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Thermal enhancement of upconversion emission in nanocrystals:
a comprehensive summary

Rui Shi,*® Eduardo D. Martinez,? Carlos D. S. Brites? and Luis D. Carlos*?

Luminescence thermal stability is a major figure of merit of lanthanide-doped nanoparticles playing an essential role in
determining their potential applications in advanced optics. Unfortunately, considering the intensification of multiple
electron-vibration interactions as temperature increases, luminescence thermal quenching of material is generally
considered to be inevitable. Recently, the emergence of thermally enhanced upconversion luminescence in lanthanide-
doped nanoparticles seemed to challenge this stereotype, and the research on this topic rapidly aroused wide attention.
While considerable efforts have been made to explore the origin of this phenomenon, the key mechanism of luminescence
enhancement is still under debate. Here, to sort out the context of this intriguing finding, the reported results on this exciting
topic are reviewed, and the corresponding enhancement mechanisms as proposed by different researchers are summarized.
Detailed analyses are provided to evaluate the contribution of most believed “surface-attached moisture desorption”
process on the overall luminescence enhancement at elevated temperatures. The impacts of other surface-related processes
and shell passivation on the luminescence behaviour of the materials are also elaborated. The lack of standardization in the
reported data and the absence of important experimental information, which greatly puzzle the results cross-checking and
reanalysis, is emphasized as well. On the foundation of these discussions, it is realized that the thermal-induced
luminescence enhancement is a form of recovery process against the strong luminescence quenching in the system, and the
enhancement degree is closely associated with the extent of luminescence loss induced by various quenching effects

beforehand.

Introduction

Photon upconversion, involving the sequential absorption of
two or more low-energy photons leading to the emission of light
at a shorter wavelength, had attracted great attention in the
last decades.l> Different from early reported upconversion
phenomena, as second-harmonic generation® and two-photon
absorption,” which could be only triggered by high-power
excitation sources, nowadays photon upconversion is easily
achieved in lanthanide-doped inorganic materials by employing
a commercial low power-density laser or even a near-infrared
light-emitting diode lamp.®2 Due to the ladder-like 4f level
structures of trivalent lanthanide ions (Ln3*) and the relatively
long lifetimes of their excited states, two or more low-energy
excitation photons are absorbed successively, leading to the
stepwise pumping of electrons into upper excited states,
resulting in the high-energy radiative emission. Besides, the
creative concept of “energy transfer (ET) upconversion” as
proposed by Auzel® 10 introduced the critical role of sensitizer
ions (such as Yb3* and Nd3*) owning the efficient absorption of
excitation photons into the system. This strategy for surpassing
the constraint of insufficient light absorptivity of the activator
ions (such as Er3*, Tm3* and Ho3*) greatly enhances the
upconversion luminescence (UCL) intensity of materials.1!
Started from the beginning of this century, the rapid progress
of nanotechnology has brought new opportunities and
challenges to develop nanosized materials with high UCL
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efficiency. The control on spatial distributions of different
dopants in the nanoparticles (NPs) has been realized as an
effective way to modulate the involved ET pathway and further
boost the luminescence intensity of the materials.1214 One
illustrative example is the successful development of core-shell
Ln3*-doped upconversion NPs (UCNPs) with the activator and
sensitizer ions localized in different regions (i.e. in the core or
shell of the NPs).15 Because of these remarkable improvements,
Ln3*-doped UCNPs have been widely applied in various fields,
such as bioimaging,1¢ anti-counterfeiting,1” holography,18 near-
field microscopies,!® and local temperature monitoring.2°
Despite these great achievements, the fairly low UCL quantum
yield (QY) of NPs is still one of the main drawbacks restricting
their practical application.2% 22 For example, Yb3*/Er3* co-doped
B-NaYF4, one of the most used UCNPs presents an upconversion
QY typically less than 1% upon 980 nm commercial laser
excitation,z which is far from the QY value (~¥10%) of its bulk
form.24 Given the identical crystal structure, site occupancy, and
doping concentration of these two forms, surface-related
processes are believed as the major factor behind this huge
difference in the luminescence performance (the relaxation of
transition selection rules, which plays a vital role in controlling
the 4f-4f luminescence properties, is also similar in both cases).
As one of the unique features of NPs, the large surface-to-
volume ratio (SVR) makes the luminescence properties more
sensitive to the particle surface. Considering the nonlinearity of
the upconversion process, a minor effect of the surface-related
quenching on the primary transition of the sensitizer ions will
have a great impact on the subsequently high-order UCL
properties of the activators in the NP.

Recently, the topic of thermally enhanced UCL has attracted
considerable attention?25 26 (although no monograph review has
yet been published). Several groups reported an enhancement
of the UCL of Ln3*-doped NPs as temperature increased from
room temperature (RT) to high temperatures (420-470 K),27-2°
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the well-known and conventional
guenching.30 Although
experimental results have been reported in the past 15 years,
the mechanism underpinning this phenomenon is still under
debate. Heat is commonly considered to have a negative effect
on the luminescence performance of optical materials and de-
excitation processes (e.g., thermal-induced ionization,3?
multiphonon relaxation,32
efficiently promoted at high temperatures leading to a strong
luminescence thermal quenching of individual centres. For the
multiple ET-based processes, such as photon upconversion, this
quenching effect should be even amplified because all of the
involved transitions are affected.3* Moreover, subtle changes
on the surface-related effects at the nanoscale may induce
drastic changes on the luminescence of the NPs, being
potentiated as temperature rises, resulting, thus,
intricated emission temperature dependence.3*> Understanding
the  temperature-dependent luminescence  quenching
mechanism of UCNPs can not only present an in-depth
comprehension of the structure-property relationship at the
nanoscale, but also benefit the development of novel
nanophotonic materials with particular and intriguing features.
In this Perspective, we firstly review the relevant
experimental findings on thermally enhanced UCL in NPs,
emphasising the current understandings and the existing
puzzles. Lastly, we will provide our viewpoints on this
stimulating phenomenon.

contradicted
substantial

and electron transfer33) are

in an

will

Historical perspective on thermally enhanced UCL

Before getting into the review and discussion, a brief summary
of the main observations and corresponding interpretations on
the thermally enhanced UCL phenomena by distinct research
groups in recent years is tabulated in Table 1, which facilitates
readers for comparison.

Thermally enhanced UCL was reported back in 2005. Suyver et
al. reported that the integrated photon flux of Er3* emissions
arising from the 4l13/2, 4S3/2, and 2Hg/, excited states in Yb3*/Er3+
co-doped [B-NaYF; powder showed a step increase as
temperature increased from 10 to 100 K, keeping almost
constant when temperature further increased to 200 K.3% Based
on high-resolution excitation spectra (Fig. 1a-b) and Yb3* and
Er3* energy level structures, the authors explained these
observations by a preferable population of the slightly high
energy 2Fs;; | 1> multiplet of Yb3* at high temperatures, which is
more energy-resonant with the Er3+ 41,4/, state, thus resulting in
a more efficient Yb3*-Er3* ET (Fig. 1c). Later in 2013, Yu et al.
observed an anomalous luminescence enhancement in
Yb3*/Er3* co-doped B-NaYF4 UCNPs with sizes of around 25 and
45 nm and its bulk form in 10-150 K range.3” However, these
enhancements only occurred in cryogenic temperatures,
whereas the thermal quenching behaviour of UCL was generally
reported in a range above RT.3840
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Fig. 1 High-resolution excitation spectra of (a) Yb3*/Er3* co-doped and (b) Er3* single-
doped B-NaYF, bulk samples at low temperatures by monitoring Er3* 4S;,—*;s,
transition at 550 nm. (c) Schematic energy level diagram of Yb3* 2F5, and Er3* %13, excited
multiplets. Adapted from ref. 36 with permission from Elsevier. (d) Temperature-
dependent UCL spectra of 24 nm Yb3*/Er3* co-doped B-NaYF, UCNPs. Adapted with
permission from ref. 2°. Copyright (2014) American Chemical Society.

In 2014, Shao’s group reported the above-RT thermally
enhanced UCL in small-sized Yb3*/Er3* co-doped B-NaYF4 NPs for
the first time.2° Upon 975 nm excitation, the UCL intensity of
Er3*in the 24 nm-sized UCNPs increased with temperature from
298 to 358 K (Fig. 1d). Preliminary attempts to explore the origin
of this result excluded a possible laser-induced recrystallization
effect*? because the observed phenomenon was completely
reversible. Also, the increase in excitation light absorptivity was
ruled out because no variation was detected in the diffuse
reflection spectra of the sample at elevated temperatures.
Emission spectra of Er3* under 378 nm direct excitation were
recorded at different temperatures and the general
luminescence thermal quenching was observed, which
foreboded that the sensitizer Yb3* ions played a crucial role in
triggering the thermally enhanced UCL. To evaluate the
contribution of surface-related effects on the enhancement, the
temperature-dependent UCL of core-only and inert-shell
coating samples with similar diameters were recorded. The UCL
enhancement tendency was observed in both cases. Therefore,
the authors claimed no direct relationship between thermally
enhanced UCL and surface-related processes. Based on their
observations and integrating them with the interpretation of
Suyver et al.3¢ and others,*? the authors concluded that the
thermally enhanced UCL was caused by overcoming the
restricted phonon bottleneck effect at high temperatures.
Because of the small energy differences (40-90 cm) between
Yb3+ 2F7/2—)2F5/2 and Er3* 4|15/2—)4|11/2 and 4|11/2—)4F7/2
transitions, Yb3*-Er3* ET process was considered to be active
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only with the participation of low-energy phonons. As the
particle size was reduced to the nanoscale, the phonon density
of states of the material became discrete, and thus these low-
energy acoustic phonon modes were cutoff.3 As temperature
increased, this phonon confinement effect was weakened,
leading to more efficient Yb3*-Er3* ET. In addition, the authors
noticed that the luminescence enhancement became more
significant with the decrease of the particle size. For instance,
the UCL intensity increased about 3 times as temperature
increased from 298 to 338 K for 7 nm B-NaGdF, nanospheres,
while a luminescence thermal quenching was observed when
the particle size was larger than 32 nm.?°

Deeper understandings of the thermal enhancement mechanism

In 2015, Shao’s group observed the thermally enhanced UCL in
UCNPs with distinct upconversion couples (Yb3*-Ho3* and Yb3+-
Tm3+*)44 (Fig. 2a-b). Upon 975 nm excitation, the UCL intensities
of large-sized Yb3*/Ho3* (or Yb3*/Tm3*) co-doped B-NaYF,
nanowires quenched as temperature increased. In contrast, a
significant UCL enhancement was observed in all small-sized -
NaGdF; UCNPs (¥8 nm), and a weaker enhancement was
reported for larger UCNPs. Besides, it was observed that the
UCL enhancement depended on the activatorion: 52.1 times for
Yb3*-Ho3*, 6.2 times for Yb3*-Tm3*, and 3.3 times for Yb3+-Er3+,
increasing the temperature from 298 to 398 K. This was
tentatively attributed to the different energy matching degrees
between the 4f-4f transitions of Yb3* and the activators.

