Open Access Article. Published on 04 Julai 2025. Downloaded on 4/11/2025 4:53:11 PG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
3392

Received 4th June 2025

Accepted 4th July 2025 *abc

and Xiaoli Wu
DOI: 10.1039/d5su00406¢

rsc.li/rscsus

The traditional synthesis of inorganic phosphors often requires
complex procedures, including precursor preparation and high-
temperature treatment. In contrast, this study introduces a simplified
hydrothermal precipitation approach for fabricating europium/
terbium hydroxycarbonates (Eux(OH),(COz3),(NO3)6_x_2,)-nH-O and
analogous Tb compound). The synthesized materials demonstrate
high thermal stability, with high quenching activation energies (E g =
0.283 eV, E4rp) = 0.221 eV). When applied in white LED devices, these
phosphors demonstrate warm white light emission with a color
rendering index (CRI) reaching R, = 84.0 and correlated color
temperature (CCT) of 3865 K, making them promising for lighting
applications.

Introduction

Traditionally, rare earth hydroxycarbonates have only been
considered as precursors for inorganic phosphors, which typi-
cally require subsequent high-temperature treatment to elimi-
nate fluorescence quenching groups or enhance crystallinity to
improve luminescence performance."* On the contrary, during
previous studies on YAG films, it was unexpectedly discovered
that the hydroxycarbonate precursors of rare earth oxides,”
particularly europium/terbium hydroxycarbonate, exhibit
abnormally strong photoluminescence. The detailed charac-
terization further revealed their high quenching activation
energy, making them highly suitable for solid-state lighting
applications.

This study develops an optimized hydrothermal synthesis for
preparing rare-earth hydroxycarbonates using RE(NO;);-6H,0
(RE = Eu, Tb) and urea (CO(NH,),) as raw materials. Compared
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Hydroxycarbonates synthesized via a low-temperature hydrothermal
process, while traditionally utilized as rare earth oxide precursors,
demonstrate dual functionality as phosphors exhibiting superior thermal
quenching resistance and exceptional color rendering properties when
employed without subsequent high-temperature annealing, thereby
enabling significant energy savings and advancing sustainable material
development practices.

with other thermal solvent synthesis methods,** the hydro-
thermal synthesis method using only urea is quite simple. In
the hydrothermal process, the slow hydrolysis of urea at 100 °C
provides controlled CO,;>™ release kinetics, enabling the growth
of monodisperse rare-earth hydroxycarbonates with tunable
morphology®® through precise regulation of the RE*": urea
molar ratio (R = 1:3). The resulting phase-pure hydroxycar-
bonates demonstrate unprecedented thermal stability, main-
taining an intensity of >92% at 150 °C, meeting the key
requirement of LED phosphors. Notably, the as-prepared rare
earth hydroxycarbonate phosphors achieve excellent white light
performance (CRI = 84.0, CCT = 3865 K) without requiring the
conventional calcination step, showing great potential as
phosphor components in white LED devices. This discovery
challenges the traditional viewpoint that hydroxycarbonates are
only precursors and opens up new possibilities for their direct
application in optoelectronic devices.

Experimental
Materials

The rare earth metal sources used in the experiments are rare
earth nitrates, Eu(NO;);-6H,0 (99.9% purity) and Tbh(NO;),-
-6H,0 (99% purity), which were purchased from McLean
Biochemicals (Shanghai, China) Co., Ltd Urea (CO(NH,), 99%
purity) was purchased from Xi Long Scientific (Guangdong,
China) Co., Ltd.

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

For the synthesis of RE,(OH),(CO3)y(NO3)(_x—2y) nH,O (RE =
Eu and Tb), the corresponding amount of rare earth nitrates
were first dissolved in deionized water to make a 0.05 M rare
earth nitrate solution named solution A. Then, urea (the molar
ratio of urea to RE** = 3) was added to the above solution A and
stirred for 30 minutes to form solution B. Subsequently, the
above solution B was hydrothermally treated at 100 °C. After 10
hours, the europium/terbium hydroxycarbonates were obtained
through sequential processes of washing, centrifugation, and

drying.

