RESEARCH ARTICLE

W) Check for updates

ADVANC .o
MATERIALS
INTERFACES

Open Access,

www.advmatinterfaces.de

Preparation and Characterization of GdVO,:Tb,Eu
Nanoparticles/ Carbon Dots Composites via Hydrothermal
Deposition and Physical Mixing for Luminescent

Nanothermometry

Rut Sisé-Moliné, Concepcion Cascales, Maria Méndez, Laura Fuentes-Rodriguez,
Araceli de Aquino, Maria Cinta Pujol, Carlos Zaldo, and Joan J. Carvajal*

Carbon dots (CDs) stand out for their facile synthesis, strong
photoluminescence, and easy surface modification, making them excellent
candidates for integration with other nanostructures to enhance physical and
chemical properties.In this work, CDs derived from eco-friendly precursors
(xylose and biomass-derived hemicellulose) are combined with GdVO,:Tb,Eu
nanoparticles (NPs) via two distinct approaches: (i) hydrothermal deposition
onto the lanthanide-doped particles and (ii) physical mixing of prefabricated
components. Notably, the spectroscopic properties of the resulting
composites depend on the fabrication route. While method (i) enables
competitive energy transfers from the vanadate charge transfer band (CTB) to
Eu* and CDs, method (i), which involves lower concentrations of the
emissive components, promotes a cooperative mechanism wherein CDs
sensitize the CTB, enhancing the Eu®* red emission. In both scenarios, Tb3*
is believed to serve as an intermediary, aiding the repopulation of the Eu** 5Dj
energy levels. The dual-emissive nature of the composites results in
violet-magenta chromaticity, reflecting intermediate behavior between the
blue CDs and red-emitting Ln-NPs, and supporting their use in tunable optical
applications. The described mechanisms also influence the composites’
performance as ratiometric nanothermometers. Upon evaluating their
thermal response from 298 K to 358 K, distinct behaviors emerge, with
relative thermal sensitivities ranging from 0.84% K~ (298 K) to 5.6% K~!
(358 K)—the latter being among the highest reported for similar materials.

1. Introduction

Since their discovery in 2004 by Xu
et all!l carbon dots (CDs) have gar-
nered considerable attention due to their
unique properties and ease of fabrication.
CDs stand out for their simple, sustain-
able, and cost-effective manufacturing
processes,[>3] as well as their tunable lu-
minescent and surface properties,[* high
photostability, low toxicity, and excel-
lent biocompatibility. These characteris-
tics make CDs promising candidates for
a wide variety of applications, including
optoelectronic devices,®! bioimaging,[®7]
anticounterfeiting systems,®?! lumines-
cent sensing,['%1?] and more.

A key advantage of CDs lies in their
facile and versatile synthesis methods,
which allow for straightforward surface
chemistry modifications and nanoscale
integration. This adaptability facilitates
their combination with other materi-
als to form composites with enhanced
or novel physico-chemical properties.
Among the most commonly used coun-
terparts in such composites are trivalent
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lanthanide (Ln)-doped phosphors.[1317] These materials consist
of a dielectric host matrix doped with optically active Ln* ions.
They exhibit narrow spectral bands, large Stokes shifts, and
long decay times,'®! making them attractive for applications
requiring precise luminescent performance. However, these
materials present some intrinsic limitations, including low
absorption cross-sections (i. e., poor photoexcitation efficiency
of f-f transitions), and low luminescence intensity due to parity
selection rules.[*"]

The incorporation of CDs as sensitizers has proven to be an
effective strategy to overcome these limitations. CDs offer broad
absorption spectra and efficient energy transfer capabilities, en-
hancing the optical performance of Ln**-doped materials when
combined with them.[13:20.21]

In addition to improving luminescence intensity, the impreg-
nation with CDs introduces an organic-like emissive center that
markedly differs from Ln** ions in both structure and photolumi-
nescence mechanisms. These differences result in distinct sensi-
tivities to specific parameters, such as analyte concentration!??-24l
or temperature.'377 The coexistence of these differential re-
sponses to a single stimulus enables the development of sens-
ing strategies more robust than the typical single-band (SB) lumi-
nescent thermometric approach, which only takes into account a
particular emission peak at a specific excitation wavelength. Ra-
tiometric schemes, in contrast, compare two emission signals, so
that the sensor itself functions as a self-referenced system, miti-
gating the influence of environmental factors, power fluctuation
or illumination oscillations of the excitation source, the signal-
to-noise ratio and instabilities in the detection set-up system, the
absorption and scatter cross-sections of the emitters, the variation
of the concentration of emitters in the sample where the temper-
ature is going to be measured, or the inhomogeneity on the dis-
tribution of the emitters in the luminescent thermal probes.[?!]

Given the increasing demand for precise temperature manage-
ment and monitoring in fields such as biomedical diagnostics,[*®!
nanotechnology, and energy systems,!?”) the development of
highly sensitive and reliable nanothermometers has become a
priority. Ln-nanoparticles (NPs)/CD composites have recently
emerged as possible candidates to tackle this need, but the field
is still in its early stages. Only a few articles have been pub-
lished addressing this specific topic and all of them have in com-
mon the use of the Eu3* ion as the lanthanide counterpart (tak-
ing advantage of its °Dy—’F,, >Dy—’F,, and/or °D,—’F, elec-
tronic transitions that lead to a red emission) and the selection of
blue-green emitting CDs as sensitizers.['>"77] On the contrary, the
host materials are diverse, including metalorganic frameworks
(MOFs),1*15] perovskites,['*17] or vanadates,'®] and the evaluated
temperature ranges span from room temperature up to a maxi-
mum of 480 K.

To gain insight into the subject, in this work we present a com-
prehensive study on the synthesis of GdVO,:Tb,Eu/CD compos-
ites, exploring different methodologies and carbon sources. We
further investigate their physical and spectroscopic characteris-
tics, revealing that the fabrication route critically influences their
photoluminescent behavior, with CDs either competing with or
sensitizing Eu®* emission. The performance of all synthesized
materials as ratiometric luminescent thermometric sensors was
also evaluated. Notably, the best-performing composite achieved
a maximum relative thermal sensitivity of 5.6% K~!; at 358 K, un-
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derscoring the strong potential of these materials for advanced
luminescent thermometry applications.

2. Preparation Methods

The composites analyzed in this study consist of CDs combined
with GdVO, nanoparticles doped with lanthanides (Ln-NPs),
specifically 15 at. % Tb and either 2 at. % or 5 at. % Eu (denoted
as Ln-NP-2FEu and Ln-NP-5Eu, respectively) substituting Gd in
the structures. These concentrations of lanthanide ions were cho-
sen according to recent studies that indicates that they are in the
optimum range for several similar materials used as lumines-
cent thermometers.[?®] These nanoparticles were synthesized via
a hydrothermal method followed by a calcination step to enhance
their luminescent emission efficiency.?’!

Table 1 summarizes the synthesis conditions of each sam-
ple, with further details provided in the Experimental Section.
Briefly, the temperature needed in the hydrothermal reaction
was achieved by two different heating methods: microwave-
assisted hydrothermal synthesis (MW) and conventional hy-
drothermal treatment in a convection oven (HTC). For each
method, CDs were synthesized through a hydrothermal process,
while composites were prepared using either hydrothermal de-
position (D)—where Ln-NPs were incorporated directly into the
CD precursor solution, allowing simultaneous synthesis of both
CDs and composites—or physical mixing (M), in which pre-
synthesized CDs and Ln-NPs were combined under stirring.