In 2016, Tong et al. reported an interesting temperature-
dependent UCL variation of Yb3*/Er3* co-doped a-NaYF; NPs
with a size of around 75 nm.*5 As temperature increased, the
UCL intensity of Er3* gradually decreased to a minimum at 483
K and then it increased as temperature further increased to 573
K. Upon cooling, the UCL intensity was recovered (as usual),
while a similar but rather weaker “decrease-increase” emission
intensity variation reappeared in the subsequent heating phase.
The authors suggested that this anomaly was induced by the
“adsorption-desorption” process of a small amount of H,0
molecules and other organic solvent residuals on the particle
surface at different temperatures.

Shao’s group revisited thermally enhanced UCL later in 2017.46
Upon 975 nm excitation, they observed that the overall UCL
intensities of ultra-small Yb3*/Ho3* (or Yb3*/Tm3*) co-doped B-
NaGdFs UCNPs (<10 nm) increased as temperature increased
from 298 to 423 K. The luminescence spectra of Yb3* in the co-
doped sample was then recorded at elevated temperatures,
(Fig. 2c) and the luminescence enhancement was detected.
Recording the temperature-dependent luminescence decay of
the Yb3* 2Fs; state, all the curves followed a mono-exponential
trend and the decay times of Yb3* 2Fs,, state increased on
heating (Fig. 2d), pointing out a gradual weakening of the de-
excitation of the Yb3* 2Fs;, state. The temperature-dependent
UCL intensities of Tm3* were recorded in the core-shell
Yb3*/Tm3* co-doped UCNPs with 3.5 nm thick inert-shell and no
UCL enhancement was observed, which was in contradiction

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Temperature-dependent UCL spectra of (a) Yb3*/Ho3* and (b) Yb3*/Tm3* co-doped
B-NaGdF, UCNPs and the corresponding temperature-dependent integrated intensities.
Adapted from ref. 4 with permission from the Wiley-VCH. (c) Emission spectra of
Yb3*/Ho3* co-doped B-NaGdF, UCNPs with 970 nm excitation and (d) 2Fs, decay curves
(Aex = 980 nm, Aery = 1050 nm) at different temperatures. (e) Temperature-dependent
normalized UCL intensities of core-only Yb3*/Tm3* co-doped B-NaGdF,; UCNPs in air
(blue), in Ar (green), and Yb3*/Tm?3* co-doped B-NaGdF,@B-NaGdF, core-shell UCNPs in
air (orange). Adapted from ref. 46 with permission from The Royal Society of Chemistry.

with their previous result on the 2 nm thick shell-coating
Yb3*/Er3* sample.?? Besides, they measured the UCL intensity of
core-only Yb3*/Tm3+ sample in argon (Ar) atmosphere at
elevated temperatures which was pre-heated in Arat 423 K, and
a weak thermal quenching was observed (Fig. 2e). Besides, the
temperature-dependent emission spectra of this sample were
collected dispersing the NPs in 1-octadecene, and the Tm3* UCL
intensity decreased monotonously as solution temperature
increased. Based on these results, and inspired by the analysis
of other researchers,*” the authors suggested that the
suppression of OH vibration-induced de-excitation of Yb3* 2Fs,
state at high temperatures was the main factor inducing the
thermally enhanced UCL, instead of the phonon confinement
effect as proposed before.?° According to this rationale, the OH
vibrations of H,O molecules around NPs could induce the
luminescence quenching of Yb3* ions situated nearly the particle
surface with a certain probability, even when the surface was
fulfilled by oleic acid (OA) ligands. A feeble de-excitation of Yb3*
2Fs/, state would cause a severe reduction in the subsequent
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excited state population of activator, resulting in a significant
UCL quenching in the system. As temperature increased, these
H,0 molecules gradually desorbed from the surface weakening
the de-excitation of Yb3* 2Fs/, state and resulting in the UCL
enhancement of the material. Moreover, when temperature
decreased some air moisture was again adsorbed on the
particle surface and, thus, reversibility was achieved in cycling
experiments.

Recent advances and the role of surface for the thermal
enhancement of upconversion luminescence

In 2018, Zhou et al. provided a new explanation about the
thermally enhanced UCL in UCNPs.28 They suggested that an
efficient sensitizer-to-activator ET was achieved with the
participation of surface phonons generated by the chelating
between the Yb3* ions and oxygen atoms on the surface of
UCNPs. As temperature increased, more surface phonons were
created by the [Yb:--:O] complexes and immediately coupled
with Yb3*, then transferred the trapped energy to the Tm3*
excited state producing brighter UCL (Fig. 3a). Combining
theoretical calculation and Raman spectra, the vibration
energies of these surface phonons were estimated to be in the
510-560 cm™! range. Significant enhancement of Tm3* 1G,
luminescence was detected in the core-only Yb3*/Tm3* UCNPs
with high Yb3* concentration. The UCL intensities of Yb3*/Ho3*
and Yb3+/Er3* samples were recorded at elevated temperatures,
and the largest enhancement was detected in Yb3*/Tm3* system
(Fig. 3b), in clear contradiction with the observations of Shao’s
group.** In this work, Zhou et al. claimed that the contribution
of the phonon confinement effect?® on the thermally enhanced
UCL was excluded because the enhancement could be also
detected in NPs larger than 40 nm (in diameter). Recently, the
role of the phonon confinement effect in controlling the
relaxation between close-spaced Ln3* Stark levels in ultra-small
UCNPs was revisited.*® The UCL intensities of Tm3* were also
recorded at elevated temperatures in core-shell Yb3*/Tm3* co-
doped NPs, co-doped NPs after annealing at 773 K and co-
doped um-sized rods. As temperature increased, the thermal
quenching of UCL was observed in all the samples, which
foreboded that surface phonon was only created by direct
chelating between Yb3* and O? of the surface ligand. Moreover,
the authors reported that a decrease in the size of NPs resulted
in a more pronounced UCL enhancement, and a 30-fold
enhancement of Tm3* luminescence was achieved in the 29 nm-
sized co-doped sample. Following this strategy, a record value
of a 2000-fold increase in Tm3* 1G4 UCL intensity was registered
in the 9.7 nm-sized Yb3*/Tm3* co-doped UCNPs at 453 K (Fig. 3c).
In a consequent work, Liang et al. pointed out that this surface
phonon essentially resulted in the level- broadening of Yb3* 2Fs,
state that reduced the energy mismatch between the 4f-4f
transitions of the Yb3* ions and the activators?*® (Fig. 3d).

In the same vyear, Lei et al. noticed a reversible thermal
enhancement of UCL in the 20 nm-sized Yb3*/Ln3* (Ln3* = Tm3+,
Ho3*, Er3*) co-doped NasZrF; UCNPs®® (Fig. 3e). This
enhancement was detected both in the ligand-free sample and
in a sample coated with an inert-shell. It was also observed that

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Schematic illustration of the surface phonon-assisted enhancement
mechanism, (b) temperature-dependent normalized UCL intensities of Tm3*: 1G4—3Hg,
Ho3*: 55,(5F4)—°lg and Er3*: 4Fg,—%15/2 emissions in Yb3*/Ln3* (Ln3* = Tm3*, Ho3*, Er®*) co-
doped B-NaYF, UCNPs with 980 nm excitation, and (c) Tm3* blue emission spectra of 9.7
nm sized Yb3*/Tm3* co-doped B-NaYF, UCNPs at 453 and 303 K upon 980 nm excitation.
Adapted from ref. 22 with permission from the Nature Publishing Group. (d) Level-
broadening of Yb3* 2Fs, state at high temperature. Adapted from ref. 4° with permission
from the Nature Publishing Group. (e) Temperature-dependent normalized UCL
intensities of Yb3*/Er3* co-doped NasZrF; UCNPs upon 980 nm excitation in the heating
and reheating phases. Adapted from ref. 0 with permission from The Royal Society of
Chemistry.

the luminescence enhancement was sensitive to the doping
concentration, being a weak thermal quenching detected in the
core-only 5%Yb3*/20%Lu3*/2%Er3+ sample. The initial thermally
enhanced UCL was recovered after a 15%Yb3*-doped active-
shell coating. The temperature-dependent UCL intensities of
core-only 20%Yb3+/2%Er3* UCNPs were measured under
different pumping powers, and the enhancement was much
larger under high than under low-power excitation. Moreover,
the UCL intensity of the sample recorded in a cryogenic
temperature range (20-290 K) presented a thermal quenching.
Based on first-principles calculations, the authors rationalized
their experimental results and stated that the thermal-induced
trapped electron release was the dominant process inducing
the thermally enhanced UCL. A similar mechanism of trapped
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electron releasing was adopted to elucidate the anomalous
luminescence enhancement in some bulk optical materials.51 52
Also in 2018, Shao’s group raised some questions on the surface
phonon-assisted enhancement mechanism?® and presented
new evidence supporting their previous understandings on this
topic.>3® Three distinct Yb3*/Ln3* (Ln3* = Tm3*, Ho3*, Er3*) co-
doped UCNPs with different diameters, and one co-doped
micron-sized rod-like sample were studied. (Fig. 4a) The Ho3*-
activated UCNPs showed the most significant thermal
enhancement of UCL, in accord with their previous results.**
Besides, the work presented an intriguing increase in both the
luminescence intensities and the 2Fs, decay times with
increasing temperature. According to the surface phonon-
assisted enhancement mechanism, the UCL enhancement of
the activator was achieved at the expense of emission loss of
Yb3*+ because the assistance of surface phonon facilitated the
Yb3*-to-activator ET causing the decrease of the Yb3* 2Fs;,
luminescence and the increase of its decay rate, in
disagreement with the current results, as pointed out by the
authors. The UCL intensities of Yb3*/Ln3* co-doped UCNPs were
recorded at elevated temperatures in different atmospheres,
(Fig. 4b) and the thermally enhanced UCL was found to be
closely correlated to the suppression of H,O molecule-induced
quenching effect at high temperatures (Fig. 4c). In the same
work, the authors stated that the surface phonon-assisted
enhancement mechanism also failed to explain the
luminescence thermal quenching behaviour of OA ligand-
stabilized Yb3*/Ln3* co-doped UCNPs as observed in dry Ar while
the surface phonon was certainly formed due to the interaction
between the OA ligand and the Yb3* ions.

in Ar
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Fig. 4 (a) Morphologies of Yb3*/Ln3* co-doped UCNPs, (b) the normalized UCL intensities
of Yb3*/Ln3* co-doped UCNPs at different temperatures in Ar and Ar/H,0 atmospheres,
(c) schematic diagram of thermally enhanced UCL in core-only UCNPs, and (d)
temperature-dependent normalized UCL intensities of Yb3*/Tm3* co-doped B-
NaGdF,@B-NaGdF, core-shell UCNPs with different shell thicknesses synthesized via
different shell coating methods. Adapted with permission from ref. 33. Copyright (2018)
American Chemical Society.
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The authors also noticed that the thermally enhanced UCL was
sensitive to other factors, and the effect of shell coating was
especially emphasized. In line with their previous report,*¢ the
inert-shell as formed by the successive layer-by-layer (LBL)
shell-growth method, strongly suppressed the impact of surface
moisture on the core luminescence, and the so-called “critical
thickness” of inert-shell was estimated to be 3.5 nm (Fig. 4d).
This “critical thickness” refers to the shell thickness value for
which the UCL enhancement caused by the decoupling of
surface OH to the core compensates exactly the intrinsic
quenching of core luminescence at elevated temperatures for a
given core-shell UCNP, resulting in a temperature-independent
UCL. Besides, they found that the thermally enhanced UCL was
regenerated in the LBL method shell coating UCNPs if 20%Yb3*
were introduced into the shell (active-shell), which implied that
the excitation energy of core Yb3* could be delivered through
Yb3+-to-Yb3* energy migration to the particle surface and
quenched by OH vibration of moisture. Intriguingly, different
conclusions were drawn by employing an alternative shell
coating method (Fig. 4d). Adopting the one-pot heating-up
(OPH) shell-growth method, the significant thermally enhanced
UCL was detected in the core-(inert)shell NPs, even for shell
thickness reaching to 3.5 nm, suggesting an incomplete
shielding of the core from the surface moisture.

