quantum efficiencies.

involved bio-medicine/therapy/imaging (with a typical temp-
erature range 270-330 K), and has recently expanded to

Temperature is an important parameter in physical and chemi-
cal processes thus measuring temperature accurately is critical.
However, conventional thermometry is not always capable of
detecting and mapping temperatures with high spatial resolu-
tion, e.g. in biological systems, catalysis, microelectronics
and microfluidics." Nanothermometry based on luminescent
(upconversion, UC) nanocrystals (NCs) has emerged in recent
years because of important advantages, such as its non-inva-
sive nature, high spatial resolution, and a fast response in a
wide range of temperatures.”* The applications initially
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include sensing of higher temperatures, which is required for
chemical reactors, microfluidics and electronics.** The self-
referenced technique of ratiometric thermometry’*° based on
lanthanide-doped UC NCs is especially promising, and has
been investigated extensively. The use of the efficient NIR-to-
visible UC makes it possible to record emission spectra with a
high signal-to-noise ratio. Hence, an accurate determination of
emission intensity ratios and temperature can be realized.

For applications of nanothermometry, reproducibility and
reversibility of performance are critical. It is challenging for
NCs due to the high surface-to-volume ratio and complex
surface chemistry (e.g. ligands and defects)."' Moreover, vari-
ations in optical properties can originate from minor differ-
ences in the synthesis procedure, even for seemingly identical
reaction conditions (e.g. presence of water and variations in
heating rate and reaction temperature). The advantage of ratio-
metric methods is the independence of absolute emission
intensities, but generally, one ignores measurement of reversi-
bility of emission intensities and focusses on intensity ratios.””®
The emission intensity ratio can be described by Boltzmann
statistics if the two excited states are thermally coupled, and the
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same temperature dependence is observed with even a continu-
ous decrease (or increase) of the absolute luminescence inten-
sity during cycles of heating and cooling. The examination of
reversibility of absolute luminescence intensity'>* is however
important as it affects the signal-to-noise ratio which is impor-
tant in determining the speed, accuracy and spatial resolution
with which temperature can be measured.

Luminescence intensity, typically, shows thermal quench-
ing resulting from the enhanced non-radiative processes at
higher temperatures.">>° However, thermal enhancement of
UC emission has been observed in UC NCs.*?'2® As examples,
size-dependent UC thermal enhancement (stronger in smaller
NCs) was demonstrated in NaYF4:Er,Yb NCs and attributed to
phonon-assisted energy transfer and phonon confinement.*'
Recently, the same group proposed the role of water quenching
in NCs.2*?® Furthermore, about 2000-fold enhancement of UC
emission intensity was reported in NaYF,:Yb,Tm NCs and
explained by phonon-assisted energy transfer enabled by Yb-O
vibration due to surface ligands.”* The observations of thermal
enhancement are interesting and surprising. The underlying
mechanism is still unclear and thus further research is needed
to provide insight into the mechanism behind the thermal
enhancement of UC emission in NCs.

Here, we investigate the temperature dependence of UC
emission in the NC system of NaY(WO,), doped with different
lanthanide ion pairs for UC. Photoluminescence spectra,
luminescence decay dynamics and thermal cycling experi-
ments were measured in two types of atmospheres:
ambient atmosphere and dry nitrogen. Under ambient atmo-
sphere, a strong UC thermal enhancement is observed up to
~470 K and is reversible. In dry nitrogen, the NCs show the
enhancement of UC emission only in the first heating cycle.
However, in the following cycles of heating, thermal quench-
ing with high reversibility occurs and is similar to the thermal
behavior of UC emission in the bulk material. The results
reveal the role of surface adsorbed water molecules. This is
further confirmed by thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FT-IR). Removal of
surface adsorbed water that strongly quenches UC emission
can explain the observed UC thermal enhancement. Our study
sheds light on the mechanism of UC thermal enhancement in
NCs, and serves for understanding and controlling absolute
intensity variations that are important in the accuracy and sen-
sitivity of nanothermometry based on lanthanide-doped UC
NCs.

