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ABSTRACT: The luminescence thermal enhancement (LTE), in lantha-

nide-doped upconverting nanocrystals (UCNCs), has attracted extensive

attention for its applications in anticounterfeiting, temperature sensing, and Heating
so on. Some mechanisms for LTE were proposed, including thermally ”

induced water desorption from the surface of UCNCs, but conclusive | T « Vacuumizing
evidence is absent for any of the mechanisms. Here, vacuumizing is employed T iy ‘ /

in the experiment for the LTE in NaYF,:Ho>/Yb** UCNCs, and - Y AR
significantly promoted LTE is observed. The 300—450—300 K temperature . o r Al A ® Ho* Oleic acid
cycling experiment in vacuum shows continuous luminescence enhancement / . ~ Energy transfer
without luminescence intensity recovery as in the cooling process in moisture *©' e © Ho®/Yb°* co-doped

air, indicating the effect of water desorption because water readsorption is Yb* single doped
blocked in vacuum. It is found that the Ho>" °I; level can be deexcited by

direct long-range energy transfer to water adsorbed at the surface of

nanocrystals due to resonant coupling between the Ho** *I; — °I, transition

and the —OH vibration of water. As a result, water desorption suppresses the *I; depopulation and thus enhances the luminescence
of Ho*. Finally, the regulation of upconversion LTE is realized by adjusting the size of nanocrystals and Ho®* or Yb’*
concentrations. Our findings indicate that the vacuumizing technique is an effective method to distinguish water-desorption-induced
LTE. This work deepens the understanding of LTE and offers insights into the regulation of LTE.

KEYWORDS: upconversion luminescence, thermal enhancement of luminescence, nanocrystals, NaYF,:Ho®, Yb**, FRET,
core—shell structure

B INTRODUCTION implying that LTE is not related to the Yb—O vibration. Cheng
Energy transfer upconversion (ETU) of Yb** and Lo®* (Ln®* = et al. proposed another mechanism, namely, thermally induced

lattice expansion. This process deactivates the energy
migration from the NC interior to the surface to suppress
the surface-related quenching effect.”>?® However, the
confirmations of these possible mechanisms still need
conclusive evidence. Here, we propose a method for verifying
water-desorption-induced LTE.

Er**, Tm*, Ho®") codoped upconverting phosphors has been
extensively studied for their unique nonlinear optical proper-
ties.' ™ In 2014, Shao et al.'’ reported thermally enhanced
upconversion luminescence (UCL) in Er**/Yb* codoped
upconverting nanocrystals (UCNCs). Since then, the lumines-

cence thermal enhancement (LTE) in lanthanide-doped With deration th d . be forced
UCNCs has received considerable attention due to its Ith consideration that water desorption can be forced to

. 27

potential applications in anticounterfeiting, temperature occur - under negat}ve p ressure,A we propose a method,

sensing, thermochromism display technology, and so on.'~*$ namely, vacuum-assisted LTE. It is expected that the vacuum
) ) o

There are several mechanisms proposed for LTE.'*™'® Yb—0 environment will promote LTE if water desorption dominates
surface phonons are considered to be responsible for LTE in the LTE. Moreover, the vacuum environment will still keep the

NaYF,:Yb,Tm nanocrystals (NCs) through activating the
surface dark-layer by enhancing energy transfer from Received:  September 9, 2022 §§T§Jawﬁ\£!§
Yb**."”? An interesting mechanism was employed for LTE Revised:  November 20, 2022

of NaY(WO,),,”" namely, thermal desorption of water from Published: December 8, 2022
the NC surface.””>* This mechanism is supported by the

observation of LTE suppression for NCs in dry nitrogen. In

addition, it was found that LTE is absent in bulk NaY(WO,),,
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enhanced luminescence in the cooling process because
readsorption of water is blocked in vacuum. Hence, the
method of vacuum-assisted LTE could test the role of water
desorption and deepen the understanding of water desorption
processes.