Results and discussion

Under the hydrothermal conditions at 100 °C, urea undergoes the
following hydrolysis reaction in Fig. 1(a): CO(NH,) + 4H,0 —
CO;>~ +2NH," +20H™ +2H". The released CO;>~ and OH ™ anions
combine with RE*" (Tb*" and Eu®*), NO; ™~ and water molecules in
the solution to form RE,(OH),(CO;),(NO;)e_x—2y) nH,O™*
(RE = Tb and Eu). As observed in Fig. 1(b), both XRD patterns
exhibit no distinct diffraction peaks except for the background
signal, indicating that the Eu/Tb hydroxycarbonates are amor-
phous.®? In the FT-IR spectra (Fig. 1(c)), the absorption bands
centered at 689 cm™*, 761 cm ™}, and 845 cm ™! are attributed to the
bending vibrations of C-O bonds, while the peak at 1086 cm ™
originates from the symmetric stretching vibration of CO;*". The
absorption peaks at 1412 cm ™" and 1516 cm ™' correspond to the
splitting asymmetric stretching vibrations of NO;~ and CO;*",
respectively.® The broad and intense absorption band at 3408 cm™"
is associated with the stretching and bending vibrations of O-H
bonds in water molecules, showing strong similarity to previously
reported  Y(OH),(CO5),(NO3)s_x—2y) #H,O compound.” SEM
images (Fig. 1(d and e)) show that both hydroxycarbonates have
a spherical morphology with a wide particle size distribution, and
the diameters of the two particles are concentrated within 1 pm.
During the initial phase of hydrothermal treatment, temperature
variations within the reactor induce differential growth rates
among spherical particles. After treatment completion, these
particles undergo natural sedimentation, resulting in the observed
phenomenon. The EDS elemental mapping confirms uniform
elemental distribution without segregation, despite the particle
size variations. Notably, nitrogen exhibits a homogeneous but
sparse distribution, indicating minimal NO;~ content in the
compound structure.

Fig. 2 illustrates the photoluminescence excitation (PLE) and
emission (PL) spectra of RE,(OH),(CO3)y(NO3)(6_x—2y)'nH,O (RE
= Eu, Tb). In the PLE spectrum of europium hydroxycarbonate,
the excitation peak at 317 nm corresponds to the "F, — >Hg
transition, while peaks at 361 nm, 375 nm, 393 nm, and 415 nm
within the 350-450 nm range originate from 4f° intra-
configurational transitions of Eu** ("F, — °Dy, 'Fy — °G,, 'Fy
— °Le, and “Fy — °Dj, respectively?), with maximum intensity
at 393 nm ("F, — °L, transition). Under 393 nm excitation, the
PL spectrum exhibits characteristic D, — “F; (j = 0,1,2,3,4)
transitions of Eu®" at 581 nm, 593 nm, 616 nm, 650 nm, and
701 nm," dominated by the intense red emission at 616 nm
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Fig. 1 Formation process of hydroxycarbonate (a), XRD pattern (b),
FT-IR spectrum (c), and SEM (EDS) pattern (d and e) of europium/
terbium hydroxycarbonate. The illustration in pattern (d and e) is the
frequency distribution histogram of two particle sizes.
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Fig. 2 PLE (a and c) and PL (b and d) spectra of europium/terbium
hydroxycarbonate. The insets in (b) and (d) are the actual photographs
under the 365 nm excitation for the Tb/Eu hydroxycarbonates,
respectively.
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Fig. 3 Temperature-dependent PL spectra (a and b), relative inte-
grated luminescence intensity (c), and thermal quenching activation
energy (d) of europium/terbium hydroxycarbonates.

(°Do — 7F,). For terbium hydroxycarbonate, the PLE spectrum
also shows several peaks between 250-400 nm, excitation peaks
at 283, 303, 318, 340, 350, 365, and 378 nm, assigned to 'F, —
SHS) 7Fo - 5H7, 7F0 - 5G2; 7Fo - 5L9, 7Fo - 5D2; 7F0 - SDS;
and “F, — °D, transitions of Tb*", respectively.* The 365 nm
excited PL spectrum displays °D, — “F; (j = 6,5,4,3) transitions
of Th*" at 491 nm, 544 nm, 586 nm, and 623 nm within the 480-
650 nm range, with maximum intensity at 544 nm. These two
materials emit bright red and green characteristic emissions
under the irradiation of 365 nm near ultraviolet lamp, indi-
cating a perfect match with the emission wavelength of the
365 nm near ultraviolet chip.
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To assess the application potential of hydroxycarbonates in
white LED devices, we systematically studied their thermal
stability. The europium/terbium hydroxycarbonate system
demonstrates significant thermal quenching suppression abil-
ities, exhibiting exceptional resistance to temperature-induced
deactivation. As shown in Fig. 3(a and b), temperature-
dependent PL spectra of both phosphors within 300-420 K
reveal gradual intensity reductions with increasing temperature
while maintaining spectral positions and profiles. Normalized
integrated emission intensities relative to the 300 K (room
temperature) baseline (Fig. 3(c)) indicates that the hydroxycar-
bonate phosphors retain over 95% and 93% of their initial
intensity at 375 K (~100 °C) and 420 K (~150 °C), respectively,
demonstrating superior thermal stability. To further evaluate
the thermal quenching, we calculated the activation energy (E,)
using the following Arrhenius equation:*>**