Understanding the possible underpinning mechanisms explaining
the thermal enhancement

Additional efforts were made to unravel the origin of this
phenomenon. Lei et al. found that the UCL enhancement could
be further strengthened exploiting the defects as excitation
energy reservoirs through the inequivalence substitution.>* In
2019, Martinez et al. reported the thermally enhanced UCL in
Yb3*/Tm3* (or Yb3+/Er3+) co-doped UCNPs with 2 nm inert-shell
coating®® (Fig. 5a-b). By doping 20%Yb3* into the shell, a slightly
larger UCL enhancement was observed. These works suggested
that the luminescence enhancement was associated with the
incomplete core shielding by a thin shell and Yb3+-to-Yb3* energy
migration in the system. Meanwhile, Qiu’s group reported the
thermally enhanced UCL in core-only Yb3*/Tm3* B-NaGdF,
UCNPs. It was found that the particle sintering process
proceeded at high temperatures (>500 K) and caused the
irreversible thermal enhancement of UCL® (Fig. 5c-d). Later,
Meijerink’s group reported the thermally enhanced UCL in a
non-fluoride host, Yb3*/Ln3* (Ln3* = Tm3+, Ho3*, Er3*) co-doped
NaY(WO0,),.27 As temperature increased from 300 to 600 K in air,
the UCL intensities of activators increased gradually up to the
maxima, and then decreased in all of these co-doped UCNPs
with different Yb3* concentrations. The decay dynamics of the
Er3* 4S3, and “Fg, states were recorded at elevated
temperatures in the co-doped sample, and the luminescence
rise and decay times became longer as temperature increased,
indicating the weakening of nonradiative relaxations in the
intermediate and emitting states of Yb3* and Er3*. Similar results
were obtained for the Er3* single-doped sample. The results of
in situ temperature-dependent XRD and TEM measurements
(Fig. 5e) pointed out that the thermally enhanced UCL was not
caused by the thermal-induced phase transition nor by particle
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coalescence. The temperature-dependent UCL measurement of
co-doped UCNPs was also conducted in dry N,, that presented
a UCL intensity with reversible thermal quenching/recovering
performances in the heating-cooling processes after the first
heating-cooling cycle (Fig. 5f). Additionally, the 2Fs/, decays in
49%Yb3* doped NPs were measured at elevated temperatures,
both in air and dry N2. With the increase of the temperature,
the 2Fs;; decay rate slightly increased in N, and significantly
decreased in air. Based on these results, the authors proposed
that the strong thermally enhanced UCL was ascribed to the
removal of surface moisture as temperature increased. To
further confirm this hypothesis, thermogravimetric analysis
(TGA) and Fourier Transform infrared (FT-IR) measurements
were carried out. After the mass loss in the initial TGA heating
process, a tiny mass gain (0.5%) of NPs was detected in the
cooling phase when temperature was below 370 K (Fig. 5g),
which was attributed to the moisture re-adsorption. Moreover,
the characteristic OH stretching vibration band was clearly
observed in the FT-IR spectrum of sample even after heating
treatment at 570 K.

In the same year, Shao’s group gave an additional contribution
to this discussion investigating the UCNPs luminescence loss
mechanisms.57 A series of core-shell Yb3+/Er3+ doped B-NaGdF,
NPs with an identical core diameter (5.7 nm) and different shell
thicknesses (from 1.1 to 17.7 nm) were studied. The thinnest
shell coating co-doped UCNPs were used to record the UCL
intensity at elevated temperatures in several atmospheres (air,
Ar, Ar/H,0, and Ar/D,0). The thermal enhancement of UCL was
observed in the H,0 containing atmospheres, and the thermal
quenching was observed in the other atmospheres, ratifying the
importance of the moisture-induced effect. Distinctly from
what they reported before, the authors argued that the direct
coupling of Yb3* 2Fs/, excited state to the OH overtone vibration
of the H,0 molecule (instead of the OH fundamental vibration-
involved multiphonon relaxation), was the main pathway
inducing the strong de-excitation of the 2Fs;, state, leading to
significant UCL quenching. This was supported by the
comparison between the emission spectrum of Yb3* and the
absorption spectrum of H,O (Fig. 5h). Additionally, the
temperature dependence of UCL intensities was recorded for
these samples. A “critical thickness” of 5.4 nm was obtained, a
value 1.5 times larger than that reported before.>® The 2Fs/,
luminescence decay in these samples permitted the authors to
conclude that the maximum coupling distance of excited Yb3*
and the OH vibration of surface H,O was of the order of 11 nm.

Thermal enhancement in NPs with distinct upconversion
mechanisms

Despite the observation of thermally enhanced UCL in the
systems displaying “ET upconversion” couples, some
researchers found the similar phenomenon in other types of
upconversion pairs, as complying with “cooperative
upconversion” mechanisms, such as Yb3*-Tb3* and Yb3*-Eu3*. In
2017, Chen’s group reported the multiphoton UCL of the Th3*
5D3 and 3Dy, states in Th3*-doped LiYbF4 NPs upon high-density

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
a e = £ 3 0'.Er3¢ b
& %’2 ! oTm3

€ 2.5
gL
i

®o2.0-
EZ
oC

z :‘301.5-
g

.0

300 340 380

Temperature (K)

(ohery
2
c
=]
£
8
oy
2 - heating
% -e- cooling
330 390 450 510
Temperature (K) in Air
e 300 K 'E 3x10° total 320K 400K 480
‘E
2 2q0°
s
2 1x10°
w
=
]
£ 0
5 2x10°1 ¢ 320k (2
4 B20 K (1)
s M
> 1x10° ;
.l‘-'ll sf!'.'
c
2 0 320 K ~—= 470K Fo
[
- 0 1 & 2| 3 4
ycle
g 88 - h z
@ water 8
o 105% 05% 'E‘.T. Yb*2F, ?G
g SE| Hioson E¥3
%87\ cooling / heating i; u 'g %
‘D o= 23
S 7= 28
= T
g6l . ¥ £
500 300 500 900 1000 1100 1200

Temperature (K) Wavelength (nm)

Fig. 5 (a) Temperature-dependent UCL spectra upon 980 nm excitation of the
heterogeneous system containing two different kinds of Yb3*/Ln3* (Ln3* = Er3*, Tm) co-
doped B-NaGdF, UCNPs deposited onto a AgNWs/PMMA film and (b) the corresponding
integrated intensities of overall Er3* (or Tm3*) 4f-4f emissions in the whole spectra at
different temperatures. Adapted from ref. 55 with permission from the Wiley-VCH. (c)
Tm3* 1G,—3H, UCL intensities of Yb3*/Tm3* co-doped B-NaGdF, UCNPs in one “heating-
cooling” cycle and (d) the corresponding sample morphology changes before and after
heating to 565 K. Adapted from ref. ¢ with permission from The Royal Society of
Chemistry. (e) Morphology of Yb3*/Er3* co-doped NaY(WO,), UCNPs at 300 and 600 K, (f)
temperature-dependent UCL intensities of Yb3*/Er3* co-doped NPs within a continuous
“heating-cooling” cycle in air or N, upon 980 nm excitation, and (g) TGA of the sample in
first cooling and reheating phases in air. Adapted from ref. 27 with permission from The
Royal Society of Chemistry. (h) Yb3* 2Fs/, emission spectrum of Yb3*/Er3* co-doped B-
NaGdF,@B-NaGdF, core-shell UCNPs and the absorption spectra of H,O and toluene.
Adapted with permission from ref. 57, Copyright (2019) American Chemical Society.

980 nm laser excitation.>® As temperature increased from 10 to
300 K, the overall UCL intensity increased almost an order of
magnitude with the gradual decrease of Yb3* luminescence in
30%Th3*-doped UCNPs (Fig. 6a-b). The authors attributed their
observations to the temperature-induced increasing of the
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population of the high-energy Stark level of the Yb3* 2Fs/, state.
This increase favoured the phonon-assisted upconversion
process, resulting in a noteworthy UCL enhancement (Fig. 6¢).

In the same year, Wang’s group reported a reversible thermally
enhanced UCL in Yb3*/Eu3* co-doped B-NaGdF; UCNPs.5?
Heating the particles from 300 to 423 K, the UCL of Eu3* showed
a 16-fold enhancement in 20%Yb3*/10%Eu3* co-doped B-
NaGdF,; upon 980 nm excitation (Fig. 6d). Moreover, this
enhancement exhibited a dependence on the particle size,
more the UCNPs.
Noteworthily, the absolute UCL intensity of large-sized NPs was

which was significant for smaller
always stronger than that of small-sized NPs (even at high
temperatures), and thus the thermally enhanced UCL was
associated with the surface-related effects. The Yb3*-to-Yb3*
energy migration was regarded as the main non-radiative
deactivation pathway® which was further supported by the
observation of a gradual decrease of the 2Fs/, decay rate in the
co-doped sample as temperature increased. Additionally, a
slight thermal-induced lattice expansion was detected. Besides
that, the UCL intensity of Eu3* in the core-shell co-doped UCNPs
was recorded at elevated temperatures, and a weak

luminescence enhancement was also discerned. Based on these
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Fig. 6 (a) Temperature-dependent UCL spectra of LiYbF;:30%Tb3*@LiYF, core-shell
UCNPs upon 980 nm excitation and (b) the corresponding temperature-dependent
normalized Tb3* and Yb3* emission intensities, and (c) the schematic illustration of
phonon-assisted “cooperative upconversion” mechanism. Adapted from ref. 8 with
permission from The Royal Society of Chemistry. (d) Temperature-dependent UCL
spectra of Yb3*/Eu3* co-doped B-NaGdF, UCNPs upon 980 nm excitation and the inset
showed the corresponding normalized Eu3* °Dy—’F, emission intensities as a function of
temperature, (e) the schematic illustration of lattice thermal expansion-induced
quenching suppression mechanism. Adapted from ref. > with permission from The Royal
Society of Chemistry.
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observations, a different enhancement mechanism was
suggested (Fig. 6e). As temperature increased, the averaged
Yb3+-Yb3* distance becomes larger due to the lattice expansion,
leading to a deactivation of Yb3*-to-Yb3* energy migration,
therefore, suppressing the surface-related quenching effect.
Consequently, the Yb3*-to-activators ET was favoured which

resulted in the thermally enhanced UCL.