Results and discussion

Thermal enhancement of UC for NCs under ambient
atmosphere

NaY(WO,), UC NCs were synthesized by a one-step thermolysis
protocol as established in our previous work®” and were sub-
sequently dried at 370 K overnight to reduce adsorbed water
on the NC surface. A variety of NCs was synthesized: Er/Yb co-
doped UC NCs with varying Yb** concentrations (10, 25 and
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49%) and a fixed Er’" concentration (1%). Also, other UC
couples were incorporated in NaY(WO,), NCs (1Tm/49Yb and
1Ho/49YDb) to investigate the thermal enhancement in these
UC systems for comparison. For UC luminescence measure-
ments, a fixed configuration was used to allow for the compari-
son of emission intensities. The power density of the NIR
(980 nm) laser was constant at 1 W cm™> which is important
given the non-linear power dependence of the UC emission
intensity. Details on the synthesis and experimental set-ups
are in the ESL{

Photoluminescence spectra were recorded for NaY
(WO,),:49Yb1Er NCs under ambient atmosphere under
980 nm laser excitation in the temperature range of 300-600 K.
Fig. 1a shows the emission spectra at different temperatures.
The typical green emission from the thermally coupled *H; ),
and “S;,, levels of Er’* is observed at around 540 nm and the
red emission from the “Fo, level at around 660 nm. The
energy transfer scheme responsible for the NIR-to-visible UC is
shown in Fig. 1b.>®*° Two excited Yb®" ions after NIR absorp-
tion transfer their energy to one neighbouring Er*" ion that
emits green or red photons. The position of the intra-config-
urational f-f transitions does not change, but all the emission
lines are enhanced with increasing temperature until 470 K,
followed by thermal quenching. For a quantitative analysis, the
integrated emission intensities are plotted as a function of
temperature for each transition as well as the total (Fig. 1c).
The total integrated intensity (*Hy1/a, *Sany “Fop — *Lisp) is
enhanced by a factor of 3.0 from 330 to 470 K. In addition to
the total intensity increase, the individual *H,;,, — “I;5,, and
S, = L5, emission lines show their typical temperature-
dependent change in intensity with increasing intensity of
emission from the upper thermally coupled state (*H,y,,) rela-
tive to the lower state (*Ss;). Similar temperature-dependent
behavior is observed for other Yb®" concentrations (10 and
25%, Fig. S11).

To test whether the thermal enhancement is specific for the
Yb/Er couple, temperature-dependent UC emission spectra
were also recorded for NaY(WO,), UC NCs with Ho**-Yb** and
Tm*-Yb*" ion couples under 980 nm excitation (Fig. S21). For
NaY(WO0,),:49Yb1Ho NCs, the UC emission is at 541 and
646 nm (°F,/°S,, °F; — °Ig transitions) and for NaY
(WO,),:49Yb1Tm NCs at 796 nm (*H, — *H, transition). The
Tm®" UC emission line at ~475 nm ('G, — *H, transition) was
too weak to observe. All the observed UC emissions involve a
two-photon energy transfer process from Yb** ions. Again, the
thermal enhancement of UC emission is evident until ~500 K
for °F4/°S, — °I5 green emission and °F5; — °Ig red emission of
NaY(WO0,),:49Yb1Ho NCs (enhancement factor of 5.0 for the
total emission intensity) and for *H, — *H, IR emission of
NaY(WO0,),:49Yb1Tm NCs (enhancement factor of 7.7). The
results demonstrate that the thermal enhancement of UC
emission is a general phenomenon for different UC couples in
NCs. Note that the temperature at which the maximum UC
emission intensity is reached varies slightly for the different
UC couples and is slightly lower for Yb-Ho (~450 K) and
Yb-Er (~470 K) than for Yb-Tm (~500 K). This does not indi-
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Fig. 1 Temperature-dependent UC emission of NaY(WQ,),:49Yb1Er NCs under ambient atmosphere. (a) UC emission spectra under 980 nm exci-
tation at 300—470 K. (b) Energy levels of the Er**—Yb>* ion couple showing the UC processes. (c) Integrated intensity of Er** emission lines (*Hyy,»,
48372, “Fos2 — *l15/» transitions and their sum) determined from the emission spectra. (d, e) Luminescence decay curves of (d) green 2Hyy/»/4Ss/» and
(e) red “Fq» emitting levels under pulsed (5 ns) 980 nm excitation. (f) Decay times (green triangles for 2Hy4/2/*S3/> emission and red circles for *Fo,
emission) and rise time (green squares for 2Hy;,,/%S3/, emission) determined from the decay curves in (d, e).

cate that water desorption occurs at different temperatures
(which would be unexpected for the same type of NC) but
rather that the temperature at which the UC enhancement
because of water desorption is overtaken by thermal quench-
ing processes (e.g. thermally enhanced multi-phonon relax-
ation) is different. This temperature is determined by a
complex interplay between the UC enhancement by water de-
sorption and thermal quenching processes. It is beyond the
scope of the present work to fully analyse all these processes.
The stronger thermal UC enhancement factor observed for Yb-
Tm may contribute to the higher temperature at which the
maximum efficiency is reached.