The origin of water-desorption-induced LTE is actually the
suppression of luminescence quenching caused by water. The
quenching pathway is generally considered to be the
consequence of depletion of excited sensitizer Yb** ions due
to energy migration from Yb®' in the core to Yb®* at the
surface, where the energy is dissipated by the adsorbed
water.”* 7> Generally, luminescence quenching caused by the
surface-adsorbed water of NCs can be effectively suppressed by
coating an inert shell with the thickness of several nanome-
ters;’' —>° for instance, the upconversion LTE in Yb**/Tm?**
codoped NaYF, UCNCs disappears after a 3.5 nm-thick shell
coating.”' However, the upconversion LTE can still be
observed in Yb**/Er** codoped NaYF, UCNCs coated with
a 10 nm-thick shell,* implying a long quenching range of Er**.
Even though, in truth, the interaction between the interior
activator and external quenchers, such as solvent molecules,
has been studied,®””*® its contribution to LTE has not been
paid enough attention in previous studies. In addition, there
have been relatively few studies on the LTE of the Yb*"/Ho*"
system because the application potential of the Yb**/Ho®"
system is less than that of the Yb**/Er’* system and the Yb**/
Tm* system. However, the Yb**/Ho®" system is very suitable
for studying the mechanism of LTE because the emissions of
upconversion intermediate levels of Ho** (°I; state) and Yb**
(°Fs), state) are separated from each other, which can
accurately determine the changes in the activator and sensitizer
during the heating process.

In this paper, vacuumizing is employed to verify the role of
water desorption on LTE in Ho**/Yb** doped NCs. Vacuum-
assisted strong thermal enhancement of UCL is observed in
Ho'/Yb** codoped nanocrystals. It is found that the Ho** °I4
level can be deexcited by direct long-range energy transfer to
water adsorbed at the surface of NCs due to resonant coupling
between Ho*" °I; — I, transition and the —OH vibration of
water. The water desorption suppresses the deexcitation of
Ho’* and enhances UCL. The regulation of luminescence
enhancement is realized by designing core—shell structures
with variable sizes and doping concentrations.

B EXPERIMENTAL SECTION

Chemicals. NH,F (>96%), NaOH (>96%), and HCIl were
supplied from Beijing Chemical Reagent Company. Hexanes, ethanol,
and methanol were obtained from XiLong Scientific. Ln,0; (Ln =Y,
Yb, Ho, >99.99%) were purchased from the YangJiang rare earth
company. Oleic acid (OA, 90%) and 1-octadecene (ODE, 90%) were
purchased from Sigma-Aldrich. Oleylamine (OM, 80—90%) was
purchased from Aladdin. LnCl;-6H,0 (Ln =Y, Yb, Ho) was prepared
by dissolving the corresponding lanthanide oxides in hydrochloric
acid.

Synthesis of f-NaYF, Core NCs. 5-NaYF,:Ln (Ln = Yb or Ho)
core NCs were synthesized following a reported approach.’” In a
typical synthesis, 1 mmol of LnCl;-6H,0 (Ln =Y, Yb, Ho), 6 mL of
OA, and 15 mL of ODE were mixed in a 100 mL three-necked flask.
The mixture was heated to 140 °C under magnetic stirring and a flow
of N, for 30 min to form a transparent solution and then cooled down
to 50 °C. Subsequently, 2.5 mL of a NaOH methanol solution (1 M)
and 10 mL of a NH,F methanol solution (0.4 M) were quickly mixed
and added into the flask and the reaction temperature was maintained
at 50 °C for 30 min. After that, the mixed solution was heated slowly
to 70 °C for 30 min to remove the methanol. The temperature was

then increased to 300 °C under a nitrogen atmosphere for 90 min
while stirring. After naturally cooling down to room temperature, the
synthetic NCs were washed several times by precipitation with the
addition of ethanol, collection by centrifugation, and redispersion in
cyclohexane. The final solid-state products were obtained after
centrifugation and drying in an oven at 60 °C for 24 h.

