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palavras-chave Iluminação de estado sólido, diodos emissores de luz, emissão 

resumo 

de luz branca, lantanídeos, complexos orgânicos, corantes 
fluorescentes, pontos de carbono, método sol-gel, híbridos 
orgânico-inorgânicos, ureasils  

A Agência Internacional de Energia estimou que o sector de 
iluminação representa cerca de 19% do consumo total de 
energia mundial. Os díodos emissores de luz (LEDs) têm maior 
eficiência em comparação com as fontes de iluminação 
convencionais. Os LEDs brancos comerciais (WLEDs) são 
baseados na combinação de LEDs azuis baseados em InGaN 
com o luminóforo Y3Al5O12:Ce3+ (YAG:Ce). Este material, que é 
um emissor de banda larga na região espectral do amarelo. é 
depositado de forma simples e a baixo custo sobre o LED azul. 
No entanto, a emissão deste WLEDs baseia-se na adição de 
duas cores tendo um índice de reprodução de cor baixo (CRI, 
geralmente <75), elevada temperatura de cor (CCT, > 6500 K) e 
variação de cromaticidade, que são claras desvantagens em 
aplicações de iluminação e retroiluminação. Para além destas 
desvantagens, estes LEDs ainda apresentam emissão na região 
do verde relativamente menos eficiente (usualmente designado 
em linguagem inglesa como “green gap issue”). Uma estratégia 
alternativa a estes LEDs baseia-se na utilização de dispositivos 
emissores nas regiões espectrais do ultravioleta próximo (NUV) 
e do azul combinados com um material capaz de desviar esta 
emissão para a região do visível. Assim, novos materiais 
emissores eficientes quer de luz verde quer de luz branca para 
as aplicações em LEDs são necessários. Nesta tese, híbridos 
orgânicos-inorgânicos (ureasils, d-U(600)) dopados com 
complexos à base de Tb3+ emissores no verde foram 
combinados com NUV-LED comerciais para fabricar protótipos 
de LED verdes eficientes. Para melhorar o CRI e CCT dos 
WLEDs comerciais, novos luminóforos de La2Ce2O7:Eu3+ com 
emissão no vermelho e excitados com LEDs azuis foram, 
também, sintetizados e caracterizados. Na parte final da tese 
discute-se a contribuição de novos materiais emissores de luz 
branca sintonizável baseados em híbridos d-U(600) dopados 
com complexos de iões lantanídeos (Ln3+=Tb3+, Eu3+), corantes 
fluorescentes e pontos de carbono com propriedades óticas 
(CCT, CRI e fotoestabilidade) melhoradas, face ao estado da 
arte. 
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The International Energy Agency estimated that lighting accounts 
for ~19% of the total worldwide energy consumption. Light-
emitting diodes (LEDs) have higher efficiency compared to that 
of conventional lighting sources. The commercial white-LEDs 
(WLEDs) are based on broad-band Y3Al5O12:Ce3+ (YAG:Ce) 
yellow phosphor in combination with blue LED chips through a 
low cost and simple procedure, in which the YAG:Ce phosphor 
is directly packed on the blue InGaN chip. However, such two-
colour-based WLEDs exhibit poor colour rendering index (CRI, 
usually <75), high correlated colour temperature (CCT, >6500 K), 
and chromaticity drifts, which cannot fully satisfy the applications 
of lighting and backlighting of the displays. Also, LEDs still face 
some other drawbacks such as the relatively low efficient green 
emission, termed the “green gap” issue. A promising alternative
strategy is based on the downshift of the electroluminescence of 
near ultra-violet (NUV)/blue LEDs into the green spectral region 
by UV/blue-down shifting phosphors. Thus, novel efficient white- 
and green-emitting materials for the phosphor-converted LED 
applications are required. In this thesis, organic-inorganic hybrids 
(ureasils, d-U(600)) doped with green emitting Tb3+-based 
complexes were applied in combination with NUV-LED chips to 
fabricate efficient green LED prototypes. To improve CRI and 
CCT of commercial WLEDs, novel blue-light excited 
La2Ce2O7:Eu3+ red phosphors were also successfully 
synthesised and characterized. Moreover, tuned white light 
emitters involving d-U(600) hybrids doped with lanthanide 
(Ln3+=Tb3+, Eu3+)-based complexes, fluorescent dyes (e.g. 
coumarin), and carbon dots were also prepared and optically 
characterised revealing intriguing CCT, CRI and photostability 
towards novel WLEDs.
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a b s t r a c t

Inorganic phosphors which can be effectively excited with blue-light are highly desirable for white light-
emitting diodes (WLEDs). Herein, Eu3!-activated La2Ce2O7 phosphors are prepared by a self-rising re-
action using urea and glycine as leavening agents under hydrothermal conditions. The phosphors display
a well-distributed round or elliptical particle shapes with an average diameter of about 55± 10 nm. The
excitation spectrum is dominated by the 7F0/5D2 transition (~465 nm) that overlaps the emission of
ef!cient blue emitting LEDs, rendering these phosphors as very attractive as blue down converters. The
luminescence performance can be effectively improved by optimizing the molar ratios of leavening
agents and the content of Eu3! concentration and, thus, the absolute quantum yield can reach
0.229 ± 0.023. By combining a commercial blue emitting LED chip (InGaN, 465 nm) and the phosphors,
intriguing ef!cient pure red emission is achieved with International Commission on Illumination (CIE)
color coordinates of (0.669,0.330). This pure red emission is used to tune the well-known poor correlated
color temperature values of WLEDs based on YAG:Ce3!. WLEDs are fabricated by coating LED chips
emitting in the blue with blends of YAG:Ce3! and Eu3!-activated La2Ce2O7, yielding prototypes with
enhanced color rendering index that is easily adjusted from 7119 to 3242 K, demonstrating that this
strategy may use to complement the red component in WLEDs.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The International Energy Agency estimated the total electrical
energy consumptions for lighting loads of about 19% worldwide [1]
(the number for USA is about 10% accordingly to the U.S. Energy
Information Administration [2]). Energy consumption, with the
depletion of fossil-based fuel reserves, has become problematic,
creating several challenges, and gained increased attention
worldwide. The cumulative global energy crisis is, then, demanding
high energy-ef!cient lighting systems that can help to conserve
energy and reduce lighting costs. Nowadays, great efforts have been
devoted to the development of alternative energy-ef!cient lighting

devices. In this regard, WLEDs have emerged as an important class
that has been used to replace conventional lighting due to their
admirable merits such as extraordinary ef!ciency, lower energy
consumption, longer operation lifetime, environmental friendly
characteristics, compactness and robustness and have been
considered as the next-generation light source [3].

Currently, commercial WLEDs are based on Y3Al5O12:Ce3!

(YAG:Ce3!) broad-band yellow phosphor in combination with blue
emitting LED chips through a low cost and simple procedure, in
which YAG:Ce3!, dispersed in epoxy or silicone, is directly packed
on the InGaN chip [4]. When driven by a certain current, the
emitted yellow light from YAG:Ce3! pluses the transmitted blue
light to constitute the white light. This type of WLEDs usually ex-
hibits high luminous ef!cacy (LE, ~100 lm/W) [5]. However, in
practical applications, such design suffers from some technical
weaknesses. The two-color-basedWLEDs exhibit the disadvantages
of low color rendering index (CRI, usually <75), high correlated
color temperature (CCT, 4500e8000 K) and chromaticity drifts due

* Corresponding author.
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to the intrinsic absence of ef!cient red light emission from
YAG:Ce3!, which only give cool white light and inevitably limits its
applications in indoor or back lighting. In addition, the poor ther-
mal stability and weak thermal conductivity of the organic binders
result in gradual luminous attenuation and color-shift of the
phosphors under long-term heat radiation [6,7].

In order to overcome these shortcomings, a red phosphor with
excitation of blue light should be integrated into the package of
WLEDs, which will then enable the realization of a warm white
light with high CRI (>85) and low CCT (3000e4500 K) to meet the
standards for indoor lighting [8]. This is an issue for most appli-
cations including home lighting where warm white light with a
high CRI is required. As a result, it is desired to develop blue-light
excited red phosphors with sharp emission peaks, high lumines-
cence ef!ciency and suf!cient chemical durability for mixing with
the YAG:Ce3! yellow phosphor to improve the performance of
commercial WLEDs.

During the last decades, extensive efforts have been devoted to
developing novel red-emitting phosphors for WLED applications in
order to improve the CRI and CCT parameters [9e15]. For this
purpose, red phosphors should absorb strongly the blue emission
(~460 nm) from InGaN chip and ideally have narrow emission
bands centred at about 610 nm, which match the peak human eye
sensitivity to red light [10]. For instance, Eu2!- or Ce3!-activated
nitrides, Sr2Si5N8:Eu2!and M2Si5N8:Ce3! (M" Ca, Sr, Ba) [11,12],
show high emission output, wide excitation band in the blue re-
gion, high chemical stability and small thermal quenching. How-
ever, these nitride phosphors still have some inherent
disadvantages such as emission band extends to the deep red re-
gion (l> 640 nm), serious re-absorption phenomenon and high
production cost [16]. On the other hand, tetravalent manganese
ions
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tion and match well with InGaN chip radiation [17]. Nevertheless,
these Mn4!-doped "uorides still have some disadvantages such as
“non-green” synthesis conditions, susceptibility to degradation
under high temperature and poor heavy moisture resistance [18].

Lanthanide (Ln) oxide phosphors show higher chemical stability
with an eco-friendly preparation procedure. The Eu3!-activated
phosphors for blue emitting LED chips usually exhibit weak emis-
sion due to either the low absorption in blue region from parity-
forbidden 4fe4f transitions or mismatch excitation wavelength in
the UV region from charge transfer bands (CTBs). For instance,
Eu3!-doped CeO2 shows weak absorption in the blue region and
can only be a potential candidate for UV-based LEDs [19]. Also, the
LE of CeO2:Eu is very low and limits its applications in solid-state
lighting. It is, therefore, very desirable to !nd alternative red
phosphors with high absorption in the blue region and strong red
line-emission [20]. Recently, it was reported that the Eu3!-doped
2CeO2#0.5La2O3 phosphors prepared by a solution combustion
reaction showed enhanced luminescence when the Eu3! ions
occupied Ce4! rather than La3! sites, which was due to the con-
centration change of oxygen vacancy [21]. Furthermore, La-doped
CeO2 composite with 1:1M ratio of La:Ce, La2Ce2O7, has been
studied as a thermal barrier-coating material for high-temperature
applications and proton conductor under reducing atmosphere
[22,23]. Moreover, Eu3!-doped CeO2eLa2O3 composites can over-
come some of the above mentioned limitations of CeO2:Eu mate-
rials and the luminescence properties of Eu-doped La2Ce2O7 have
been seldom reported [24]. In order to develop a green eco-friendly
preparation method for blue-light excitable Eu3!-based red phos-
phors, the Eu3!-doped CeO2eLa2O3 phosphors, La2Ce2#xO7#x/2:xEu
(x" 0.1e0.9), were prepared in this work by a hydrothermal self-
rising process assisted with mixed urea/glycine as leavening
agents. The structural characterization, surface morphology and

luminescence performance of the composites were performed and
compared with those of CeO2:Eu. Red emitting diodes were fabri-
cated and their luminescence performances were characterized
using commercial blue emitting chips (465 nm) coated with the
Eu3!-activated La2Ce2O7 phosphor. Moreover, as the pure red
emission of this phosphor is obtained under analogous conditions
found in commercial WLEDs combining a blue emitting chip and
the commercial YAG:Ce3! yellow phosphor, we fabricate innovative
WLEDs by coating the blue chips with blends formed by distinct
proportions of YAG:Ce3! and Eu3!-activated La2Ce2O7. The lumi-
nescence performance of the devices con!rms that this strategy
allows overcoming the low amount of red emission that limits the
performance of the current used WLEDs.

2. Experimental section

2.1. Preparation of red phosphors

A series of Eu3!-doped blue-light excitable red phosphors were
prepared by self-rising method under hydrothermal condition. The
starting materials include Ce(NO3)3,6H2O (Yongda Chemical,
Tianjin, A.R.), Eu2O3 (Institute of Non-ferrous Metals, Beijing,
99.99%), La2O3(Institute of Non-ferrous Metals, Beijing, 99.95%),
urea (A.R.) and glycine (A.R.). All of them were used as received
without further puri!cation. In addition, La(NO3)3 and Eu(NO3)3
aqueous solutions were prepared by dissolving the related oxides
with dilute nitric acid.

It was proved that the Eu3!-doped 2CeO2e0.5La2O3 system
showed enhanced luminescence when the Eu3! ions are located in
the Ce4! site rather than in the La3! one [21]. Therefore, in this
study, La2Ce2 xO7 x/2:xEu phosphors were synthesized with the
Eu3! ions locat

#
ed in

#
the Ce4! site. First, the Ln (La, Ce and Eu) nitrate

solutions were mixed together in a molar ratio of 2, 2#x and x, for
La, Ce and Eu, respectively. Then, the single urea or mixed urea/
glycine (5-fold of the total Ln molar amount) as leavening agents
were added to the mixed solution (about 50mL) that was put into
autoclave at 160 $C for 180min to perform the self-rising reaction
under hydrothermal conditions. During the self-rising reaction, the
organic leavening agent was decomposed to NH3 and CO2, and the
aqueous solutionwas gradually changed to emulsion. The emulsion
was transfered into crucible and heated in a furnace at 500 $C for
30min to move away the residual organic content. Finally, the
samples were formed via heat-treatment at 950 $C for 2 h. When
single urea was used, the sample seemed to be a mixture of CeO2
and La2O3, implying that the compound was not appropriately
formed. On the contrary, when the mixed urea/glycine was used,
the as-prepared product was con!rmed as a pure La2Ce2O7 com-
pound. For comparison, CeO2:Eu was also prepared by similar way.

2.2. Fabrication of red-emitting LED and WLED prototypes

The La2Ce2#xO7#x/2:xEu (x" 0.7) particles were used to produce
an LED device emitting in the red spectral region by coating a
commercial LED chip emitting at 465 nm (RLS-B465, Roithner Laser
technik, GmbH). The !ne powder (250mg) and poly-
methylmethacrylate (PMMA, 50mg) were dissolved in 2mL of
CHCl3 under stirring. The resulting mixture was further stirred at
room temperature to get a homogenous solution. This solution was
used to coat the commercial blue emitting LED by dip-coating. This
procedure was repeated until the LED surface was totally covered.

