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Carbon dot-mediated synthesis of
NaYF,:Yb>* Er**@carbon dot composites with
enhanced upconversion luminescence for
temperature sensingt
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Upconversion (UC) nanocrystals and carbon dots (CDs) have emerged as significant subjects of research
interest across various fields, including biomedicine, fluorescence sensing, and anti-counterfeiting. This
study presents a novel method for preparing NaYF,4:Yb®* Er**f@CDs composites through the cubic-to-
hexagonal phase transformation of NaYF4 mediated by CDs. The formation of these composites was
successfully confirmed through morphological and structural analyses. Notably, the composites were
found to enhance UC emission and prolong luminescence lifetime, with these effects being dependent
on the quantity of CDs used. The experimental results indicate that the enhanced UC emission in the
composites is primarily due to the interception of quenching centers, such as hydroxyl (OH™) groups.
Furthermore, these composites with improved UC emission have the potential to serve as highly
sensitive optical thermometers based on the fluorescence intensity ratio technique, with optimal green
emissions at 298 K and a maximum relative sensitivity of 1.08 K™% This work paves the way for
advancements in UC luminescence and establishes a foundation for the design and fabrication of high-
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1. Introduction

Lanthanide-doped upconversion (UC) materials, which are
capable of absorbing low-energy photons (two or more) and
subsequently emitting a photon with higher energy, have
garnered considerable research interest due to their potential
applications in biomedical imaging, three-dimensional flat panel
displays, photonics, and temperature sensing.'* Among UC
materials, NaYF, is a particularly prevalent host lattice, primarily
due to its high chemical stability, low phonon energy, and
remarkably large band gap.*® Two principal crystal structures are
observed in NaYF,: the cubic a-phase, which is metastable at
elevated temperatures, and the hexagonal B-phase, which is
thermodynamically stable at low temperatures.”® Generally, the
cubic a-phase, characterized by its lower formation energy, is
initially produced during synthesis and subsequently converted
into the B-phase following high-temperature treatment. It has
been established that the hexagonal B-phase, owing to its more

“School of Applied Physics and Materials, Wuyi University, Jiangmen, Guangdong
529020, P. R. China. E-mail: yuting1009@163.com; yqchenwyu@126.com; zengqg@
mail.ustc.edu.cn

*Institute of Carbon Peaking and Carbon Neutralization, Wuyi University, Jiangmen,
529020, P.R. China

T Electronic  supplementary  information  (ESI)
https://doi.org/10.1039/d5ra00874c

available. See DOL

© 2025 The Author(s). Published by the Royal Society of Chemistry

efficiency UC materials with potential applications in optical temperature sensing.

ordered structure and multi-site characteristics in the hexagonal
configuration, exhibits enhanced capabilities as a host lattice for
the luminescence of various optically active lanthanide ions.
Consequently, significant efforts have been dedicated to eluci-
dating its growth and phase transition mechanisms, with the goal
of developing high-efficiency NaYF, UC materials that demon-
strate controllable optical properties to meet current technolog-
ical demands.>*

Carbon dots (CDs), an emerging fluorescent carbon nano-
material with a size smaller than 10 nm, have garnered significant
attention due to their numerous advantages, including exceptional
water solubility, favorable biocompatibility, facile preparation, and
unique optical properties.”"™ It is widely accepted that CDs
possess carbonized cores (either crystalline or amorphous) with
functionalized surfaces that may contain a variety of functional
groups, including carbonyls, carboxylic acids, hydroxyls, epoxides
and amines.”® As a result of their diverse surface functional
groups and ease of modification, CDs exhibit high effectiveness in
surface functionality, thereby considerably broadening the scope
of their applications.””?® For instance, the presence of active
functional groups on the surface of the CDs can help maintain
colloidal stability in a wide range of solvents and significantly
influence the control of the photoluminescence variation.”*