Synthesis of the Shell Precursor. The a-NaYF,:Ln (Ln =Y, Yb
or Ho) were synthesized as sacrificial shell precursors following a
reported method,*® where 6 mL of OA, 6 mL of OM, and 10 mL of
ODE were placed into a three-necked flask together with 2 mmol of
CF,COONa and 2 mmol of (CF;COO0);Ln (Ln =Y, Yb, Ho). To
dissolve the solid reagents and remove the residual water, the solution
was magnetically stirred and heated to 120 °C for 30 min under a flow
of N, until it became clear. The solution was then heated to 290 °C
and allowed to react for 45 min in a N, atmosphere. Subsequently, the
solution was cooled down to room temperature and the products
were precipitated and washed with the addition of ethanol, collected
by centrifugation, and finally dispersed in 8 mL of ODE for later use.

Synthesis of -Core—Shell NCs. The homogeneous core—shell
p-NaYF, NCs were synthesized following a reported approach.*®
First, 0.5 mmol of core f-NaYF, NCs was synthesized by the methods
described above. Near the end of the synthetic reaction of the core
sample, instead of being cooled down, 1 mL of the ODE solution of
the dispersing prepared shell precursor was rapidly injected into the
reaction solution by a syringe with a stainless steel cannula;
meanwhile, the reaction conditions, including magnetic stirring, a
N, atmosphere, and a reaction temperature at 300 K, were maintained
for 15 min for epitaxial growth. The thermal injection and ripening
process could be performed multiple times to increase the thickness of
the epitaxial shell. Furthermore, the shell thickness could also be
modulated by the amount of shell precursor in each injection. After
the ripening, the solution was cooled down to room temperature. The
synthetic NCs were washed several times by precipitation with the
addition of ethanol, collection by centrifugation, and redispersion in
cyclohexane. The final solid-state products were obtained after
centrifugation and drying in an oven at 60 °C for 24 h.

Characterizations. The morphology was investigated by field
emission scanning electron microscopy (SEM) (Hitachi S-4800). The
spectra were measured using an FLS920 spectrometer (Edinburgh
Instruments, U.K.), a QEPro fiber spectrometer (200—1000 nm,
Ocean Optics), and a NIRQUEST fiber spectrometer (900—2400 nm,
Ocean Optics) pumped with a power-controllable 980 nm laser diode
(LD) or a power-controllable 455 nm LD. The laser spot area is about
12.6 mm?’, and the laser power is about 70 mW in spectrum
measurement, leading to a power density of 5.6 mW/mm? The
relative humidity of the air during the spectral measurement is about
50%. The vacuum environment in the experiment is pumped by a
mechanical pump with a vacuum level of 107* Torr. In the
measurement of fluorescence decay, the wavelength-tunable pulse
laser with 10 ns duration of a Surelite II-10 pumped Horizon OPO
was used as the excitation source; the signal was detected using an
R9110 PMT TCSPC (Hamamatsu, Japan) and recorded by a
TDS3052B oscilloscope. All of the values of the calculated
luminescence lifetime were the average lifetime in this work. A
THMS600E cooling—heating platform (77—873 K, Linkam Scientific
Instruments, U.K.) was used for offering different temperatures in
temperature-dependent luminescence spectra and lifetime measure-
ments in air. The vacuum heating platform was built as schematically
shown in Figure S1.

B RESULTS AND DISCUSSION

The upconversion LTE was observed in NaYF,:2%Ho/20%
Yb@NaYF,:40%Yb core—shell UCNCs, of which the
hexagonal NaYF,:2%Ho0/20%Yb core was synthesized via a
coprecipitation method, and the NaYF,:40%Yb shell was
coated on the core via the layer-by-layer epitaxial growth
method. The SEM photographs show that the NaYF, cores
before coating the shell are monodispersed with an average size
of 33.8 + 1.7 nm (Figure 1a,b). The core—shell UCNCs show
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Figure 1. SEM images (a, c) and size distribution (b, d) of NaYF,:2%Ho, 20%Yb core only, and NaYF,:2%Ho, 20%Yb@NaYF,:40%Yb core—shell
UCNCs. (e) Ho®* and Yb** energy-level diagrams as well as population processes and emission spectra of each energy level under 980 nm LD

excitation.
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Figure 2. Temperature cycling experiment for thermally enhanced UCL in NaYF,:2%Ho,20%Yb@NaYF,:40%Yb NCs under 980 nm LD
excitation. (a, b) Temperature-dependent luminescence spectra and intensities of various emissions in air and (c, d) in vacaum. The intensities of

various emissions in air at 300 K are normalized.