To fabricate WLEDs, the two-part, semi-rigid commercial poly-
urethane resins (UR5634 polyurethane resin, Electrolube, UK) with
1:1wt ratio were used to encapsulate the commercial yellow-
emitting YAG:Ce3! (Phosphor Tech.) and the red-emitting
La2Ce2#xO7#x/2:xEu (x" 0.7) phosphors. Before coating the blue-

S. Shi et al. / Journal of Alloys and Compounds 814 (2020) 1522262



emitting LED chips (RLS-B465, Roithner Laser technik, GmbH), the
polyurethane resin, YAG:Ce3! and La2Ce2#xO7#x/2:xEu (x" 0.7)
with 160:3:150 of weight ratio were completely blended. After
coating, the LED prototypes were moved into an oven at 60 o! for
2 h for gelation.

2.3. Characterization

The crystal structure of the samples was checked by X-ray
powder diffraction (XRD) using a D8 Advance X-ray powder
diffractometer with CuKa (1.54056 Å) radiation. The scanning angle
2q ranges from 20 to 80$. The internal structure and oxygen va-
cancies were analyzed by a HORIBA JY HR800 confocal microscope
Raman spectrometer and an Ar-ion laser (514.5 nm). The particle
morphology and size were measured by an S-4800 !eld emission
scanning electron microscope. The photoluminescence emission
and excitation spectra were recorded by an F-4600 "uorescence
spectrometer equipped with a 65W Xenon lamp as the excitation
source. The photoluminescence decay curves were acquired by an
Edinburgh FS5-TCSPC spectro"uorometer. Additionally, the exci-
tation and emission spectra of the optimal La2Ce2O7:Eu and
CeO2:Eu samples were recorded using a Fluorolog3® Horiba Sci-
enti!c (Model FL3-22) spectroscope. The excitation source was a
450W Xe arc lamp. The emission spectra were corrected for
detection and optical spectral response of the spectro"uorometer
and the excitation spectra were corrected for the spectral distri-
bution of the lamp intensity using a photodiode reference detector.
The absolute emission quantum yields were measured using the
Quantaurus-QY Plus C13534 (Hamamatsu) system with a 150W
xenon lamp coupled to a monochromator for wavelength
discrimination, an integrating sphere as the sample chamber, and a
multichannel analyzer for signal detection. The measurements are
accurate within 10% according to the manufacturer speci!cation.
All the measurements were carried out at room temperature.

The LED emission spectra, the Commission International de
l’Eclairage (CIE) color coordinates, the radiant "ux (W), the lumi-
nous "ux (lm), the CRI and CCT values were measured using an
integrating sphere ISP 150L-131 from Instrument Systems. The
integrating sphere (BaSO4 coating) has internal diameter of
150mm and was coupled to an array spectrometer MAS 40 from
Instrument Systems. The measurements are accurate within 5%
according to the manufacturer speci!cation.

3. Results and discussion

3.1. Structural characterization

The XRD patterns of the undoped as-prepared powders are
shown in Fig. 1a. For comparison purposes, the standard card data
of CeO2 (space group: Fm3m; JCPDS 01-081-0792) [25] and La2O3
(space group: P63/mmc; JCPDS 01-074-2430) [26] are also dis-
played in Fig. 1a. When only urea is used in the self-rising process, a
mixture of CeO2 and La2O3 is observed, even after the sintering
process. When urea/glycine mixture is used, however, the XRD
pattern corresponds to the previous reported La2Ce2O7 structure
[24], with the main diffraction peaks at 28.1, 32.6, 46.6, 55.2, 57.9,
67.9 and 75.0$ indexed to the (111), (200), (220), (311), (222), (400)
and (331) crystallographic planes, respectively. The La2Ce2O7
composite has a cubic "uorite structure, which is almost the same
as CeO2, except that of lattice parameter. Thus, the use of urea/
glycine mixture is bene!cial to the formation of the phase-pure
phosphor. The reason for this is due to the addition of glycine,
which acts not only as a leavening agent but also as a surfactant
[27,28]. In addition, the amount of glycine also plays a crucial role in
purity and crystallinity. The molar ratio of glycine to the total Ln

amount has been optimized (0.7:1), which can be clearly con!rmed
in the XRD patterns (see Fig. S1). In the following parts, all the Eu3!-
doped La2Ce2O7 samples were prepared at this molar ratio.

The XRD patterns of the La2Ce2 xO7 x/2:xEu (x" 0.0e0.9)
phosphors are given in Fig. 1b. The XRD

# #
peaks of all Eu3!-doped

samples are similar to that of La2Ce2O7, implying that the Eu3!

doping has little in"uence on the phosphor structure. In fact, the
observed left-shift of the XRD peaks after Eu3! doping is due to the
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the host lattice and located at the Ce4! sites.
The microstructure and the surface morphology of the Eu3!-

doped La2Ce2O7 phosphor, La2Ce1.3O6.65:0.7Eu, were analyzed by
SEM (Fig. 2a and b). The precursor powders (without any heat

Fig. 1. XRD patterns of the a) samples prepared with single urea (black color pattern),
mixed urea/glycine as leavening agent (red color), as well as the standard references of
CeO2 and La2O3; and b) La2Ce2-xO7#x/2:xEu3! (x" 0e0.9) composite powders prepared
by a hydrothermal self-rising reaction (with mixed urea/glycine as leavening agent)
and a subsequent sintering process. (For interpretation of the references to color in this
!gure legend, the reader is referred to the Web version of this article.)

Fig. 2. SEM images of the a) Eu3!-doped La2Ce2O7 precursor and b) composite pow-
ders after a sintering process. c) Particle size distribution in b).
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treatment) are notwell crystallized (Fig. 2a), but after the self-rising
and subsequent sintering process (950 $C for 2 h), the phosphors
are crystalline (Fig. 2b), in agreement with the appearance of
distinct diffraction peaks in XRD patterns (Fig. 1a and b). Moreover,
most of the particles display a well-distributed round or elliptical
shapes, with an average diameter around 55± 10 nm (Fig. 2c). The
spherical particle shape, uniform size and low agglomeration de-
gree are important factors to promote the application of phosphor
powder for WLEDs [30].

FT-Raman spectra of La2Ce1.9O6.95:0.1Eu (low doping concen-
tration) and La2Ce1.3O6.65:0.7Eu (high doping concentration) are
measured to have further insight on the internal structure of the
phosphors (Fig. 3). The strong Raman band between 390 and
495 cm#1 results from the oxygen breathing vibrations around the
Ce4! ions [31], whereas the weak peak between 495 and 670 cm#1

is due to the existence of oxygen vacancies [32,33]. While the
maximum of the former band (at about 450 cm#1) does not change
with the Eu3! concentration, the weak peak is shifted from 565 to
583 cm#1 as the Eu3! doping concentration increases from 0.1 to
0.7. This quite large shift indicates that the amount of oxygen va-
cancies is closely related to the Eu3! concentration. Moreover, with
the increase of Eu3! doping concentration, the intensity of the
strong peak at around 450 cm#1 dramatically decreases and in the
meanwhile, the weak peak at around 583 cm#1 that ascribed to
oxygen vacancies further increases, implying that the introduction
of Eu3! activators increases the oxygen vacancies amount in the
lattice.

3.2. Optical characterization

The excitation and emission spectra of La2Ce2#xO7#x/2:xEu
(x" 0.1e0.9) composites are shown in Fig. 4a and b and Fig. 5,
respectively. The excitation spectra were monitored within the
5D0/

7F2 transition. The spectra are almost independent of the
Eu3! concentration being formed of a very low-intensity CTB be-
tween 330 and 380 nm, similarly to that previously observed in
Eu3!-doped CeO2 (O/Ce CTB) [34]. The low-relative intensity of
the CTB in the case of the La2Ce2O7 compounds indicates that the
probability of the OeCe charge transfer has been greatly reduced
due to a 50% La substituting in the Ce sites. The excitation spectra
are dominated by the Eu3! sharp lines at 394, 416, 466 and 535 nm,
corresponding to the 7F0/5L6, 7F0/5D3, 7F0/5D2, and 7F0/5D1
transitions, respectively [35]. It can be noted that the most intense
7F0/5D2 transition (465 nm) is resonant with the blue emission of
commercial InGaN LED chips (Fig. 6a). This means that the Eu3!-

doped La2Ce2O7 red phosphors may be ef!ciently excited with a
blue-emitting LED light, which has a signi!cant potential in solid-
state lighting [36,37]. The samples can be effectively excited with
465 nm, and the typical sharp peaks are clearly observed within the
range of 575e725 nm (Fig. 4b). The strongest emission peaks locate
at 615 and 630 nm, which result in the intrinsic red light emission
dominated by the Eu3! 5D0/

7F2 transition [38e40].
To demonstrate the ability of the La2Ce2O7 compounds as down-

shifting phosphors for solid-state lighting, the emission features of
a
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ous CeO
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:yEu with

compar
y
ed

0.
to
18 to
those

keep
of the

the2 1#y 2 "
same Eu doping content). The emission spectra excited at 465 nm
are compared in Fig. 5a. Despite changes in the relative intensity
between the Stark components, the spectra reveal the typical intra-
4f6 5D0/

7F0#4 transitions. The emission features were quanti!ed
by the calculus of the CIE chromaticity coordinates (Fig. 5b) and the
absolute emission quantum yield (QY) values, Table 1. Although
both phosphors have the same dominant emission, the CIE color
coordinates for Eu3!-doped La2Ce2O7 and CeO2 samples are
(0.654,0.345) and (0.620,0.379), respectively, and, then, the co-
ordinates of the former phosphor are closer to the standard pure
red color value (0.67,0.33). We note that although analogous Eu3!-
activated red phosphors involving a-Eu2(MoO4)3, Ba3Eu(PO4)3,
Ba3Eu(PO4)3, CsGd0.4Eu0.6(MnO4)2, Rb3EuB6O12, and Eu2(SO4)3 also
display ef!cient 5D0 /

7F0-4 transitions, the excitation wavelengths
(355 nm, 396 nm and 514.5 nm) do notmatch the blue emitting LED
chip at 465 nm [13,14,38e40].

The QYobtained for La2Ce2#xO7#x/2:xEu (x" 0.7), 0.229± 0.023,
is about 18-fold higher relatively to that of the Ce1#yO2:yEu
(y" 0.18), 0.013± 0.001. Furthermore, to more clearly clarify the
luminescence performance of La2Ce2#xO7#x/2:xEu (x" 0.7) and
Ce1#yO2:yEu (y" 0.18), the corrected excitation and emission
spectra of the two samples are shown in Fig. S2. Further compari-
son between the two phosphors was performed by the measure-
ment of the 5D0 emission decay curves (see Fig. S3). These curves
are well described by a single-exponential function, and it indicates
the presence of a single average Eu3! local coordination site
(replacement of Ce4! in the host), revealing a larger 5D0 lifetime
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The distinct 5D0

#
lifetime values are in good agreement with the

variation of the activator Eu3! local coordination in the two lattices.
In order to gain deeper insights into such differences, the radiative
(kr) and nonradiative emission decay rates (knr) were calculated by
the Ln luminescence software package (LUMPAC) [41], Table 1.
Accordingly, the 5D0quantum ef!ciency (q) was calculated through
[42]:

q" kr/(kr ! knr) (1)

where kr and knr denote the radiative and non-radiative probabil-
ities constants, respectively. As shown in Table 1, the enhanced
performance of the Eu3!-doped La2Ce2O7 compound in reference
to that of Eu3!-doped CeO2 (q values of 0.315 and 0.081, respec-
tively) is due to the higher kr and lower knr values. This can be
further rationalized via the relative intensity ratio (R) between the
5D0/

7F2 and the 5D0/
7F1 transitions. It is known that the

5D0/
7F2 transition is a forced-electric dipole transition, which is

quite sensitive to the local environment around the Eu3! ions.
Contrarily, the 5D0/

7F1 transition is allowed through the magnetic
dipole selection rule and, thus, its intensity is relatively indepen-
dent of the site symmetry and surroundings of the Eu3! ions
[42,43]. Therefore, the intensity ratio R is usually considered as a
probe to Eu3! local environment variations in the lattice. In general,
the higher the R value, the more Eu3! would occupy sites withoutFig. 3. FT-Raman spectra of La2Ce2#xO7#x/2:xEu(x" 0.1, 0.7).
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Fig. 4. Room-temperature a) excitation spectra monitored at 615 nm and b) emission spectra excited at 465 nm of La2Ce2#xO7#x/2:xEu(x" 0.1e0.9).

Fig. 5. a) Emission spectra of La2Ce2#xO7#x/2:xEu (x" 0.7) and Ce1#yO2:yEu (y" 0.18) excited at 465 nm and b) CIE chromaticity diagram (1931) showing the (x,y) emission
chromaticity coordinates.

Fig. 6. a) Emission spectra, and photographs, of the commercial LED and of the Eu3!-doped La2Ce2O7 red-emitting LEDs operating under forward-bias current of 20% 10#3 A; b) CIE
chromaticity diagram (1931) showing the (x,y) emission chromaticity coordinates of original and coated LEDs. (For interpretation of the references to color in this !gure legend, the
reader is referred to the Web version of this article.)
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an inversion centre [44,45]. The R values for Eu3!-doped La2Ce2O7
and CeO2 are 5.40 and 1.99, respectively (Table 1). Despite the same
Eu3! doping content, the two samples show quite different R values
(and, then, distinct chromaticity coordinates), which means that
the crystal !eld environment of Eu3! is greatly changed and more
Eu3! ions have occupied the asymmetry centre sites in La2Ce2O7.
The obvious variation of the Eu3!crystal !eld environment is
closely related with the existence of large amounts of oxygen va-
cancies in the lattice, as shown in the Raman spectra (Fig. 3).

Taking advantage of the intriguing emission properties of the
Eu3!-doped La2Ce2O7, a selected concentration (x" 0.7) was used
to produce a pure-red emitting device by coating a commercial LED
chip emitting at 465 nm (Fig. 6). The emitted blue- and down-
shifted red-light (inset in Fig. 7a) are characterised by pure blue and
red color coordinates, (0.131,0.060) and (0.669,0.330), respectively
(Fig. 7b). Typically, the performance of an LED is characterized by
the wall-plug ef!ciency (WPE), which accounts for the ratio be-
tween the luminous "ux (lm) and the electric power (W). AWPE of
~0.4 lm/Wwas measured in the coated LED demonstrating that the
proposed approach has the potential to be applied as a suitable red
component in the fabrication of WLEDs.