To reinforce the sustainability of our approach, we explored
two different carbon precursors for CDs preparation. First, com-
mercial xylose (X) was used as a model compound. Subsequently,
we replaced it with a bio-based carbon feedstock—hemicellulose
extracted from crushed almond shells (H)—as it is primarily
composed of xylose.

The selection of Ln-NP type (Ln-NP-5Eu or Ln-NP-2Eu) and
concentration was carefully optimized to ensure that the Eu3*
emission intensity was comparable to that of the CDs, thereby
enabling reliable evaluation of the composites’ ratiometric ther-
mometric performance. Since the CD emission was more intense
in the D-composites than in the M-composites, a higher concen-
tration of Ln-NP (2.50 mg mL™! of Ln-NP-5Eu) was used for the
former, whereas a lower concentration (0.25 mg mL™! of Ln-NP)
was used for the latter. Specifically, Ln-NP-5Eu was used for X-
derived composites, while Ln-NP-2Eu was selected for H-derived
composites to further balance the relative emission intensities of
CDs and Eu’*. This adjustment was necessary because the H-
derived CDs exhibit lower luminescence intensity than their X-
derived counterparts.

All samples were purified. CDs were initially separated from
high-molecular-weight byproducts through filtration, followed by
the removal of low-molecular-weight fluorophores via dialysis.
The purified CD solutions were either directly analyzed or mixed
with Ln-NPs to prepare the M-composites. In the case of D-
composites, the products were collected as solids by filtration
and then redispersed in fresh deionized (DI) water. An excep-
tion was observed for the Comp-HTC-X-D sample, where the syn-
thesis conditions resulted in the formation of large amounts of
solid coke mixed with the desired product, quenching its emis-
sion (Figure S1, Supporting Information). Due to the inability to
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3T separate these phases by either filtration or centrifugation, this
S g w|Z T sample was excluded from the study.
L3 £12 Ils Scheme 1 summarizes the experimental flow chart for the
=3 Zle gla preparation of the composites.
=TI s|E T|Z
C — v Q o <
g S|l E g2
c = o o o
% .S =18 §|=° 3. Characterization
o 3 O O |- .
c € n -
9 g £ o
g % g @ 3.1. Structure, Morphology and Composition
E v < £ 7o)
| g S . e .
gg E S s o The morphology of composites and their individual constitu-
§ T £ g P tional elements was studied by electron microscopy techniques,
= s 33|32 including Transmission Electron Microscopy (TEM) and Field-
4o 8 g E Tle Emission Scanning Electron Microscopy (FESEM). Figures 1
2% £ 2lg g % and 2 show the characterization of the individual elements.
T _% € £1S8 8|£ As can be seen in Figure 1a, the dry Ln-NP obtained after
o > . . . .
° o £ I 3 hydrothermal synthesis present prismoid shapes with the lon-
R v El gitudinal dimension being around 40 nm and the transversal
= s dimension of less than 20 nm. Nevertheless, once the Ln-NPs
i 2 = . .
Zf S g - were exposed to calcination at 900 °C, they agglomerated and
o
= 2 Slx |2 led to ellipsoidal structures with dimensions bigger than 100 nm
5.5 ols|2 gl (Figure 1b. As depicted in Figure 1c, the X-Ray Diffraction (XRD)
2 E, vlE 3 b3 @ pattern recorded for the Ln-NPs agreed with that of a pure tetrag-
3 2 5| YE onal GdVO, crystalline structure (PDF # 17-0260), with the most
2 2 2 intense diffraction peaks being the ones located at 20 = 24.7°,
E "é 3 33.3°,49.2°, and 18.6°, corresponding to crystallographic planes
Lé g _;: (200), (112), (312), and (101), respectively. Fourier-Transformed
g8 £ Infrared (FTIR) spectroscopy also confirmed the composition
ol & »|Z T ug of Ln-NP, showing a wide intense band centered at 749 cm™
2 £ é s >§< | and a narrower one positioned at 445 cm™! that correspond, re-
EV = (E“ = z ;L spectively, to the V—O and Gd—O stretching vibrations. The ab-
=8 o
- ] & &8 sence of a broad band at 3310 cm~' (H—O—H vibrations) con-
B s&E CHEICECER: firms the effectivity of the calcination process to remove hydra-
ia) = . .
%5 2' 2 g tion (Figure 1d).1*]
E— € g 9 Regarding CDs (Figure 2), all samples exhibit quasi-spherical
202 £ 2 morphologies, and their amorphous nature was confirmed by
v .. 0 f=4 —
o9 A e 2 electron diffraction, as no diffraction patterns were observed.
ac a k= - o ’
£ % a g sla Blf A key observation is the difference in sizes depending on the
&2 Té ; 3 ; ; = fabrication method: CDs synthesized from commercial xylose
5= 8 - g1 5|5% (Figure 2a and b) are substantially larger (52 + 20 nm — CD-MW-
jj 5 |38 £ g £ % X, and 41 + 5 nm — CD-HTC-X) than those prepared from ex-
° o . . .
<2 E\ = s|° g tracted hemicellulose (1.7 + 0.4 nm — CD-HTC-H). The size dis-
> . . .
§§ | T > tribution of the CDs was calculated based on the analysis of the
e “g e 3 TEM images, and the mean diameters correspond to those of at
1] Cal . o . .
€5 2 " g least 60 individual carbon dots (CDs) for each kind, measured
L = o= . . . . .
o €2 8 < from multiple TEM images acquired from different regions of
= § E Sle T|% the samples. These sizes distributions can be seen in Figure S2 in
1%} ! q - . . . .
g o ol = § § 4 the Supporting Information. Notice that in the case of CD-MW-
S ; . Yl E g8 5 H (Figure 2d), the CDs could not be detected by TEM, probably
= < . . .
°8y 5 v é because of their low concentration and small size. Nevertheless,
Q. o . . . .
o EE = IS their presence was confirmed by spectroscopic analysis, as dis-
5 _\2 ! s cussed in Section 3.2.1.
25 i A The aforementioned differences in sizes may be attributed
s 8 A E: to the composition of the hemicellulose used in the synthe-
s < o ;g 3 sis process, which, although primarily composed of xylose (and
E a3 g g = xylan, its polymerized form), also contains minor amounts of
3 < g = 2|t other monosaccharides and their respective polymerization prod-
- E_g 59| ucts (mainly glucose and arabinose, and smaller proportions
2o £ 8% of rhamnose and galactose).2%%2] Furthermore, the acidic hy-
© 2 S g1 drothermal treatment applied to the almond shell precursor (see
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purify)
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Synthesis CDs
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Commercial Filtering CD-MW-X 5%at Eu Comp-MW-X-M
Xylose (X) MW (0.0050g)
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{0.5000g) 433K Al
20 min T
or 0 I GdVO,: 15%atTh:
CD-MW-H 2%at Eu Comp-MW-H-M
[@ Extracted Dialysis (0.0050g)
| Hemicellulose : k‘ll) Stirring
H & 4h
(0.)5000g) c tional Molecular
°"’$,'Ln°"° Weight CutOff GdVO, : 15%at Th :
i 48 hours CD-HTC-X 5%at Eu Comp-HTC-X-M
= ] HTC (0.0050g)
DI water (20mL) 453K [ 3
12 hours
GdVO,: 15%atTh :
CD-HTC-H 2%at Eu Comp -HTC-H-M
(0.0050g)

Scheme 1. Experimental flowchart of the preparation procedure for the different composites prepared in the paper. DI water: Deionized water; MW:

MicroWave; HTC: Conventional Hydrothermal Carbonization.