Emerging applications for thermally enhanced
UCNPs

Apart from the basic comprehension of the thermally enhanced
UCL, it soon becomes clear that this phenomenon can be
definitively used for conceiving
luminescence thermometry,
lithography.

innovative solutions in

thermochromism, and

Luminescence thermometry

Luminescence thermometry is a technique using the thermal
dependence of the photophysical properties of a given material
to determine the temperature of its surroundings. One of the
most interesting classes of phosphors for luminescence
thermometry is Ln3*-doped materials. The applications of Ln3*
ions in luminescence thermometry was recently reviewed by
some of us,® 6 however, several other reviews not
circumscribed to Ln3* ions were also published.®3-%5> The ladder-
like energy levels of Ln3* ions make them unique probes for
thermometry applications. As the separation of the 4f energy
levels is on the order of hundreds of cm-, it can be easily
bridged near RT (so-called thermally coupled energy levels) by
thermal redistribution, which is governed by the Boltzmann law.
For the illustrative example of two thermally coupled emitting
levels whose energy difference between the barycentres of the
2->0 and 1->0 emission bands is AE, the 2->0 (/) and 1->0 (/1)
intensity ratio is given by:

I_Z _ h(l)oonzNZ _ (‘)OZAOZgZ

AE AE
exp(—leT) = Bexp (_k,_.TT) (1)

where Api and Apz and w1 and wo, are, respectively, the total
spontaneous emission rates and the angular frequencies of the
1->0 and 2->0 transitions, N1 and N, the populations of states
|1>and | 2>, g1 and g, are the degeneracies of the 1 and 2 levels,
kg is the Boltzmann constant, and T is the absolute temperature.
The UCNPs-based thermometers exploit the intensity ratio of
two emissions originated from thermally coupled energy levels
and are intrinsically primary (i.e. the
temperature can be calculated avoiding any calibration
process). In contrast, the thermometers that are referred to an
external temperature reference requiring a
procedure are termed as secondary thermometers. The

I B hwg1Ap1 Ny B wo140191

thermometers

calibration

restriction to the energy difference AE in the examples involving
thermally coupled levels (to ensure the strong coupling,
typically AE<1000 cm™1) precludes relative thermal sensitivities
(Sr) values near RT higher than 1.5% K-1.56 Larger AE between
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the thermally coupled levels decreases the thermalization of
the upper |2) level, resulting in lower luminescence intensity.
To overcome this bottleneck, strategies for designing novel
luminescence intensity ratio-based thermometers to further
improve S, should be considered other than the thermally
coupled strategy, besides playing with the size of UCNPs or with
the phonon energy of the hosts. The wisest approaches consist
of using two distinct (and thermally decoupled) emission lines
of the same Ln3* ion or two emitting levels of distinct centres. A
recent review by Cheng et al.% discussed in detail these
strategies for improving the thermometric performance based
on the “fully-decoupled” or “moderately-coupled” emitting
levels or emitting levels in which ET was mediated or thermally
assisted by host or ligand energy levels.

The conventional thermal quenching is responsible for
narrowing the operating temperature range of the luminescent
thermometers because when the intensity of the transitions
reaches the baseline fluctuations the device luminescent
thermometer falls out of its operating range. Therefore, the
thermally enhanced UCL offers the possibility of overcoming
this limitation, and thus the strong luminescence at high
temperatures is easily recorded even using cost-effective
portable detectors. Regarding the thermal dependence of the
Sy, the well-known inverse proportionality with temperature
squared precludes S, values beyond 1% K1 for temperature
above 400 K. However, this rule is relaxed when the value of
temperature is derived from the ratio between non-thermally
coupled transitions, and higher S; are achievable.

There are still a few works exploiting the thermally enhanced
UCL for producing high-sensitive nanothermometers. Following
the pioneering work of Shao's group in 2014,2° the utility of
thermally enhanced UCL was harnessed almost immediately. In
2015, Shao's group reported the application of UCNPs with
different sizes as a strategy for the development of materials for
luminescence thermometry.** They formed dry nanopowders
combining large-sized Yb3*/Ho3* (or Yb3*/Tm3*) NaYF,
nanowires with Yb3*/Tm3* (or Yb3*/Ho3*) NaGdF4 NPs (~8 nm).
In 2019 Martinez et al. used nanocomposite transparent films
combining a poly(methyl methacrylate) (PMMA) matrix and a
percolating network of silver nanowires (AgNWs) to control the
local temperature and therefore to fine-tune the emission
intensity of UCNPs>> (Fig. 7a-b). The concept was to use
nanocomposites formed by two types of UCNPs with opposite
luminescence thermal responses, one containing Er3* and the
other containing Tm3* ions. As the UCL intensity of the smaller
of particles increased with the increase in temperature while
that of the larger ones decreased, making the value of S,
considerably higher.

Using the ratio of intensities between the 1G;—3H¢ (originated
in small-sized Tm3* doped NPs) and the 4S3/,—*l15/> (originated
in large-sized Er3* doped NPs) a maximum value of S, (5.88% K1
at 339 K) was reported. This constituted a more than 6-fold
improvement relative to the value calculated at the same
temperature using the commonly reported ratio between the
Er3* 4S3/,—415/2/?H11/2—>%15/2 transitions in the green spectral
range. As an added benefit the intensity ratio involving the 4Ss/,
and 2Hj4/; levels was found to be independent of the size of NPs,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a) Exploded view and schematic of an assembled electrothermal device and (b)
the UCL intensity and overall luminescence colour change of device upon electrothermal
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of real-time sensing of local temperature changes on a microelectronic device coated
with nanothermometers. Reprinted with permission from ref. ¢7. Copyright (2019)
American Chemical Society. (d) Temperature-dependent UCL of Yb3*/Er3* NaGdF, UCNPs
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changes of Chinese characters printed with the corresponding hybrid inks. Reproduced

from ref. © with permission from the Wiley-VCH. (e) Temperature-sensitive

luminescence colour hidden microparticles, (f) hidden pattern- and (g) hidden letter-
based labelling system. Reproduced from ref. & with permission from the Wiley-VCH.

the morphology and phase of host lattice, constituting an inner
primary thermometer that was very useful for the system
calibration.

In a further development of the same strategy, the same
authors extended the concept of reporting how Yb3*/Er3* and
Yb3*/Tm3* co-doped UCNPs of distinct sizes embedding PMMA
films could be used to fabricate self-calibrated double
luminescent thermometers.”’® Moreover, this report assessed
the figures-of-merit of thermometers by combining mixtures of
UCNPs with distinct sizes (e.g., large-sized Er3*- and small-sized
Tm3*-doped UCNPs and small-sized Er3*- and large-sized Tm3+*-
doped UCNPs). As the nanocomposites contained a primary
thermometer operating based on the Er3+
4S3/—>*15/2/?H11/—>%15/2  transitions and a  secondary
thermometer that used the intensity ratio of Tm3* and Er3*
transitions, the primary thermometer was used to calibrate the
secondary one (that displayed a higher S, and a lower

J. Name., 2013, 00, 1-3 |9



recurrent and time-
the

temperature uncertainty), avoiding
consuming calibration procedures whenever
operated in new experimental conditions.

A recent work of Jin’s group explored the same strategy to
boost the value of Sy in UCNPs.%7” The concept of opposite
thermally affected luminescence behaviour was exploited by
constructing heterogeneous Ln3*-doped UCNPs for dual-
emitting centres-based thermometry. By multistep synthesis,
the authors fabricated UCNPs with selected regions co-doped
with Yb3*/Nd3* or Yb3*/Er3* displaying thermally enhanced or
quenching performances, respectively. Following this strategy,
a record-breaking S (9.6% K1 at RT) was achieved. The
nanoparticles were then successfully used to probe the local
temperature in an electrical track dissipating energy by Joule
effect (Fig. 7c).

system

Thermochromism

The opposite temperature-dependent UCL features of each set
of particles resulted in a thermochromic luminescence of mixed
powder, whereby the emission colour shifted from green to
blue depending exclusively on temperature. Shao’s group
applied this concept for the development of anti-counterfeiting
technologies.*® 7! This idea was then followed by Lei and
collaborators who worked on the engineering of crystal defects
in UCNPs to improve the thermally enhanced luminescence
properties. They confirmed the usefulness of Yb3*/Ln3* co-
doped NasZrF; UCNPs for thermochromic inks.>% Soon after, the
same authors proposed the addition of low valence dopant ions
(mainly Ca?*) in the composition of NaGdFs-based UCNPs to
further improve the thermally enhanced UCL and the
thermochromic performance of composite inks.>*

Through rational design and controlled synthesis, Hu et al.
recently presented thermochromic nanocomposite inks based
in the combination of small-sized UCNPs with inert-shell or Yb3+-
doped active-shell coatings.®® Because of different thermally
induced luminescence variation tendencies of adopted shell
coating UCNPs, the emission colour of nanocomposite inks
could shift throughout the chromaticity diagram following the
increase in temperature. (Fig. 7d) Recent works also showed
that the thermochromic performance was obtained in other
systems by employing the thermally enhanced UCL behaviour
of materials. Zou et al. reported a unique thermally induced
lattice contraction in Er3*-doped Yb,W30;, bulk material.”2 As
temperature increased from 303 to 573 K, a more efficient Yb3*-
Er3* ET occurred in the system, which resulted in a 29-fold
enhancement of green upconversion emission. Continuing this
work, they found a 5-fold UCL enhancement in the analogous
Yb3*/Ho3* co-doped Sc;Mo301, as temperature rose, and a
significant  luminescence colour shift was achieved
accordingly.”3

A step forward in thermochromic nanocomposites is the
integration of UCNPs with heating elements that can control
electrically the local temperature around luminescence
emitters. With this idea, Martinez et al. developed bilayer
systems formed by a semi-transparent conductive bottom layer
and a top layer formed by UCNPs.>> (Fig. 7a) The temperature
increase was controlled by the bottom layer and resulted in the
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luminescence enhancement or quenching of small-sized or
large-sized UCNPs, respectively, which allowed to control
electrically the emission colour throughout the chromatic scale.
An important feature was that the structure could be formed on
flexible and transparent substrates opening the door for
optoelectronic flexible devices.?>

Lithography

The ability to include UCNPs in optical and optoelectronic
devices in a localized and selective manner is one of the
objectives sought. In this regard, several authors have shown
the possibility of applying different lithography techniques to
pattern UCNP deposits.’#7¢ Although most works did not
harvest the phenomenon of thermally enhanced UCL, recent
developments have taken this feature into account. Baek and
co-workers developed a maskless flow lithography technique
dispersing Ln3*-doped NaYF, UCNPs and SiO, NPs in a
photocurable resin (polyurethane acrylate).®® (Fig. 7e-g) The
polymer solution was flown into a polydimethylsiloxane (PDMS)
microfluidic channel and polymerized with patterned UV light.
The subsequent thermal treatment resulted in the UCL
enhancement of material, which demonstrated the application
potential in the multiple colour encryption field. Martinez and
co-workers developed a maskless lithography method based on
the photothermal action of gold nanostars deposited over a
thermoplastic nanocomposite containing small-sized UCNPs.””
The thermally enhanced UCL in Er3*-doped UCNPs was analysed
to probe the local temperature in the laser spot used for writing,
and luminescence patterns on rigid and flexible substrates were
produced.