As the Eu3!-doped La2Ce2O7pure red emission is attained under
analogous conditions found in commercial WLEDs (fabricated
combining a blue chip and the YAG:Ce3! commercial yellow
phosphor), we can use it to increase the amount of red emission in

current WLEDs, which is the principal factor limiting the CCT per-
formance. The WLED prototypes (S1 to S5) were fabricated coating
a commercial chip (emitting at 465 nm) with blends formed by
distinct proportions of YAG:Ce3! and Eu3!-doped La2Ce2O (Fig. 7a).
As the relative amount of Eu3!-doped La2Ce2O7 increases, the CCT
parameters of the WLEDs are tuned to yield warm white light
(Table 2).The corresponding chromaticity coordinates are shown in
Fig. S4 (ESIy), which results from the balance between the blue
emission (~452 nm) ascribed to the blue LED chip, the yellow
component (~580 nm) due to YAG:Ce3!phosphor and the red
emission peaks (612 and 627 nm) attributed to 5D0/

7F2 transition
of Eu3!-doped La2Ce2O7 red phosphor. Thus, compared to the
commercial InGaN chip and YAG:Ce3! based WLEDs, the blend-
based WLEDs have CCT values adjusted from 7119 K (cool white
light) to 3242 K (warmwhite light) and CRI values modulated from
83.9 to 73.0 (Fig. 7b) that arewell-above the existing !gure of merit.

4. Conclusions

La2Ce2#xO7#x/2:xEu (x" 0.1e0.9) red-emitting phosphors have
been synthesized by hydrothermal self-rising process using mixed
urea/glycine as leavening agents. The phosphors, spherical/ellip-
tical particles with a diameter about 55 ± 10 nm, are effectively
excited at 465 nm presenting for the optimal Eu3!doping concen-
tration (x" 0.7) a maximum absolute emission quantum yield of

Table 1
Photophysical data of La2Ce2#xO7#x/2:xEu (x" 0.7) and Ce1#yO2:yEu (y" 0.18).

Composite t (ms) kr (s#1) Rknr (s#1) q QY

La2Ce2O7:Eu 0.835± 0.010 377.0 820.7 5.40 0.315 0.229± 0.023
CeO2:Eu 0.427± 0.010 190.2 2151.2 1.99 0.081 0.013± 0.001

Fig. 7. a) Room temperature emission spectra of S1 to S5 WLEDs. The inset shows photographs of the devices. b) Relationship between CCT and CRI and the amount of blend
phosphors used (the lines are visual guides).

Table 2
Optical parameters of WLEDs (S1 to S5) and blue chip (S0).

LEDs Luminous "ux (x10-3 lm) LE (lm/W) Color coordinates (x, y) CRI CCT (K) Coating phosphor (mg)

S0 405.36 31.18 (0.131, 0.060) 0
S1 346.65 22.22 (0.204, 0.118) 0.7
S2 235.04 18.08 (0.311, 0.289) 83.9 7119 1.2
S3 125.67 9.67 (0.318, 0.289) 86.0 6533 3.0
S4 69.47 5.34 (0.381, 0.352) 76.7 3778 3.8
S5 61.79 4.75 (0.432, 0.425) 73.0 3242 4.0
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0.229± 0.023. By combining a commercial blue emitting LED chip
and the Eu3!-doped La2Ce2O7 phosphor, the ef!cient pure red
emission was achieved with CIE color coordinates of (0.669,0.330)
and a wall-plug ef!ciency of ~0.4 lm/W. WLEDs were fabricated
combining a InGaN LED chip with blends formed by distinct pro-
portions of YAG:Ce3! and Eu3!-doped La2Ce2O7. As the relative
amount of Eu3!-doped La2Ce2O increases, the CCT of the WLEDs is
tuned to yield warm white light (from 7119 K, cool white light, to
3242 K, warmwhite light), whereas the CRI is modulated from 83.9
to 73.0. These results are well-above the existing !gure of merit,
indicating that these new La2Ce2

2
xO7 x/2:xEu (x" 0.1e0.9) red

phosphors are an alternative to Eu
#
!-based

#
phosphors to enhance

the Ra and CCT values of commercial LEDs.

Acknowledgments

The authors would like to thank Dr. Ruilong Zong from Tsinghua
University, who helped to measure the Raman spectra of the
samples. This work was !nancially supported by the Natural Sci-
ence Foundation of Hebei Province (Grant No. E2015205159), the
Science Foundation of Hebei Normal University (Grant No.
L2019K11) and the China Scholarship Council (Grant No.:
201707920002, 2017e2020), from P.R. China, and CICECO-Aveiro
Institute of Materials, FCT (Fundaç~ao para a Ciência e a Tecnologia)
(UID/CTM/50011/2019) and WINLEDs (Innovative, tunable and
sustainable white light emitting diodes) (POCI-01-0145-FEDER-
030351), from Portugal.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jallcom.2019.152226.

References

[1] A. De Almeida, B. Santos, B. Paolo, M. Quicheron, Solid state lighting
reviewePotential and challenges in Europe, Renew. Sustain. Energy Rev. 34
(2014) 30e48.

[2] Energy Information Administration, How much electricity is used for lighting
in the United States?. https://www.eia.gov/tools/faqs/faq.php?id"99&t"3.
(Accessed 1 July 2019).

[3] E.F. Schubert, J.K. Kim, Solid-state light sources getting smart, Science 308
(2005) 1274e1278.

[4] C.C. Lin, R.S. Liu, Advances in phosphors for light-emitting diodes, J. Phys.
Chem. Lett. 2 (2011) 1268e1277.

[5] R. Zhang, H. Lin, Y. Yu, D. Chen, J. Xu, Y. Wang, A new-generation color con-
verter for high-power white LED: transparent Ce3!:YAG phosphor-in-glass,
Laser Photonics Rev. 8 (2014) 158e164.

[6] J.J. Li, J.D. Chen, R.F. Wei, H. Guo, Combined white luminescence from Eu3!,
MLeAg particles and Ag! in AgeEu3! co-doped H3BO3eBaF2 glasses, J. Am.
Ceram. Soc. 95 (2012) 1208e1211.

[7] X. Ma, X. Li, J. Li, C. Genevois, B. Ma, A. Etienne, C. Wan, E. V!eron, Z. Peng,
M. Allix, Pressureless glass crystallization of transparent yttrium aluminum
garnet-based nanoceramics, Nat. Commun. 9 (2018) 1175.

[8] H. Zhu, C.C. Lin, W. Luo, S. Shu, Z. Liu, Y. Liu, J. Kong, E. Ma, Y. Cao, R.S. Liu,
X. Chen, Highly ef!cient non-rare-earth red emitting phosphor for warm
white light-emitting diodes, Nat. Commun. 5 (2014) 4312.

[9] J.H. Li, J. Yan, D.W. Wen, W.U. Khan, J.X. Shi, M.M. Wu, Q. Su, P.A. Tanner,
Advanced red phosphors for white light-emitting diodes, J. Mater. Chem. C 4
(2016) 8611e8623.

[10] J.H. Oh, Y.J. Eo, H.C. Yoon, Y.D. Huh, Y.R. Do, Evaluation of new color metrics:
guidelines for developing narrow-band red phosphors for WLEDs, J. Mater.
Chem. C 4 (2016) 8326e8348.

[11] R.J. Xie, N. Hirosaki, T. Suehiro, F.F. Xu, M. Mitomo, A simple, ef!cient synthetic
route to Sr2Si5N8:Eu2!-based red phosphors for white light-emitting diodes,
Chem. Mater. 18 (2006) 5578e5583.

[12] Y.Q. Li, G. De With, H.T. Hintzen, Luminescence properties of Ce3!-activated
alkaline earth silicon nitride M2Si5N8 (M " Ca, Sr, Ba) materials, J. Lumin. 116
(2006) 107e116.

[13] P.L. Shi, Z.G. Xia, M.S. Molokeev, V.V. Atuchin, Crystal chemistry and lumi-
nescence properties of red-emitting CsGd1exEux(MnO4)2 solid-solution
phosphors, Dalton Trans. 44 (2014) 9669e9676.

[14] V.V. Atuchin, A.S. Aleksandrovsky, O.D. Chimitova, T.A. Gavrilova, A.S. Krylov,
M.S. Molokeev, A.S. Oreshonkov, B.G. Bazarov, J.G. Bazarova, Synthesis and

spectroscopic properties of monoclinic a-Eu2(MnO4)3, J. Phys. Chem. C 118
(2014) 15404e15411.

[15] V.V. Atuchin, A.S. Aleksandrovsky, O.D. Chimitova, C.P. Diao, T.A. Gavrilova,
V.G. Kesler, M.S. Molokeev, A.S. Krylov, B.G. Bazarov, J.G. Bazarova, Z.S. Lin,
Electronic structure of b-RbSm(MoO4)2 and chemical bonding in molybdates,
Dalton Trans. 44 (2015) 1805e1815.

[16] P.F. Smet, A.B. Parmentier, D. Poelman, Selecting conversion phosphors for
white light-emitting diodes, J. Electrochem. Soc. 158 (2011) R37eR54.

[17] E. Song, J. Wang, J. Shi, T. Deng, S. Ye, M. Peng, J. Wang, L. Wondraczek,
Q. Zhang, Highly ef!cient and thermally stable K3AlF6:Mn4! as a red phosphor
for ultra-high-performance warm white light-emitting diodes, ACS Appl.
Mater. Interfaces 9 (2017) 8805e8812.

[18] L. Huang, Y. Liu, J. Yu, Y. Zhu, F. Pan, T. Xuan, M.G. Brik, C. Wang, J. Wang,
Highly stable K2SiF6:Mn4!@K2SiF6 composite phosphor with narrow red
emission for white LEDs, ACS Appl. Mater. Interfaces 10 (2018) 18082e18092.

[19]

[20]

[21]

G. Vimal, K.P. Mani, P.R. Biju, C. Joseph, N.V. Unnikrishnan, M.A. Ittyachen,
Structural studies and luminescence properties of CeO2:Eu3! nanophosphors
synthesized by oxalate precursor method, Appl. Nanosci. 5 (2015) 837e846.
J. Meyer, F. Tappe, Photoluminescent materials for solid-State lighting: state of
the art and future challenges, Adv. Opt. Mater. 3 (2015) 424.
S.K. Shi, K.Y. Li, S.P. Wang, R.L. Zong, G.L. Zhang, Structural characterization
and enhanced luminescence of Eu-doped 2CeO2e0.5La2O3 composite phos-
phor powders by a facile solution combustion synthesis, J. Mater. Chem. C 5
(2017) 4302e4309.

[22] H.S. Zhang, X.G. Chen, G. Li, X.L. Wang, X.D. Dang, In"uence of Gd2O3 addition
on thermophysical properties of La2Ce2O7 ceramics for thermal barrier
coatings, J. Eur. Ceram. Soc. 32 (2012) 3693e3700.

[23] Q.P. Zhang, X. Zheng, J. Jiang, W. Liu, Structural stability of La2Ce2O7 as a
proton conductor: a !rst-principles study, J. Phys. Chem. C 117 (2013)
20379e20386.

[24] S. Shi, Y. Yang, P. Guo, J. Wang, L. Geng, L.S. Fu, Improved morphology and
optimized luminescence of Eu3!-doped La2Ce2O7 composite nanopowders by
surfactant-assisted solution combustion synthesis, J. Lumin. 206 (2019)
91e96.

[25] M. Wolcyrz, L. Kepinski, Rietveld re!nement of the structure of CeOCI formed
in Pd/CeO2 catalyst: notes on the existence of a stabilized tetragonal phase of
La2O3 in LaePdeO system, J. Solid State Chem. 99 (1992) 409e413.

[26] H.K. Müller-Buschbaum, H.G.V. Schnering, Zur struktur der a-form der ses-
quioxide der seltenen erden. strukturuntersuchungen an La2O3, Z. Anorg. Allg.
Chem. 340 (1956) 232e245.

[27] M.S. Bakshi, How surfactants control crystal growth of nanomaterials, Cryst.
Growth Des. 16 (2016) 1104e1133.

[28] Y. Wang, C. Wang, C. Li, Y. Cheng, F. Chi, In"uence of different surfactants on
crystal growth behavior and sinterability of La2Ce2O7 solid solution, Ceram.
Int. 40 (2014) 4305e4310.

[29] J.J. Wu, S.K. Shi, X.L. Wang, H.H. Song, M. Luo, W. Chen, Self-rising synthesis
and luminescent properties of Eu3!-doped nanoceria, J. Lumin. 152 (2014)
142e144.

[30] N.O. Nu~nez, S.R. Liviano, M. Oca~na, Citrate mediated synthesis of uniform
monazite LnPO4 (Ln" La, Ce) and Ln: LaPO4 (Ln" Eu, Ce, Ce!Tb) spheres and
their photoluminescence, J. Colloid Interface Sci. 349 (2010) 484e491.

[31] V.G. Keramidas, W.B. White, Raman spectra of oxides with the "uorite
structure, J. Chem. Phys. 59 (1973) 1561e1562.

[32] Z.D. Doh"cevi!c-Mitrovi!c, M.J. S"!cepanovi!c, M.U. Gruji!cBroj"cin, Z.V. Popovi!c,
S.B. Bo"skovi!c, B.M. Matovi!c, M.V. Zinkevich, F. Aldinger, The size and strain
effects on the Raman spectra of Ce1# xNdxO2# d (0& x& 0.25) nanopowders,
Solid State Commun. 137 (2006) 387e390.

[33] D. Avram, M. Sanchez-Dominguez, B. Cojocaru, M. Florea, V. Parvulescu,
C. Tiseanu, Toward a uni!ed description of luminescenceelocal structure
correlation in Ln doped CeO2 nanoparticles: roles of Ln ionic radius, Ln con-
centration, and oxygen vacancies, J. Phys. Chem. C 119 (2015) 16303e16313.

[34] S.K. Shi, M. Hossu, R. Hall, W. Chen, Solution combustion synthesis, photo-
luminescence and X-ray luminescence of Eu-doped nanoceria CeO2:Eu,
J. Mater. Chem. 22 (2012) 23461e23467.

[35] K. Binnemans, Interpretation of europium(III) spectra, Coord. Chem. Rev. 295
(2015) 1e45.

[36] X. Huang, Solid-state lighting: red phosphor converts white LEDs, Nat. Pho-
tonics 8 (2014) 748e749.

[37] Z. Xia, Q. Liu, Progress in discovery and structural design of color conversion
phosphors for LEDs, Prog. Mater. Sci. 84 (2016) 59e117.

[38] H.P. Ji, Z.H. Huang, Z.G. Xia, M.S. Molokeev, X.X. Jiang, Z.S. Lin, V.V. Atucin,
Comparative investigations of crystal structure and photoluminescence
property of eulytite-type Ba3Eu(PO4)3 and Sr3Eu(PO4)3, Dalton Trans. 44
(2015) 7679e7686.