To further confirm the occurrence of thermal enhancement
and to obtain insight into the origin, temperature-dependent
decay dynamics was measured for the Er’" emission. Fig. 1d
and e show the luminescence decay curves of the green
*Hy15/*S;/, and red *Fy, emissions under pulsed 980 nm exci-
tation. The decay time 7 and the rise time 7, are determined by
fitting the decay curves with I = aexp(—t/z) (1 — b exp(—t/z)),
where I is the luminescence intensity at time ¢, and « and b are
constants. The luminescence decay curves for both emissions
show a lengthening of the decay and rise time with increasing
temperature. The results from the fitting of decay curves at
different temperatures are plotted in Fig. 1f. The decay time
for the green and red emitting levels lengthens to 4.2 and
3.9 ps at 500 K (vs. 2.0 and 1.7 ps at 300 K). Likewise, the rise
time increases from 1.5 ps at 300 K to 2.1 ps at 500 K. The
lengthening of the decay and rise time upon heating is consist-
ent with the observed total enhancement of the Er** UC emis-
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sion intensity until 470 K (Fig. 1a and b). Longer rise and
decay times result from longer lived intermediate (Yb**) and
emitting (Er’") excited states and reflect reduced non-radiative
decay rates. Temperature-dependent decay dynamics was also
measured for NaY(WO,),:10Yb1Er and NaY(WO,),:25Yb1Er
NCs (Fig. S31). From the comparison of the rise and decay
times for the three samples doped with 10, 25 and 49% Yb**
ions, it is clear that the decay of the Er’" *Hy,/,/*S;,, and *Fo,
emissions is faster for higher Yb®" concentrations. The faster
decay at higher Yb®" concentrations is generally observed and
explained by a shorter lifetime of the feeding *F5/, state of Yb**
due to concentration quenching and an additional decay
channel for the green and red emitting levels due to higher
back transfer rates to Yb*".

Luminescence decay curves were also measured following
the direct pulsed excitation at 480 nm (into the *F,, excited
level, just above the emitting *Hyy/,/"S3), levels) for the temp-
erature dependence of the decay dynamics of the green emit-
ting *Hyq5/*Ss/2 levels. For NaY(WO,),:49Yb1Er NCs, Fig. S4a
and bt show the temperature-dependent luminescence decay
curves and decay times determined from the experimental
decay curves. There is no ps rise time since the emitting level
is populated by fast relaxation from the *F,, to *Hyy/,/"S3/2. As
the decay curves deviate from single exponential decay, the
luminescence decay curves are characterized by an average life-

t t
time that is determined using 7,y = > ¢I/ Y I. The deviation
0 0

from a single exponential decay is typically observed for
lanthanide emission in NCs and is explained by differences in

This journal is © The Royal Society of Chemistry 2019
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decay rates for lanthanide ions in the center of the NC and
ions closer to the surface where quenching by high-energy
vibrations of surface ligands and surface defects induces a
faster overall decay rate. At 1% Er’* also cross-relaxation pro-
cesses in Er-pairs contribute to non-exponential decay of the
S5, emission.’® There is a good agreement with the decay
times found after pulsed 980 nm excitation (Fig. 1f). Again,
higher temperatures lead to lengthening of the decay time
from 2.6 (300 K) to 3.8 ps (500 K), and a small decrease above
500 K, in agreement with the trend of thermal enhancement
of the UC intensity. Furthermore, Fig. S4c and df show the
temperature-dependent luminescence decay for singly 1%
Er**-doped NCs to exclude the influence of Yb*". The decay
times increase from 3.9 to 7.9 ps between 300 and 600 K. The
trend of lengthened decay time at a higher temperature is the
same as for the Er’” emission in the co-doped Yb, Er sample.
However, the decay times are about two times longer which is
attributed to back energy transfer from Er’* to Yb*" in co-
doped NCs. The lengthening of decay times at elevated temp-
eratures for Er*” *Hi,,,/*S;, emission following direct exci-
tation indicates that non-radiative decay from the *Hy/,/'Ss/2
levels is suppressed upon heating giving rise to higher
quantum yields for these emitting levels. Therefore, under
ambient atmosphere, the thermal enhancement of UC emis-
sion is universal for NaY(WO,), UC NCs singly Er**-doped, and
co-doped with Yb*" and Er**, Tm®" or Ho®" in the temperature
range of 300-500 K, as demonstrated by measurements of
temperature-dependent emission spectra and decay dynamics.