an average size of 42.7 + 2.3 nm (Figure lc, d). It is well
known that the Ho—Yb upconverting system is a typical ETU
system with Ho®" as an emitter and Yb** as a sensitizer. The
typical emission spectrum of core—shell UCNCs and the
corresponding energy-level population process under 980 nm
LD excitation are depicted in Figure le. It can be seen that
there are five emission peaks in the spectrum. The green peak
at 540 nm and the red one at 640 nm are upconversion
emissions, originated from °S,/°F, — °I; and °F; — °I;
transitions of Ho®*, respectively. The rest of the three peaks
come from downshifting emissions. They are assigned to the
’F,), = ’F, ), transition of Yb** for the peak at 1000 nm as well
as the *I; — °Ig and I, — °I; transitions of Ho" for the peaks

16864

at 1186 nm and 2000 nm, respectively. Both the green and red
upconversion emissions are two photon processes, i.e., excited
by a two-step energy transfer from Yb*". They share the first
step energy transfer for populating the *I; level. The I, —
3S,/°F, upward transition by the second step energy transfer
populates the green °S,/°F, level. The °I; level may also relax
nonradiatively down to the °I, level, from which the red °F;
level can be populated by the second step energy transfer.
The temperature-dependent emission spectra of the core—
shell UCNCs in the heating—cooling experiment (300—450—
300 K) are measured in air and in vacuum, as shown in Figure
2a and 2, respectively. It can be seen that all emissions exhibit
thermal enhancement in the heating process either in air or in

https://doi.org/10.1021/acssuschemeng.2c05408
ACS Sustainable Chem. Eng. 2022, 10, 16862—16870


https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05408?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

a
10°4
Agx=970nm Ag, =1030nm

— Yb3+: 2F N 2F — 300

g 5/2 712 330

~ 360

2107 —— 390

2 — 420

[0}

c —— 450
(K)

0.0 0.5 1.0 1.5
Time (ms)
104
hex=970nm Ag,=1186nm

,5 Hod*: 5|G R 5|8 — 300
= ——330
= 360
= 1074 —— 390
S —— 420
c —— 450
(K)

1024

0 3 6 9 12 15
Time (ms)

c

1.5

Intensity (a.u.)
>

05—

R &
s & N N e N
d Q‘b ?§ A{b ka A‘b
0
10 — Air
— —— Vacuum
S
8 Ae=970nm
210" hgm=1186nM
C
2
£

3+.5 5
Ho®*:515—51g

10?2 T T T
0 2 4 6 8

Time (ms)

Figure 3. Emission decay curves of (a) *F;,, — *F,, of Yb** and (b) I — °I; of Ho*" in NaYF,:2%Ho,20%Yb@NaYF,:40%Yb NCs at different
temperatures in the heating process in air. (c) Normalized UCL intensities of NaYF,:2%Ho0,20%Yb@NaYF,:40%Yb NCs in the vacuuming—filling
cycle with filling different moist air upon 980 nm excitation at room temperature. (d) Luminescence decay curves of *I; — °I; of Ho®* in NaYF,:2%
Ho,20%Yb@NaYF,:40%Yb NCs measured in air and vacuum at room temperature.

vacuum. Interestingly, during the subsequent cooling process,
the enhanced luminescence gradually decreases in air but
continuously increases in vacuum.