Experimental Section) results in the formation of degradation
byproducts due to monosaccharide dehydration, leading to the
generation of furfural derivatives and low molecular weight
acids such as formic and acetic acid.?*3!l In our specific case,
the main constituents of the hemicellulosic precursor were xy-
lose (76%) and acetic acid (20%) while smaller percentages of
glucose, furfural, and hydroxymethylfurfural were detected via
High-Performance Liquid Chromatography (HPLC) (Table S1,
Supporting Information). The presence of these additional chem-
ical species might introduce changes in the CDs formation mech-
anisms. As widely documented, xylose readily degrades into fur-
fural under thermal processing.**-*¢] Subsequently, as reported
by Almohofer et al.,’’] furfural degradation can follow two differ-
ent pathways: an acid-catalyzed degradation to formic acid and
C, species, and an uncatalyzed direct polymerization pathway.
We hypothesize that the acidic conditions of the hemicellulose
precursor solution (pH = 5) enhance nucleation by catalyzing

Adv. Mater. Interfaces 2025, 12, €00410 00410 (4 0f19)

xylose dehydration into furfural and the subsequent degrada-
tion to formic acid and C, species. In contrast, the neutral con-
ditions provided by commercial xylose favored the uncatalyzed
polymerization route, ultimately resulting in larger nanoparticles
(Figure 2e).

The size differences of CDs, along with the composite prepa-
ration methodology, significantly influence the final composite
configuration (Figure 3a—g). As observed in Figure 3d and f,
composites synthesized by physical mixing of commercial xylose
— derived CDs with 0.25 mg mL~! of Ln-NP-5Eu (i. e., Comp-
MW-X-M and Comp-HTC-X-M), clearly exhibit carbon nanopar-
ticles (appearing in lighter color in the image due to the low
atomic weight of carbon, and some of them highlighted with
dashed circles) attached to the Ln-NP (which appear more con-
trasted owing to their heavier elemental composition). In con-
trast, for composites prepared using the same method but incor-
porating 0.25 mg mL~! of Ln-NP-2Eu and hemicellulose as CDs

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Characterization of Ln-NP. a) TEM image of hydrothermally synthesized Ln-NPs and b) TEM image of Ln-NPs after calcination at 900 °C.
c) XRD pattern showing the structural analysis of the samples, with the reference PDF for tetragonal GdVO, (black) included for comparison. d) FTIR
spectra of the Ln-NP. The shaded yellow and blue regions correspond to v, (V-0) and v, (Gd/Ln—O) vibrational modes, respectively.

precursor (Comp-MW-H-M and Comp-HTC-H-M), the CDs be-
come more challenging to distinguish. As shown in Figure 3e
and g, an organic matrix (appearing as a grey cloud indicated by
yellow arrows) surrounds the Ln-NP, with only a few embedded
CDs (highlighted with dashed circumferences). The primary fac-
tor contributing to the difficulty of identifying CDs in these cases
is the amplitude contrast inherent to the TEM technique. This
contrast (understood as the difference between intensities) arises
from incoherent elastic scattering (Rutherford scattering) of elec-
trons, which is a strong function of atomic number Z (hence the
mass or the density), and the thickness of the specimen.*! As
a result, the Ln-NP, composed of heavier elements and larger in
size compared to the CDs, interact more strongly with the elec-
tron beam and appear with significantly higher contrast. Conse-
quently, the higher contrast of the Ln-NP obscures the presence
of the CDs, making them less discernible in the TEM images.

Similar issues appeared for samples prepared via hydrother-
mal deposition (Figures 3a; S3, Supporting Information). TEM
images revealed a surface texture with lower contrast compared
to the bulk Ln-NP, which could be attributed to the presence of
CDs. Additionally, FESEM images (Figures 3b; Figure S3b, Sup-
porting Information) displayed some quasi-spherical protuber-
ances, which were considered indicative of CD attachment.

To further confirm the composition of the samples, Energy
Dispersive X-Ray (EDX) spectroscopy was performed. The EDX

Adv. Mater. Interfaces 2025, 12, €00410 €00410 (5 0f19)

mapping of Comp-MW-X-D (Figure 3h; Figure S4, Support-
ing Information) confirmed the presence of Gd, Eu, Tb, V, O,
and C, supporting the successful coupling of CDs onto the
Ln-NP surface. Further characterization by FTIR spectroscopy
(Figure 3i) revealed a spectrum consistent with that of pris-
tine Ln-NP-5Eu, with characteristic bands at 749 cm™' and 445
cm™! corresponding to V—O and Gd—O stretching vibrations,
respectively. Notably, no significant absorption bands associated
with CDs — such as C=0 stretching at #1720 cm™' and C=C
stretching at ~1620 cm™!3%*] — were detected. The absence
of these vibration bands could be attributed to the low CD
content in relation to Ln-NPs, as previously reported by other
authors.[#243]

XRD analysis of Comp-MW-X-D (Figure 3j) further confirmed
the structural integrity of the composite. Given the amorphous
nature of CDs observed in TEM, along with their low content and
high dispersion, the diffraction pattern predominantly matched
that of pristine Ln-NP-5Eu. This finding agrees with previously
reported articles!!*#2444] and suggests that the tetragonal GAVO,
crystal structure remained unchanged upon CDs incorporation.
However, two additional low-intensity peaks (Inset in Figure 3j)
were observed at 20 = 14.1° and 16.8°, with the former poten-
tially indicating the presence of small amounts of graphite oxide
derived from precursor carbonization, as suggested by previous
studies.[*0]
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Figure 2. Morphological characterization TEM imaging of a) CD-MW-X and b) CD-HTC-X, showing their respective particle sizes. ¢) CD-MW-H, where
individual nanoparticles could not be distinguished, and d) CD-HTC-H, exhibiting a significantly smaller size distribution. e) Schematic representation of
the proposed CDs' formation mechanism, highlighting the role of precursor on the preferred pathway (acid-catalyzed nucleation or uncatalyzed growth).

The latter adapted with permission ref. [37].

3.2. Spectroscopic Characteristics
3.2.1. Spectroscopic Properties

To further investigate the formation of the composites, their spec-
troscopic properties were evaluated, alongside those of their in-
dividual components.

For this purpose, photoluminescence (PL) emissions over
the 330-500 nm excitation range were analyzed, as shown in
Figure 4. CDs exhibited the characteristic excitation-wavelength-
dependent emission, with maximum intensities in the blue re-

Adv. Mater. Interfaces 2025, 12, 00410 00410 (6 0f19)

gion (~440-450 nm) under ultraviolet (UV) excitation (%375 nm)
(Figure 4a). In contrast, Ln-NPs primarily exhibited emissions
corresponding to °Do — ’F,and’Do — ’F, transitions of Eu’*
(dominating the profile) and °D, — F; transitions of Tb** (less
intense and more perceptible at low Eu** doping concentrations)
upon excitation at 330 nm (Figure 4c). Excitation at wavelengths
other than 330 nm did not result in significant emission, ex-
cept for excitation at 400 nm and 500 nm, which produced peaks
at similar positions but with notably lower intensity (inset in
Figure 4c). All these behaviors can be understood by the analysis
of absorbance and excitation spectra, as we will comment later.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Morphological, structural and compositional characterization of composites. Morphological analysis of composites synthesized via different
methods. a) TEM image and b) FESEM image of Comp-MW-X-D. TEM images of ¢) Comp-MW-H-D, d) Comp-MW-X-M, e) Comp-MW-H-M, f) Comp-
HTC-X-M, and g) Comp-HTC-H-M. Dashed circles indicate the presence of CDs and the arrows highlight an organic matrix surrounding the Ln-NPs.
Compositional characterization of Comp-MW-X-D: h) EDX spectrum confirming the elemental composition. i) FTIR spectra, where shaded yellow and
blue regions indicate v, (V—0) and v, (Gd/Ln—0), respectively. j) XRD patterns, including the reference of PDF for tetragonal GdVO, (black).