Reversibility and thermal stability of UC NCs under ambient
atmosphere

Now that the phenomenon of thermal enhancement of the UC
emission has been established, we focus on exploring the
reasons behind it. First, we examine the reversibility of temp-
erature-dependent luminescence and the thermal stability of
NaY(WO,), NCs. As an example, a cycling experiment (repeated
heating and cooling between 320 and 480 K) is shown in
Fig. 2a. The temperature dependence of the emission intensity
of the *H;15, *Ss3/, *Foj» — 15/, transitions and the sum for
the NaY(WO,),:49Yb1Er NCs indicates that the observed
thermal UC enhancement is reversible. To further investigate
the thermal stability and exclude the presence of a phase tran-
sition at elevated temperatures, temperature-dependent X-ray
diffraction (XRD) patterns were recorded. In Fig. 2b, the XRD
patterns recorded between 300 and 600 K are shown and no
peak shift is observed. This indicates that there is no phase
transition when heating up to 600 K and cooling back to
300 K. The diffraction peaks shift ~0.1 degree towards smaller
angles because of the slight thermal expansion of the lattice.
The thermal stability of NCs is further demonstrated by in situ
heating experiments observed with the transmission electron
microscope (TEM). The results are displayed in Fig. 2¢, d and
Fig. S5a-d.t The NaY(WO,), NCs have a diamond shape with a
size of ~10 nm. The TEM images recorded at 300 and 600 K
show that the size and shape do not change upon heating to
600 K, indicating the superior thermal stability of core-only
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Fig. 2 Thermal stability of NaY(WOQ,),:49YblEr NCs. (a) Integrated
intensity of emission lines (?H1/2, *Ss/2, *Fo/2 — *l15/2 transitions and the
sum) for three cycles of heating and cooling in air. In each cycle, the
integrated emission intensities were measured at 320, 400 and 480 K
(heating) and again at 400 and 320 K (cooling). (b) XRD patterns (for Co
Ko radiation, 2 = 1.79 A) recorded at 300 K and at elevated temperatures
until 600 K and after cooling back to 300 K. At the bottom, the refer-
ence XRD pattern of tetragonal NaLu(WO,), (pdf 27-0729) is shown. (c,
d) Bright field TEM images recorded during in situ heating at (c) 300 and
(d) 600 K. (scale bar = 10 nm).

NaY(WO,), NCs in comparison with core-only NaYF, NCs
(showing aggregation above 575 K).” The in situ heating was
carried out in a vacuum for the TEM measurement. To test
whether there is a difference under ambient atmosphere, the
NCs were heated ex situ in air at 600 K and the corresponding
TEM image (Fig. S5eT) also shows that the NCs have retained
their morphology and crystal structure. Therefore, the thermal
stability of NaY(WO,), NCs is high and the observed thermal
UC enhancement with good reversibility cannot be related to a
phase transition.

Thermal quenching of UC for microcrystalline materials under
ambient atmosphere

It is insightful to compare the temperature dependence of the
UC emission of UC NCs with that of the corresponding micro-
crystalline (bulk) material. If there is a thermally activated
(energy transfer) process inherent to the host material, the
same thermal enhancement is also expected in the bulk
material. If, however, the thermal enhancement is related to
surface effects, a different thermal behavior for the bulk
material and NCs is expected. In addition, comparison of the
luminescence decay times for the bulk material and NCs
makes it possible to estimate the role of surface quenching
that leads to (much) shorter decay times of emission in NCs.
Microcrystalline NaY(WO,),:49Yb1Er was synthesized by solid
state. methods® and studied by temperature-dependent
luminescence and decay measurements. Fig. 3a shows the
emission spectra for the NaY(WO,),:49Yb1Er bulk material.

Nanoscale, 2019, 11, 1218812197 | 12191
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Fig. 3 Temperature-dependent luminescence of microcrystalline NaY(WO4,),:49Yb1Er under ambient atmosphere. (a) UC emission spectra under
980 nm excitation at 300-600 K. (b) Integrated intensity of emission lines (*Hy1/2, *Sz/2, *Foj2 — “l15/» transitions and their sum) for the emission
spectra in (a). (c, d) Luminescence decay curves of (c) green 2Hy/»/*Ss/» emission and (d) red *Fs, emission under pulsed 980 nm excitation. (e)
Decay times (green triangles for 2Hy3,,/%Ss/> emission and red circles for *Fs,, emission) and rise time (green squares for 2Hy/»/Ss,, emission) deter-

mined from the decay curves in (c, d).