Recently, significant progress has been made in the field of
construction and application of CDs/UC composites.>**” The
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integration of CDs with UC materials has been shown to miti-
gate the aggregation-induced luminescence quenching effect in
the solid state for CDs, while simultaneously enhancing existing
performance or introducing new functionalities. This process,
known as the synergistic effect, extends the range of applica-
tions. For example, Li et al. proposed a simple solvothermal
approach to coat CDs onto the surface of lanthanide-doped UC
materials, resulting in a multicolor dual-mode luminescent
characteristic that could significantly contribute to the field of
anti-counterfeiting.®® To achieve the desired nanocomposites,
Xu et al. developed an effective technique for preparing CDs
coupled with NaYF,:Yb®",Tm>" nanoparticles (NPs) utilizing
silica as an intermediate medium.* Due to their remarkable
dual-mode luminescent properties, these nanocomposites
exhibit immense potential in anti-counterfeiting applications
and ion detection, along with cellular imaging capabilities. In
addition to developing composites with dual-mode lumines-
cence, considerable efforts have been dedicated to investigating
the energy transfer between CDs and UC materials. Notably,
Zheng et al. proposed a universal approach to achieve near-
infrared-excited multicolor afterglow in CDs-based room-
temperature afterglow materials through efficient radiative
energy transfer.*® Building on this foundation, a new class of
CDs-based composites exhibiting triple-mode luminescence
and enhanced chemical stability was developed by incorpo-
rating CDs into a Yb*',Tm*"-codoped YF; matrix, as docu-
mented in a study by the same research group.® In light of these
fascinating findings, it would be beneficial to broaden the scope
of research on CDs/UC composites.

In this study, we employed a hydrothermal method to
prepare NaYF,:Yb*'Er**@CDs composites. Specifically, the
synthesis of these composites was successfully achieved
through the integration of CDs and UC NPs, facilitated by
a cubic-to-hexagonal phase transformation process. We inves-
tigated the influence of CDs on the UC emission properties. The
results of a systematic microstructural analysis and an exami-
nation of the UC emission performance led to the proposal of
a potential mechanism for the enhancement of UC emission.
Furthermore, we conducted a thorough study on the enhance-
ment of green UC emission, with thermal coupling levels of Er**
serving as a self-calibrated optical thermometry.

2. Experimental procedure
2.1 Materials

Citric acid (=99.5%), urea (99%), branched polyethylenimine
(PEI, 25 kDa), NaCl (99%), NaF (99%), YCl;-6H,O (99.99%),
YbCl;-6H,0 (99.99%), ErCl,-6H,0 (99.9%), NH,F (AR, 98%),
and ethylene glycol (EG, 98%) were purchased from Beijing
Chemical Co., Ltd. All materials were utilized without any
further purification, and deionized water was utilized
throughout the study.

2.2 Synthesis of CDs

Citric acid (CA, 1 g) and urea (2 g) were dissolved in 20 ml
deionized water to form a transparent solution. Subsequently,
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the solution was transferred into an autoclave (50 ml) and
placed in an oven for heating at 160 °C for 4 h. After cooling
down to room temperature, the obtained suspensions were
subjected to centrifugation at 10 000 rpm for 10 min to remove
any unreacted small molecules. And then the resulting solution
was underwent purification through silica-gel column chro-
matography employing a gradient elution comprising a 1: 8 of
mixture of methanol and methylene chloride. Finally, the
purified solution was further concentrated by rotary evapora-
tion, after which it was re-dissolved in deionized water for
further measurements or usage. The concentration of CDs was
determined by a calibrated thermogravimetric-analysis method,
whereby the content of CDs was confirmed according to the
position of the exothermic peak in Differential Thermal
Analysis.

2.3 Synthesis of a-NaYF,:18%Yb** 2%Er** NPs

The synthesis of this compound was previously reported by
Wang et al.** The general process involved the addition of NaCl
(2.4 mmol), YC; (0.96 mmol), YbCl; (0.216 mmol), ErCl; (0.024
mmol), and PEI (0.3 g) were added to a well-agitated transparent
solution of EG (18 ml). Subsequently, a solution of NH,F (4.8
mmol), dissolved in 12 ml of EG, was added to the aforemen-
tioned solution. The resulting mixture was stirred vigorously for
10 min at room temperature, then transferred to a 50 ml of
autoclave, and subsequently heated at 200 °C for 2 h. The ob-
tained NPs were collected by centrifugation, washed with
ethanol and deionized water several times, and finally dried in
an oven at 80 °C for 12 h.