Regarding CDs (Figure 4b), all samples displayed broad ab-
sorbance peaks at ~#260 nm, which might be attributed to = —
z* electronic transitions of C=C bonds in aromatic rings. No-
tably, CD-MW-X, exhibited a small shoulder at ~#350 nm which
is likely associated to 7 — #* transitions of C=0 bonds.*! Exci-
tation spectra, however, were slightly red-shifted with respect to
absorbance peaks. This discrepancy may be attributed to the sur-
face states generated by oxygenated functional groups surround-
ing the CDs corel*’! further supporting the amorphous polymeric

Adv. Mater. Interfaces 2025, 12, €00410 €00410 (7 of 19)

nature of CDs (comprising sp? carbon domains and oxygen moi-
eties) as previously determined by TEM.

Ln-NPs (Figure 4d), on the other hand, exhibited a single and
narrow absorption peak in the UV region, which blue-shifted
with increasing the Eu** doping concentration from 275 nm at
2% Eu to 248 nm at 5% Eu. This trend is consistent with liter-
ature reports attributing this band to 02~ — Eu** charge trans-
fer (CT).*8#) Moreover, when monitoring excitation spectra at
the emission of 618 nm, a broad band centered at 318 nm was

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Optical properties of individual components. a) Normalized CDs emission spectra, with the inset showing the excitation-dependent emission
of CD-MW-X. b) CDs absorbance (dashed-dotted lines) and excitation spectra (solid lines), with the yellow shading indicating the 330 nm wavelength.
c) Emission spectra of Ln-NP-2Eu and Ln-NP-5Eu, with the inset displaying the emission of Ln-NP-5Eu at different excitation wavelengths. d) Ln-NPs
absorbance (dashed-dotted lines) and excitation spectra (solid lines), with the yellow shading marking the 330 nm wavelength. Color legends specified

into the graphs.

observed. As extensively reported, this feature corresponds to a
CT transition from the 2p orbital of O? to the d orbital of V°*.
Based on molecular orbital theory, this transition can be assigned
to the 'A,("T;) ground state to the 'A,('E) and 'E('T,) excited
states of VO,3~.1°% Additionally, narrow peaks resulting from f-f
transitions within the 4f° configuration of the Eu** ions from the
’F, ground state to the °D, (363 nm), >G; (382 nm), °L; (395 nm),
°D, (465 nm) were demonstrated to also contribute to the 618 nm
red emission,**! the most intense being the last two, which
agrees with the emission profile in Figure 4c inset. Notably, the
ratio between the intensities of the O?~ - V>* charge transfer
band (CTB) and the f-f transitions is higher for Ln-NP-2Eu than
for Ln-NP-5Eu (Table S2, Supporting Information). This suggests
that at lower Fu?* concentrations, the contribution of the CTB
to the red emission is more important, whereas at higher Eu**
concentrations, intrinsic Eu* transitions start playing a greater
role. These findings align with the trends observed in absorption
spectroscopy. Additionally, the weak or absent Tb** signal can be
attributed to cross-relaxation energy transfer (CRET) processes,
which become prominent at high Tb?* concentrations. These

Adv. Mater. Interfaces 2025, 12, €00410 €00410 (8 of 19)

non-radiative energy transfer mechanisms facilitate energy mi-
gration between neighboring Tb** ions, leading to concentration
quenching effects that diminish observable Tb** emission.l>?]
Furthermore, Tb** acts as an intermediate in the energy trans-
fer cascade, channeling excitation energy toward Eu** by repop-
ulating its °Dj levels, thereby further reducing its own radiative
emission.>]

Since the excitation spectra of the individual components over-
lapped at 330 nm, this wavelength was selected to excite the com-
posites and measure their PL emission spectra (Figure 5). Three
main bands were identified: (i) a broad signal ranging from the
UV to the green region, corresponding to the CDs emission, and
(ii) two narrow peaks associated with the Do — 7F,and Do —
’F, - Eu** transitions. [*]

Interestingly, the composites presented distinct PL behavior
depending on the synthesis method, as revealed by compar-
ing their emission profiles with those of the individual compo-
nents. When CDs were integrated via hydrothermal deposition,
the PL spectrum showed a lower intensity of the Eu** emission
bands when compared to the pristine Ln-NP whereas the CDs

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Photoluminescence (PL) emission spectra of composites and their individual components under 330 nm excitation. a) Comp-MW-X-D,
b) Comp-MW-H-D, and c¢) Comp-HTC-H-D. d) Comp-MW-X-M, e) Comp-MW-H-M, f) Comp-HTC-X-M, and g) Comp-HTC-H-M. The X-axis in pan-
els (d—g) is split to accommodate two Y-axes, allowing separate scaling for the CD emission (left axis) and Eu3* emission (right axis), which differ

markedly in intensity. Asterisks (*) denote the Raman peak of water.

emission intensified and slightly shifted (Figure 5a—c). In con-
trast, composites prepared by physical mixing either retained
(Comp-MW-X-M and Comp-HTC-H-M) or enhanced (twofold
in the case of Comp-HTC-X-M and fourfold for Comp-MW-H-
M) the intensity of the Do — ’F, - Eu®* transitions, while
the CDs emission significantly diminished (Figure 5d—g). While
these variations might initially be attributed to differences

Adv. Mater. Interfaces 2025, 12, €00410 00410 (9 0f19)

in Ln-NP concentration and Eu** doping levels rather than
the synthesis method, additional experiments provided further
insights. Microwave-assisted hydrothermally deposited xylose-
derived composites, prepared using varying concentrations of Ln-
NP-2Eu and Ln-NP-5Eu (Figure S5, Supporting Information), ex-
hibited emission trends consistent with those of other hydrother-
mally synthesized samples, characterized by a dominant CDs
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Figure 6. Elucidation of energy transfer mechanisms in the composites synthesized via a—e) hydrothermal deposition, and f—j) physical mixing. Excitation
spectra of (a, b) Comp-MW-X-D, (c, d) Comp-MW-H-D, (f) Comp-MW-X-M, (g) Comp-MW-H-M, (h) Comp-HTC-X-M, and (i) Comp-HTC-H-M monitored
at (a, ¢, f-i) 618 nm and (b, d) CDs emission (440 nm). Charge transfer bands (CTB) are highlighted with a yellow shadow and the f-f transitions of Eu®*
are labeled. Insets in (a, c, f-i) provide the ratio of integrated areas of CTB to ’F, — °Lg (C/L) and to ’F, — °D, (C/D) as well as ’F, — >L¢ to ’F, —
D, (L/D) of both pristine Ln-NPs (red text) and composites (violet text). (e, j) Energy level diagrams illustrating the energy transfer (ET) pathways in
the composites, including charge transfer, cross-relaxation (CRET), and Forster resonance energy transfer (FRET), emphasizing the role of CDs, VO3~

Tb3*, and Eu?* in the luminescence process.

emission peak and a reduced lanthanide red emission. This sug-
gests that the incorporation of Ln-NPs into the CDs precursor
mixture leads to altered Ln-NP—CD interactions, ultimately influ-
encing the PL properties as already speculated by Z. Shu et al.[*!]