Emission peaks are observed in the same spectral regions,
green *S;,,/”Hy1,, emission and red *Fo, emission. The emis-
sion spectra show more structures (sharper lines) which can
be explained by more inhomogeneous line broadening in the
NCs. The relative intensity of the *F,, emission is much
weaker in the microcrystalline material. The higher relative
intensity in NCs results from faster *S;;, — “Fo, relaxation in
NCs induced by resonant (~3000 cm™") C-H vibrations of the
organic ligands on the NC surface.*”

In Fig. 3b, the temperature dependence of the emission
intensities of the three groups of Er’* emission lines is shown
for microcrystalline NaY(WO,),:49Yb1Er. The behaviour is
different from that in NCs and shows an almost stable total
intensity up to 475 K followed by thermal quenching between
475 and 600 K. This thermal quenching is consistent with the
typically observed thermal quenching of luminescence by ther-
mally activated quenching pathways. In addition to the NaY
(WO,),:49Yb1Er bulk material, thermal quenching was also
measured for microcrystalline NaY(WO,),:49Yb1Ho and NaY
(WO,),:49Yb1Tm (Fig. S61). Also, here no thermal enhance-
ment was observed and both bulk materials show weak
thermal quenching of the UC emission. Fig. 3¢ and d show
the temperature-dependent luminescence decay curves of
*Hy1//*S32 and *Fy, emissions under pulsed 980 nm exci-
tation for the NaY(WO,),:49Yb1Er bulk material. The fitted
decay times of the *Hy,/,/S;, and “Fo, emissions and the rise
times of *Hyq,,/*S;, emission are plotted vs. temperature in
Fig. 3e. The decay times are more than an order of magnitude
longer than that for Er’" in NCs with the same composition.

12192 | Nanoscale, 2019, 11, 12188-12197

The temperature dependence is also different: the decay
becomes somewhat faster with increasing temperature, con-
sistent with the decrease in UC emission intensity with temp-
erature. Based on the measured temperature dependence of
the emission intensities and decay times of the UC emission
in microcrystalline NaY(WO,),:49Yb1Er, it can be concluded
that thermal enhancement observed in the NCs must be
related to the nanocrystalline nature of the material.

Comparison of the decay dynamics of the UC emission for
microcrystalline and nanocrystalline NaY(WO,),:49Yb1Er
shows that the decay times are ~60-70 ps in the microcrystal-
line vs. 2-4 ps in nanocrystalline material. The much faster
decay in NCs demonstrates that there is a significant contri-
bution of non-radiative decay that is related to surface quench-
ing and therefore the UC efficiency is much lower in NCs. The
luminescence decay curves of Hyy,,/*Ss, emission were also
measured under 480 nm direct excitation (Fig. S7). The decay
becomes faster at elevated temperatures and the decay time
decreases from 11.4 to 7.1 ps (300 to 600 K). Note that the
decay times of the green *Hj;,,/*S;, emission under direct
excitation are shorter than that of the same emission after
980 nm excitation. This indicates that the decay of the UC
emission is dominated by the decay of the feeding *Fs,, level
of Yb*".

Thermal behavior of UC in dry nitrogen

To investigate the role of surface adsorption of molecules
(especially water) present under ambient atmosphere, the
thermal cycling experiments were repeated for NCs under a

This journal is © The Royal Society of Chemistry 2019
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dry nitrogen atmosphere. For the NaY(WO,),:Yb,Er NCs, there
is a transition from thermal enhancement to thermal quench-
ing above ~500 K in air. As we want to understand the origin
of the thermal enhancement, the thermal cycling experiments
in dry nitrogen were done between 300 and 500 K. For the
cycling experiments, UC emission spectra under 980 nm exci-
tation were repeatedly recorded for NaY(WO,),:49Yb1Er NCs in
nitrogen at two extreme temperatures, 320 and 470 K. The inte-
grated intensities of the respective emission lines and their
sum are plotted per cycle in Fig. 4a. The first cycle of heating
shows the thermal enhancement of UC emission, similar to
that in air. The emission spectra measured in the first cycle
are shown in Fig. 4b. Upon increasing the temperature from
320 to 470 K, the total emission intensity is enhanced,
although the enhancement factor is smaller in nitrogen
(1.3 vs. 3.0 in air), which can be explained by the fact that
some water is already removed during the flushing with nitro-
gen prior to the 320 K measurement. Upon cooling back to
320 K, the total UC emission intensity increases further,
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different from the observations in air where a decrease is
observed after cooling to 320 K. The increase is similar to the
increase observed in microcrystalline NaY(WO,),:49Yb1Er
when cooling from ~500 to 300 K. In subsequent cycles
(320-470-320 K), the total emission intensity reproducibly
decreases upon heating and increases again after cooling to
320 K. The temperature-dependent UC emission spectra
during these later cycles are shown in Fig. 4c and the inte-
grated emission intensities are plotted as a function of temp-
erature in Fig. 4d. The thermal coupling of *S;;, and *Hyy,
states is confirmed by a good fitting to the integrated emission
intensity ratio of *Hyy/,/*S3, vs. temperature (Fig. S8t). The
total emission from the *S;,/*H;;,, and “Fg, levels shows
some quenching above 450 K, very similar to that observed in
the microcrystalline material. The absence of thermal
enhancement after the first heating cycle is confirmed by
decay dynamics measurements. Fig. 4e and f display the
luminescence decay curves of the green *Hy;,,/*S;, emission
under direct 480 nm and indirect 980 nm excitation. The
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Fig. 4 Temperature-dependent luminescence of NaY(WO4,),:49Yb1Er NCs in dry nitrogen. (a) Thermal cycling experiment showing the integrated
UC intensity of Er>* emission lines (?Hy1/2, *S3/2, *Fo/2 — “l15/2 transitions and their sum). (b) Emission spectra of 980 nm excitation for the first three
temperature points in the thermal cycling experiment. (c) Temperature-dependent emission spectra under 980 nm excitation for NCs after the first