2.4 Synthesis of B-NaYF,:18%Yb** 2%Er**@CDs composites

The as-prepared o-NaYF,:18%Yb*",2%Er’" (100 mg) NPs and
NaF (22 mg) were added in deionized water, which was mixed
with a total volume of 8 ml solution containing CDs (mass ratio
of a-NaYF,:18%Yb>",2%Er’" : CDs =1:1,1:2,1:4,1:6,and 1:
8, denoted as B-NYF@1CDs, B-NYF@2CDs, B-NYF@4CDs, (-
NYF@6CDs, and B-NYF@S8CDs, respectively). The resulting
mixture was agitated for a further 20 min, then transferred to
a 20 ml of autoclave, and subsequently heated at 160, 180, and
200 °C for 8 h, respectively. The final products were obtained by
centrifugation and washed with anhydrous ethanol for twice,
and then dried at 80 °C for 12 h.

2.5 Characterization

The phase purity of the solid-state samples was evaluated by
employing a PanAnalytical X'Pert powder diffractometer, using
Cu K, radiation. The surface morphology of the B-NaYF,:18%
Yb** 2%Er**@CDs composites was visualized using a field-
emission scanning electron microscope (SEM, Zeiss Sigma
500) and a transmission electron microscope (TEM, JEM 2100F).
FT-IR spectra were obtained using an Aicolex Nexus 470,
whereby the sample was mixed with a tablet of KBr. The Raman
spectra were acquired using a Horiba LabRAM HR Evolution
Raman spectrometer with a 633 nm laser light source. A steady-
state and dynamic analysis of the spectra was conducted on an
Edinburgh Instruments FLS980 fluorescence spectrometer,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which was equipped with a single 0.22 m excitation and emis-
sion monochromator. For recording UC emission spectra, we
used a 980 nm laser diode as the excitation source and
a Hamamatsu R928 PMT for the detection of visible emission.
For temperature dependent emission measurement, the
samples were subjected to heating within a Linkam THMS600
temperature-controlled stage.

3. Results and discussion

In general, temperature is a significant factor influencing the
cubic-to-hexagonal phase transformation of NaYF,.** Fig. 1a—c
show the XRD patterns of the samples prepared at temperatures
of 160, 180, and 200 °C, respectively. It is evident that at milder
reaction temperatures (160 and 180 °C), the presence of the o-
NaYF, cubic phase (JCPDS card no. 77-2042) in the composites
is clearly observed (see in Fig. 1a and b). As the temperature
increases to 200 °C, only the hexagonal structure of NaYF,
(JCPDS card no. 16-0334) is observed in the composites. This
evidence indicates that an elevated reaction temperatures
accelerate the phase transformation process. This conclusion is
further substantiated by the associated SEM study of the
morphological transition. As the reaction proceeded, the phase
transformation was accompanied by a typical morphological
variation from spherical NPs to the final microtubes, which has
already been extensively studied by Li et al** The sample
prepared at 160 °C (B-NYF@6CDs) comprises a substantial
number of NPs and a limited quantity of hollow rods, with
a length of approximately 10 um and a diameter of ~1 pm (see

View Article Online
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Fig. 1d). In contrast, the composite produced at 200 °C (Fig. 1f)
exhibits exclusively hollow rods. These observations, coupled
with additional characteristics of the morphology, suggest that
this study could provide insights into the dynamics of phase
transformations and phase morphologies. It is established that
the hexagonal phase is thermodynamically stable and exhibits
greater order than the a-NaYF, cubic phase. Thus, it can be
concluded that the most stable hexagonal phase can be ob-
tained by applying of sufficient thermal energy, which can be
achieved by utilizing a high reaction temperature or prolonging
the reaction time. In this instance, the a-NaYF,:18%Yb**2%
Er®* NPs subjected to hydrothermal processing at 200 °C over an
8-hour period demonstrated a tendency to adopt a hexagonal
phase structure as a consequence of the lengthy processing time
and the availability of sufficient energy to overcome the asso-
ciated energy barrier. The anisotropic unit cell structure of the
hexagonal phase causes B-NaYF,:18%Yb’",2%Er’" to induce
anisotropic growth along the crystal-reactive directions, result-
ing in the formation of hexagonal structures, specifically
a hollow rod-like morphology (see Fig. 1e and f). It is noteworthy
that no diffraction peak indicative of CDs was detected in any of
the samples, which is likely due to the minimal quantity of CDs
present in the composite. Moreover, as observed regarding the
effect on the morphology, the combination with CDs exhibited
a negligible effect on the phase transformation.