3.2.2. Energy Transfer Mechanism

These PL variations indicate the presence of two distinct energy
transfer (ET) mechanisms governing the emission behavior of
the composites. A comparative analysis of the excitation spectra
of composites, pristine Ln-NPs and CDs is essential to elucidate

Adv. Mater. Interfaces 2025, 12, €00410 00410 (10 0f19)

these mechanisms (Figure 6). Also, Table 2, lists the ratio of the
integrated areas for the different materials investigated in this
paper.

Focusing first on the samples synthesized via hydrothermal
deposition (Figures 6a—c;S6, Supporting Information), notable al-
terations in the excitation spectra relative to pristine Ln-NPs are
observed. When monitoring the emission at 618 nm, the inte-
grated intensity ratio of the VO,3~(CTB) to the f-f Eu’*transitions
(’F,—#x02075;D,and “F,—°L;) decreases upon the incorpora-
tion of CDs (values depicted as inset tables in Figure 6a—c).
This indicates that intrinsic Eu* transitions contribute more sig-
nificantly to the 618 nm emission in the composite, while the
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Table 2. Ratio of integrated areas of CTB to ’F, — °Lg, CTB to ’F, — °D,,
and ’F, - °Lg to ’F, — °D, of both pristine Ln-NPs and composites.

Sample CTB [ "Fyis’Lg CTB/’Fy—°D, ’Fo—°Lg/’Fo—°D,
Ln-NP-5Eu-2.5 mg mL~’ 342 116.9 3.4
Comp-MW-X-D 26.6 76.0 2.9
Comp-MW-H-D 31.8 98.7 3.1
Ln-NP-5Eu-0.25 mg mL~! 20.7 71.2 3.4
Comp-MW-X-M 27.7 93.9 3.3
Comp-HTC-X-M 35.6 104.1 2.9
Ln-NP-2Eu-0.25 mg mL™! 35.1 127.5 3.6
Comp-MW-H-M 35.0 120.4 3.4
Comp-HTC-H-M 31.1 108.3 3.5

CTB-mediated energy transfer becomes less dominant. Further-
more, the excitation spectrum monitored at the typical CDs emis-
sion (440 nm) exhibits an increase of the intensity of the band
in the CTB region, suggesting that, after composite formation,
CTB energy transfer is distributed between Ln ions and CDs
(Figure 6e). This confirms that both emissive species compete for
CTB-mediated energy transfer. Additionally, the decrease in the
integrated intensity ratio value of the ’F,—~°Lto ’F,—°D, (Insets
of Figure 6a and c) transitions suggests that the ’F,—° L emission
becomes less dominant in the composites. This is presumably
due to a non-radiative energy transfer to CDs, facilitated by the
close match between the energy of this level (25 316 cm™!) and the
CDs’expected energy gap (26 666 cm™) (Figure 6e). This interac-
tion may also account for the enhanced and shifted CD emission
observed after incorporation into the composites, (Figure 5a—c).

Similarly, composites produced via physical mixing also ex-
hibit a decrease in the integrated intensity ratio of the ’F,
— Ly to ’F, — °D,emissions compared to pristine Ln-NPs
(Figure 6f-i), indicating interactions between CDs and Ln-NPs
that confirm the successful formation of the composites. How-
ever, in this case, the energy transfer pathway appears to be re-
versed. Based on spectroscopic measurements—particularly the
emission spectra of isolated CDs under 330 nm excitation (Figure
S7, Supporting Information) and the excitation spectra of Ln-NPs
and composites monitored at 618 nm (Figure 6f—i)—we infer
that CDs act as sensitizers for the Eu** emissions in this case.
They absorb energy in the UV-vis range and transfer it to the
Ln-NP system via Férster Resonance Energy Transfer (FRET), fa-
cilitated by the spectral overlap, as previously reported.l'>?!] This
energy transfer, combined with that mediated by the vanadate
group, ultimately enhances the intensity of the 618 nm emis-
sion(Figure 5d—g).

Notably, when evaluating the integrated intensity area ratio
of CTB to lanthanide configurational transitions, composites de-
rived from Ln-NP-5Eu exhibit an increase of the CTB/’F, — °L
ratio, whereas those synthesized from Ln-NP-2Eu show a de-
crease of this parameter. This suggests that in the former, CDs are
attached to the Ln-NP surface in a way that optimally absorbs and
transfers energy in the UV region, facilitating excitation of both
the vanadate CTB and intrinsic Eu* transitions. In contrast, in
the latter case, excitation in the visible range becomes more sig-
nificant, broadening the absorption cross-section and promoting
energy transfer from CDs to Eu** levels while reducing the con-
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tribution of CTB-mediated transfer (Figure S8, Supporting In-
formation). This behavior can also be linked to the components’
concentration, influencing the balance between energy transfer
mechanisms.

Regardless of the Eu** doping content, composites synthe-
sized via HTC exhibit more pronounced changes in excitation en-
ergy distribution when compared to pristine Ln-NPs than those
obtained through MW-assisted methods. This would suggest a
more effective integration of CDs in HTC-derived samples or that
the concentration of the components favor the described phe-
nomenon.

Since the ultimate goal is to use these composites as lu-
minescent thermometric ratiometric sensors under 330 nm
excitation—specifically by exciting the CTB and enabling the si-
multaneous detection of emissions from both Ln-NPs and CDs—
their spectroscopic properties were evaluated under these condi-
tions. The results indicate that Comp-HTC-X-M and Comp-MW-
H-M exhibit a higher intensity for the 618 nm emission band
(Figure 5e and f) correlated with a higher CTB/’F, — °L inten-
sity ratio values (inserted as a table in Figure 6g and h). This sup-
ports the proposed energy transfer mechanism, in which CDs
and the vanadate group collectively absorb excitation energy. The
subsequent energy transfer to Eu** levels via both conventional
cascade processes and FRET increases the number of electrons
transitioning from °D, — ’F,, ultimately leading to an intensified
red emission (Figure 6j).

In both energy transfer mechanisms, Tb3* plays a similar role,
acting as a bridge to repopulate the °D; levels of Eu’*. Moreover,
as previously discussed in Section 3.2.1, the high concentration
of Tb** promotes CRET, ultimately leading to self-quenching.
These two factors are responsible for the low emission intensity
of Tb** at 536 nm.

3.2.3. CIE Chromaticity

After elucidating the energy transfer mechanisms, the chro-
maticity of each component was analyzed using the CIE
(Commission Internationale de I'Eclairage 1971) coordinates
(Figure 7). The results indicate that CDs exhibit blue emission,
with those derived from hemicellulose positioned closer to the
white reference point (0.33, 0.33). In contrast, Ln-NPs primar-
ily emit in the red region, shifting towards the white refer-
ence as the Eu** doping concentration decreases. Composites,
however, display intermediate chromaticity properties between
their individual components, emitting in the violet-magenta
region.