heating cycle. (d) Integrated intensity of Er** emission lines (*Hyy/», 4S3/2, 4

Fo/2 — *l15/2 transitions and their sum) for the emission spectra in (c). (e, f)

Luminescence decay curves of green 2H11/2/4S3,2 emission under pulsed (e) 480 and (f) 980 nm excitation as a function of temperature after the first

heating cycle.
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respective decay times are constant at around 4.5 (480 nm exci-
tation) and 7.9 ps (980 nm excitation). This is in contrast to
the lengthening of decay times measured upon heating in air
followed by shortening upon cooling. The decay time of the
green emission for NaY(WO,),:49Yb1Er NCs in nitrogen is also
2-3 times longer than that in air, indicating that the ambient
atmosphere is responsible for a quenching process that is sup-
pressed/removed by heating. Besides the Er’* UC emission, we
also measured the luminescence decay dynamics of Yb**
980 nm emission in single Yb**-doped NaY(WO,),:49Yb NCs
in ambient atmosphere and dry nitrogen (Fig. S9t). The
ambient atmosphere leads to lengthening of Yb** decay time
from 9.1 to 22.4 pus when the temperature increases from 300
to 500 K. In contrast, in dry nitrogen, the decay time of Yb**
emission decreases from 31.5 to 24.3 ps. The results are in
agreement with the temperature dependence of Er’* decay
time in the two atmospheres. However, in air, upon increasing
the temperature from 300 to 500 K, the decay time of Yb**
980 nm emission is lengthened by 2.5-fold (vs. ~1.5-fold for
decay time of Er’* green emission in Fig. S47). It indicates that
water quenching has a bigger influence on the Yb®" emission,
possibly due to concentration quenching for the high concen-
tration of Yb*".

To examine if the absence of UC thermal enhancement is a
general phenomenon for NCs in dry nitrogen, the cycling
experiments were repeated for the Yb,Ho and Yb,Tm co-doped
NaY(WO,), NCs in nitrogen. The temperature dependence of
the total UC emission intensity for NaY(WO,),:49Yb1Ho NCs is
shown in Fig. S10 and S11} for NaY(WO,),:49Yb1Tm NCs. The
same effect is observed as for the Er,Yb co-doped NCs: during
the first heating stage, the UC emission intensity increases.
Different from the results in air, upon cooling, a further
increase of the UC emission intensity is observed. In sub-
sequent cycles, the UC emission shows some reversible
thermal quenching upon heating from 320 to 470 K. For com-
pleteness, also the thermal quenching was studied for micro-
crystalline NaY(WO,),:49Yb1Er (Fig. S12+). The temperature-
dependent total UC emission intensity in nitrogen is similar to
that in air (Fig. 3b) with a nearly constant total intensity
between 300 and 475 K.

Mechanism of thermal enhancement under ambient
atmosphere for UC NCs

The thermal cycling experiments for the UC emission intensity
of NaY(WO,),:Yb,Er NCs and the microcrystalline material
under ambient atmosphere and in dry nitrogen show that
strong thermal enhancement is only observed for NCs in air.
The same is true for other UC couples (Yb/Ho, Yb/Tm). This
suggests that the role of the atmosphere is general. The air
and nitrogen are different in several ingredients: air contains
oxygen, water and carbon dioxide in addition to nitrogen. O,
and CO, are not expected to affect the luminescence of the
oxide NCs. However, water is known to effectively quench UC
emission through multi-phonon relaxation. Especially, the
intermediate level *I,,, of Er*" is susceptible to quenching as
the *I;;,-"I,3/, energy spacing is resonant with the high-energy
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(3200-3500 cm ') O-H stretching vibrations.?>**7**> Despite a
hydrophobic NC surface layer of oleate ligands (~2 nm
thick),*®*” the large surface area of NCs allows for the surface
adsorption of water molecules which will be in close proximity
to Er’*/Yb®" ions in the surface layer.”® In the highly Yb-doped
NCs, energy migration over the *F;, level of Yb** and the res-
onant “I;;,, level of Er*" allows for rapid feeding of surface
Er¥*/Yb*" ions that will be quenched by high-energy O-H
vibrations (in addition to other surface quenching processes).
Thus, surface adsorbed water molecules can be expected to
effectively quench the UC emission under ambient atmo-
sphere. Removal of surface adsorbed water by heating will
reduce surface quenching by O-H vibrations and give rise to
strongly thermally enhanced UC. At ~470 K, all water will be
removed and further heating results in some thermal quench-
ing, similar to what is observed for the bulk material. Upon
cooling in air, water will be readsorbed and the UC emission
intensity will decrease again. In a dry nitrogen flow, no read-
sorption of water is possible and the O-H surface quenching
will not play a role anymore. After the removal of surface water
in the first heating cycle, a similar thermal behaviour of the
UC emission is expected in NCs as observed in the microcrys-
talline material.