To gain insight into the impact of CDs on the composites,
a comprehensive examination of the microstructural charac-
teristics of the composites was conducted. Fig. 2a and b show
representative TEM and high-resolution TEM images of the B-
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Fig. 1 XRD patterns of B-NaYF4:18%Yb>* 2%Er**@CDs composites at various reaction temperature (a) 160, (b) 180, and (c) 200 °C; typical SEM
images of the B-NYF@6CDs sample at various reaction temperature (d) 160 °C, (e) 180 °C, and (f) 200 °C.
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Fig.2 (a) Atypical TEM and (b) a high-resolution TEM image of the B-NYF@6CDs composite; (c) FT-IR spectra of a-NaYF4:18%Yb>* 2%Er>* NPs,
B-NaYF4:18%Yb>* 2%Er>* sample, CDs powder, and the B-NYF@6CDs composite; (d) Raman spectra of a-NaYF4:18%Yb3" 2%Er*" NPs, B-

NaYF4:18%Yb>* 2%Er®* sample, and the B-NYF@6CDs composite.

NYF@6CDs composite prepared at 200 °C for 8 h. In the high-
magnification TEM image (Fig. 2b), in which CDs (yellow
circles) are visible on the surface of the hollow rods, confirming
the successful incorporation of CDs into the B-NaYF,:18%
Yb**2%Er*" hollow rods. The interplanar distance between
adjacent lattice fringes was estimated to be approximately
0.21 nm (as shown in the inset of Fig. 2b), which aligns with the
d-spacing value of the (100) facet of graphitic carbon (Fig. S17).
This finding suggests that CDs are integrated into the evolving
crystals of B-NaYF,:18%Yb**2%Er’" during the phase trans-
formation, resulting in the formation of the B-NaYF,:18%
Yb**,2%Er** @CDs composite. Further evidence is provided by
the FT-IR and Raman spectra, as shown in Fig. 2c and d.
Following the phase transformation from o-NaYF4:18%Yb>",2%
Er*" nanospheres to B-NaYF,:18%Yb*",2%Er*" hollow rods,
there is minimal change in the absorption peaks observed in
the FT-IR spectra, with the exception of a weaker absorption
band centered at approximately 3435 cm™ ", which is attributed
to the stretching vibration of OH™ groups.

Notably, this absorption band is significantly diminished in
the PB-NaYF,:18%Yb’",2%Er**@CDs composite, indicating
a reduction in OH~ groups following the incorporation of CDs
within the B-NaYF,:18%Yb>",2%Er’*@CDs hollow rods. This
conclusion is supported by the Raman analysis, as depicted in
Fig. 2d. The Raman spectra of o-NaYF4:18%Yb’>",2%Er** and B-
NaYF,:18%Yb*",2%Er*' @CDs can be divided into two distinct
regions. The peaks observed between 100 and 750 cm ' are
attributed to the vibrational features of the fluoride, while those
in the range of 750 to 1200 cm ™" are believed to originate from

12800 | RSC Adv, 2025, 15, 12797-12807

the phonon frequencies of Y-OH, which is associated with the
poor resistance of the host material against hydrolysis,
a conclusion that is corroborated by the literature.* It is evident
that the intensities of the high phonon vibrational bands are
reduced in the B-NYF@6CDs sample compared to those
observed in B-NaYF,:18%Yb>",2%Er**. This reduction may be
attributed to a decrease in surface defects, specifically the OH™
moiety, facilitated by the diffusion of atoms during the incor-
poration of CDs. The results suggest that OH™ defects are
present on the particle surfaces and that their concentration
decreases following the introduction of CDs into the compos-
ites. In consideration of the structure of CDs, carboxyl terminals
(-COO-) are abundant on the surface of CDs and are capable of
attracting lanthanide ions through electrostatic interaction due
to their negative charge. Consequently, the cubic-to-hexagonal
phase transformation of NaYF, is expected to be accompanied
by a reduction in the number of hydroxyl groups present within
the crystal structure.