This dual-emission behavior, reflected in the CIE coordinates
of the composites, highlights their potential use for applica-
tions requiring precise color tuning. In particular, their emis-
sion spanning from blue to red can be leveraged for the fabrica-
tion of advanced light-emitting devices, such as UV-excited white-
light LEDs, where balanced broad- and narrow-band emissions
are essential.l>*>> Moreover, the distinctive chromaticity of the
composites under UV irradiation, combined with their solution-
processability, makes them promising candidates for the de-
velopment of anticounterfeiting inks and security labels.[2044]
The ability to modulate their emission profile through syn-
thetic control offers additional opportunities for designing
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Figure 7. CIE coordinates of a) CDs, b) Ln-NP, and c) composites.

optical markers>®! and dynamic luminescent systems responsive
to external stimuli.>’]

4. Application as Luminescent Thermometric
Sensors

The temperature dependance of the PL emissions (in terms of
integrated areas) of all the prepared materials was studied in the
298-358 K range under 330 nm excitation to assess their potential
as luminescent thermometers.

4.1. Single-Band (SB) Luminescent Thermometric Sensors

As previously mentioned, CDs exhibit single broad band emis-
sions between 350 and 650 nm under UV excitation, with in-
tensity maxima at 420 and 470 nm, depending on the synthesis
method. Upon increasing temperature, a decrease of the PL in-
tensity is typically observed!**®] due to the thermal activation of
nonradiative decay processes!>*®! (Figures 8; S9, Supporting In-
formation). The thermometric performance of CDs is evaluated
through relative thermal sensitivity (Sg) and temperature resolu-
tion (6T).

Sk, described as the intensity variation rate of the designed
probe at small changes in temperature, quantifies the rate of in-
tensity variation with small temperature changes. 6T is defined
as the minimum resolvable temperature interval. These two pa-
rameters are given by Equations (1) and (2), respectively:?]

1 0A

=—.—=-100 1

T 1)
1 6A

T=—.— 2
53 @)

where A is the thermometric parameter (PL intensity or inten-
sity ratio in this study), % is the derivative of A with respect to

temperature, and 22 is the uncertainity of A determination.
This uncertainty arises from factors such as the experimental

setup, the detector characteristics, and the integration time em-

ployed during the spectral acquisition. In all calculations, §A/A
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0.
04 05 06 07 0% 00 01 02 03 04 05 06 07 08
X X

was set to 0.5%, a value commonly adopted in the literature as a
compromise reflecting typical experimental conditions.[?*]

As shown in Figure 8, the PL intensity decrease of CD-
MW-X and CD-HTC-H follows a linear trend as the temper-
ature increases in the range of 308-358 K and delivers max-
imum Sy values of 1.49% K™' and 0.82% K! at 358 K, re-
spectively. These values are similar to some reported in the
literaturel®'-631 but still below those of state-of-the-art lumines-
cent thermometers!!**! (see Table S3, Supporting Information).
Conversely, CD-MW-H and CD-HTC-X (Figure S9, Supporting
Information) exhibited poorer correlations along the evaluated
temperature range, limiting their thermometric performance
(Figure 8e).

For Ln-NP-5Eu, the emission intensity integrated area varia-
tions corresponding to the Tb3*>D, — 7F, (536 nm), Eu**°D,
— 7F, (593 nm) and Eu**°D, — ’F, (618 nm) transitions were
also analyzed under the same conditions (Figure 9). A decrease
in intensity when the temperature increased was clearly observed
for both Eu’*- related transitions (Figure 9a). When normal-
ized to the maximum of intensity, they followed a similar linear
trend (Figure 9b), yielding a maximum Sy of 1.87% K~' at 358 K
(Figure 9c), a value comparable to that of other similar single-
band luminescent thermometers reported in the literature (Table
S4, Supporting Information).[**! However, in the case of Tb**, the
integrated emission area fluctuated by less than 20% across the
entire temperature range and did not fit any simple mathemati-
cal function (Figure 9b), rendering it unsuitable for use as a SB
luminescent thermometer.

4.2. Ratiometric (R) Luminescent Thermometric Sensors

Because of their simplicity, SB approaches present certain lim-
itations, as their accuracy is often affected by external factors
such as environmental interferences (e.g., changes in surround-
ing medium), power fluctuation or illumination oscillations of
the excitation source, the signal-to-noise ratio and instabilities
in the detection set-up system, the absorption and scatter cross-
sections of the emitters, the variation of the concentration of
emitters in the sample where the temperature is going to be

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. Luminescent nanothermometric performance of synthesized CDs. PL spectra recorded at 330 nm for temperatures from 298 K to 358 K for
a) CD-MW-X and c) CD-HTC. Temperature-dependent fitting of normalized emission intensities for b) CD-MW-X and d) CD-HTC, e) relative thermal
sensitivities (Sg), and f) temperature resolutions (6T) of CDs tested as single-band (SB) luminescent thermometers. The (*) in (a) and (c) labels the

Raman peak of water.

measured, or the inhomogeneity on the distribution of the emit-
ters in the luminescent thermal probes.’] To mitigate these
shortcomings, ratiometric (R) thermometry offers a more ro-
bust alternative. This method relies on the intensity ratio of
two emission bands, thereby introducing an internal reference
that enhances measurement reliability and minimizes matrix
dependency.

To explore this approach, the luminescent thermometric per-
formance of pristine Ln-NP-5Eu was first evaluated using the
intensity ratio of the emissions corresponding to the Eu’*
(D, — "F))/(D, — ’F,) and Eu** (D, — "F,)/Tb** (D,
— ’F,) transitions. As depicted in Figure 9d the Eu** (°D,
— ’F,)/(°D, — ’F,) calibration exhibited a poor correlation,
and the calculated thermometric parameters were suboptimal,
indicating that this system is not well-suited for ratiometric
sensing (Figure 9e). By contrast, the Eu** (°D, — ’F,)/Tb**
(°D, — ’F;) intensity ratio demonstrated significantly better
performance, showing excellent agreement with an exponen-
tial fit (R? = 0.999, Figure 9d) and yielding a maximum S, of
2.39% K7 at 298 K (Figure 9e), a value comparable to those
reported in the literature (Table S4, Supporting Information),
with the added advantage of being achieved at relatively low
temperature.[>3646]

The integration of CDs onto Ln-NPs to form composite ma-
terials introduced an additional emissive center into the sys-
tem. Given the nature of CDs, significant differences in ther-
mometric behavior (such as distinct intensity decreasing rate)
were anticipated compared to pristine Ln-NPs. To assess the

Adv. Mater. Interfaces 2025, 12, €00410 e00410 (13 0f19)

ratiometric thermometric performance of the composites, the
emission peak of CDs in the blue region of the visible spec-
trum and the 618 nm emission peak corresponding to the °D,
— ’F, transition of Eu** were analyzed. Initially, the evolu-
tion of individual emissions with temperature was examined.
In both cases, emission intensity decreased upon heating, but
the signal decay rate and the two components’ relative propor-
tions varied among samples (Figures 10 and 11). These dif-
ferences, along with the deviations from the behavior of indi-
vidual isolated components (Figure S10, Supporting Informa-
tion), suggest an interaction between CDs and Ln-NPs that al-
ters the energy transfer mechanisms within the composites when
compared to those observed in pristine Ln-NPs. This observa-
tion aligns with the spectroscopic data presented in previous
sections and further supports the successful formation of the
composites.