Discussion

Based on the above extensive revision, we can easily realize that
many contradictory experimental findings have been reported
and some incompatible explanations have been proposed to
address the origin of thermally enhanced UCL. The rapid

desorption of surface-attached H,O molecule at high
temperatures is regarded as one of the most likely
inducements. It has been reported that the massive

luminescence quenching of Ln3*-doped UCNPs was observed
when dispersing in aqueous solution,’8-80 and the OH vibration
was regarded as the most deleterious cause. Because of large
SVR, NPs exposed to air have a certain probability of adsorbing
the moisture in air and forming a hydration layer around the
particle surface. Therefore, the luminescence properties of
UCNPs even in the powder form will be affected by the H,0
molecule-induced quenching effect. If so, the thermal-induced
UCL enhancement can be roughly regarded as a recovery
process through which the sample regains the emission
features missed due to the quenching effects. In order to deeply
comprehend the nature of thermally enhanced UCL in UCNPs, a
clear and aforehand understanding about the detailed
luminescence quenching mechanism of involved Ln3* in the
system is essential. In this section, this issue will be explicitly
discussed.
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Luminescence properties of optical material are strongly
associated with the ambient medium. For Ln3*-doped UCNPs,
the medium-dominated effect can not only affect the intrinsic
radiative transition rate of the centre but also have a great
impact on the nonradiative relaxation probabilities of their
excited states.8! The former can be well-described by the local-
field effect,82 83 and the latter is largely controlled by multiple
processes. One of the dominant processes is the solvent
quenching effect by vibration coupling. Provided that UCNPs are
dispersed in H,O, the nonradiative relaxation between two
closely spaced states will be triggered with the participation of
suitable vibrations of the H,O molecule, resulting in a noticeable
de-excitation of the upper energy state. In 2015, Arppe et al.
studied the H,O molecule-induced quenching effect on the
luminescence of core-only Yb3*/Er3* (or Yb3*/Tm3*) co-doped
NPs.#” Upon 380 nm excitation, the luminescence decay of Er3*
4S3/, state in the co-doped sample was faster in H,O than in
deuterated water (D0, with much lower OD vibrational energy)
as shown in Fig. 8a, while the luminescence decay of Er3* 4Fq/,
state was almost identical in these two solutions. Supplemental
experiments further revealed that the intensity of the
4Fg/2—>*l15/2 transition in this sample remained constant as
increasing the proportion of H,0 in D,O (Fig. 8b). These results
indicated that the OH vibration contributed differently to the
quenching behaviour of Er3+ visible luminescence from different
excited levels. Besides, it showed that the decay rates of Yb3*+
2Fs/; luminescence in H,O were always faster than those in D,0O
(Fig. 8c). Consequently, the authors concluded that the direct
de-excitation of Yb3* 2F5/, state through the coupling interaction
with the OH vibration of H,O was the main factor causing the
UCL quenching in the system. Moreover, the authors suggested
that the long-range Yb3*-to-Yb3* energy migration would let all
Yb3* ions in the particle being strongly susceptible to the
quenching effect of OH vibration because of the high
concentration of Yb3* in the general-studied UCNPs.84

Despite experiments have showed that the presence of H,O
certainly induced the strong luminescence loss of material, few
works were published exploring the underlying mechanism
behind the phenomena.8-8 A full understanding of this issue
requires not only the clear comprehension of the UCL
mechanism89-93 put also the knowledge of the effect of OH
vibration on the excited electron population8 9% and
subsequent luminescence dynamics of each excited state
involved in the upconversion process.?s In addition, attention
should be paid to consider the synergistic effects imposed by
the other variables on the luminescence properties of the
material,®® heating and the
delocalization of dopants within the structure. Fortunately,
some attempts have been made to reveal the solvent molecule-
induced luminescence quenching mechanism of Ln3* and the
results are helpful to comprehend the nature of thermally
enhanced UCL in Ln3*-doped UCNPs.

such as laser-induced local
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Fig. 8 (a) Decay curves of Er3* 4S;,—% 15/, luminescence (Aex = 380 M, Aer = 550 nm) in
Yb3*/Er3* co-doped B-NaYF; UCNPs in H,0 and in D,0, (b) normalized emission intensities
of Er3* 4Fg;,—*l15/, luminescence upon 380 nm excitation in D,0 with increasing the
proportion of H,0. (c, d) Decay curves of Yb3* 2Fs/,—2F;/; luminescence (Aex = 930 NM, Aem
=980 nm) in Yb3*/Er3* and Yb3*/Tm3* co-doped UCNPs with or without a silica shell in H,0
and in D,0. Reproduced from ref. 47 with permission from The Royal Society of Chemistry.

Solvent-induced quenching

Started in 2018, Meijerink’s group has focused their attention
on understanding the luminescence quenching mechanism in
UCNPs. The main motivation of their works is attempted to give
a quantitative interpretation of luminescence quenching
behaviour of Ln3* ions. In their first report35, they developed a
solvent quenching model on the basis of Forster resonant ET
(FRET) mechanism, which could simulate the luminescence
decay dynamics of Er3* and Yb3* excited states when the
samples were dispersed in different organic solvents (Fig. 9a).
The analyses of the solvent quenching effect on luminescence
decays of Er3* 4S5/, and “Fq/, states were initially performed in
the core-only and core-shell 0.1% Er3* doped samples (Fig. 9b-
g). Considering the small energy gaps (3200 and 2800 cm-!) of
4S3/2 and 4Fg; states to their next-lower-energy states (*Fg/2 and
4lg/2, respectively), the nonradiative relaxation induced by the
CH stretching vibration of solvent molecules (~3000 cm) was
significant in core-only samples. Also, it showed that the solvent
quenching effect on the luminescence of the %Sz, state was
weaker than that of the 4Fq/> one because of the relatively lower
oscillator strength of the 4S3;;—“Fq/> transition than that of
4Fga—*9/2.97 Besides, a stronger quenching of Er3* 4Fg.
luminescence was detected in aliphatic solutions than in
aromatic ones (Fig. 9f), and more adaptive energy resonance of
the 4Fg/;—*lg/2 relaxation and the CH stretching vibration in
aliphatic solutions served as the main cause. Experimental
results also confirmed the strong suppression of inert-shell
coating to the solvent quenching effect in the core-shell NPs.
More significant luminescence quenching was observed in the
Er3*-doped NPs with high doping concentration (2%Er3* and
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ARTICLE

solvent quenching effect on the Yb3* 2Fs;;, luminescence was
expected to be insignificant considering the large 2Fs;,—2F7/>
energy gap. While in the core-only 18%Yb3* doped sample, a
strong luminescence quenching of Yb3* 2Fs/, state was observed,
and the undercoordinated Yb3* on the particle surface was
regarded as the main quenching centre. Shell passivation effect
was very efficient, leading to an increase of almost one order of
magnitude of the 2Fs/; luminescence in the core-shell 18%Yb3*
single-doped NPs (Fig. 10c). Moreover, the result showed that
the decay of 2Fs;; luminescence in the co-doped sample was
much faster than that in the single-doped one. (Fig. 10e)

Later, Huang et al. raised some doubts about the explanations
provided by Meijerink’s group.®® They suggested that the main
quenching pathway of Yb3* 2Fs/, luminescence was the coupling
interaction between the 2Fs;;—2F7/; transition and the overtone
vibration of the solvent molecules in the solution,®® instead of
the quenching by uncoordinated Yb3* ions. An overtone
transition is defined as the transition between two states
separated by more than one vibrational quantum.100 101 The
oscillator strength of the 1-overtone transitions is typically two
orders of magnitude weaker than that of the fundamental
transition, and each the successive overtone is roughly one
order of magnitude weaker.10! Huang et al. claimed that the
quenching effect of the OH overtone vibration on Yb3* 2Fs;; and

2%Er3*/18%Yb3*). The solvent-quenching model perfectly
described the luminescence decays of Er3* 4S;/, states in these
core-shell NPs. However, the simulation only described the
initial parts of the 4Ss/; decays in the core-only NPs (blue and
green curves in Fig. 9d), and, the experimental decay became
faster than the simulation in the later period. The authors
proposed that it was caused by an efficient Er3*-to-Er3* energy
migration to the particle surface, being rapidly quenched by
toluene molecules. In contrast, the model successfully
simulated the decays of Er3* 4Fg/; luminescence in these core-
only NPs in toluene (Fig. 9g), and a feeble contribution of energy
migration was detected.

The solvent quenching effect on the infrared luminescence of
Er3* 41112 and Yb3* 2Fs/; states was also studied (Fig. 10). Almost
complete quenching (98%) was detected for Er3* 4y,
luminescence in the core-only 2%Er3* single-doped sample in all
solvents (Fig. 10b). Considering the small energy gap of the Er3*
4l11/2—>*113/2 transition (3500 cm1), the solvent quenching effect
was expected to be strong. Surprisingly, the luminescence
decay of Er3* 411y, state could not be described by the model at
all, neither in core-only nor in core-shell NPs (Fig. 10d), and the
authors believed that the OH impurity in the crystal structure,
introduced during the synthesis, was the main quenching
centre, especially in the core-shell samples. In contrast, the
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Er3* 41,3/, states induced the huge luminescence dissipation in -
NaYF4:18%Yb3* and B-NaYF4:20%Er3* NPs, respectively. Thus,
they speculated that the quenching effect of the CH 2-overtone
vibration of the organic molecule on the Yb3* 2Fs;; luminescence
should be significant. Meijerink’s group made responses to
these doubts afterwards!®? and claimed that the overtone
vibration-induced quenching effect had already been
considered in the model. They also confirmed that the
quenching effect of the CH 2-overtone vibration on the Yb3* 2Fs/;
luminescence was very limited in the diluted-doped (0.1%Yb3+)
NPs.

Later, Meijerink’s group studied the quenching behaviours of
Er3* and Yb3* luminescence in UCNPs when dispersing in
solutions with different vibration modes.1%3 Two core-shell
samples, B-NaYF4:1%Er3*@B-NaYFs and B-NaYFs:1%Yb3*@B-
NaYF,; with almost identical diameters and three different
solvents, cyclohexane, H,O and D,O were employed. A very
strong quenching of the Er3* 4111/, luminescence was observed
in H,O (Fig. 11a) because of the resonant OH fundamental
vibration with the #l11,—>%*132 energy gap. Meanwhile,
significant but with almost equal degrees of Er3* 4l11
luminescence quenching were detected in other two solvents
(in D20, the lifetime of “4l11/,; state decreases from 10.26 ms
(Tradiative) to 2.59 ms; in cyclohexane, the lifetime of 4111/, state
decreases from 8.54 ms (Tradiative) t0 2.25 ms), which were
expectantly caused by the 2-phonon relaxation in both cases.
Huge luminescence quenching of Er3* 41,3/, state was detected
in H20, while no significant quenching was detected in other
two solvents (Fig. 11b). Limited quenching of Yb3* 2Fs;
luminescence was detected in three different solvents (Fig.
11c). In addition, concentration-dependent decay dynamics of
Yb3* 2F5/; luminescence and the shell passivation effect were
studied in the system as well (Fig. 11d-e).