The intensity variations of the green emission, Yb*
emission, and *I — I emission with temperature changes
in heating—cooling processes in air and in vacuum are depicted
in Figure 2b and 2d, respectively. It can be seen from Figure 2d
that the intensities of three emissions will be enhanced as soon
as the vacuum is pumped at 300 K. This observation should be
attributed to quenchers’ desorption rather than laser-induced
sample heating enhanced under vacuum conditions.* ~** On
the one hand, the excitation power density used in the
experiment is low enough that there should be no obvious
thermal effect (it is about 2 orders of magnitude smaller than
the lowest excitation power density reported in the literature).
On the other hand, the thermal effect caused by laser-induced
heating should be a relatively slow process, while the observed
luminescence enhancement almost takes place with vacuum
pumping at once. More experimental phenomena shown in
Figure 2b,d indicating that the LTE is governed by quencher
desorption will be discussed as follows. The decrease of
luminescence intensity on cooling in air is attributed to
readsorption of quenchers that exist in air. The enhancement
of luminescence on cooling in vacuum is the consequence of
no quenchers for readsorption in vacuum and suppression of
multiphonon relaxation (MPR) with cooling. However, during
the vacuum cooling process, unexpected luminescence
quenching of Ho®* can be seen from about 350 to 300 K.
This phenomenon can be attributed to a heat-dependent
energy transfer path: °F;/, (Yb**) + °I (Ho*") — °F, ), (Yb*")
+ I (Ho). This energy transfer process needs to absorb a
phonon, so it is more sensitive to temperature. When the
temperature is lower than 350 K, it may lead to the
deactivation of the energy transfer path from Yb*', thus
resulting in luminescence quenching of Ho®" during the

16865

vacuum cooling process. When the vacuum-cooled sample is
heated in vacuum again, the UCL intensities increase first and
then decrease with the increase of temperature, which is
basically reversible with the intensity—temperature curve in the
first vacuum cooling process (Figure S3). It is also observed
that at the same temperature, the amplitude of LTE in vacuum
is higher than that in air because a negative pressure
environment can promote quencher desorption. The lumines-
cence intensity on heating in air reaches the maximum at 450
K, where the adsorbed quenchers on the surface of NCs should
be depleted. The vacuum-induced enhancement of quencher
desorption enables the depletion of the adsorbed quenchers at
a lower temperature of 400 K, as shown in Figure 2d. The
decrease of luminescence intensity at temperatures higher than
400 K on heating is attributed to the enhancement of MPR."
As a result, the heating—cooling experiments in air and in
vacuum offer a conclusive evidence for quencher-desorption-
induced LTE in NaYF,:2%Ho0,20%Yb@NaYF,:40%Yb NCs
under 980 nm LD excitation. Furthermore, compared with
heating in air, vacuum-assisted LTE has a higher amplification
of LTE and ensure the repeatability of UCNC:s. It can be seen
from Figure 2 that the amplitude of green upconversion LTE
at 400 K in vacuum is 3.7-fold, while that in air is only 2.6-fold.
Even though the thermally enhanced intensity of UCL can
continue increasing with the increase of temperature, too high
a temperature will aggravate the quenching process caused by
MPR and cause irreversible thermal damage of UCNCs.”* One
of the thermal damage modes in fluoride UCNC:s is caused by
reaction with O, in air and forming oxy-fluoride. Hence, the
vacuum-assisted LTE not only has low operating temperature
to reduce the temperature-dependent quenching (MPR) and
thermal damage but also provides a vacuum environment to
protect UCNC:s.

To further explore the process of the thermally enhanced
green UCL in air, the temperature-dependent energy-level
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NaYF,:2%Ho (top), NaYF,:0.1%Ho (middle), and NaYF,:0.1%Ho@NaYF, (bottom) NCs with elevated temperatures, under 455 nm LD

excitation.

lifetimes of the “Fs,, of Yb** and the 15 of Ho* in the heating
process are studied. It can be seen that the thermal
enhancements of Yb***F;,, — °F,, emission and Ho* I,
— Sl emission (see Figure 2b) are accompanied by the
remarkably prolonged emission lifetimes (Figure 3a,b), which
indicates that the thermal-induced desorption of quenchers can
alleviate the nonradiative process of both the °F; , level of Yb**
and the °I; level of Ho*. Since the °I; level of Ho* is
populated by energy transfer from the *Fs,, level of Yb*, the
amount of transferred energy from Yb®" to Ho’* should
increase in proportion to the increase of population of the Yb**
’F;, level on heating. However, the amplitude of LTE of the
Ho®" *Iy — °I; emission is significantly larger than that of the
Yb** °F;,, — ’F,/, emission due to the thermally diminished
nonradiative process of the ‘I level (meaning increased
emission efficiency).