Interestingly, for the composites prepared by physical mixing
(Figure 10) — except for Comp-HTC-H-M — the 618 nm emission
intensity remained largely stable, with variations below 10% be-
tween the highest and lowest values. Considering that pristine
Ln-NPs exhibit an intensity reduction to 50% of their original
emission when heated from 298 K to 358 K, this suggests that the
incorporation of CDs enhances the thermal stability of the > D, —
’F, Eu** emission. In contrast, the composites obtained via hy-
drothermal deposition (Figure 11) exhibited a more pronounced
decrease of the emission intensity of the band located at 618 nm
(the most important decrease corresponding to Comp-MW-X-D,
with a 75% diminishment of the original intensity), while the CD

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Luminescent thermometric performance of Ln-NP-5Eu. a) PL spectra recorded under 330 nm excitation at temperatures ranging from 298 K to
358 K. b, d) Temperature-dependent analysis of normalized integrated emission intensities for: (b) individual transitions—Tb3*+: 5D, — 7F (536 nm),
Eu*+:5D, - 7F; (593 nm), and Eu**: 3D, — 7F, (618 nm); and (d) intensity ratios—Eu3* (°D, — ’F,)/(°D, = ’F;) and Eu* (°D, — 7F,)/Tb** (°D,
— 7Fs). ¢, ) Calculated thermometric parameters: relative thermal sensitivity (Sg, solid lines) and temperature resolution (6T, dashed lines) for: (c) SB

approach and (d) R strategy. Color coding is indicated within each graph.

emission showed relatively lower variability compared to that of
the Ln-NPs.

Following this initial evaluation, the intensity ratio of the Eu**
(D, = ’F,)/(*D, — ’F,) transitions was calculated and assessed
as thermometric parameter for thermometric approach over the
298-358 K temperature range (Figures 10 and 11). Since this ra-
tio is derived from a phenomenological expression, modeling the
composite behavior is complex, and the operational temperature
range must be carefully adjusted for reliable application.[®] In
the regions where intensity correlates with temperature, expo-
nential fittings are generally observed, which agrees with most
of the published works.[131617:66-68] An exception is Comp-HTC-
D-H, which exhibits a second-degree polynomial fit.

The analysis of the ratiometric thermometric performance
(Figure 12), revealed promising results across all composite ma-
terials, with maximum relative thermal sensitivities (Sg) ex-
ceeding 0.80% K~!. In general, hydrothermally deposited com-
posites outperformed physically mixed ones, demonstrating
optimal performance at higher temperatures, whereas phys-
ically mixed samples exhibited better performance at lower
temperatures. However, Comp-HTC-H-M emerged as the best-
performing composite, with the broadest operational tempera-
ture range (298-358 K) and the highest S; (5.62% K~!). Comp-
MW-X-D followed closely, achieving the same maximal Sy but
within a narrower effective temperature range (318-348 K).
These results surpass those of previously reported CD-containing

Adv. Mater. Interfaces 2025, 12, €00410 €00410 (14 of 19)

luminescent thermometric composites (Table S5, Supporting
Information).3-17]

Furthermore, to assess the signal stability of one of the most
promising materials (Comp-MW-X-D), which exhibited a relative
thermal sensitivity of up to 5.6% K~!, we monitored the evolu-
tion of the ratiometric intensity between the CD emission peak
and the Eu** °D, — 7F, transition. Measurements were per-
formed under continuous 330 nm excitation while maintaining
the sample at a constant temperature of 348 K over a 75-minute
period. The ratiometric signal demonstrated good temporal sta-
bility, with a maximum fluctuation of approximately 15% Dbe-
tween the highest and lowest recorded values, as can be seen in
Figure 13.

5. Conclusion

In this study GdVO,:Tb,Eu/CD composites were successfully
prepared by two different synthetic procedures: hydrothermal de-
position and physical mixing. The Ln-NPs counterparts were syn-
thesized via a soft hydrothermal procedure from Ln-chlorides,
while biomass-related reactants, including commercial xylose or
almond-shell extracted hemicellulose, were employed as CDs
precursors. The composite formation was initially inferred by
morphological and compositional characterization and demon-
strated by spectroscopic studies. The fabrication methodology,
that at its time influences the concentration of CDs in the

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 10. Temperature-dependent photoluminescence (PL) intensity variation of composites synthesized via physical mixing. a, d, g, j) PL spectra
recorded by exciting at 330 nm for temperatures ranging from 298 K to 358 K, b, e, h, k) normalized emission intensities of CDs and Eu** (°D,, - ’F,)
as a function of temperature, and ¢, f, i, |) normalized intensity ratio (Icp/lg,) versus temperature fittings for (a—c) Comp-MW-X-M, (d—f) Comp-MW-H-M,
(g—i) Comp-HTC-X-M, and (j-1) Comp-HTC-H-M.
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Figure 11. Temperature-dependent photoluminescence (PL) intensity variation of composites synthesized via hydrothermal deposition. a, d, g) PL
spectra recorded after excitation at 330 nm for temperatures ranging from 298 K to 358 K, b, e, h) normalized emission intensities of CDs and Eu**
(°D, — 7F,) as a function of temperature, and c, f, i) normalized intensity ratio (Icp/lg,) versus temperature fittings for (a—c) Comp-MW-X-D, (d—f)

Comp-MW-H-D, (g—i) Comp-HTC-H-D.
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Figure 12. Performance of composites as ratiometric temperature sensors. a) Relative thermal sensitivities (Sg), and b) temperature resolutions (5T).
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Figure 13. Temporal stability of the ratiometric intensity signal of Comp-
MW-X-D over 75 minutes at 348 K.

final products, played a crucial role in defining the energy trans-
fer mechanisms governing the photoluminescent properties of
the materials. In hydrothermally deposited samples, competi-
tive energy transfer between Eu’* and CDs from VO,*~ led
to a decrease in the °D, — ’F, Eu** emission intensity com-
pared to pristine lanthanide-doped nanoparticles. Conversely,
CDs acted as sensitizers in physically mixed composites, enhanc-
ing Eu** red emission through a cooperative energy transfer
mechanism.

The dual-emissive nature of the composites results in violet-
magenta chromaticity, intermediate between the blue CDs and
red-emitting Ln-NPs, enabling their use in tunable optical appli-
cations.

The luminescent thermometric performance of all synthe-
sized materials—including CDs, lanthanide-doped nanopar-
ticles, and their composites—was systematically evaluated.
Among them, the composites exhibited the best performance as
luminescent thermometers under a ratiometric approach. No-
tably, the champion composite (Comp-HTC-H-M) demonstrated
outstanding temperature sensing capabilities over the 298-358 K
range, achieving a maximum relative thermal sensitivity of 5.6%
K1 at 358 K. These results underscore the strong potential of
CD-based lanthanide composites for advanced luminescent ther-
mometry applications in areas such as optoelectronics, microflu-
idics, and healthcare. Their operational temperature range, com-
bined with excellent water dispersibility, makes them particularly
well-suited for real-time temperature mapping in microfluidic
channels. This could be useful for the alimentary industry or
environmental protection, thanks to the possibility of photother-
mal detection of additives and contaminants such as azo-dye
Amaranth.[®] Furthermore, embedding the composites in poly-
meric or hydrogel matrices—such as polyacrylamide or polyvinyl
alcohol—opens the door to the development of smart, wearable
sensors. When integrated with a compact UV excitation source
and photoluminescence detector!”’! or combined with flexible op-
tical fibers,/”172! these materials could enable continuous, non-
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invasive monitoring of body temperature, offering promising ap-
plications in personalized healthcare and biomedical diagnostics.