Interpretation of solvent quenching effect

Research of Meijerink’s group provides a valuable guidance to
understand the quenching effect of H,O molecule. An important
viewpoint is that the solvent-induced luminescence quenching
can be treated as a type of FRET process by dipole-dipole
coupling1%, and the quenching efficiency can be quantified by
three factors: (1) energy matching between the electronic
transition of Ln3* ions and the vibration of the solvent
molecules, (2) the oscillator strengths of involved transitions
and (3) the spatial distance. Similar treatment has been
conceptually adopted to describe the quenching behaviours of
Ln3*-doped LaF; and LaPO,; NPs1%5 and other
systems.106

The proposed model successfully described the quenching
behaviour of Er3* 4Fg/; luminescence in the core-only 2%Er3+-

nanoscale

doped sample as considering the strong coupling between the
4Fg/2—>*lg/2 relaxation and the CH vibration (Fig. 9g). However,
concerns should be raised to consider the quenching behaviour
of Er3+ 453/2
increased.

luminescence as the doping concentration
Experimental demonstrated that the
contribution of cross-relaxation (CR) to the luminescence
quenching of Er3* 4Fq/, state was negligible in the high-doped
samples, while Er3* 4S;/, luminescence was greatly suffered

results

This journal is © The Royal Society of Chemistry 20xx

because of the suitable CR channels.35> Noteworthily, the decay
curve of 4S3; luminescence in the core-only 2%Er3* doped
sample was only well-simulated in the initial period (Fig. 9d),
and a faster decay than the simulation was observed
afterwards. This decay derivation was largely eliminated after
shell coating. Therefore, the authors stated that it was caused
by the Er3*-to-Er3* energy migration-assisted solvent quenching
effect. Yet this explanation needs to be reassessed. Considering
the stronger coupling interaction of 4Fg/,—*lg/, relaxation to the
CH vibration, this additional energy migration-assisted
quenching effect on Er3* 4Fg/; luminescence should be severer
than that of the 4Ss/, luminescence, which did not accord with
the results as shown in Fig. 9g. Therefore, we consider the
existence of other surface-related quenching
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Fig. 11 (a, b) Energy diagrams of Er3* %135/, and 4133/, states and the decay curves of 4y,
and “l13, luminescence in B-NaYF,;:1%Er3*@B-NaYF, core-shell NPs dispersing in D,0,
cyclohexane and H,0 upon 960 nm and 1500 nm excitations, respectively. (c) Energy
diagram of Yb3* state and decay curves of 2Fs/, luminescence in B-NaYF,:1%Yb3* @B-NaYF,
core-shell NPs dispersing in different solvents. (d, e) Concentration-dependent decay
curves of Yb3* 2Fs/, luminescence in Yb3* single-doped B-NaYF, core-only and core-shell
NPs as dispersing in cyclohexane upon 960 nm excitation, respectively. Adapted with
permission from ref. 193, Copyright (2018) American Chemical Society.
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processes in the system, which results in the decay deviation as
observed above.

The model deviation became more significant when simulating
the luminescence decay of Er3* 4l11, and Yb3* 2Fs/, states.
Massive luminescence quenching of Er3* 4ly;,, state was
observed, while the model could not reproduce the decay
dynamics of 4l11/2 luminescence neither in core-only nor in core-
shell samples (Fig. 10d), which indicated that the “l112
luminescence was controlled by the other quenching effect.
Moreover, the solvent quenching on Yb3* 2F5/, luminescence
was supposed to be weak even considering the CH 2-overtone
vibration (around 9000 cm) in the system. The quenching of
Yb3* 2Fs/; luminescence was very limited in the very diluted-
doped (0.1%Yb3*) core-only sample,192 while the quenching
became noteworthy as Yb3* concentration increased to 18%
(Fig. 10c). As the solvent quenching effect was almost silent, the
author believed that the uncoordinated Yb3* on the particle
surface should serve as the main quenching centre. However,
careful consideration should be given to understand the
detailed quenching pathway. One the one hand, the large
2Fs;,—2F7/2 energy gap dismisses the possibility of phonon-
assisted nonradiative relaxation in the system, especially in
organic solutions without the participation of energetically
favoured vibration models. On the other hand, several
concentration-related processes can be active in the Yb3* high-
doped samples, especially the Yb3+*-to-Yb3* energy migration.%
84 With the assistance of this process, the averaged distance of
excited Yb3* to organic solvent molecule is shortened to some
extents. Besides, the large number of Yb3* in the sample directly
increases the overall coupling degree of 2Fs;,—>2F7/, relaxation
to the organic solvent vibration in the system. These two factors
cooperatively enhance the solvent quenching efficiency of Yb3*+
2Fs/; luminescence even if the energy matching condition is not
satisfied. While the solvent quenching effect is still far enough
to dominate the overall quenching of Yb3* luminescence in the
core-only high-doped sample dispersing in organic solvents, and
the contribution of other surface-related quenching process
should not be ignored.

The solvent quenching effect on the Er3* 433/, luminescence
should be considered as well. Because of the relatively large
413/2—>%1s2 energy gap (~6800 cm?), the CH fundamental
vibration-involved quenching effect on the %113/, luminescence
was less efficient than that on the luminescence of other Er3+
excited states in the diluted-doped sample (Fig. 11b).197 Hence,
some works studied the quenching efficiencies of overtone
vibrations on the %113/, luminescence (Fig. 12).198-111 Because of
the suitable energy matching of the #l13,—*l15/, relaxation to
the OH 1-overtone vibration, a stronger quenching effect was
increased, the
efficient energy migration between different Er3* 41,3/, states

expected. However, as Er3* concentration

was active, resulting in the decay acceleration of the “l13
luminescence in the samples.103

One thing that should be emphasized is that the above-
mentioned quenching effect is only limited to the cases of
single-doped samples, and the quenching mechanism becomes
more complicated in co-doped samples.112 For example, the
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solvent quenching effect on Yb3* 2Fs;; luminescence was very
limited in the Yb3* diluted single-doped sample. While in the
Yb3*/Er3* co-doped system, the excitation energy of Yb3* can
“back-transfer” to Er3* because of the nearly energy-resonant
Er3* 411172 and Yb3* 2Fs/; states and then rapidly dissipation.®3 This
effect was more significant in Yb3* high-doped samples (Fig.
10e). This synergistic process should be always kept in mind
when studying the related issues.

A series of interesting results should be noticed. A gradual
quenching relief was observed for Er3* 4S5/, luminescence when
changing the solvent type from aliphatic to aromatic as shown
in Fig. 9c and Fig. 13a. The corresponding CH fundamental
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Fig. 13 (a, b) Solvent quenching densities deduced from model simulation results of the
4S3/, and *Fg/ luminescence in Er3* diluted-doped B-NaYF, NPs with core-only and core-
shell geometries dispersed in the different solvents shown in Fig.9a (note the already
defined color code). (c) The bandwidth of Er3* 4Fg;,—*lg/, and 4S3/,—>*Fgy, relaxations and
(d) the solvent-dependent oscillator strengths and energies of the CH fundamental
vibration modes. Adapted with permission from ref. 35. Copyright (2018) American
Chemical Society.
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vibration energy increases with this variable sequence of
organic solvent molecules and should gradually diminish the
energy mismatching between Er3* 4S3,—>%Fq/, relaxations and
CH fundamental vibration (Fig. 13c-d). Similar quenching relief
results were detected for Er3* 411/, and Yb3* 2F5/, luminescence
as well (Fig. 10). In contrast, no solvent-dependent quenching
relief was detected for Er3* 4Sq/; luminescence (Fig. 13b) which
its quenching behaviour was strongly dominated by the solvent
quenching effect. Considering the energy matching is one of the
dominant factors inducing the solvent quenching in the system,
these quenching relief results indicate that the other quenching
process, instead of solvent quenching, plays an essential role in
controlling the quenching behaviours of these excited states.
This process is active in the situation that the solvent quenching
effect is not prominent, and probably raises a “shielding” effect
which weakens the solvent quenching effect in the system.

Other surface-related effects

Most of the above-mentioned pending puzzles can be well
solved by introducing other frequently mentioned surface-
related quenching process.113 Because of the nature of wet
synthesis of UCNPs with large SVR, many defects centres are
created on the particle surface due to incomplete
crystallization.1* Recent research demonstrated that these
uncrystallized centres could be transferred to the ordered
crystal structure after post-annealing treatment, resulting in
several orders of magnitude UCL increase of UCNPs without a
change in morphology.11> 116 (Fig. 14) Different from the
random position of solvent molecule in the solution, these
defects are localized on the particle surface generating an
electrical dipole because of the imbalance of charge
conservation in these regions. Besides the general-proposed
irreversible electron-hole recombination-type quenching
process induced by surface defects, the coupling interaction
between electronic transition of Ln3* and the assumed surface
quenching dipole probably occurs as well, which raises the
“surface-dipole quenching effect”. Such type of quenching
process follows the FRET mechanism, and its quenching
efficiency, is closely associated with (i) the separated distance
between Ln3* and surface defect, (ii) energy matching of
involved transitions, and (iii) the corresponding oscillator
strengths. Noted in this case that the overall coupling
interaction is conceptualized as a point-to-plane ET form (r#
relationship) provided that the particle surface were abstracted
as a spherical plane,17-120 which is different from the common
r¢ relationship of point-to- point FRET form. This treatment is
still under debate because some researchers believed that the
nature of this interaction was attributed to the electron transfer
and the exponential form relationship was more realistic.12!
Phenomenologically, the assumed oscillator strength of
surface-dipole is predicted to be feeble around 2800 cm,
moderate at 3200 cm™! and large at 3500 cm™ based on the
results of the perfect 4Fos2
luminescence decay, the anomalous decay acceleration of Er3*

model simulation of Er3*

4S3/2 luminescence in the later period, and the total deviation
from the model of Er3* #l11,—>%113/> relaxation. As the Er3+
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Copyright (2018) American Chemical Society. (h) The photographs of Yb3*/Er3* co-doped
LuF3 UCNPs upon 980 nm excitation before and after laser treatment. Adapted from ref.
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concentration increases, efficient Er3*-to-Er3* energy migration
shortens the averaged distance between excited Ln3* and
surface defects, thus resulting in a more pronounce surface-
dipole quenching effect on the Er3* luminescence. Based on this
hypothesis, surface-dipole quenching effect, instead of the
solvent quenching effect, serves as the dominant role in
controlling the luminescence quenching of Er3* 41,1/, state,
which well-explains the reason of the significant but almost
equal degrees of Er3* 4111/, luminescence quenching as detected
in DO and cyclohexene solutions with entirely different
vibration energies. Besides, as the assumed surface-dipole gains
a gradually increasing oscillator strength from 2800 to 3500 cm-
1, partly overlapped with the CH vibration energies of organic
molecules, surface-dipoles will possibly couple with the CH
vibration of solvent molecule and with excited Ln3*, which
results in the simultaneous weakening of solvent quenching and
surface-dipole quenching effects to some extents and leads to
the quenching relief of Er3* 4S3; and #1112 luminescence as
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changing the solvent type from aliphatic to aromatic. In
contrast, because of the absence of spectral overlapping
between the surface-dipole transition and Er3* 4Fg;,—%lg/
relaxation, no quenching relief is observed for Er3* 4Fg;
luminescence. Moreover, this surface-dipole quenching effect
probably contributes to the significant luminescence quenching
of Yb3* 2F5/, state in the highly doped samples as well,'?2 and a
systematic investigation should be done urgently in the future
to identify its authenticity.