Experimental operation of vacuum pumping and moist air-
filling cycles for regulating UCL intensity was conducted at
room temperature. As shown in Figure 3¢, the intensities of the
green and red upconversion emissions are sensitive to vacuum
and moist air-filling. Specifically, the upconversion emissions
enhance in vacuum and reduce in moist air, which indicates
that water molecules in the air are the adsorbent that causes
luminescence quenching. It is also observed that the °I;
lifetime is prolonged in vacuum, as shown in Figure 3d.
Owing to the fact that Ho®" ions are located in the core of the
core—shell NCs, the observed increase of thermal and vacuum-
induced °I; lifetimes (Figure 3b,d) suggests a long-range (shell

thickness) interaction between the interior Ho>" and surface
water molecules in the core—shell NCs.

To study the interaction between Ho* and adsorbed water
molecules, we synthesized Ho®* singly doped NaYF, NCs, i.e.,
NaYF,:2%Ho, NaYF,:0.1%Ho, and NaYF,:0.1%Ho@NaYF,,
as seen in their SEM images in Figure 4a. The LTE of the °I,
— I emission of Ho*" singly doped samples under 455 nm
excitation is observed with rising temperatures from 300 to 480
K, as shown in Figure 4b. One can find that the LTE of *I; —
’Iy emission is independent of the concentration of doped
Ho*; e.g, NaYF, NCs doped with 2%Ho*" and 0.1%Ho*
show almost the same LTE (see Figure 4b top and middle),
which means that the interaction between Ho®>" and adsorbed
water molecules remains almost unaffected by energy
migration between Ho®". After coating with an about 4 nm-
thick inert shell (Figure 4a bottom), NaYF,:0.1%Ho@NaYF,
NCs still show a significant LTE of *I; — °I emission (Figure
4b bottom). Furthermore, the extensions of I state lifetimes
of three samples with rising temperatures, as shown in Figure
4¢, indicate that the origin of LTE for Ho®" singly doped
NaYF, NCs is the thermal-induced suppression of nonradiative
deexcitation of the *I; state. Hence, these pieces of evidence
show that the interaction between Ho®>" and the adsorbed
water molecule is a long-range interaction. However, LTE of
Ho®" caused by the long-range interaction is suppressed if the
range is too long, e.g., Ho* singly doped NaYF, bulk materials
show no LTE and thermal-induced increase of lifetime (see
Figure S4).
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Figure 5. Regulation of LTE in Ho®*/Yb*" doped NaYF, NCs using the different enhancement pathway of Ho®" and Yb**. (a) Schematic diagram
of distribution of the average number of Ho®* with distance from the surface of NCs, according to the average number of Ho®" in the spherical shell
of r ~ r + dr expressed as 47r’p(r)dr (where r is the radius of the spherical shell, p(r) is the density of doping Ho®*, and N is the total number of
Ho in an NC). (b) Luminescence decay curves of the I, level and their fitting curves according to the FRET effect for C,, C,, and C,@S,
UCNGCs. (c) Evolution of the luminescence lifetime of the *I; level for C, C,, and C,@S,, UCNCs under elevated temperatures. (d) SEM images
of Cy, C,, and a series of C,@S, (x = 20, 40, and 60) UCNCs. Scale bar is SO nm. (e) Schematic illustration of the modulation of the energy
migration rate from the interior to the surface of NCs by changing x in C,@S, UCNC:s. (f) Evolution of the luminescence decay lifetime values of
the 2F;), level in the thermal field of elevated temperatures for C, and C,@S, (x = 20, 40, and 60) UCNCs. (g) UCL intensity (blue line) at 300 K
and the thermal enhancement ratio (red line) at 420 K for C;, C,, and C,@S, (x = 20, 40, and 60) UCNCs.