[39] V.V. Atuchin, A.K. Subanakov, A.S. Aleksandrovsky, B.G. Bazarov, J.G. Bazarova,
T.A. Gavrilova, A.S. Krylov, M.S. Molokeev, A.S. Oreshonkov, S.Y. Stefanovich,
Structural and spectroscopic properties of new noncentrosymmetric self-
activated borate Rb3EuB6O12 with B5O10 units, Mater. Des. 140 (2018)
488e494.

[40] Y.G. Denisenko, A.S. Aleksandrovsky, V.V. Atuchin, A.S. Krylov, M.S. Molokeev,
A.S. Oreshonkov, N.P. Shestakov, O.V. Andreev, Exploration of structural,
thermal and spectroscopic properties of self-activated sulfate Eu2(SO4)3 with
isolated SO4 groups, J. Ind. Eng. Chem. 68 (2018) 109e116.

[41] J.D.L. Dutra, T.D. Bispo, R.O. Freire, LUMPAC lanthanide luminescence soft-
ware: ef!cient and user friendly, J. Comput. Chem. 35 (2014) 772e775.

S. Shi et al. / Journal of Alloys and Compounds 814 (2020) 152226 7



[42] L.D. Carlos, R.A.S. Ferreira, V. de Zea Bermudez, S.J.L. Ribeiro, Lanthanide-
containing light-emitting organiceinorganic hybrids: a bet on the future, Adv.
Mater. 21 (2009) 509e534.

[43] P.A. Tanner, Some misconceptions concerning the electronic spectra of tri-
positive europium and cerium, Chem. Soc. Rev. 42 (2013) 5090e5101.

S. Shi et al. / Journal of Alloys and Compounds 814 (2020) 152226

[44] G. Blasse, B.C. Grabmaier, Luminescent Materials, !rst ed., Springer-Verlag,
Berlin, 1994.

[45] H. Li, R. Zhao, Y. Jia, W. Sun, J. Fu, L. Jiang, S. Zhang, R. Pang, C. Li,
Sr1.7Zn0.3CeO4: Eu3!, novel red-emitting phosphors: synthesis and photo-
luminescence properties, ACS Appl. Mater. Interfaces 6 (2014) 3163e3169.

8



Supplementary material 

Blue-light excitable La2Ce2O7:Eu3+ red phosphors for white light-emitting diodes 

Shikao Shia,*, Lina Wanga, Ming Fangb, Lianshe Fub, Luís D. Carlos b,*, Rute A. S. Ferreira

b,*, Jiye Wanga and Shuping Wanga 

aCollege of Chemistry and Materials Science, Key Laboratory of Inorganic Nanomaterials of 

Hebei Province, Hebei Normal University, Shijiazhuang 050024, China.   

bPhysics Department and CICECO - Aveiro Institute of Materials, University of Aveiro, 

3810-193 Aveiro, Portugal.   

* Corresponding authors: E-mail addresses, shishikao@hebtu.edu.cn (S. Shi), lcarlos@ua.pt

(L.D. Carlos, rferreira@ua.pt (R.A.S. Ferreira).



Structural characterization 

Fig. S1. XRD patterns of La2Ce2O7 powders using different amounts of glycine. 



Optical characterization 

Fig. S2. a,c) Room-temperature excitation and b,d) emission spectra of La2Ce2O7:Eu (a,c) 

and CeO2:Eu (b,d). HR stands for high resolution spectrum. 

For La2Ce2O7:Eu the excitation spectrua is dominated by the peak in the blue region (466 
nm), whereas for CeO2:Eu and the  CTB of O o Ce around 360 nm is also observed.  



Fig. S3. Emission decay curves of Eu3+-doped (a) La2Ce2O7  and (b) CeO2  excited at 466 

nm and monitored at 615 nm. The solid line represents the data best fit (r>0.99); the fit 

residual plots are also shown. 

Fig. S4. Chromaticity coordinates for devices S0 to S5. 
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A B S T R A C T

Light-emitting diodes (LEDs) are replacing conventional lighting sources, like incandescent and fluorescent 
lamps, due to their higher efficiency, lower energy consumption and environmental friendliness characteristics. 
Additional applications envisaging “engineered light” able to control the human circadian rhythm are now in 
place with emphases on green-emitting LEDs. In this work, transparent and flexible coatings based on organ-
ic–inorganic di-ureasil hybrids doped in-situ with a terbium (Tb3!) complex involving salicylic acid as ligands 
were synthesized. The materials are transparent, essentially amorphous and thermal stable up to 180 "C. Under 
near-UV excitation, bright green emission with high quantum yield (0.565 0.057) and enhanced photostability 
are observed. Green-emitting prototypes were fabricated using a commercial 

#
near-UV-emitting LED (NUV-LED) 

combined with the Tb3!-doped di-ureasil coating showing narrow-band green emission with yellowish-green 
color coordinates (Commission Internationale de l’!Eclairage, CIE 1931) of (0.329, 0.606) and high luminous 
efficacy (21.5 lm/W). This efficacy is the largest one reported for analogous prototypes formed by an NUV-LED 
coated with a green-emitting phosphor prepared under mild synthetic conditions (<100 "C), demonstrating that 
in-situ formation of carboxylate lanthanide-based complexes is an energy saving process with potential for solid- 
state lighting and backlight for flexible displays.   

1. Introduction

Lighting as one of the indispensable human technologies has been
widely applied to human activities, including basic illumination and 
decoration [1]. Light-emitting diodes (LEDs) emerged in the last decades 
as an efficient solid-state lighting source not only replacing the tradi-
tional incandescent and compact fluorescent light bulbs [2], but also 
featuring more uncommon applications in the fields of human health 
and productivity due to their “engineered light” able to control the 
circadian rhythm [3–5]. LEDs, however, still face some shortcomings 
such as an insufficient cyan emission limiting color render index and a 
relatively low efficient green emission, termed as “cyan gap” and “green 
gap” problems, respectively [6,7]. Monochromatic green-emitting de-
vices are particularly desirable due to the larger sensibility of the human 
eyes in this spectral region [8], pushing, therefore, solid-state lighting to 
pay particular attention to the development of green-emitting LEDs. 
Contrarily to what found for LEDs with emission in the blue or red 

spectral regions, the development of green-emitting devices has been 
limited so far due to the “green gap” [7]. While the manufacture of red- 
and blue-emitting LEDs with high luminous efficacy (LE) is attained 
simply by adjusting the relative amount of indium in InGaN or AlInGaP, 
for the green-emitting ones, this methodology induces a decrease in the 
LE [9]. An alternative approach to overcome the “green gap” is the 
combination of near-UV emitting LEDs (NUV-LEDs) and down-shifting 
phosphors able to efficiently convert the near-UV radiation from 
GaN-based LEDs into green light [10]. 

Complexation of lanthanide ions (Ln3!) with organic ligands has 
been extensively applied to develop efficient phosphors for LED appli-
cations, given the intrinsic pure and tunable emission colors of the ions. 
The judicious choice of the ligands requires high-absorption coefficients 
in the UV spectral region and efficient intramolecular energy transfer to 
the Ln3! excited states [11]. For sensitizing the Ln3! ions, whereas 
!-diketonates and carboxylates are frequently used as the primary li-
gands, heterocyclic moieties are used as ancillary ones [12]. Compared
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to Ln3!-based complexes involving !-diketonate ligands, carboxylate 
complexes usually show improved photo- and thermal-stabilities due to 
their polymeric nature [13]. As a result, Ln3!-based complexes with 
carboxylates could be regarded as prospective phosphors for lighting 
and display applications. In particular, aromatic carboxylic acids typi-
cally have strong absorption in the UV or near-UV spectral regions due to 
the delocalized !-electron system of aromatic rings and have been 
widely used to prepare Ln3!-based coordination polymers [14–24]. 
Among those complexes, examples involving hydroxybenzoic acids, 
especially salicylic acid (HSal) and their derivatives, already displayed 
promising luminescence features [21–24]. In what concerns process-
ability, these complexes should be incorporated into solid-state matrices 
enabling easy film fabrication, which is a relevant property featuring the 
use of UV-LED. Nonetheless, the polymeric characteristic of the com-
plexes with short-range interactions [25], renders them with poor sol-
ubility in common organic solvents, preventing their direct 
incorporation. 

Up to now, those complexes were incorporated into aminoclays [26] 
and 
embedding 

organic$
by in-situ 

inorganic 
sol

hosts 
gel 

either 
process [

via 
27 30

covalent 
]. Focusing 

binding 
our 

or 
attention
physical 

 –
on Tb3!-derived complexes 

$
due to the intrinsic green color, mention 

must be done to examples involving HSal and 1,10-phenanthroline 
(phen) ligands doped into polyvinyl alcohol (PVA) [31]. Although 
some of the Tb3!-derived complexes with aromatic carboxylates display 
high emission quantum yields (~0.50), the maximum excitation wave-
length lies in the UV region (~320 nm), which is not suitable for exci-
tation with NUV-LED chips (>350 nm) [15,21,32]. Therefore, the design 
and synthesis of new near-UV excited phosphors are critical issues. Few 
works reported the sensitization of Tb3!-related luminescence by aro-
matic carboxylate ligands in the near-UV region [33–36]. For instance, 
the Tb3!-based macrocyclic complex with pyrazoyl-1-azaxanthone 
shows the maximum excitation wavelength at 355 nm [33], while the 
complex bearing the 2-hydroxyisophthalate moiety displays the stron-
gest excitation wavelength at 370 nm [34]. The Tb9(Hesa)16(-
"-OH)10(NO3) (Hesa hexyl salicylate) hydroxo cluster exhibits a 
red-shift of the absorption 

%
band from 315 to 340 nm, due to phenyl 

stacking [35]. The Tb3!-based complex with 4-benzoylbenzoic acid and 
undecylenic acid, as primary and reactive ligands, respectively, is 
characterized by a wide excitation range (310–400 nm) [36]. It should 
be noted that an intriguing work was reported showing that using HSal 
as primary ligand and trioctylphosphine oxide as a neutral ligand the 
obtained Tb3!-based complex can render soluble even in non-polar 
matrices [32]. 

Inspired by the aforementioned works, and aiming at synthesizing 
green phosphors with high quantum yields under near-UV excitation, 
herein we incorporate high doping concentrations of a Tb3!-based 

hybrids 
complex 

by 
involving 

in-situ sol
the 

gel 
HSal 

method, 
ligand into 

overcoming 
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di-ureasil

as di-
 
 

ureasils have unique 
$
polymeric structures with different coordination 

points that can interact with the Tb3! ions [37]. The resulting lumi-
nescent di-ureasils were structurally and spectrally characterized, dis-
playing a photostable and bright green emission (quantum yield of 
0.565 0.057). Green-emitting LEDs prototypes were also fabricated 
using 

#
commercial available NUV-LEDs (365 nm) combined with the 

Tb3!-doped di-ureasil coating showing the largest LE (21.5 lm/W) re-
ported so far for analogous prototypes formed by an NUV-LED coated 
with a green-emitting phosphor prepared under mild synthetic condi-
tions (<100 "C). 

2. Experimental section

2.1. Chemical and materials

Sodium salicylate (NaSal, Acofarma, 99%), HSal (Acofarma, Madrid, 
Spain), #,$-diaminepoly(oxyethylene-co-oxypropylene) (ED-600, 
Huntsman), and 3-isocyanateproplytriethoxysilane (ICPTES, 95%, 

Aldrich) are commercially available. A terbium chloride (TbCl3) 
aqueous solution (0.1 mol/L) was obtained by dissolving terbium oxide 
(Tb4O7, Yuelong New Material Co., Ltd., Shanghai, China) in hydro-
chloride acid (HCl, 37%, Aldrich). The remaining acid was removed by 
successive evaporation and the resulting solid was dissolved in distilled 
water. Tetrahydrofuran (THF, 99%, Sigma–Aldrich) and absolute 
ethanol (EtOH, Sigma–Aldrich) were used as solvents. The HCl and so-
dium hydroxide (NaOH, AkzoNobel, Barcelona, Spain) were used for the 
formation of gels. All chemicals were used as received without purifi-
cations. Distilled water was used throughout experiments. The com-
mercial NUV-LED chips (365 5 nm) were purchased from Shenzhen 
Looking Long Technology Co., 

#
Ltd., Shenzhen, China. 

2.2. Synthesis of d-UPTES(600) precursor 

The non-hydrolised precursor, d-UPTES(600), used for the prepara-
tion of the di-ureasil, dU(600), was synthesized according to the liter-
ature [38]. The ICPTES was added dropwise into a homogenous mixture 
of ED-600 and THF under stirring at room temperature with the molar 
ratio of ED-600:ICPTES 1:2. After 24 h of stirring at room tempera-
ture, the THF in the 

%
mixture was evaporated under vacuum, and the 

d-UPTES(600) precursor was achieved.

2.3. Synthesis of dU(600) doped in-situ with a Tb3!-based complex 

For the preparation of the non-doped dU(600), 1.0 g (0.913 mmol) of 
d-UPTES(600) was mixed with 1 mL of EtOH and 98.6 10$6 L of HCl
(0.05 mol/L) in a beaker for 30 min stirring. The 

&
mixture was then

transferred into an oven at 50 "C. The molecular structure of the dU 
(600) is illustrated in Scheme 1. For the preparation of the dU(600)-
based hybrids containing distinct concentrations of the Tb3! complex
with HSal, 1.0 g (0.913 mmol) of d-UPTES(600) was mixed with 1 mL of
EtOH in three isolated beakers. Then 98.6 & 10$6 L of HCl (0.05 mol/L)
was added with a molar ratio of d-UPTES(600):H2O 1:6 to the three 
isolated beakers. The resulting sols were stirred at room 

%
temperature for 

30 min. Simultaneously, 9.13 10$4, 1.826 10$3 and 2.739 10$3 L
of TbCl3 (0.1 mol/L) aqueous 

&
solutions were 

&
added to another 

&
three 

separated beakers and dried at 95 "C to evaporate the water. Then, they 
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$3
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&
dU(600):Tb:HSal 

&
1:c:3c (c 10%, 20% and 30%), respec-

tively. These mixtures were 
%
added to the 

%
above sols, separately, followed 

by 10 min of stirring at room temperature. Finally, 54.8 & 10$6, 110.0 &
10$6, and 164.5 & 10$6 L of NaOH (5.0 mol/L) were added to the above
mentioned three sols under stirring, with a molar ratio of HSal:NaOH 
1:1. The resulting transparent sols were transferred to a model and

%
 

placed in an oven of 50 "C for two days. The samples with doping 
concentrations of 10%, 20% and 30% are designated as 10TbSal@dU6, 
20TbSal@dU6, and 30TbSal@dU6, respectively. The Tb content in the 
final hybrids was determined by Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES) as 1.3 0.1, 2.5 0.3, and 3.9 0.4 
wt%, for 10TbSal@dU6, 20TbSal@dU6, 

#
and 

#
30TbSal@dU6 

#
respec-

3.2 
tively. 