To provide more evidence for the role of surface adsorbed
water in the mechanism proposed for the observed strong
thermal UC enhancement, TGA and FT-IR measurements were
carried out. Fig. 5a shows two cycles of TGA measurements on
UC NCs. The first cycle of heating reveals two stages of mass
decrease. The first stage in the temperature range of 300-480 K
manifests a mass loss of 0.9%. This is attributed to the loss of
surface adsorbed water and gas molecules. Above 500 K, there
is a prominent mass loss of 8.2% due to the removal of oleate
ligands. Subsequently, during isothermal heating at 570 K, a
further loss of mass of 3.8% is observed that is explained by a
further loss of oleate ligands. Importantly, during the cooling
stage, a mass gain of 0.5% is observed below ~370 K,
suggesting water and gas readsorption. The surface adsorbed
water is lost again in the second cycle of heating from 300 to
500 K. Here, the TGA results are consistent with the presence
of desorption and adsorption of water and gas during heating
and cooling.

To obtain further evidence for the presence of surface
adsorbed water and the removal of the oleate ligands upon
heating to 570 K, FT-IR analysis was done for NaY(WO,), bulk
materials and NaY(WO,), UC NCs before and after heating to
570 K, as shown in Fig. 5b. For the NCs before heating, the
oleate ligands are coupled to the NC surface and confirmed
from IR absorption peaks at around 2900 and 1700 cm™*
attributed to C-H and C=O vibrations. In addition to these
characteristic peaks of the oleate ligands, there is also a broad
band at around 3400 cm™!, characteristic of the O-H stretch-
ing vibration of water molecules.*® After heating to 570 K, the
FT-IR peaks corresponding to the oleate ligands disappear,
consistent with the TGA analysis. However, for the NCs, the
broad band between 3200 and 3700 cm™', characteristic of
surface adsorbed water, can still be observed, which indicates

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Exploring the mechanism of thermal enhancement of UC emission for NaY(WQO,), UC NCs. (a) Thermogravimetric analysis of NCs in four

stages: heating from 300 to 570 K at the rate of 5 K min™* of a fresh NC

sample; isothermal measurement at 570 K for 10 min; cooling from 570 to

300 K at the rate of 20 K min~?, and heating up again. The blue areas represent the adsorption or desorption of water on the NC surface. (b) FT-IR
measurements for the bulk material (black line) and NCs before (blue line) and after (red line) heating to 570 K. (c) Illustration of the UC NC and
water on the surface: under ambient atmosphere, the NC surface desorbs water upon heating, giving rise to the thermal enhancement of UC emis-
sion through reduced water quenching. Water is readsorbed upon cooling. Without the presence of surface water (in dry nitrogen, lower picture),
the NCs show thermal quenching of UC emission similar to that of the microcrystalline material.

that water molecules are again adsorbed on the NC surface.
This further supports our model for the thermal enhancement
of the UC emission in NCs. The FT-IR spectrum of the bulk
material shows no IR-absorption in the 1200-4000 cm™*
region. The IR absorption lines between 500 and 1000 cm™
are assigned to host vibrations (related to the tungstate group)
and are observed for both microcrystalline and nanocrystalline
NaY(WO,),. The small surface-to-volume ratio in the bulk
material limits the surface adsorption of water and hence no
significant quenching is observed. This explains why the
thermal enhancement is not observed for bulk materials,>*"*°
but is observed exclusively under ambient atmosphere and not
in dry nitrogen for NCs.