6. Experimental Section

Materials:  D-(+)-Xylose (>99%) was purchased from Sigma-Aldrich,
and sulfuric acid (95-98%) was obtained from Scharlab. Hemicellulose
was extracted from crushed almond shells (supplied by Unié Nuts) via
microwave-assisted acidic hydrolysis. Gd, O3 (99.999%) was sourced from
Thermo Fisher Scientific, NH,OH (30%) and (HCI 37% QP) from Panreac,
and Tb,O; (99.9%), Eu,O3 (99.99%), and NH,VO; (99%) from Strem
Chemicals.

Ln-NP Synthesis: ~ Crystalline nanoparticles of GdVO, doped with Tb3*
(15 at%) and Eu?* (2, 5 at%) were prepared following a soft hydrothermal
synthesis method. Ln-chlorides were first prepared by dissolving the re-
quired stoichiometric amounts of Ln-oxides (Gd, 03, Tb,O5, and Eu,0;)
in a hydrochloric acid solution (distilled H,O (15 mL):HCl 37% (5 mL)),
and heating the solution until complete dryness. Then, these Ln-chlorides
were dissolved in distilled H,O (10 mL), and added to a solution of
NH4VO; (with a 3% excess over the stoichiometric required amount) in
distilled (DI) water (20 mL), with the pH adjusted to 9 by addition of di-
luted NH,OH (30%), under magnetic stirring for 1 h. In each case, the
light yellow dispersion formed was heated in a Teflon-lined autoclave at
463 K for 24 h. The resulting product was collected by centrifugation,
washed with DI water several times, and dried overnight at 393 K. Finally,
the samples were annealed at 1173 K for 24 h to remove surface defects
formed during the low-temperature synthesis process and to promote a
higher degree of crystallization.

CD-MW Synthesis: CD-MW were synthesized via a microwave-
assisted hydrothermal method. Briefly, precursor (0.5000 g) — either com-
mercially available xylose (CD-MW-X) or almond-shell-extracted hemicel-
lulose (CD-MW-H) —was dissolved in 20 mL of DI water. The solution was
then transferred to a 100 mL reactor and heated to 160 °C for 20 minutes
using a flexiWAVE microwave system. After the reaction, the mixture was
allowed to cool naturally through the equipment’s ventilation system. The
product was purified by mechanical filtration using a polytetrafluoroethy-
lene (PTFE) syringe filter (0.22 um), followed by dialysis against DI water
(1L) for 48 hours using a regenerated cellulose membrane (molecular
weight cutoff (MWCO) 1 kDa), with the dialysate replaced every 24 hours.

CD-HTC Synthesis: CD-HTC were synthesized using a conventional
hydrothermal method. In a typical procedure, precursor (0.5000 g) — ei-
ther commercially available xylose (CD-HTC-X) or almond-shell-extracted
hemicellulose (CD-HTC-H) — was dissolved in DI water (20 mL). The so-
lution was then transferred to a 100 mL Teflon-lined autoclave reactor and
heated at 180 °C for 12 hours in a conventional stove. After the reaction,
the mixture was allowed to cool naturally. The resulting product was puri-
fied by mechanical filtration using a PTFE syringe filter (0.22 um), followed
by dialysis against Dl water (1 L) for 48 hours using a regenerated cellulose
membrane (molecular weight cutoff (MWCO) 1 kDa), with the dialysate
replaced every 24 hours.

Comp-MW-X/H-D Synthesis:  Comp-MW-X/H-D composites were syn-
thesized via microwave-assisted hydrothermal deposition of CDs onto
GdVO,:15 at. % Tb:2-5 at. % Eu nanoparticles (Ln-NPs). Briefly, predeter-
mined amounts of Ln-NPs were mixed with precursor (0.5000 g) — either
commercial xylose (Comp-MW-X-D) or almond-shell-extracted hemicellu-
lose (Comp-MW-H-D) — and DI water (20 mL) to prepare solutions with
NP concentrations of 1%, 2.5%, 5%, and 10% in weight. Each solution was
transferred to a 100 mL reactor and heated at 160 °C for 20 minutes using
a flexiWAVE microwave system. Following natural cooling, the resulting
mixtures were filtered through a PTFE filter (0.22 pm). The collected solids
were subsequently dried, and redispersed in DI water.

Comp-HTC-X/H-D Synthesis: Comp-HTC-X/H-D composites were
synthesized via hydrothermal treatment. In this process, GdVO,:15at.%
Tb:5at.% Eu NPs (0.0500 g) were mixed with 0.5000 g of precursor — com-
mercial xylose (Comp-HTC-X-D) or almond-shell-extracted hemicellulose
(Comp-HTC-H-D) and Milli-Q water (20 mL) to prepare a solution with
a 10% Ln-NP concentration. The mixture was transferred to a 100 mL
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Teflon-lined autoclave and heated at 180 °C for 12 hours. Following natural
cooling, the resulting mixture was filtered through a PTFE filter (0.22 um).
The collected solids were dried, and redispersed in DI water. Due to
the impossible separation of Comp-HTC-X-D and some byproducts that
quenched the PL of the composite, the sample was discarded for this
study.

Comp-MW/HTC-X/H-M synthesis: Comp-MW//HTC-X/H-M compos-
ites were prepared by physically mixing CD-MW or CD-HTC with
GdVO,:15at.% Tb:2-5at.% Eu NPs. Specifically, concentrations of 1% (rel-
ative to the initial precursor weight) were achieved by adding Ln-NPs
(0.0050 g) to the CD solution, followed by continuous stirring for 4 hours at
room temperature. Ln-NP-5Eu were used for Comp-MW/HTC-X-M while
Ln-NP-2Eu were employed for Comp-MW/HTC-H-M. In the case of Comp-
HTC-X-M a small variation of the procedure was applied: the CD-HTC-X
solution was diluted 1:90 (v/v) in DI water prior to mixture with Ln-NPs to
reduce absorbance and prevent the PL quenching by inner-field effect.

Characterization: The morphology and composition of the as-
prepared samples were analyzed by a JEOL F200 transmission electron
microscope operated under an accelerated voltage of 200 kV and equipped
with a Centurio EDX detector. A FEI Scios 2 scanning electron microscope
operating at 30 kV was used to evaluate surface texture of the samples.
XRD patterns for structure elucidation were recorded with a Bruker-AXS
D8-Advanced X-Ray Diffractometer using Cu Ka radiation (4 = 0,154 nm)
and a 1D LYNXEYE-XE-T detector in the 0 to 80 ° range and interpreted with
the DIFFRAC.EVA V5.2 X-Ray Diffraction software. A Jasco FT/IR-6700 In-
frared Spectrometer equipped with a Diamond Attenuated Total Reflective
(ATR) Crystal and measuring along the 4000-500 cm~" energy range was
employed to elucidate the functional groups present in the samples. Opti-
cal absorption spectra were obtained at 0.5 nm step, 10 s integration time,
using a deuterium lamp in Cary Series 5000 UV-vis-NIR Spectrometer from
Agilent Technologies. Fluorescence measurements were carried out on a
Fluorolog Horiba Jobin Yvon Spectrofluorimeter equipped with a photo-
multiplier detector, double monochromator and a Xenon light source. The
spectra were collected at 1.00 nm step, 0.10 s integration time and with
the slits opened 3 nm (both for the emission and excitation monochro-
mators). A Rapid Peltier-based temperature-controlled sample holder was
used for temperature dependent PL measurements. The 298-358 K tem-
perature range was evaluated in 10 K steps (2 minutes of stabilization be-
tween measurements). Agitation at 3500 rpm was set to prevent compos-
ites precipitation.
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