0.3 
These 

and 4.6 
values are 

0.4 
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accord with 
respectively, 

the 
being 
calculated 

the minor 
ones, 1.7 #

deviations
0.2,

 
 

assigned 
#

to residual 
#

solvent and the unfinished condensation reaction. 
The uniform distribution of the complex within the hybrid is inferred 
from scanning electronic microscopy (SEM) images and energy- 
dispersive X-ray spectroscopy (EDX) elemental maps of 30TbSal@dU6 
that reveal a smooth surface and a homogenous distribution of the Si and 
Tb atoms, without evidence of aggregation, (Fig. S1, Supplementary 
Data). We note that at higher dopant molar ratios (e.g., 40 mol%) 
transparency is lost. Fig. 1a and b displays photographs of a transparent 
30TbSal@dU6 thick film under day light and 365 nm illumination, 
respectively. 
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2.4. Synthesis of the Tb3! complex 

The pure Tb3!-based complex with HSal ligand, Tb(Sal)3%H2O, 
designated as Tb–I, was synthesized according to the literature [39]. 

2.5. Prototypes of green-emitting LEDs fabrication 

The green-emitting LEDs prototypes were fabricated as followed: a 
droplet (1.0 10$5 L) of the 30TbSal@dU6 sol was drop-casted on the
surface of a 

&
commercial NUV-LED. Then, the LED was moved into an 

oven (50 "C) for 2 days for complete gelification and solvent removal. To 
ensure reproducibility, three prototypes were made, under the same 
experimental conditions. Fig. 1c shows a photograph of the as-fabricated 

prototype under daylight and the zoomed photo in Fig. 1d displays the 
same LED upon 5 & 10$3 A of driving current.

2.6. Measurements 

UV–visible absorption spectra were measured using a dual-beam 
spectrometer Lambda 950 (PerkinElmer) at a resolution of 1.0 nm. 
Powder X-ray diffraction (XRD) patterns were recorded in the 2& range 
of 3.5–60.0" by using Panalytical Empyrean Diffractometer under 
exposure of CuK# radiation (1.54 Å). Fourier transform infrared (FT-IR) 
spectra from 4000 to 400 cm$1 with 64 scans and 4 cm$1 resolution 
were obtained by using MATTSON 7000 FT-IR Spectrometer. The best fit 
of the experimental data was sought by varying the frequency, 

Scheme 1. Molecular structures of (a) dU(600) and (b) HSal ligand.  

Fig. 1. Photographs of a free standing film of 30TbSal@dU6 under (a) day light and (b) near-UV radiation (365 nm); In (c) a commercial NUV-LED chips (365 nm) 
coated with 30TbSal@dU6 is shown (the grey dashed circle signs the hybrid coating), whereas the photo in (d) zooms the LED operating at 5.0 & 10$3 A of
driving current. 
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bandwidth, and intensity of the bands and by employing Lorentzian/ 
Gaussian contributions. FT-Raman spectra were obtained at room tem-
perature with a Bruker RFS 100/S spectrometer equipped with a Nd: 
YAG laser (1064 nm, 350 mW). The Raman intensities were collected 
over the 4000–50 cm$1 range at a resolution of 4 cm$1. Thermogravi-
metric (TG) measurements were performed with a 10 

"
C/min heating 

speed under the air atmosphere on an SDT 2960 analyzer (Shimadzu, 
Japan). The Tb content was determined by ICP-OES (Inductively 
Coupled Plasma Optical Emission Spectroscopy) analysis on a Horbia- 
Jobin Yvon model Activa-M. SEM analyses were carried out using a 
scanning electron microscope Hitachi SU-70 operating at an acceler-
ating voltage of 15 kV and an EDX from Bruker. Excitation and emission 
spectra were recorded using a Fluorolog3® Horiba Scientific spectro-
scope (Model FL3-2 T) with a modular double grating excitation spec-
trometer and a TRIAX 320 single emission monochromator, coupled to 
an R928 Hamamatsu photomultiplier using the front face acquisition 
mode. A 450 W Xe arc lamp was used as the excitation source. The 
emission spectra were corrected for the detection and optical spectral 
response of the spectrofluorimeter and the excitation spectra were cor-
rected for the spectral distribution of the lamp intensity using a photo-
diode reference detector. The emission decay curves were measured 
with the setup described for the luminescence spectra using a pulsed 
Xe–Hg lamp (6 "s pulse at half-width and 20–30 "s tail). The absolute 
emission quantum yields (q) were measured at room temperature using 
the C13534 system from Hamamatsu with a 150 W xenon lamp coupled 
to a monochromator for wavelength discrimination, an integrating 
sphere as sample chamber and two multichannel analyzers for signal 

detection. Three measurements were made for each sample and the 
average value with an accuracy of 10% is reported. The radiant flux (W) 
and the luminous flux (lm) of the prototypes (coated NUV-LED) were 
measured using an integrating sphere ISP 150L-131 from Instrument 
Systems. The integrating sphere (BaSO4 coating) has an internal diam-
eter of 150 mm and was coupled to an array spectrometer MAS 40 from 
Instrument Systems. The measurements are accurate within 5%, 
accordingly to the manufacturer. The phosphor performance was eval-
uated under continuous 

 
excitation at 365 nm (450 W, Xe arc lamp, 3.5 &

10$3 W irradiation).

3. Results and discussion

3.1. Structural studies

The powder XRD patterns of 10TbSal@dU6, 20TbSal@dU6, and 
30TbSal@dU6 are given in Fig. S2 (Supplementary Data). All the pat-
terns show a broad band centred at ca. 21.0" ascribed to the presence of 
amorphous siliceous domains from the dU(600) host [40]. The 
second-order of this peak appears as a very broad weak hump around 
35.0–50.0". Accordingly, the structural unit distances are estimated, 
using the Bragg law [41], to be 4.3 0.1, 4.2 0.1 and 4.2 0.1 Å for 
10TbSal@dU6, 20TbSal@dU6, 

#
and 

#
30TbSal@dU6, 

#
respectively, 

resembling that previously reported (4.2 0.1 Å) for dU(600) [42]. The 
sharp peaks at 31.9, 45.6, and 56.6" result 

#
from the diffraction of NaCl 

(Fig. S2, Supplementary Data), that was formed when Cl$ ions in TbCl3 
react with Na! ions in NaOH. 

Fig. 2. (a) Curve-fitting results of the FT-IR “Amide I00 region of 10TbSal@dU6 (red line), 20TbSal@dU6 (green line) and 30TbSal@dU6 (blue line); (b) Integral area 
fraction of the resolved components of the “Amide I00 bands of 10TbSal@dU6 (red line/symbol), 20TbSal@dU6 (green line/symbol) and 30TbSal@dU6 (blue 
line/symbol). 
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The local structure of 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 
were further investigated by FT-IR (Fig. S3, Supplementary Data). The 
disappearance of the strong band at 2272 cm$1 related to the isocyanate 
moiety of ICPTES in all the spectra indicates that the functional amine 
groups fully react with ICPTES (Fig. S3, Supplementary Data). Looking 
for evidence of the Tb3! local coordination in the hybrid host through 
the oxygen atom of the carbonyl group of the urea cross-linkages, we 
inspect the ‘‘Amide I00 and ‘‘Amide II’’ regions (1800–1490 cm$1) [43], 
in Fig. 2a. For dU(600), in “Amide I00 region, the three individual com-
ponents centred at ~1720 (D3), 1686 (D2), and 1662 (D1) cm$1 are 
assigned to the absorptions of hydrogen-bonded C––O groups of disor-
dered poly-(oxyethylene) (POE)/urea aggregates of increasing strength, 
whereas the prominent band appeared at around 1640 cm$1 (O) is due 
to the absorption of C––O groups included in significantly more ordered 
hydrogen-bonded urea urea aggregates [44]. Typically, the coordina-
tion of Ln3! ions to the 

$
C––O oxygen atoms of the urea cross-linkages of 

the di-ureasil matrix is easily discerned in the “Amide I00 region through 
the detection of a new event around 1620 cm$1 (L) [44,45]. The results 
of the curve-fitting performed in the “Amide I00 and “Amide II” bands of 
10TbSal@dU6, 20TbSal@dU6, and 30TbSal@dU6 (Fig. 2a) and the in-
tegral area fraction of the resolved components of “Amide I” (Fig. 2b and 
Table S1, Supplementary Data) for the relative component percentages) 
fully supports the interaction between Tb3! ions and the C––O groups of 
the urea bridges. Indeed, increasing the Tb3! amount the intensities of 
the 1662 and 1640 cm$1 components are reduced, while that of the 
1620 cm$1 increases significantly. These findings are indicative of the 
disruption of urea urea aggregates O and strongest POE/urea aggre-
gates D1, respectively, 

$
with the concomitant formation of a Tb3!

coordination-sensitive feature and more POE/urea aggregates D2 (the 
intensity of the 1686 cm$1 component increases as the Tb3! concen-
tration increases). In the “Amide II” region, the low-relative intensity 
band at 1515 cm$1 is attributed to the presence of weaker 
hydrogen-bonded urea–urea structures [38], while that at 1595 cm$1 

(that increases with the increasing of the Tb3! concentration) is due to 
asymmetric –COO– vibrations from Sal ligands [46,47]. 

The hybrids’ local structure was further studied by FT-Raman spec-
troscopy, to ascertain the formation of the Tb3!-based complex during 
in-situ synthesis process. To assist an easier interpretation of the data, 
the FT-Raman spectra of the dU(600) and the pure HSal, NaSal, and Tb–I 
are given out in Fig. S4 (Supplementary Data). The FT-Raman spectra of 
the Tb3!-based hybrids are composed of the components found for dU 
(600) and Tb–I, with no evidence of the NaSal and HSal contributions
(Table S2, Supplementary Data), supporting, therefore, the formation of
the Tb3!-based complex by in-situ sol-gel process.

The thermal stabilities of the hybrids were also evaluated through 
the comparison among the TGA data of dU(600), Tb–I and 
30TbSal@dU6 (Fig. S5, Supplementary Data). For Tb–I, the thermal 
decomposition process takes four steps. The first weight loss occurs from 
150 to 180 "C due to the removal of one water molecule from the lattice 
(calcd.: 3.1%, found: around 3.5%). Further weight losses are attributed 
to the formation of the intermediate products (1/2)Tb 
(C6H4OHCOO)3%(1/4)Tb2O2CO3 (calcd: 63.9%, found: around 66.5%) 
and (1/3)Tb(C6H4OHCOO)3%(1/3)Tb2O2CO3 (calcd: 53.9%, found: 
around 48.9%), respectively [48]. The final weight loss is associated 
with the decomposing of residues and forming Tb2O3 (calcd: 31.1%, 
found: around 32.0%) [49]. This decomposition process of Tb–I is 
similar to the decomposition behavior of the binuclear terbium complex 
[Tb2(HSal)8(H2O)2][(Hphen)2]%2H2O [50] that losses lattice and coor-
dinated water molecules between 107 and 171 "C (observed, 3.65%; 
calculated, 3.89%). Moreover, the two chelating salicylate groups 
(observed, 36.18%, calculated, 34.43%.) decompose from 171 to 291 
"C. For dU(600), the first weight losses before 100 "C is ascribed to the 
removal of the absorbed water and residual organic solvent. The main 
weight loss happened when the temperature is in the range of 175–327 
"C, with around 53%, due to the decomposition of Jeffamine moieties, 
and the next weight change is related to the gradual loss of the 

6
5

6
5

remaining organic moieties and forming SiO2 (calcd.: 13.7%, found: 
14.4%) [51]. For the 30TbSal@dU6 hybrid, two significant weight los-
ses due to the decomposition of polymer chains are discerned in the 
range of 180–630 "C [42]. Moreover, three extra weight losses (marked 
with arrows) are consistent with the decomposition behavior of Tb–I 
(except the weight loss of lattice water around 107–171 "C). This evi-
dence hints that there is no water located on the first coordination shell 
of Tb3! ions. For 30TbSal@dU6, the decomposition of Sal mainly occurs 
at around 287 "C, 383 "C, and 545 "C, with the final residual of SiO2, 
NaCl and Tb2O3 (calcd.: 16.2%, found: 16.9%). The thermal decompo-
sition of the in-situ synthesized Tb3! complex is similar to that of pure 
Tb–I. In summary, the Tb3!-based hybrids are stable up to 180 "C 
making them suitable for LED-based applications. 

3.2. Optical properties 

Fig. 3a displays the UV–visible absorption spectra of free-standing 
films of 10TbSal@dU6, 20TbSal@dU6, and 30TbSal@dU6, revealing 
that all are transparent. The spectra are dominated by a broadband in 
the region 250–325 nm that overlaps the absorption region of the 
undoped dU(600) hybrid [52], and the pure HSal located at 238 and 
305 nm (S2'S0 and S1'S0 transitions, respectively) [53]. The 
maximum absorption wavelengths are ~348, ~350 and ~357 nm, for 
10TbSal@dU6, 20TbSal@dU6, and 30TbSal@dU6, respectively, with a 
red-shift tendency relying on the dopant amount, being observed a 
maximum absorption coefficient for the 20TbSal@dU6 (47 cm$1, at 348 
nm). However, around the near-UV region of interest for the use of 
commercial NUV LEDs (~365 nm), the 30TbSal@dU6 film displays the 
largest absorption coefficient (inset in Fig. 3a). The red-shift of the ab-
sorption onset as the Tb3! concentration increases resembles that re-
ported for the similar Tb(Sal)3(TOPO)2 (TOPO trioctylphosphine 
oxide) complex [32], whose absorption (~350 

%
nm) deviates as the 

dopants concentration increases (0.05–0.75 wt%). Such dependence 
was ascribed to the enhanced stack possibility of the aromatic rings 
caused by the increasing of organic dopants [16]. Increasing the dopant 
concentration enforces the interactions between the aromatic ligands 
and consequently forms more “!-stacking” which also results in the 
red-shift of excitation, consistent with the results of UV–visible spectra. 

The room temperature excitation and emission spectra of 
10TbSal@dU6, 20TbSal@dU6, and 30TbSal@dU6 (Fig. 3b and Fig. S6a, 
Supplementary Data) are analogous and, thus, in Fig. 3c we show the 
illustrative emission spectrum of 30TbSal@dU6. The excitation spectra 
resemble the absorption one, revealing a broadband in the UV region 
ascribed to the overlapped contribution of the dU(600) excited states 
and those from the ligands (Fig. 3b). The maximum excitation wave-
length (~350, ~358 and ~362 nm, for 10TbSal@dU6, 20TbSal@dU6, 
and 30TbSal@dU6, respectively) shifts to the red as the dopant con-
centration increases. The spectra also reveal the low-relative intensity 
7F6(5D4 intra-4f8 transition pointing out that the ligands dominate the 
Tb3! sensitization, enabling the excitation of the hybrids with com-
mercial NUV-LEDs. Moreover, the resonance between the triplet energy 
level of Sal (24184 cm$1) and of the Tb3! 5D4 level (20500 cm$1) [54, 
55] (an energy gap of 3684 cm$1) favours efficient ligand-to-metal en-
ergy transfer [56]. 