It is well-established that lanthanide ions incorporated into
larger particles of hexagonal NaYF, (nano)crystal demonstrate
a high UC efficiency.?®*® To investigate the impact of CDs on the
UC emission behavior of the as-prepared samples, we con-
ducted measurements of the UC emission spectra for all
samples under excitation by a 980 nm laser diode (LD) at room
temperature (Fig. 3a-c). All samples exhibit two distinct emis-
sion bands associated with Er**, specifically the green (*Hyy,
283 = *Lisp) and the red (*Fo;;, — “Ii5) emissions. In
comparison to o-NaYF,:18%Yb** 2%Er*" NPs, the emission
intensity shows a significant increase for the B-NaYF,:18%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UC emission spectra of B-NaYF,4:18%Yb>*,2%Er**@CDs composites at various reaction temperature: (a) 160, (b) 180, and (c) 200 °C; the
total integrated emission intensity for the samples is presented as a function of the amount of CDs.

Yb**,2%Er*" micro hollow rods due to phase transformation, as
anticipated (see Fig. 3a-c). Notably, the introduction of CDs has
led to a substantial enhancement in the emission intensity of
the composites, peaking at a mass ratio of NaYF,: CDs = 1:6,
followed by a subsequent decline. For clarity, the integrated
emission intensities (ranging from 505 to 570 nm for the green
emission bands and from 625 to 700 nm for the red emission
band) for all samples have been calculated and presented in
Fig. 3d-f. It is evident that B-NaYF,:18%Yb*",2%Er**@CDs
composites exhibit a markedly stronger emission intensity
compared to o-NaYF,:18%Yb*"2%Er*" NPs, with a 45-fold
enhancement observed for the B-NYF@6CDs sample prepared
at 200 °C. These results confirm that the CDs can enhance the
efficiency of UC emission in B-NaYF,:18%Yb*",2%Er**@CDs
composites.

To gain insight into the underlying mechanism of UC
enhancement in composites, we investigate the dependence of
UC emission intensity on excitation power (see Fig. S2t). For
nearly all UC mechanism, the UC emission intensity (Iyc) is
proportional to a specific power (n) of the near-infrared excita-
tion intensity (Inr):

1)

where n represents the number of NIR photons absorbed per
visible photon emitted, the slope of a log-log curve can be
utilized to determine the power dependence of UC. Fig. 4a-c
show the UC emission intensity as a function of excitation
power on a double logarithmic scale for the red and green
emissions in the as-prepared a-NaYF,:18%Yb** 2%Er*" NPs, B-
NaYF,:18%Yb**2%Er**, and  B-NYF@6CDs  samples,

n
IUC = INIR

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively. The slope values for the red emission were deter-
mined to be 1.81, 1.91, and 2.14 for the a-NaYF,:18%Yb*'2%
Er** NPs, B-NaYF,:18%Yb** 2%Er’", and B-NYF@6CDs samples,
respectively. In contrast, the slope values for the green emission
were found to be 1.64, 1.61, and 1.85, respectively. This obser-
vation thus suggests that both the green and red emissions are
associated with a two-photon absorption process. The log-log
slope values exhibit a similar trend, suggesting that the
underlying UC mechanism remains unchanged with the intro-
duction of CDs. This finding aligns with the typical scenario of
the UC emission mechanism involving the Yb**/Er*" couple,
which has been well-documented in the literature.’” A simpli-
fied energy scheme is shown in Fig. 4d. Briefly, the red and
green UC emissions are both the result of a two-step energy
transfer from the Yb*" to the Er*'. Initially, under 980 nm
excitation, the Yb®" ion functions as a sensitizer, thereby
transferring the energy to populate electrons in the Er**:*I;;,,
state. In the event of the energy transfer occurring once more
prior to the decay of the excited Er** ion back to the ground sate,
the Er** ion is excited to the *F-, level. This results in a non-
radiative decay to the *H,y,, and S, levels, from which the
green emission is produced. A subset of Er*" ions in the ’S;,
state undergo non-radiative decay into the closely related *Foy,
level, thus giving rise to the red luminescence. It is important to
note that the deviation from the expected slope of 2 is
a commonly observed phenomenon. This deviation can be
attributed to the competition among various decay channels
within the intermediate state, including multi-phonon relaxa-
tion to the lower-lying states, radiative decay to the ground
state, UC from the intermediate state, and non-radiative trap-
ping.*® In the low-power regime, inefficient non-radiative
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Fig.4 Emission intensity as a function of excitation pump power for (a) as-prepared a-NaYF4:18%Yb>", 2%Er** NPs, (b) B-NaYF4:18%Yb>* 2%Er™",
and (c) B-NYF@6CDs samples; (d) schematic representation of the UC mechanism in the Yb** and Er** codoped system.