The situation is completely different by changing the solvent
from an organic solution to H,O. In consideration of the parity-
forbidden nature of Ln3* 4f-4f transitions, the quenching
efficiency of solvent quenching process largely depends on the
oscillator strength of vibration mode of solvent molecule which
is generally dipole-allowed.3> Compared with the CH vibration
of an organic molecule, the OH vibration in H,O gains a larger
oscillator strength, (Fig. 12) which induces stronger coupling
interaction. Besides, most of the above-mentioned energy gaps
of Er3* can be exactly fulfilled by the OH fundamental vibration,
such as 4S3/,—%Fg/2 (3200 cmt) and “4l112—*113/2 (3500 cm™).86
Even for the large Er3* 4l13,—*l15/2 energy gap (6800 cm™1), the
quenching effect of the OH 1-overtone vibration is still efficient
as verified experimentally'?3 and theoretically.1?* One exception
is the Er3* 4Fq/, state. Because of the large energy mismatch
between *Fg/,—%lg/; gap and the OH fundamental vibration, the
corresponding coupling interaction is almost negligible, leading
to the H,O-insensitivity of 4Fg, luminescence, as previously
observed.#” Despite this, as the overall UCL efficiency depends
on the individual electron population of different intermediated
states, which all suffered from the OH vibration-induced solvent
quenching effect, it is understandable that almost 99.9% UCL
decrease has been detected in the core-only UCNPs dispersed
in H,0.113 Special consideration should be given to comprehend
the OH quenching effect on Yb3* 2Fs;, luminescence. Different
from the CH 2-overtone vibration of the organic molecule, the
OH 2-overtone vibration possesses more appropriate energy to
fill the Yb3* 2Fs;,—2F;/, energy gap, which gives rise to more
efficient nonradiative relaxation of Yb3* 2F5/, luminescence in
H,O. On the other hand, taking into consideration that the
oscillator strength of the OH 2-overtone vibration is far weaker
than that of the OH fundamental vibration,125 126 the involved
coupling interaction should not be very strong. The trade-off
between these two factors largely determines the quenching
efficiency of the OH vibration on Yb3* 2Fs;; luminescence in
different diluted-doped systems. Other quenching processes
will be active as Yb3* concentration increases, which further
the Yb3+ 2Fs/z
luminescence. Great efforts should be made in the future to
consummate the understanding on this crucial issue.

complicates quenching behaviour of

Inert-shell coating

Inert-shell coating serves as an effective way to weaken the
solvent quenching effect in the system as previously described.
In fact, inert-shell coating also provides the remarkable
passivation effect to suppress the surface quenching effect on
the luminescence of material with core-shell geometry. Almost
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Fig. 15 (a) Excitation power density-dependent upconversion QY of Yb3*/Er3* co-doped
B-NaYF, core-only and core-shell UCNPs with different diameters upon 980 nm
excitation. Reproduced from ref. 2* with permission from the Wiley-VCH. (b) Shell
thickness-dependent decay time of Yb3* 2Fs/, luminescence in Yb3*/Er3* co-doped B-NaYF,
core-shell UCNPs and the model simulation result (orange dash line). Reprinted with
permission from ref. 121, Copyright (2016) American Chemical Society. (c) Shell thickness-
dependent upconversion internal quantum efficiency values of Yb3*/Er3* co-doped B-
NaYF, core-shell UCNPs and the model simulation result. Reprinted with permission from
ref. 11°. Copyright (2017) American Chemical Society. (d) Shell thickness-dependent
decay time of Yb3* 2Fs/, luminescence in Yb3*/Er®* co-doped B-NaGdF, core-shell UCNPs
and the model simulation result (red line). Reprinted with permission from ref. 7.
Copyright (2019) American Chemical Society.

one order of magnitude enhancement of Er3* and Yb3* infrared
luminescence was observed after 3 nm thick inert-shell coating
as well as a large enhancement of Er3* visible luminescence.3>
(Fig. 10) Also, the enhancement degree was more significant in
highly doped systems, and a two times larger enhancement of
Er3*4S3/; luminescence was observed in 2%Er3* than in 0.1%Er3*
single-doped samples. In fact, several orders of magnitude UCL
enhancement were reported in samples after shell coating.127-
129 As a representative example, Haase et al.24 reported that the
QY value of UCL of Yb3*/Er3* co-doped UCNPs (23 nm) increased
from 0.01% to 9% after 11 nm thick inert-shell coating, which
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was closed to the highest QY in the bulk sample (10.3%) ever
reported. (Fig. 15a) Such passivation effect is significant for Yb3*
2Fs;; luminescence as well. Luminescence quenching of Yb3*
2Fs/, state was totally suppressed in the core-shell 10%Yb3*
single-doped NPs with 5 nm thick B-NaYF, inert-shell coating
when dispersing in cyclohexane.193 (Fig. 11e) More impressively,
the OH quenching effect on Yb3* 2Fs;; luminescence was
eliminated for core-shell 1%Yb3* single-doped sample even
dispersing in H,0. (Fig. 11c) However, it is very confounded to
entirely comprehend the role of inert-shell coating in the
process of relieving surface quenching effect. The surface
quenching effect is generally regarded as the generic term for
substantial surface defect-related quenching processes
complied with different quenching pathways (such as electron-
hole recombination, multipole-multipole interaction,
including exchange interaction), and their individual
contributions to the overall UCL quenching efficiency of UCNPs
is rarely known. In addition, the spatial distance-dependent
quenching efficiencies of these quenching processes should be
highly diverse. Because of the localization of defects on the
particle surface, the separated distance between excited Ln3*
and these quenching centres can be modified by adjusting the
inert-shell thickness, which brings about distinct passivation
degrees to different luminescence quenching processes of
UCNPs. Together with other variables in the system, fully
understanding and further controlling the shell passivation
effect on UCL properties of the material with core-shell
geometry is extremely difficult. Some attempts had been made
to study this issue phenomenologically. Based on the results of
Alivisatos’s group!?? (Fig. 15b) and Berry’s group!?? (Fig. 15c),
the UCL quenching of Yb3*/Er3+ co-doped sample was efficiently
suppressed with about 6 nm thick inert-shell coating, while
Shao et al. believed that a far thicker inert-shell (~11 nm) was
required.5? (Fig. 15d) The validity of these statements is relative
depending on specific sample treatments, experimental
conditions, and data analysis criteria. Entirely different shell
thickness will be required for absolutely passivating the surface
quenching effect of different excited states because of the
divergent distance dependences of interaction.1?! Even under
the conditions of identical apparatus and same type of NPs, the
contributions from different quenching pathways to the

even

luminescence quenching behaviour of a certain Ln3* still needs
to be cautiously interpreted.

Experimental reproducibility

Lack of criterion-normalized experimental data is regarded as
the other apparent obstacle for the understanding of
luminescence quenching mechanisms. In a typical setup,
808/980/1530 nm lasers are generally selected as the default
and exclusive excitation sources to study the UCL properties of
Ln3*-doped UCNPs. However, the electron feeding kinetics of
the intermediate state will have greatly influenced the
luminescence decay dynamics of activator upon
excitation. Because of the relatively long lifetime of the
intermediate state of the sensitizer, it is not possible to extract
the intrinsic decay properties of excited states of activator and
gain the meaningful insight into its special quenching behaviour.

indirect

This journal is © The Royal Society of Chemistry 20xx

Direct excitation by using different sources and wavelengths
can be a suitable way to obtain the intrinsic luminescence decay
kinetics of the studied state. However, some special cautions
should be given to monitor the output stability of laser power
density.?2 A intermediate power density should be selected to
avoid triggering other electron population processes.130 The
spatial distribution of power density on the excitation laser spot
should be further optimized,’3! especially for nonlinear UCL
processes. Beyond that, more uncertainties in data are brought
from the synthesis methodology of NPs. Completely different
luminescence quenching behaviour of UCNPs can be induced by
the fluctuation in any step during the materials synthesis, such
as the choice of wet-reaction composition, synthesis procedure
setup, and product post-treatment. Shao’ group demonstrated
that either the thermally enhanced or quenching UCL of UCNPs
with identical core-shell geometry was obtained depending on
different shell coating methods.>3 This could probably explain
the reason why thermally enhanced UCL was still detected in
the core-shell UCNPs as reported by Martinez et al.5> and Xu’s
group.>0 Particle size and shell thickness of UCNPs, regarded as
two of the most controllable variables, still cannot be
accomplished as expected from batch-to-batch in practical
terms.132-138 Moreover, recent results showed that the cation
intermixing in UCNPs was significant,120. 139-142 resulting in the
strong luminescence quenching through the deleterious CR
processes between different Ln3*, supposedly located in the
core or shell regions.14% 143 |n addition, the concern of cation
dopant distributions in nanostructures was addressed
frequently.142 144-146 These issues not only perplex the detailed
analysis of currently available results but also greatly prevent
the explicit understanding of the overall quenching mechanism.
Moreover, the precise record of experimental variables (such as
the type of protective atmosphere using in the experimental
chamber, relative humidity, sample pre-treatment method,
equipment calibration procedures and relevant experimental
parameters), is very important during the data collection
process.3° The absence of these information in the early works
aiming at the topic of thermally enhanced UCL largely restricts
the possibility of result reanalysis and data cross-check. In
addition, reversibility should be carefully assessed. Despite that
most researchers claimed that the phenomenon of thermally
enhanced UCL was largely reversible in their investigations,
some factors indeed resulted in the
enhancement of UCL.3® For instance, local heat accumulation

irreversible thermal

induced by continuous laser excitation has been proven to
induce crystallization of the amorphous surface of NPs, which
significantly enhanced the UCL intensity of studied samples.16
This effect is generally neglected during the successive spectral
data collection. It is worth making the necessary efforts in the
future to evaluate the contribution to the overall UCL
enhancement of photothermally-induced surface structure
transformation of the sample during the thermal cycling. This,
and the careful reporting of experimental conditions, will
facilitate the origin revealing of thermally enhanced UCL in the
general cases.
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Conclusions

Retrieving the topic of thermally enhanced UCL in UCNPs, it is
gradually realized that this phenomenon is attributed to
concurrent effects of multiple factors. As one of the most
dominants, the effect of moisture detachment is carefully
discussed. Strong
UCNPs has been observed before when dispersing in aqueous

luminescence quenching of Ln3*-doped

solution, however the specific role of H,O molecule in affecting
the luminescence properties of material was rarely explored,
which largely prevented the understanding of the experimental
findings. In this work, the luminescence quenching of each
excited state in the representative Yb3*/Er3* co-doped UCNPs is
systematically interpreted based on the previously proposed
solvent quenching model. The interaction between Ln3* and
H,0 molecule is carefully explicated. On the one hand, direct
luminescence quenching of Yb3+ 2Fs/, state by the OH vibration
is proved to be very limited in the diluted single-doped sample.
On the other, the electron populations of most excited states of
Er3* are easily affected by H,O molecule because of its suitable
OH vibration energy, which probably results in a significant de-
excitation of these states. As temperature increases, the
adsorptive moisture gradually detaches from the particle
surface, leading to a relief of the solvent quenching effect on
Er3* luminescence and inducing the UCL enhancement of the
sample.