The emission spectra are governed by the typical intra-4f8 5D4(7F6–3 
emission lines (Fig. 3c). The higher relative intensity and low FWHM 
(<10 nm) of the 5D4 (7F6 transition in the green spectral range (~545 
nm) confers superior color purity [57,58], and larger overlap with the 
maximum spectral sensitivity of the human eye (555 nm) [59], when 
compared with other green-emitting centres such as Eu2! (4F D1(4F7) 
or Ce3! (4F D1(4F1) incorporated in inorganic hosts, in particular, 
BaSi2O5:Eu2!,Pr3! (~514 nm, FWHM ~150 nm) [60], and 
Ca1%4Al2%8Si9%2N16:Ce3!,Li! (centre at 525 nm, FWHM ~135 nm) [61]. 

The fact that the energy, full-width-at-half maximum (FWHM) and 
number of Stark components is independent of the concentration and 
excitation wavelength (Fig. S6, Supplementary Data), points out that the 
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Tb3! ions occupy, in average, the same unique local environment in all 
the materials and, thus, that a single Tb3! complex was formed in-situ. 
Concerning the local environment, we notice that TGA data confirmed 
that there is no coordination water to the Tb3! ions (Fig. S5, Supple-
mentary Data). Accordingly, the in-situ synthesis of the Tb3! complex 
both blocks the polymeric stacking interaction nature of multi- 
carboxylates and prevents the direct coordination of water molecules 
to Tb3! ions. 

The luminescence decay curves of 10TbSal@dU6, 20TbSal@dU6, 
and 30TbSal@dU6 are shown in Fig. S7 (Supplementary Data), all 
monitored at 543 nm (5D4(7F5 of Tb3! transition) at room temperature. 
All curves are fitted by a single exponential function yielding lifetime 
values of 1.2 0.1 10$3 s (10TbSal@dU6) and 1.4 0.1 10$3 s
(20TbSal@dU6 

#
and 

&
30TbSal@dU6). The single exponential 

# &
decay and 

the similarity among all the values are additional arguments towards the 
formation of an analogous single complex, independently of the Tb3!

concentration. In addition, the absolute quantum yield values are also 
presented in Fig. 4, in which the 30TbSal@dU6 displays the highest 
value, 0.565 # 0.057 under excitation of 360 nm. The corresponding 

and 
values 

0.419 
of 

0.042 
10TbSal@dU6 

(350 
and 
nm), 

20TbSal@dU6 
respectively. The 

are 0.394 
increase 

#
of 
0.039 

the 
(340 
quantum

nm)
 
 

yield with 
#
the concentration increase may account for the contribution 

of the hybrid excited states. Theoretical calculations demonstrated that 
ligand-to-Ln3! energy transfer rates are one order of magnitude larger 
than the values estimated for direct hybrid-to-Ln3! energy transfer [62], 
and, then, the dominant intramolecular energy transfer pathway is 
hybrid-to-ligand-to-5D4, for excitation in the dU(600) singlet excited 
states. We notice that, as more ions are incorporated, a larger number of 
ligands are closer to the hybrids’ excited states and thus enabling effi-
cient energy transfer which contributes to enhancing the radiative 
transition probability. At lower concentrations, despite absorption oc-
curs, less energy is transferred with the consequent decrease of the 
emission quantum yield. 

To unveil the potential of the hybrids to be used as UV-down shifting 
layers in NUV-LEDs, the photostability under NUV excitation was 
evaluated. Under continuous excitation (365 nm), the emission of 
30TbSal@dU6 is nearly stable in the initial 15 h, revealing a decrease 
(~20%) in the next 13 h, Fig. 5. Aiming at comparing it with other 
green-emitting phosphors, we note that photostability depends on the 
excitation source features (energy and optical power density) and as-
pects related to the phosphors, namely on the physical (absorption co-
efficient, thickness, temperature) and chemical (concentration) 
properties (Table S3, Supplementary Data). Thus, an accurate compar-
ison between data must clarify those aspects. Fig. 5 shows the normal-
ized photostability curves of green-emitting down-shifting materials 
under excitation in the near-UV (365 and 370 nm) by LEDs or lamps 
[63–70]. Among near-UV-excited materials, only CsPbBr3 nanocrystals 
prepared at high-temperature values (180 "C) [64] reveal better stability 
compared with that of 30TbSal@dU6. We also highlight that the 
30TbSal@dU6 prepared in-situ using carboxylate ligands, shows 
improved photostability compared to that of the (Tb(3Cl-acac)3(H2O)2 
(acac acetylacetonate) [67] !-diketonate complex, in agreement with 
the 

%
reported active role of the polymeric nature from the former ligands. 
From the above data, we selected 30TbSal@dU6 to fabricate a green- 

emitting LED (Fig. 1). As a figure of merit, the optimised prototype based 
on 30TbSal@dU6 reveals a maximum LE of 21.5 lm/W (4.4 10$2 A of
driving current, and 3.2 V of applied voltage) and 

&
yellowish-green 

emission with CIE color coordinates of (0.329, 0.606), Table S4 (Sup-
plementary Data). This LE value is the best values reported for analogous 
prototypes formed by a NUV-LED (365 5 nm) coated with a green- 
emitting phosphor prepared either under 

#
mild synthetic conditions 

(<100 "C) based on Tb3! ions or at high temperature from solid-state 
reaction for Eu2! ions [36,67,71,72]. 

Fig. 3. (a) UV–visible absorption and (b) normalized excitation spectra (monitored at 543 nm of Tb3! 5D4(7F5 transitions) of 10TbSal@dU6, 20TbSal@dU6, and 
30TbSal@dU6; (c) emission spectrum of 30TbSal@dU6 excited at 362 nm (maximum excitation wavelength). 

Fig. 4. Absolute quantum yields of 10TbSal@dU6, 20TbSal@dU6, and 
30TbSal@dU6 based on excitation wavelength. 

M. Fang et al.
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4. Conclusions

In this work, organic inorganic di-ureasils containing a Tb3! com-
plex with the organic ligand 

$
HSal were synthesized via an in-situ sol-gel 

process. This in-situ synthesis was done at low temperatures ensuring 
energy saving and providing an alternative way to incorporate Ln3!- 
based complexes into polymeric and hybrid matrixes (such as di- 
ureasils), which overcomes the poor solubility problems of Ln3! com-
plexes that are hardly dissolved and/or decompose during the sol gel 
process. We demonstrated the in-situ formation of the Tb3!-complex

$
 

within the di-ureasil host due to the deprotonation of the carboxyl 
groups and the Tb3! coordination with ligand anions yielding trans-
parent coatings. The luminescent di-ureasils show bright green emission 
with a maximum quantum yield of 0.565 0.057 under near-UV exci-
tation up to 365 nm, enabling the fabrication 

#
of a green-emitting pro-

totype based on a near-UV GaN-based chip coated with the Tb3!-based 
di-ureasil layer. The attained narrow-band green emission displays color
stability, and relatively high LE (21.5 lm/W) pointing out that
carboxylate-based complexes prepared in-situ using energy-saving syn-
thesis are promising future for commercial green-emitting LED appli-
cations including solid-state lighting and backlight for flexible displays.
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Figure Caption 

Fig. S1. (a) SEM image and EDX elemental maps of (b) Si and (c) Tb of 30TbSal@dU6. 

Fig. S2. Powder XRD patterns of 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and NaCl with 
cubic space group of Fm-3m. 

Fig. S3. FT-IR spectra of 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and ICPTES. 

Fig. S4. (a) FT-Raman spectra of dU(600), 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and 
(b) HSal, NaSal, Tb-I.

Fig. S5. TGA weight loss curves and their corresponding first derivative of weight curves of 
dU(600), Tb-I and 30TbSal@dU6. 

Fig. S6. (a) Normalized emission spectra of 10TbSal@dU6, 20TbSal@dU6 and 30TbSal@dU6 
excited at maximum excitation wavelengths 350, 358 and 362 nm, respectively; (c) normalized 
emission spectra of 30TbSal@dU6 based on excitation wavelength (300–380 nm). 

Fig. S7. Emission decay curves (300 K) for 10TbSal@dU6 (λex/λem=350/543 nm), 20TbSal@dU6 
(λex/λem=358/543 nm) and 30TbSal@dU6 (λex/λem=362/543 nm). 



FIGURES 

S1. Local structure 

SEM image and EDX maps 

Fig. S1. (a) SEM image and EDX elemental maps of (b) Si and (c) Tb of 30TbSal@dU6. 



X-ray diffraction

Fig. S2. Powder XRD patterns of 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and NaCl with 
cubic space group of Fm-3m. 



Fourier transform infrared (FT-IR) spectroscopy 

Fig. S3. FT-IR spectra of 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and ICPTES. 



Fourier transform Raman (FT-Raman) spectroscopy 

Fig. S4 (a) FT-Raman spectra of dU(600), 10TbSal@dU6, 20TbSal@dU6, 30TbSal@dU6 and (b) 
HSal, NaSal, Tb-I.



Thermogravimetric analysis 

Fig. S5 TGA weight loss curves and their corresponding first derivative of weight curves of 
dU(600), Tb-I and 30TbSal@dU6. 



S2. Photoluminescence 
Steady-state mode 

Fig. S6. (a) Normalized emission spectra of 10TbSal@dU6, 20TbSal@dU6, and 30TbSal@dU6 
excited at 350, 358 and 362 nm, respectively; (b) normalized emission spectra of 30TbSal@dU6 
excited at distinct excitations (300–380 nm). 



Time-resolved mode: emission decay curves 

Fig. S7. Emission decay curves (300 K) for 10TbSal@dU6 (excitation wavelength 350 nm and 
monitoring wavelength 543 nm), 20TbSal@dU6 (excitation wavelength 358 nm and monitoring 
wavelength 543 nm), and 30TbSal@dU6 (excitation wavelength 362 nm and monitoring 
wavelength 543 nm). 



Table S1 

Integral area fraction of resolved components of the “Amide I” bands of 10TbSal@dU6, 
20TbSal@dU6, and 30TbSal@dU6. 

10TbSal@dU6 20TbSal@dU6 30TbSal@dU6 

Vibrations Peak center 
(cm–1) 

Percentage 
(%) 

Peak center 
(cm–1) 

Percentage 
(%) 

Peak center 
(cm–1) 

Percentage 
(%) 

L 1620 7.2 1622 15.1 1623 17.7 
O 1641 46.2 1641 35.6 1641 29.8 
D1 1664 35.6 1662 25.0 1661 26.2 
D2 1687 4.9 1686 15.2 1687 15.8 
D3 1720 6.1 1720 9.1 1720 10.5 



Table S2 
Partial FT-Raman vibration frequencies. 

HSal NaSal Tb-I 30TbSal@dU6 Assignments 
1634 1632 1621 1627 (C=O)c str 1604 1594 
1582 1582 1567 1563 (C=C) str 
1385 1385 1391 1396 (O–H)h i.p. 
1246 1250 1237 1255 (C–O)h str 1206
1029 1032 1037 1030 (C–H) i.p. 

827 821 (C–C)h i.p. 771 805 806 808 
655 670 667 672 (C–H) o.p. 
567 569 576 570 (O–H)c o.p 
452 467 469 453 (C=C) t. 430 427 
258 280 259 256 (C–H) o.p. 

Note: str=stretching bend; i.p.=in-plane bending; o.p.=out-of-plane bending; t.=torsion bending; 
c=vibrations of the carboxylic group; h=vibration of the hydroxylic group. 



Table S3 
Photostability parameters of collected green-emitting LEDs and phosphors. 

Sample Phosphor Synthesis 
Temperature Test situation CIE 1931 

(X, Y) 
λem 

(nm) 
Photodegradation 

% (time) Ref 

RT (0.320, 0.610) 549 36.0% 24h S1 (a) Tb(3Cl-acac)3(H2O)2

(b) CdSe/CdS/ZnS QDs SM 320 qС – 530 50.0% 65h S2 

50 qС (0.332, 0.603) 545 19.3% 28h This 
work (e) 30TbSal@dU6

(f) CaF2-CsPbBr3 HNS-
PQDs 180 qС (0.116, 0.772) 525 45.5% 80h S3 

180 qС – 525 89.0% 80h S3 

180 qС – 525 62.0% 120 h S4 

180 qС (0.148, 0.785) 525 18.0% 120 h S4 

– – 535 17.5% 4h S5 

(g) CsPbBr3 PQDs

(h) CsPbBr3 NCs

(i) CsPbBr3 NCs MS

(j) (pba-allyl)2Ir(pic)@SiO2

(k) CDs 200 qС 

370nm/3.8V/20mA 

400nm/3.2V/350mA 

450 W Xe arc lamp 
3.5×10–3 W irradiation (365 nm) 

365nm lamp/12W 

365nm lamp/12W 

365nm Irradiation 

365nm Irradiation 

W-halogen lamp
(200W)/757mA·cm–2 

365 nm lamp/4W – 500 25.0% 2.5h S6 

Note: 3Cl-acac=3-chloro-2,4-pentaedionate; RT=room temperature; QDs=quantum dots; 
SM=silica monolith; HNS=hierarchical nanospheres; PQDs=perovskite quantum dots; 
NCs=nanocrystals; MS=mesoporous silica; Hpba=4-(2-pyridyl)benzaldehyde; pic=picolinic acid; 
CDs=carbon dots.



Table S4 
Figure of merit for green-emitting LEDs based on the combination of commercial NUV-LED chips 
and near-UV-down shifting phosphors. 