channels tend to favor the UC process. This is exemplified by
the higher value of n observed in the present case. It is evident
that the slope values (n) increase gradually from a-NaYF,:18%
Yb** 2%Er*", to B-NaYF,:18%Yb’>*2%Er*", and finally to B-
NYF@6CDs composite. This finding aligns well with the
observed enhancement of UC emission, as illustrated in Fig. 3.

Fig. 5a shows the luminescence decay curves of CDs for the
B-NYF@6CDs sample with various reaction temperatures. It is
evident that all decay curves display non-exponential decay
characteristics, which can be modeled using a double expo-
nential function:

t

1(1) = 4, exp (%) + Ay exp (Tz) @)

where I(t) represents the intensity at a given time ¢, 4, and 4, are
constants, t is the time interval, and 7, and 7, denote the short-
and long-decay components, respectively. The average decay
times (t4y,) are defined as follows:

A1t + Axty?

Tavr = — 3
Aty + Ay G)
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based on the equations presents in eqn (2) and (3), the average
lifetime can be calculated and is observed to decrease steadily
with increasing reaction temperature, from t = 3.69 ns (for T =
160 °C) to T = 3.09 ns (for 7= 200 °C). This phenomenon can be
attributed to the fact that elevated hydrothermal temperatures
lead to a transformation of the surface of CDs, thereby accel-
erating the rate of non-radiative relaxation of excitons.***° This
also indicates that a higher reaction temperature may facilitate
the combination of a-NaYF,:18%Yb>",2%Er*" NPs and CDs, but
it may also result in a deterioration of the emission intensity of
the CDs, which could be disadvantageous for constructing
a composite with dual-mode luminescence properties. Notably,
the incorporation of CDs into the composite leads to
a substantial enhancement of UC emission. Further insight into
the underlying mechanism of UC enhancement can be gained
by examining the decay dynamics of UC emission. Fig. 5b and ¢
show the UC luminescence decay curves for the Sz, — *I;5/
(540 nm) and “Fo;, — “I;5/, (654 nm) transitions of the prepared
samples, respectively. The average lifetimes for the various
emission bands can be determined by employing eqn (2) and (3)
to fit the decay curves. It is evident that the prolonged lifetimes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Luminescence decay curves of the B-NYF@6CDs composite at different reaction temperatures; luminescence decay curves of (b)

green and (c) red emissions for B-NaYF4:18%Yb3* 2%Er**@CDs composites with varying content of CDs.

observed for the two UC emissions are accompanied by
a change in crystal phase, transitioning from cubic to hexag-
onal. This result supports the correlation between lumines-
cence decay kinetics and the lattice phase. With the
introduction of increasing amounts of CDs into the hexagonal
phase, the average lifetimes of both UC emissions initially
increase and then decrease with higher concentrations. This
trend in the decay lifetime is consistent with the results of the
steady-state measurements, as presented in Fig. 3.