The long-range interaction of Ho®* and adsorbed water
molecules is inferred to as Forster resonance energy transfer
(FRET) from the electron transition of I — °I, to the
vibrational level of hydroxyl groups (—OH) because the high
matching of energy between the two dipoles and the sufficient
oscillator strength of —OH provide support for long-range
resonance.’*™* Furthermore, the temperature-dependent
spectral measurement also supports this inference. Specifically,
in the Ho®*/Yb** ETU system, if the °I, level is only populated
from the °I; level through the MPR process, the LTE
amplitude of the °I, — °I; emission should be slightly larger
than that of the ’I; — °I; emission in heating due to the
thermally enhanced MPR process. However, the LTE
amplitude of *I, — °I; is much smaller than that of *I; — °I,
during the heating process (Figure S2). It indicates that there
is an additional temperature-dependent nonradiative popula-
tion path from the °I; state to the °I, state in addition to MPR,
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which is probably the FRET effect between doped Ho* and
adsorbed water molecules.

The pathway of interaction between Yb** and adsorbed
water molecules was studied in a series of Yb** singly doped
NaYF, NCs (the SEM images are shown in Figure SS). As
shown in Figure S6, the emission intensity of Yb*" in
NaYF,:0.1%Yb NCs shows slight thermal quenching. Mean-
while, it also can be seen from the temperature-dependent
luminescence lifetime measurement that the depopulation rate
of 2F5 » remains almost constant on heating (Figure S7). On
comparing these results with temperature-dependent spectra of
NaYF,:0.1%Yb bulk materials (Figures S6 and S7), it can be
concluded that doped Yb** and adsorbed water molecules have
no long-range interactions. Moreover, once the concentration
of Yb*" is high enough for the excitation energy to migrate
between doped Yb**, the LTE amplitude of *F; , in Yb** singly
doped NaYF, NCs exhibits a strong concentration depend-
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ence. For example, the LTE amplitude of *Fs), for synthesized
NaYF,:m%Yb> (m = 10, 20, 100) NCs significantly increases
with the increase of m (Figures S6 and S7). These results
suggest that the energy transfer from Yb®* to adsorbed water
molecules only occurs on the surface (no long-range ET) of
NCs, and the quenching of Yb3* is realized through outward
energy migration. This is why thermally enhanced lumines-
cence of Yb** strongly depends on the doped concentration of
Yb*.

These microscopic mechanisms of interaction between
doped rare earth ions and adsorbed water molecules provide
a new insight into the regulation of desorption-induced LTE. It
is noteworthy that for the Ho**/Yb** ETU system, the long-
range interaction between Ho®" and adsorbed water molecules
causes the LTE of NCs to be size-dependent (determining the
average distance between Ho®" and adsorbed H,0), while the
surface quenching dependent on energy migration between
Yb** leads to LTE of NCs to be Yb*'-concentration-
dependent. Hence, based on the different LTE properties of
Ho’* and Yb**, we discuss the regulation of LTE according to
the size of NCs and the doping concentration of Yb>".

Based on previous discussions, the interaction between Ho®*
and adsorbed H,O on the surface is strongly distance-
dependent. Three kinds of UCNCs with different sizes or
core—shell structures (SEM images in Figure Sd), i.e, 21 nm
bare core NaYF,:2%Ho020%Yb NCs (C;), 34 nm bare core
NaYF,:2%Ho020%Yb NCs (C,), and 42 nm core—shell
NaYF,:2%Ho020%Yb@NaYF,:20%Yb NCs (C,@S,,), were
synthesized to regulate the interaction between Ho®" and
adsorbed water molecules. The spatial distributions of doped
Ho’" in three designed nanomaterials are simulated in Figure
Sa. It can be seen that increasing the size of NCs or the coating
shell can reduce the distribution of Ho®" near the surface of
NCs. These modulation methods make doped Ho* in the
samples have different degrees of interaction with adsorbed
water molecules, which can be verified by measuring the
luminescence decay of the °I; state. As shown in Figure Sb, the
luminescence decay curves of three samples show that they
have obviously different lifetimes of the I state and follow an
ordering rule that the more doped Ho®" are distributed near
the surface of NCs, the shorter the lifetime of the I, state. In
addition, to further confirm the causal relationship between the
spatial distribution of Ho®>" and the luminescence lifetime of
the °I, state, the fitting curves of luminescence decay are built
according to the FRET effect and are well consistent with the
luminescence decay curves of the *I; — °I; emission (gray lines
in Figure Sb), which determines the decisive role of the spatial
distribution of Ho>" on the luminescence lifetime of the I,
state (see Figure S8 for more fitting details).”” Hence, the large
value of I lifetimes estimated from the luminescence decay
curve implies the low degree of interaction between Ho®* and
adsorbed water molecules. Moreover, one can see from Figure
Sc that the sample with a short °I; lifetime shows a large
thermal enhancement amplitude in the heating process, which
verifies the correctness of the previous inference and also
indicates that the strategy of modulating spatial distributions of
Ho®" successfully regulates the LTE properties of Ho®".