Phosphor Synthesis 
temperature 

LED Chip 
(nm) Operation situation CIE 1931 

(X, Y) 
Luminous 

efficacy (lm/W) Ref 

50 qС 365 
3.1V 5.8 mA (0.332, 0.603) 13.1 

This 
work 

3.2V 44.1 mA (0.329, 0.606) 21.5 

55 qС 365 3.6 V 350 mA (0.298, 0.617) 17.3 S7 

– 365 3.6V 350 mA – 16.7 S7 

RT 370 3.8V 20 mA (0.320, 0.610) 0.8 S1 

900 qС 370 20 mA (0.183, 0.481) 2.2 S8 

30TbSal@dU6 

Tb(p-BBA)3UA 

NaCaPO4:Tb3+ 

Tb(3Cl-acac)3(H2O)2 

Ba5SiO4(F3Cl3):0.05Eu2+ 

(Ba0.46Sr0.46Eu0.08)3BP3O12 950 qС 370 350 mA (0.250, 0.270) 5.2 S9 

Note: p-BBA=4-Benzoylbenzoic acid; UA=Undecylenic acid; CSO=CaSc2O4. 
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Abstract: In order to prepare efficient luminescent organic–inorganic hybrid materials embedded
with a lanthanide (Ln3+) complex with polycarboxylate ligands, Ln3+-doped di-ureasils with
4,4-oxybis(benzoic acid) and 1,10-phenanthroline ligands were synthesized via an in-situ sol–gel route.
The resulting hybrids were structurally, thermally, and optically characterized. The energy levels
of the ligands and the host-to-ion and ligand-to-ion energy transfer mechanisms were investigated
(including DFT/TD–DFT calculations). The results show that these Ln3+-based di-ureasil hybrids
exhibit promising luminescent features, e.g., Eu3+-based materials are bright red emitters displaying
quantum yields up to 0.50 ± 0.05. The luminescent color can be fine-tuned either by selection of
adequate Ln3+ ions or by variation of the excitation wavelength. Accordingly, white light emission
with CIE coordinates of (0.33, 0.35) under 310 nm irradiation was obtained.

Keywords: di-ureasil organic–inorganic hybrids; in-situ sol–gel synthesis; red emitters; white
light emission

1. Introduction

Trivalent lanthanide ions (Ln3+) have attracted considerable attention due to their f-f characteristic
emissions, with high emission quantum yields, narrow bandwidths, long-lived lifetimes, large
ligand-induced Stokes shifts, and ligand-dependent luminescence sensitization [1]. Depending on
the employed Ln3+ ion, the luminescence can cover a spectral range from the near-ultraviolet (UV)
to the visible and even the near-infrared (NIR) regions [2]. The radiative transitions of Ln3+ are
parity-forbidden, resulting in general in a weak absorbance and, accordingly, weak emission [3].

When suitable organic ligands coordinate the Ln3+ ions, however, the brightness and the
luminescence quantum yield of the resultant complexes can be significantly improved upon UV light
irradiation, due to Ln3+ luminescence sensitization or the so-called “antenna effect” (the ligands protect
the metal ions from vibrational non-radiative quenching, inducing an effective intramolecular energy
transfer) [4]. The commonly used organic ligands in Ln3+ complexation include �-diketones, aromatic
carboxylic acids, macrocyclic ligands, and heterocyclic ancillary ligands. Despite the great interest in
these complexes for a wide range of photonic applications, e.g., emitting components in multilayer
organic light-emitting diodes, light concentrators for photovoltaic devices and non-linear optics [5–8],
the number of effective devices is low, mainly due to their poor thermal- and photo-stabilities and low
mechanical strength [9]. Therefore, in order to circumvent these drawbacks, one feasible approach
is to introduce the complexes into a stable rigid matrix, e.g., a polymer or an organic–inorganic host.
In fact, up to now, Ln3+ complexes have been incorporated into sol–gel derived matrices, such as silica-
or titania-based materials [10,11], zeolites [12], mesoporous or layered materials [13,14], soft gels [15],
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polymers [16,17], and organic–inorganic hybrids [18,19]. The incorporation of the complexes into these
matrices increased their luminescent efficiency (avoided self-quenching, due to the concentration effect),
improving concomitantly their thermal- and photo-stabilities, as well as their mechanical strength and
processability [20]. In this regard, emphasis must be placed on amine-functionalized di-ureasil hybrids
consisting of a siliceous skeleton to which oligopolyether chains of different lengths are covalently
grafted by means of urea [NHC(=O)NH] cross-links (Scheme S1, Supplementary Materials) [21,22].
As multiwavelength phosphor hosts, di-ureasils have been applied in many fields, such as white-light
emitters [23,24] and luminescent solar concentrators (LSCs) [25,26]. Meanwhile, Ln3+-based complexes
with �-diketone ligands have also been encapsulated into these di-ureasil hybrid matrices and the
hybrid materials have exhibited improved stabilities and high luminescence quantum yields [27–32].

The sol–gel method is a versatile approach for synthesis of organic–inorganic hybrid
materials [33–38]. Basically, there are three approaches to incorporate Ln3+ complexes into host materials:
pre-doping, post-doping, and in-situ synthesis. While, in the pre-doping method, the preformed Ln3+

complex is dissolved in a solvent that is compatible with the sol in which the precursor will be
hydrolyzed, in the post-doping method, the hosts (generally microporous or mesoporous materials) are
soaked in a solution that contains the complex. Examples of Ln3+-doped organic–inorganic hybrids
synthesized by the pre-doping process are reviewed in [18,19]. Moreover, post-doping examples
include periodic mesoporous organosilica materials obtained by impregnation with Ln3+ complex
solutions [39]. On the other hand, examples of hybrid materials in which the Ln3+ complex was formed
in-situ are scarce. Examples involve heterocyclic or monodentate aromatic carboxylic ligands [40,41].
The main weakness of the pre-doping and post-doping methods is that the complexes cannot be fully
homogeneously dispersed into the matrices to obtain a transparent monolithic composite, due to their
low solubility and/or chemical stabilities in the sol–gel precursor solutions. Therefore, the in-situ
synthesis can be not only used to mix all the compositions at a molecular level, allowing complex
formation during the sol–gel process, but also applied to synthesize hybrid materials comprising
Ln3+ coordination polymers (CPs) with multidentate ligands that are not dissolved in common
organic solvents. Although some works have been reported on the grafting of Ln3+ complexes on
sol–gel-derived hosts, the organic ligands are usually limited to monodentate carboxylate ligands and
heterocyclic ligands.

Compared to Ln3+ complexes derived from �-diketone ligands, examples obtained from
polycarboxylate ligands with multidentate coordination sites show improved thermal stability,
due to their chained or network structures [42]. In these complexes, the multidentate aromatic
carboxylic ligands can act not only as sensitizing agents for the Ln3+ ions but also as connecting
linkers for the network. These polycarboxylate ligands are normally applied to prepare CPs
using hydrothermal/solvothermal reactions at high temperature and high pressure conditions.
An illustrative example is the 4,40-oxybisbenzoic acid (Oba) flexible V-shaped dicarboxylate ligand
(molecular structure shown in Scheme S1, Supplementary Materials) previously employed to
synthesize, by hydrothermal synthesis, Ln3+-based CPs, [Ln(Oba)Phen(ox)0.5] (Ln = Eu, Gd, and Tb,
Phen = 1,10-phenanthroline, ox = oxalate), Eu(Oba)2(Phen), and [Er/Yb(Oba)(HOba)(Phen)]n,
with interesting luminescence features [43–45]. Since the Ln3+-based CPs are usually not dissolved
in common organic solvents in an ambient environment, there are no reports concerning Ln3+

polycarboxylate complexes encapsulated into organic–inorganic hybrid matrices.
In this work, we developed an in-situ sol–gel synthesis to prepare di-ureasil hybrids doped with

Ln3+ polycarboxylate complexes based on Oba and Phen ligands that were homogeneously distributed
within the matrix. The resulting hybrid materials were structurally and optically characterized and
theoretically studied by density functional theory (DFT). Whereas Eu3+-based materials are bright
red emitters displaying high quantum yields (up to 0.50 ± 0.05), the emission color of co-doped
Gd3+/Eu3+/Tb3+-di-ureasils can be fine-tuned by changing the excitation wavelength; consequently,
white light emission was obtained.



Polymers 2018, 10, 434 3 of 17

2. Materials and Methods

2.1. Materials and Synthesis

The diamine ↵,!-diaminepoly(oxyethylene-co-oxypropylene) (ED-600, commercially named
Jeffamine® ED-600, Huntsman, Barcelona, Spain), 3-isocyanateproplytriethoxysilane (ICPTES, 95%,
Aldrich, Algés, Portugal), Oba (98%, ABCR), Phen (99%, Alfa Aesar, Karlsruhe, Germany),
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(HCl, Aldrich) are all commercially available. Tetrahydrofuran (THF, 99%, Sigma–Aldrich, Algés,
Portugal), absolute ethanol (EtOH, Sigma–Aldrich, Algés, Portugal), and dimethylformamide (DMF,
99.99%, Fisher Chemical, Oeiras Portugal) were used as solvents. All chemicals were used as received
without purifications. High-purity distilled water was used throughout experiments.

The synthesis of Ln3+-doped di-ureasils involves two steps (Scheme 1):
(1) Synthesis of di-ureapropyltriethoxysilane (d-UPTES(600)) precursor based on the reaction

between the two-side terminal amine groups of ED-600 and the isocyanate group of ICPTES; and (2)
the hydrolysis and polycondensation of the precursor in the presence of HCl as catalyst and EtOH
as solvent. For the synthesis of the Ln3+-doped di-ureasils, Ln(NO3)3 (Ln = Eu, Tb and Gd), Oba,
and Phen were also added in this second step.

Step 1. Synthesis of the d-UPTES(600) precursor

The first step for preparing the d-UPTES(600) precursor has been reported elsewhere [21]. Briefly,
ICPTES is added dropwise into a homogeneous mixture of ED-600 and THF under stirring at room
temperature with a molar ratio of ED-600:ICPTES = 1:2. After 24 hours of stirring (at room temperature),
the THF in the mixture is evaporated under vacuum and the resulting d-UPTES(600) precursor is then
ready to be used in the next step.

Step 2. Synthesis of undoped and Ln3+-doped di-ureasils

In the second step, EtOH is used as solvent for Ln(NO3)3 (Ln = Eu, Tb and Gd) and Phen,
as well as co-solvent for the d-UPTES(600) precursor (together with water). DMF is used as solvent
for Oba. The undoped di-ureasil (d-U(600)) is synthesized by hydrolysis and polycondensation of
d-UPTES(600) using HCl as catalyst. The Eu3+-doped d-U(600) is prepared similarly but excludes
the incorporation of Eu(NO3)3. For synthesis of the Ln3+-complex-based d-U(600), typically, certain
amounts of Ln(NO3)3, Oba, and Phen are mixed in a flask with EtOH and DMF solvent through
ultrasonic treatment. After this procedure, the resulting mixture is transferred into the d-UPTES(600)
precursor accompanied by 98.7 µL (5.5 mmol) of HCl acidized water (pH = 2.0). The molar ratio
of d-UPTES(600):H2O = 1:6. The resulting sol is stirred for 2 h under ambient temperature before
transferred into a Teflon mold. The sol is put into an oven with 60 �C until gelation occurs. During the
hydrolysis process, Si–OC2H5 groups are gradually hydrolyzed to Si–OH groups and are accompanied
by a condensation reaction to form cross-linking siloxane networks. The heated environment aids in
the evaporation of water, EtOH, and DMF solvent. Meanwhile, Ln3+ complex is in-situ formed during
this process.

A series of undoped and Ln3+-doped d-U(600) is synthesized using different dopant components
and amounts, as summarized in Table S1 (Supplementary Materials). All samples are prepared based
on 1.0 g (0.91 mmol) of d-UPTES(600). The resulting Eu3+- or ligand-doped d-U(600) is designated as
xEu@dU6 and xL@dU6 (L = Oba and Phen), respectively, whereas the resulting Ln3+ complex-doped
d-U(600) is denoted as xLn(Oba)y(Phen)z@dU6 (Ln = Eu, Gd, and Tb), where x stands for the nominal
percentage of the molar ratio of the dopant to the d-UPTES(600) precursor, and y and z stand for the
molar ratios of Oba and Phen to Ln3+ ions, respectively.
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Scheme 1. Preparation of d-U(600) containing in-situ synthesized Ln3+-based complexes.

2.2. Characterization

Fourier transform infrared (FT-IR) spectra were obtained using a MATTSON 7000 FT-IR
spectrometer to scan the sample absorbance intensity from 4000–400 cm�1 with 64 scans and a 4 cm�1

resolution. Before measurements, the prepared samples were kept in an oven at 90 �C for more than
24 h.
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The excitation and emission spectra were recorded using a Fluorolog3® Horiba Scientific
(Model FL3-2T) spectroscope, with a modular double grating excitation spectrometer (fitted with
a 1200 grooves/mm grating blazed at 330 nm) and a TRIAX 320 single emission monochromator (fitted
with a 1200 grooves/mm grating blazed at 500 nm, reciprocal linear density of 2.6 nm mm�1), coupled
with an R928 Hamamatsu photomultiplier, using the front face acquisition mode. The excitation source
was a 450 W Xe arc lamp. The emission spectra were corrected for detection and optical spectral
response of the spectrofluorimeter, and the excitation spectra were corrected for the spectral distribution
of the lamp intensity using a photodiode reference detector. Low-temperature emission measurements
(at 12 K) were performed using a helium-closed cycle cryostat with vacuum system measuring ca.
5 ⇥ 10�6 mbar and a temperature controller (Lakeshore 331) with a resistance heater. The emission
decay curves were measured with the setup described for the luminescence spectra using a pulsed
Xe�Hg lamp (6.0 µs pulse at half width and 20.0�30.0 µs tail).

The absolute quantum yields (q) were measured at room temperature using a quantum
yield measurement system C9920�02 from Hamamatsu with a 150 W xenon lamp coupled with
a monochromator for wavelength discrimination, an integrating sphere as a sample chamber and
a multichannel analyzer for signal detection. Three measurements were made for each sample so that
the average value is reported. The method is accurate to within 10%.

The photostability tests were carried out by successive UV light irradiation with a certain
wavelength (450 W Xe arc lamp, entrance slit/front exit/side exit: 0.15/0.15/0.15 mm for modular
double grating excitation spectrometer, entrance slit/exit slit: 0.3/0.3 mm for TRIAX 320 single
emission monochromator).

The white-light emission was further quantified by the calculation of the (x,y) Commission
Internationale de l’Eclairage (CIE) emission color coordinates for the 2� observer. The color correlated
temperature (CCT), the temperature of a blackbody radiator emitting the same color of the light source,
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typically ranges from 2500 K to 6500 K for lighting applications. The CCT values can be calculated
through the following polynomial function [46]:

(1)CCT = at3 + bt2 + ct + d

where a = 449, b = 3525, c = 6823.3, d = 5520.33 and t is given by the following equation:

t =
(x � xe)
(ye � y)

(2)

with (xe,ye) = (0.3320,0.1858).