The aforementioned results substantiate the enhancement
of UC emissions and the extension of the decay lifetime of
excited energy levels through the formation of a composite
between o-NaYF,:18%Yb>",2%Er*" NPs and CDs. In view of the
influence of CDs on the microstructural characteristics of
composites, it seems reasonable to posit that the incorporation
of CDs into these materials may enhance UC emission, poten-
tially due to the elimination of surface hydroxyl groups that are
inherent to composites produced via hydrothermal synthesis.
In general, during the synthesis of a-NaYF,:18%Yb*"2%Er*"
NPs, OH™ ions are likely to substitute some native F~ sites on
the nanoparticle surface, which can act as highly efficient
luminescence quenchers.” This phenomenon is the primary
factor contributing to the reduced UC efficiency observed in NPs
compared to their bulk counterparts. The higher excited states
of lanthanide ions are effectively quenched due to coupling with
the vibrations of hydroxyl ions incorporated into the crystal
structure. The pyrolysis of CDs into small fragments, caused by
the applied heating treatment, is evidenced by the observed
reduction in the lifetime of the CDs, as shown in Fig. 5a. The
resulting small fragments remain attached to the surface of the
0-NaYF:18%Yb*",2%Er*" NPs and bond with the lanthanide
ions to form the composites. It is possible that the CD frag-
ments may influence the nucleation and growth of the o-
NaYF,:18%Yb**2%Er** NPs, potentially preventing the incor-
poration of OH™ into the NaYF, lattice and thus suppressing the
surface-dopant-induced quenching of excitation energy. In the
NaYF, UC NPs co-doped with Yb*" and Er**, the near-infrared
levels “I,1,, (Er*") and *Fs, (Yb®") have been observed to be
quenched. The quenching process has been shown to be due to
coupling to the OH-vibration of hydroxyl ions incorporated in
the crystal structure, and by energy migration to the surface,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which was found to be the strongest contribution to reduced UC
emission.”” Therefore, it can be concluded that the reduction of
OH™ groups via CDs and the blockage of the non-radiative
transition channels in this study are the primary factors
responsible for the observed enhancement of UC emission and
the prolongation of the Er** lifetime. In addition to the reduc-
tion in surface defects observed in the NPs, the incorporation of
excess CDs into the NPs can also induce a greater degree of local
lattice distortion, ultimately leading to a decrease in UC emis-
sion intensity. These findings provide a potential explanation
for the observed enhancement in UC emission intensity and
decay lifetime of B-NaYF,:18%Yb** 2%Er**@CDs composites,
which aligns with previously reported results.

Optical temperature sensing has emerged as a significant
area of research within the Er**-doped system, primarily due to
the narrow energy gap between the *H;q,, and “S;), levels of
Er®*.® It is well established that the two green emission levels
will remain in a thermal equilibrium at all temperatures due to
their thermally coupled nature. The populations of the *Hy;/,
and “S;, levels conform to the Boltzmann distribution law. The
relationship between the fluorescence intensity ratio (FIR) of
these two green emissions and temperature can be expressed as
follows:

FIR = ;—IS{ = A exp (%) (4)
where Is and Iy; denote the integrated intensities of the radiative
relaxations from the *S;/, and *H,4,, excited states to the “I;5,
ground state, respectively. The parameter A is a constant that is
independent of the sample temperature but does depend on the
spontaneous emission rate, level of degeneracy, and photon
energy. The symbol AE represents the energy gap between the
*H,4,, and *S;), levels, k is the Boltzmann constant, and T is the
absolute temperature.

To investigate the composites as temperature probes, we
recorded the emission spectra of the samples at varying temper-
atures. Fig. 6a shows the UC emission spectra of the pB-
NYF@6CDs composite, recorded at temperatures ranging from
298 K and 473 K, with intervals of 25 K. Upon excitation at
980 nm, the characteristic luminescence peaks corresponding to
the *H;;» — “I;5, and the *S;, — L5, transitions are
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observable at all temperatures. The spectra have been normalized
to the maximum intensity of the *S;,~"I,5, emission peak. As
anticipated for thermally coupled excited states, the intensity
ratio between these peaks changes a change with increasing
temperature. The spectral regions depicted by Iy and Ig are
determined by the integrated emission intensity in the range of
505-535 nm and 535-570 nm, respectively, in the same temper-
ature range. The dependence of FIR on the absolute temperature
is shown in Fig. 6b. The experimental data were fitted using eqn
(4), and the fitted results are shown in Fig. 6b by a solid black line.
As a result of the fitting process, the value of the pre-exponential
constant (4) value was determined to be 0.12. Furthermore, the
energy difference between the excited states (AE) was found to be
666 cm ™" in the composite, which closely aligns with the values
reported in the literature.*** It is plausible that the observed
discrepancies arise from the presence of two overlapping emis-
sion bands: *Hy1, — “Iis5 and *S;;, — “I;5,. Additionally, the
report indicates that non-radiative cross-relaxation processes also
influence the observed FIR values. Based on the fitted energy gap,
the performance of this thermometer is expressed in terms of
both the absolute and relative sensitivities (S, and S;), which can
be defined as follows:

a B-NaYF,:18% Yb3*,2% Er**@6mL CDs
Au=980nm  ——_2g5°c
P=500 mW — 50 °C
! 200 ‘C@8 h —_—75°C
c ———100"C
8 125°C
£ 150 °C
E' 175°C
S ——200°C
P
500 520 540 560 580 600
Wavelength (nm)
C 0.035 ‘
iMaximum S, =0.032K"
0.030 4 1 fitted curve (R*=0.999)
0.025
L 00204
. 0.015
0.010
0.005
0.000

T T T T T T T T T T
280 300 320 340 360 380 400 420 440 460 480
Temperature (K)

Fig. 6
Sy as functions of temperature.
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| 1 d(FIR)| AE
S = ’(FIR) dr ’* kT? (©)

By inserting the values derived above into eqn (5) and (6), it is
possible to obtain the S, and S, as functions of temperature
from 298 to 473 K for the composite, as illustrated in Fig. 6¢c and
d. The results indicate that both the S, and S, decrease with
increasing temperature, reaching maximum values of 0.0032
K ' and 1.08% K ', respectively, at 298 K (see eqn (S1)-(S3)7).
Similarly, the temperature-sensing performance of o-
NaYF,:18%Yb** 2%Er** NPs have also been subjected to
a systematically investigated as a luminescence thermometer,
with the findings presented in Fig. S3 and eqn (S4)-(S6).T The S,
value is independent of the operational principle of the ther-
mometer, allowing for a direct and quantitative comparison of
various thermometers.***” It is evident that the sensitivity of the
composite is greater than that of the o-NaYF,:18%Yb** 2%Er**
NPs across the entire measured temperature range, indicating
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(a) The normalized UC emission spectra as a function of temperature for the B-NYF@6CDs composite; (b—d) the parameters of FIR, S,, and
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Table 1 Thermographic properties of some Yb>*/Er**-codoped
systems as luminescence probes

Material Range (K) Max. S; (% K ") Tax (K) Ref.
YVO,:Yb/Er 315-483  0.78 380 48
CaWO,:Yb,Er 300-540 1.01 480 49
LuVO,:Yb,Er@SiO, 303-353  0.82 303 50
Ca,MgWO,Yb,Er  303-573  0.92 303 51
B-NaYF,:Yb,Er@CDs 298-473  1.08 298 This work

that the composite exhibits superior temperature-sensing
performance. These results were comparable to the reported
results in Yb**/Er** codoped systems listed in Table 1. More-
over, Fig. S41 presents the values of temperature uncertainty
(37) as determined by eqn (S1) with respect to temperature
ranging from 298 K to 473 K. It is evident that the minimum
values of 8T are 0.38 K and 0.49 at 298 K for the B-NYF@6CDs
composite and o-NaYF4:18%Yb>",2%Er*" NPs, respectively. It is
noteworthy that the composite demonstrates significantly
enhanced UC emission at the same excitation density, which is
advantageous in practical applications.

4. Conclusions

In summaty, the synthesis of B-NaYF,:18%Yb*",2%Er**@CDs
composites was successfully achieved by combining a-
NaYF,:18%Yb>*,2%Er*" NPs with CDs through the cubic-to-
hexagonal phase transformation of NaYF,. The successful
formation of the composites was confirmed through morpho-
logical and structural characterization. The experimental
results demonstrated that the incorporation of CDs led to
a reduction in the number of OH™ groups, which act as
quenching centers in the composites. This reduction prolongs
the luminescence lifetime of the excited energy levels of Er**
ions and enhances the UC emission. This study paves the way
for advancements in the UC emission of lanthanide ions and
the modulation of the luminescence lifetime through the
construction of composites. Moreover, the optical temperature-
sensing characteristics of thermally coupled green levels were
identified and evaluated. The maximum S, and S, were found to
be 0.0032 K" and 1.08% K ' at 298 K, respectively, indicating
their potential application in optical temperature sensors and
fluorescence detection.
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