Itlly =[1 + cexp(—E/kT]™! (1)
where I, and Iy are the integral area of the emission peaks at 300
K and experimental temperature 7, ¢ is a constant, and & is the
Boltzmann constant (8.62 x 107> eV). The relationship between
In(Iy/Ir — 1) and 1/(kT) is illustrated in Fig. 3(d). Through fitting
calculations, the thermal quenching activation energies (E,) for
the hydroxycarbonates were determined to be 0.283 eV and
0.214 eV, respectively. The observed stability arises from
a unique synergistic mechanism: the outstanding thermal
stability may originate from the synergistic effect of the
dynamic coordination network formed by RE** with OH/
CO;>"/NO;~ in the amorphous matrix. This disordered yet
compact short-range ordered structure effectively suppresses
ion migration at elevated temperatures,* thereby preserving the
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Fig. 4 Photoluminescence spectra of trichromatic phosphors (a—c), binary hydroxycarbonate mixture (d) and with increased blue phosphors

trichromatic phosphors (e and f).
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coordination environment of Eu’*/Tb®" and significantly
reducing non-radiative transition probability.

Higher thermal quenching activation energy values indicate
superior thermal stability of the material, meeting the
requirements for white LED device fabrication. The aforemen-
tioned research results indicate that the excitation wavelength
of europium/terbium hydroxycarbonate is highly matched with
the wavelength of commercial ultraviolet chips (365 nm), and it
has good thermal stability, which provides favorable conditions
for its application in white LED.

To modulate white light, it needs to be mixed with
commercial blue fluorescent powder (Srs(PO,);CL:Eu®"). In
addition, Tb*" is easily oxidized to non-emissive Tb*" state
under high temperature oxidation environment, so it is neces-
sary to use epoxy resin encapsulation technology to inertly
protect the hydroxycarbonate system. Fig. 4(a—c) show the
photoluminescence spectra of red, green, and blue phosphors
cured with epoxy resin under 365 nm ultraviolet LED excitation,
respectively, demonstrating the effective excitation of all three
phosphors by 365 nm near-ultraviolet light. When combined
with commercial blue phosphors, these materials can produce
white LED devices with excellent color rendering performance.
It is worth noting that commercial blue phosphors (Sr5(PO,)s-
Cl:Eu®") produce highly saturated blue emissions (peak at 450
nm), so a low content of blue phosphor is required in the
phosphor mixture when modulating white light. Fig. 4(d) shows
the warm white light emission achieved through binary
hydroxycarbonate mixing, already achieving a CRI of 84. The
photoluminescence spectra in Fig. 4(e and f) demonstrate that
increasing the blue phosphor content in the tricolor blend
system effectively enhances the blue emission component,
thereby shifting the overall white light emission from warm
white to cool white. The optimized white light obtained a color
rendering index of 89.3 and a color temperature of 4487 K.
Compared with the warm white light prepared by the pure
europium/terbium  hydroxycarbonate system, the color
rendering and color temperature tunability were significantly
improved.

Conclusions

In summary, this study successfully synthesized and thoroughly
characterized two rare earth hydroxycarbonate compounds
RE,(OH),(CO3)y(NO3)(6—x—2y)'"H,O, RE = Eu and Tb, via
a hydrothermal method. The synthesis process is straightfor-
ward, and the resulting compounds exhibit excellent luminous
performance and thermal stability, with thermal quenching
activation energies of 0.283 eV and 0.214 eV for europium and
terbium hydroxycarbonates, respectively. These materials
demonstrate practical utility as phosphor components for white
LED applications. The binary hydroxycarbonate achieves high-
quality warm white light emission with R, = 84.0 and CCT =
3865 K. Furthermore, performance enhancement is realized
through the combination with commercial blue phosphor,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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elevating the white LED device specifications to R, = 89.3 and
CCT = 4487 K.
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