Different from the case of UCNPs thoroughly dispersing in
aqueous solution, the solvent quenching effect on the UCL
generating from the surface-attached hydration layer of
powder-formed NPs is relatively weaker when placed in the
ambient atmosphere. In contrast, the quenching efficiencies of
other processes on the luminescence of UCNPs, possibly arising
from the surface and intrinsic defect,22 is high and largely
moisture-independent, generally leading to a very weak UCL of
the sample at RT. On this occasion, the luminescence recovery
caused by weakening the solvent quenching effect will be
amplified to some extent, resulting in the observable UCL
enhancement as temperature rises. Complete inert-shell
coating is proven to effectively suppress the surface-related
quenching effects and greatly preserve the UCL intensity of core
Ln3*. Hence, in passivated core-shell UCNPs the luminescence
recovery gaining from the moisture detachment is insufficient
to offset the intrinsic UCL quenching at high temperatures;
therefore, thermal quenching behaviour is observed. More
precisely, the thermal enhancement degree of UCL is associated
with the extent of luminescence loss induced by various
quenching effects beforehand. Therefore, it is understandable
that many conflicting results have been reported because of the
large uncertainty in data acquisition in different articles.
Moreover, other factors, such as phase transition, thermal-
induced line broadening, lattice expansion, as well as kinetic
electron population of the intermediated state, should not be
neglected. All these mechanisms contribute to the
temperature-dependent luminescence properties of UCNP.
Many efforts should be further made to uncover the mystery of
thermally enhanced UCL phenomenon.
normalized experimental setup is regarded as one of the main

Lack of criterion-

This journal is © The Royal Society of Chemistry 20xx

obstacles for the acquisition of cross-validated experimental
results. Besides that, more uncertainties can be brought from
the synthesis methodology of NPs. Future works should be
proceeded to deeply understand the luminescence quenching
mechanism in small-sized NPs on the foundation that the unity
criteria of sample synthesis, experimental setup, and data
analysis are regulated. Only with a fundamental understanding
of quenching mechanisms will it be possible to develop UCNPs
with superior UCL properties, capable of meeting application
requirements.
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Table 1. Summary of the observations on the thermally enhanced UCL and the corresponding interpretations reported by the distinct research groups sorted by

chronological order.

Year Observations Interpretation Ref.
e Increase of integrated photon flux of the Er3*
- . 'g P The preferable population of the slightly high
emissions (originated from the 4l13/,, 4S3/2, and ener 2F multivlet of Yb® at hich
2005 2Hg/, excited levels) in Yb3*/Er3* co-doped B- 8y >/ p . . 8 36
. temperatures, resulting in a more efficient
NaYF,; powder as the temperature increases
Yb3*-to-Er3* ET
from 10 to 100 K
e Thermal enhancement of UCL above-RT in
small-sized Yb3*/Ln3* (Ln = Er3*, Ho3*, Tm3*) co-
doped B-NaYF4 NPs.
2014 e Excluded the possible contributions of laser- The thermally enhanced UCL was caused by 29
2015 induced recrystallization and thermal- overcoming the restricted phonon bottleneck 44’
enhanced excitation light absorptivity to the effect at high temperatures.
thermally enhanced UCL phenomena
e Detected a more significant UCL enhancement
as the particle size decreases
e Found that the UCL intensity of Er3* showed a . . . . .
" . . Y The increase in UCL intensity was induced by
decrease-first increase-later" tendency as " . L,
. . the “adsorption-desorption” process of a
temperature increased in 75 nm Yb3*/Er3* co-
2016 o small amount of H,O molecules and other 45
doped a-NaYF4 NPs, and a similar but rather . X .
. ] . . organic solvent residuals on the particle
weaker emission intensity variation
. surface.
reappeared upon subsequent heating.
e Observed the luminescence enhancement and
the increase of decay time of Yb3+ 2Fs/-2F7/2
transition as temperature increased in 10 nm
Yb3*/Ln3* (Ln3* = Ho3*, Tm3*) co-doped B-
/ ( ) P B The suppression of the OH vibration-induced
NaGdFs NPs. . .
X (originated in th H,O molecules around NPs)
e Recorded the weak thermal quenching of Tm3+ L .
. de-excitation of Yb3* 2Fs;, state at high 46
UCL in the core-shell Yb3*/Tm3* co-doped i . .
. o temperatures was the main factor inducing
UCNPs with 3.5 nm thick inert-shell.
. the thermally enhanced UCL.
e Observed the weak thermal quenching of Tm3+
UCL of core-only Yb3*/Tm3* sample when
measuring in argon atmosphere or dispersing
the NPs in 1-octadecene.
The temperature-induced increasing of the
2017 e Observed the thermally enhanced UCL of Th3* population of the high-energy Stark level of
5D3 and 5D, states in Tb3*-doped LiYbF; UCNPs  the Yb3* 2Fs5,, state, favoured the phonon- g
complying with “cooperative upconversion” assisted cooperative upconversion process
mechanisms. and resulted in a noteworthy UCL
enhancement.
e Observed areversible thermally enhanced UCL
in  Yb3*/Eu3* co-doped PB-NaGdFs UCNPs
. / " P _B ¢ ., The thermal-induced lattice expansion
following the “cooperative upconversion . . ] .
. deactivated the energy migration efficiency
mechanisms.
. and suppressed  the surface-related
e Emphasized the stronger absolute UCL . . 59
. ] . quenching effect, leading to the more
intensity of large-sized NPs than that of small- ] .
. . favourable Yb3*-to-activators ET and resulting
sized NPs even at high temperatures. .
. . . in the thermally enhanced UCL.
e Detected a slight thermal-induced lattice
expansion as temperature increased.
e Found the significant thermal enhancement of
An efficient ET process was achieved with the
Tm3* UCL in the core-only Yb3*/Tm3* UCNPs L p“ R
. . . . participation of "surface phonons" generated
with high Yb3* concentration, while the by the [Yb--O] chelation on the surface of
2018 thermal quenching of Tm3* UCL were detected v 28

in the samples either with core-shell gemorty,
or after annealing at high temperature or with
the um-size.
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UCNPs, and more "surface phonons" were
created at high temperature and immediately
coupled with Yb3*, then transferred the
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2019

Detected that a decrease in the size of NPs
resulted in a more pronounced UCL
enhancement, and a 2000-fold increase in
Tm3* 1G4 UCL intensity was recorded in the 9.7
nm-sized Yb3*/Tm3* co-doped UCNPs at 453 K.

Observed a reversible thermally enhanced UCL
of Ln3* (Ln3* = Tm3*, Ho3*, Er3*) in a new-type
fluoride system (20 nm-sized Yb3*/Ln3* co-
doped NasZrF; UCNPs).

Detected the UCL enhancement in the ligand-
free and inert-shell coating samples.
Presented an increase in both the
luminescence intensities and the Yb3* 2Fs);
decay times accompany with the significant
thermally enhanced UCL in small-sized
Yb3*/Ln3* (Ln3* = Tm3*, Ho3*, Er3*) co-doped
UCNPs as temperature increased, which could
not be well-explained by "surface phonon"-
assisted enhancement mechanism.

Showed that the temperature dependence of
UCL intensity of sample was closely correlated
to the measurement atmosphere and the
thermally enhanced UCL was only observed in
the atmosphere containing H,O molecules.
Observed the luminescence thermal
quenching of OA ligand-stabilized Yb3+/Ln3* co-
doped UCNPs in dry Ar, which could not be
well-explained by "surface phonon"-assisted
enhancement mechanism

Emphasized that entirely different
temperature dependence of UCL of core-shell
sample could be obtained by employing
different shell-coating methods.

Obtained a more significant UCL enhancement
at elevated temperature in the core-shell
system by introducing the structural defect.

Observed the thermally enhanced UCL in
Yb3*/Ln3* (Ln3* = Tm3*, Er3*) co-doped UCNPs
with 2 nm inert-shell coating, and a larger UCL
enhancement was detected by doping
20%Yb3* into the shell.

Detected a non-reversible thermally enhanced
UCL in core-only Yb3+*/Tm3* B-NaGdF; UCNPs

Reported the thermally enhanced UCL in a
non-fluoride host, Yb3+/Ln3* (Ln3* = Tm3*, Ho3*,
Er3*) co-doped NaY(WOy),.
Excluded the possible
thermal-induced phase transition and particle
coalescence to the thermally enhanced UCL.

contributions of

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

trapped energy to the Tm3* excited state
producing brighter UCL.

The essence of "surface phonon"-assisted
enhancement mechanism was the level-
broadening of Yb3* 2Fs;, state at high
temperature, which reduced the energy
mismatch between the 4f-4f transitions of
Yb3* and activators.

The thermal-induced trapped electron
release was the dominant process inducing
the thermally enhanced UCL.

The work provided more evidence supporting
their previous understandings on this topic in
2017 and raised some questions on the
“surface phonon”-assisted enhancement
mechanism as proposed by Jin's group.

The UCL enhancement could be further
strengthened exploiting the defects as
excitation energy reservoirs through the
inequivalence substitution.

The Iluminescence enhancement was
associated with the incomplete core shielding
and Yb3*-to-Yb3* energy migration in the
system.

The nanoparticle sintering process at high
temperatures (>500 K) caused the irreversible
thermal enhancement of UCL.

The strong thermally enhanced UCL was
ascribed to the removal of surface moisture
as temperature increased.
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Showed that the temperature dependence of
UCL intensity of sample was closely correlated
to the measurement atmosphere.

Found the slight increase of Yb3* 2Fs;, decay
rate in N3 and the significant decrease of that
in air as temperature increased in 49%Yb3*
doped NPs.

Detected a tiny mass gain (0.5%) of NPs in the
cooling phase when temperature dropped
back to 370 K from high temperature by
employing the thermogravimetric analysis,
which was attributed to the moisture re-
adsorption.

Found that the thermally enhanced UCL in
core-shell Yb3*/Er3* doped B-NaGdF, NPs was
only observed in the H,O containing
atmospheres

Observed the shell thickness dependent UCL
enhancement of core-shell UCNPs at elevated
temperature.

Derived the maximum coupling distance (~11
nm) of excited Yb3* and the OH vibration of
surface H,0.

This journal is © The Royal Society of Chemistry 20xx
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The direct coupling of Yb3* 2Fs/, excited state
to the OH overtone vibration of the H,O
molecule was mainly responsible for the
significant UCL quenching in the system, and
this effect would be largely eliminated at high
temperatures, resulting in the thermally
enhanced UCL.
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