1

Based on the experiments and analyses presented above,
the role of surface adsorbed water on UC emission is schemati-
cally illustrated in Fig. 5c. The UC emission intensity is
enhanced as water molecules are desorbed from the NC
surface. For the water-free NCs, the same thermal quenching
is expected as for the microcrystalline material. Both the
thermal enhancement and thermal quenching are reversible.
Note that the variation in absolute UC intensity has no influ-
ence on the intensity ratio of the *Hy;,, and *S;, emissions
with the temperature. In both air and nitrogen, the *Hy;/5/*S5/»
emission intensity ratio increases from 1.2 to 2.5 from 320 to
470 K (Fig. S131) since water quenches both *H,y,, and *S;),
emissions equally, as expected for thermally coupled energy
levels. Therefore, the thermometry based on the ratiometric
technique remains reliable and the NaY(WO,),:YbEr NCs can

This journal is © The Royal Society of Chemistry 2019

serve as nanothermometers in the high temperature range.
Also, tungstate based nanothermometry has been demon-
strated with a high thermal sensitivity.>*"*>

We propose that our model is universal and can also
explain previous observations in the literature. Earlier expla-
nations of thermal enhancement of UC emission in NCs
involved phonon confinement and higher-energy Yb-O
vibrations. Phonon confinement>**** cannot explain the
thermal enhancement as phonon confinement in NCs only
occurs for long wavelength and low-energy (<20 cm™") acoustic
phonons. These phonons do not play a role in the (multi-)
phonon quenching processes of luminescence of lanthanide
ions where the highest energy phonons are involved. In ref. 24,
the Yb-O bond was proposed to enable thermal UC enhance-
ment. It was not clear how the slightly higher Yb-O vs. Yb-F
vibrational energy could explain the strong thermal enhance-
ment. The Yb-O bond is embedded in the present crystalline
host of NaY(WO,),. The observation that thermal enhance-
ment is absent in the bulk material or NCs in dry nitrogen
shows that, at least for NaY(WO,),, the thermal enhancement
is absent to Yb-O bonds. Based on the same reasoning, we can
rule out the role of thermally enhanced NIR absorption by
Yb**, phonon-assisted energy transfer,>>"*' and WO,>~ group
induced charge transfer band or new level.”” All these
mechanisms would be active in both bulk materials and NCs,
and they should present identical thermal enhancement. In
fact, the thermal enhancement is only observable for NCs
under ambient atmosphere, but is absent for NCs in the

Nanoscale, 2019, 11, 12188-12197 | 12195
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absence of water and for bulk materials. One may argue that
during heat treatment the (surface) defect concentrations can
be reduced, resulting in the enhanced emission.'**%*”
However, since the healing of defect is irreversible, this model
is inconsistent with the good reversibility of the thermal
enhancement observed for the thermal cycling experiment in
air. Our finding here that surface water is responsible for the
thermal enhancement of UC emission is consistent with the
previous study in Ref. 23. In their study, a core-shell architec-
ture has been demonstrated to efficiently suppress the water
quenching in UC emission. A thick inert shell can eliminate
the observation of thermal UC enhancement. Here we have
provided not only a universal strategy, the cycling experiment
of emission intensity, to examine the thermal behaviour of
luminescence, but also a quantitative analysis of the role of
surface adsorbed water on the efficiency of NC luminescence.

Conclusions

In the present study, the mechanism behind the surprising
thermal enhancement of UC emission in NaY(WO,), UC NCs
is reported. Temperature-dependent measurements of UC
emission spectra and emission intensities as well as lumine-
scence decay dynamics were carried out in two types of atmo-
sphere: air and dry nitrogen. Thermal enhancement of UC
emission between 300 and 475 K is observed with good reversi-
bility under ambient atmosphere. In dry nitrogen, only during
the first heating cycle, thermal enhancement of the UC emis-
sion is observed. Upon cooling, the UC emission intensity
does not drop, but increases even further, and subsequent
cycles show some thermal quenching similar to that in the
bulk material. As the temperature increases, the decay times of
Er’" UC emission and Yb*" IR emission become longer in air,
but not in nitrogen. Based on these observations, the thermal
enhancement of UC emission is explained by reversible de-
sorption (upon heating) and adsorption (after cooling) of water
on the NC surface. Surface adsorbed water molecules effec-
tively quench UC emission through the high-energy O-H
vibrations. TGA and FT-IR measurements provide evidence for
water adsorption in support of our model. The present study
highlights the significance of surface adsorbed (water) mole-
cules on the quenching of UC emission in NCs and can also
explain earlier observations of strong thermal enhancement of
UC emission in the NC system. Insight into the role of surface
adsorbed molecules will aid the design of UC NCs with higher
quantum efficiencies. Our strategy of using cycling experi-
ments on the absolute luminescence intensity forms a univer-
sal approach for examining the intrinsic thermal behaviour of
luminescence that is fundamental in luminescent materials
and determines the performance of nanothermometry.
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