Considering that the degree of interaction between Yb** and
adsorbed water molecules is dependent on the doped
concentration of Yb*', according to a previous discussion, a
series of active-core/active-shell structural UCNCs of
NaYF,:2%Ho0,20%Yb@NaYF,:x%Yb (namely, C,@S,. x = 40
and 60; SEM images are shown in Figure 5d) with different
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doping concentrations of Yb*" in the active shell were
synthesized. The design intent of active-shell coating NCs, as
schematically shown in Figure Se, is that changing x can not
only control the energy migration rate without influencing the
environment around the activator as much as possible but also
affect the surface quenching rate of Yb*', both of which can
promote or inhibit the energy transfer rate from Yb’* to
adsorbed water molecules. The thermally enhanced amplitudes
of luminescence lifetime of Yb*'’F;,, for C, and C,@S,
samples (x = 20, 40, and 60), as expected, increase with the
increase of x (as shown in Figure Sf). It is also worth noting
that the thermally enhanced trends for C, and C,@$,, NCs are
almost identical (orange and green lines in Figure 5f), meaning
that the influence of the surface Yb** concentration on LTE of
Yb** is much greater than that of the size of NCs. These results
indicate that the adjustment of the Yb** concentration located
on the surface of NC can effectively regulate the thermally
enhanced luminescent behavior of Yb** doped UCNCs.

The results of regulating upconversion LTE (green
emission) by adjusting the size and doping concentration of
UCNC:s are shown in Figure Sg. It can be seen that decreasing
the size of NCs and increasing the concentration of doping
Yb*" in the active shell can both significantly enhance the
amplitude of upconversion LTE (red line). Specifically, the
C,@S,, sample has the smallest upconversion LTE amplitude
of about 3.5-fold (see Figure S9 for more analysis). The
smaller size core UCNCs of C; have a 4.5-fold amplitude of
upconversion LTE, while the C,@S4, sample has the largest
upconversion LTE amplitude of about 6.7-fold. In other words,
under the premise of limited size reduction of UCNCs:,
increasing the Yb** concentration doped in the active shell can
bring a higher amplitude of upconversion LTE. Furthermore,
one may also find that the UCL intensity at room temperature
(blue line) and the thermal enhancement ratio at high
temperature (red line) have the opposite trend. This may be
a disappointing phenomenon, which means that the increasing
amplitude of upconversion LTE obtained by modulating the
size or concentration of UCNC:s is at the cost of reducing the
UCL intensity. However, since this phenomenon promotes the
contrast between samples, it can have a better application in
the field of anticounterfeiting.

B CONCLUSIONS

The vacuum spectral experiment in this work provides
conclusive evidence for the mechanism of LTE that the
temperature-dependent desorption of adsorbed water mole-
cules alleviates luminescence quenching in Ho**/Yb* doped
NaYF, UCNCs. With the cooperation of vacuuming and
heating, a stronger enhancement of UCL can be obtained.
Furthermore, a strong long-range FRET effect between the °I;
— ST, transition of Ho® and the —OH vibration of surface-
adsorbed water is found, which means that Ho®, as the
activator, also has a great contribution to the LTE of NCs.
According to the different deexcitation pathways of Ho**/Yb*",
which, respectively, depend on the average distance from the
adsorbed H,O and the doping concentration, the amplitude of
upconversion LTE of Ho®'/Yb*" codoped NaYF, NCs is
successfully regulated from 3.5-fold to 6.7-fold by varying the
size of NCs and coating the active shell with different doping
concentrations of Yb** while maintaining the NC size relatively
large (>30 nm). These findings provide a methodological
reference and theoretical support for the regulation of the
thermal enhancement of UCL in various applications.
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