2.3. Theoretical and Computational Details

The geometrical structures of the ground state (S0) and the lowest-lying triplet state (T1) of Oba
were optimized by restricted and unrestricted density functional theory (DFT), respectively, using
B3LYP/6-311G(d,p) level of theory [47,48], and the energies were calculated at the B3LYP/def2-TZVP
level of theory. Harmonic vibrational frequencies were calculated at the same level of theory on the
optimized structures to ascertain that each configuration was a minimum on the potential energy
surface. Based on the optimized ground state equilibrium geometries, the vertical transitions with
five low-lying singlet states and the first excited state were calculated by a time-dependent DFT
(TD-DFT) approach. The solvent effect was also considered with the polarized continuum model
(PCM) in DMF medium throughout the calculations. Visualization of the molecular orbital (MO) was
achieved with Multiwfn combined with VMD program [49,50]. Contributions of different atoms to the
frontier molecular orbital (FMO) were obtained by Multiwfn using Mulliken population analysis. All
calculations were performed without any symmetry restrictions using Gaussian 09 [51].

3. Results and Discussion

3.1. Powder XRD Patterns

The XRD pattern of the 6Eu(Oba)1.5(Phen)1.5@dU6 was compared with that of the undoped
d-U(600) (Figure S1, Supplementary Materials). Both exhibited a broad band centered around 21�

associated with the presence of amorphous siliceous domains, whose second diffraction order appeared
as an even broader weak hump, also both around 39� to 44� [52,53]. Additionally, the typical shoulder
from 9� to 15� was clearly discernable, arising from other intra-siloxane domains’ in-plane ordering,
with a characteristic distance of ca. 7.8 ± 0.5 Å, independent of the existence of dopant. According to the
Bragg law [54], d = �/2sin✓, where � is the wavelength of the incident radiation, structural unit distances
of d = 4.2 ± 0.1 Å were estimated for both hybrids, similarly to previously reported works [55,56].
Furthermore, the XRD patterns of hybrids doped with the amount in the range of 2–10 mol % mixture
demonstrated an unaltered host local structure (Figure S1, Supplementary Materials).

3.2. FT-IR Spectroscopy

Figure 1 shows the FT-IR spectra of undoped d-U(600) and its analogues doped with Eu(NO3)3
and organic ligands. As is well known, the amide I envelope (1800–1600 cm�1) reflects the presence of
hydrogen-bonded structures involving the interaction between the N–H moieties of the urea linkages
and the carbonyl oxygen atom of a neighbor urea group or the ether oxygen atoms of the polymer
segments, whereas the amide II mode (1600–1500 cm�1) is a mixed contribution of the N–H in-plane
bending, C–N stretching, and C–C stretching vibrations [21]. The amide I and amide II bands of
d-U(600) were deconvoluted, and three components were isolated at 1713, 1675, and 1642 cm�1 for
the former and one peak at 1569 cm�1 for the latter (Figure S2a, Supplementary Materials). While the
components at 1713 and 1675 cm�1 are ascribed to the vibrations of urea-polyether hydrogen-bonded
structures, the component at 1642 cm�1 is due to the formation of the urea–urea hydrogen-bonded
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associations [57], which suggests that neither C=O from urea moieties nor N–H groups are left free in
the hybrid.

Figure 1. FT-IR spectra of (a) d-U(600); (b) 6Eu@dU; (c) 6Oba@dU6; (d) 6Eu(Oba)1.5@dU6;
and (e) 6Eu(Oba)1.5(Phen)1.5@dU6.

When 6 mol% Eu(NO3)3 was incorporated into d-U(600) (here the ratio of the (OCH2CH2) units in
d-U(600) per Eu3+ ion (n’) is 142), the profiles of amide I and amide II remained unchanged, implying
that the urea linkages are not involved in the coordination of the Eu3+ ions, a similar situation when
Eu(ClO4)3 with n’ = 232 was introduced into d-U(600) [57]. On the other hand, compared to the
spectrum of undoped d-U(600) (Figure 1, Curve a), a distinct peak appeared at 1385 cm�1 (Figure 1,
Curve b), the characteristic N–O stretching vibration band of NO3

� anion, as shown in Figure S2
(Supplementary Materials). Therefore, the ether oxygen atoms of the polymer chains in d-U(600) are
responsible for the presence of the “spectroscopically free” NO3

� moieties.
The vibration bands of asymmetry –COOH and of symmetry –COO� groups that appeared at

1686 and 1595 cm�1, respectively, can be clearly discerned [45,58] on the spectrum of 6Oba@dU6.
When d-U(600) codoped with Eu(NO3)3 and organic ligands, the decrease in intensity in, or even
the disappearance of, these two bands indicates that Eu3+ ions coordinate with the organic ligands.
For comparison of the relative intensity, the amide II bands were normalized for all spectra in Figure 1.
The band intensity of NO3

� anions (1385 cm�1) of 6Eu(Oba)1.5(Phen)1.5@dU6 is larger than that of
6Eu(Oba)1.5@dU6, which can be explained by the fact that the Eu3+ ions not only form bonds with
Oba but also coordinate with Phen, leaving free NO3

� moieties. These evidences imply that Eu3+ ions
prefer to form bonds with Oba and Phen compared with the NO3

� groups. Furthermore, the intensities
of the peak at 1713 cm�1 increase when Eu(NO3)3 and the organic ligands are codoped into d-U(600)
relative to only the Eu(NO3)3-doped analogue, indicating that Eu3+ ions tend to coordinate with
organic ligands and more urea–polyether hydrogen-bonded associations [57].

3.3. 29Si MAS and 13C CP NMR Spectra

The 29Si MAS NMR spectrum of 6Eu(Oba)1.5(Phen)1.5@dU6 is displayed in Figure S3a
(Supplementary Materials). The broad band consists of T1 (at ~–50.0 ppm), T2 (at ~–59.0 ppm), and T3

(at ~–66.0 ppm) characteristic units [59,60]. The conventional Tn (n = 1, 2, and 3) represents the
reaction levels of Si surrounding and n is the number of Si-bridging oxygen atoms. (SiO)2Si(CH2)3OH
and (SiO)3Si(CH2)3 are two typical types of T2 and T3, respectively. The negligible of T1 signals
reflects the high degree of condensation. The signals between ca. �90 and �130 ppm are assigned to
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(⌘SiO)2Si(OH)2 (Q2, geminal silanols), (⌘SiO)3SiOH (Q3, single silanol), and (⌘SiO)4Si (Q4, siloxane)
local environments indicating the pre-hydrolysis of the d-UPTES(600) precursor [61].

According to 13C CP MAS NMR spectrum of the above-doped hybrid in Figure S3b
(Supplementary Materials), the strong signal at 70.5 ppm is assigned to hybrids –(OCH2CH2)–
group, whereas the shoulder at 75.0 ppm is attributed to the –OCH group. The relatively weak
resonances at 17.4 and 159.0 ppm connect tightly with different –CH3 groups and urea C=O groups,
respectively [56,62]. The feature signals of ICPTES, usually appeared at 11.2, 24.8, and 43.6 ppm [63],
are not detected in these spectra, which implies a complete reaction of the precursor. The results are
consistent with 29Si MAS NMR spectra results, as well as a previous publication [56].

3.4. TG and Thermal Stability Analyses

The thermal stabilities of d-U(600) and 6Eu(Oba)1.5(Phen)1.5@dU6 were examined in the
temperature range from 75 to 800 �C. The weight losses show a similar decomposition process
(Figure S4, Supplementary Materials). Before 165 �C, the unimportant weight loss is mainly ascribed
to the evaporation of a small amount of absorbed water and/or ethanol/THF/DMF solvents, whereas,
after 165 �C, the Ln3+-doped hybrids start to decompose with a rapid weight loss from 200 to
400 �C. In addition, the starting degradation temperature of the undoped d-U(600) is at 175 �C [31],
which indicates that the thermal stabilities of hybrids can be slightly influenced by their interactions
with the Eu3+ complexes. From around 200 to 600 �C, the weight losses are mainly due to the
decomposition of the polymer chains of the di-ureasil host and the Eu3+ complexes, and SiO2 and
Eu2O3 are finally formed. The final weights are 14.4% and 15.8% of the initial ones for d-U(600) and
6Eu(Oba)1.5(Phen)1.5@dU6, respectively, which are consistent with the theoretical values of 13.5% of
d-U(600) with complete hydrolysis/condensation reaction and without any solvents.

3.5. Electronic Properties

DFT/TD-DFT calculations were performed for the Oba ligand aiming at estimating the energy
of the first excited singlet (S1) and triplet (T1) states. To provide the framework for the excited
states TD-DFT results, it will be useful to examine the electronic structure in terms of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) (Figure S5,
Supplementary Materials). The contributions from individual atoms to HOMO and LUMO, as well
as their energies, are presented in Figure S6 and Table S2 (Supplementary Materials). Population
analyses reveal that the HOMO is mainly localized on the ether oxygen atom and phenyl rings,
whereas the LUMO is predominantly spread on the two phenyl rings and carbonyl groups. The first
vertical transition with the strongest intensity dominantly (98.5%) involves HOMO!LUMO. Therefore,
the absorption can be attributed to the transitions from the lone pair electron of ether oxygen atom to
phenyl rings (n!⇡*) and from phenyl rings to carbonyl groups (⇡!⇡*). This intramolecular charge
transfer can be regarded as local excitation in nature. The Oba-related excited state energy levels for S1
and T1 were calculated to be around 31,950 cm�1 (313 nm) and 27,700 cm�1 (361 nm), respectively.
The S1 energy compares well with experimental UV–Vis absorption spectrum of the Oba ligand in
DMF solution (Figure S7, Supplementary Materials), whose absorption edge is around 33,300 cm�1

(300 nm). In what concerns T1, experimental validation can be found through the measurement of
the phosphorescence spectrum of the 6Gd(Oba)1.5@dU6 at 12 K. This procedure is valid because
the energy of the Gd3+ excited levels is much higher than that of Oba triplet states, inhibiting any
ligand-to-metal energy transfer process and enabling T1 phosphorescence with a maximum peak
position at 26,250 cm�1 (381 nm) (Figure S8, Supplementary Materials).

3.6. Photoluminescence

Figure 2a shows the emission spectra of 6Eu(Oba)1.5(Phen)1.5@dU6 (dU6Eu-1) and those from
the hybrids with single ligand-based complexes 6Eu(Oba)1.5@dU6 (dU6Eu-2) and 6Eu(Phen)1.5@dU6
(dU6Eu-3). All spectra are composed of a series of straight lines assigned to the Eu3+ 5D0!7F0–4
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transitions, whose emission color coordinates correspond to the pure red with (x,y) CIE color
coordinates of (0.65, 0.33), as illustrated in Figure 2c. The energy and full-width-at-half-maximum
(fwhm) of the intra-4f6 transitions is independent of the excitation wavelength (Figure S9,
Supplementary Materials), indicating the presence of a single Eu3+ average local environment within
each sample. The absence of the ligands’ triplet-related emission suggests an efficient ligand-to-Eu3+

energy transfer. In Figure 3, the corresponding high-resolution emission spectra of Eu3+ ions
(12 K) confirm the single low-symmetry sites of Eu3+ ions for each sample due to the all single
non-degenerated 5D0!7F0 and Stark splitting of 5D0!7F1–2 transitions.

Figure 2. Room temperature (a) emission spectra excited at 275 nm (dU6Eu-3) and 295 nm (dU6Eu-1,
dU6Eu-2); (b) excitation spectra monitored at 615 nm (dU6Eu-1 and dU6Eu-2) and 617 nm (dU6Eu-3);
(c) CIE (1931) (x,y) chromaticity diagram showing the color coordinates of dU6Tb-1 and dU6Eu-1;
and (d) emission; and (e) excitation spectra of dU6Tb-1 excited at 295 nm and monitored at
545 nm, respectively.

Further evidence of the role of the ligands in the energy transfer processes can be inferred by the
measurement of the excitation spectra monitored within the Eu3+‘s more intense transition (5D0!7F2),
shown in Figure 2b. The spectra of the dU6Eu-1 resembles that of the dU6Eu-2 being dominated
by a broad band in the UV (240–360 nm) assigned to transitions predominantly involving the Phen
singlet intraligand ⇡!⇡* transitions, whose S1 is documented in the literature to be about 31,000 cm�1

(322 nm) [64]. The relative intensity variations may arise from contributions of the Oba-ligand excited S1
state in the low-wavelength region (240–280 nm), clearly identified as the excitation spectrum dU6Eu-3,
whose onset at ~300 nm resembles that observed for the UV–Vis absorption spectrum of the Oba ligand
in DMF (Section 3.5). Moreover, the intrinsic d-U(600) excited states overlap the Oba and Phen excited
states’ spectral region (Figure S10, Supplementary Materials), so its involvement cannot be neglected.
All spectra also reveal the presence of a series of intra-4f6 lines attributed to transitions between the
7F0 and the 5L6, 5D3,2 excited states. The very-low relative intensity of these lines compared with that
of the ligand-related broad band points out a more efficient ligand-sensitization process compared
with direct intra-4f6 excitation.

Further evidences of changes in the Eu3+-local environment are found in the 5D0 emission decay
curves monitored around the 5D0!7F2 transition and excited at 275 or 295 nm. All curves reveal
a single exponential behavior (Figures S11b–d), in good agreement with the presence of a single average
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Eu3+ local environment, but with distinct emission decay rates (Table 1). The distinct 5D0 lifetime
values (⌧) may be explained in terms of the radiative (kr) and nonradiative (knr) transition probabilities
and 5D0 quantum efficiency (h), h = kr/(kr + knr), using a procedure based on the 5D0!7F0–4 integrated
areas and 5D0 lifetime, recorded at room temperature for the same excitation wavelength. Using
LUMPAC software [65], we observed that the larger ⌧ value was found for the dU6Eu-1 results from
the cooperative effect of Oba and Phen ligands, which yield both an increase in the kr (5 and 10%
relative to those of dU6Eu-2 and dU6Eu-3, respectively) and a decrease in the knr (21% and 31%
relative to those of dU6Eu-2 and dU6Eu-3, respectively) (Table 1). The number of water molecules
(nw) coordinated to Eu3+ ions is determined using the empirical formula of Supkowski and Horrocks,
nw = 1.11 ⇥ [(kexp � kr � 0.31)] (see Supplementary Material for details), where kexp is the experimental
transition probability (kexp = t�1), yielding nw values below 1 in all the cases, indicating that no water
molecules can be found in the Eu3+-local environment.

Figure 3. (a) High-resolution emission spectra (12 K) of dU6Eu-1 (excited at 275 nm), dU6Eu-2 and
dU6Eu-3 (excited at 295 nm) and (b–d) magnification of the corresponding 5D0!7F0–2 transitions.

Table 1. Emission quantum yield (q), 5D0 lifetime value (t, ms), quantum efficiency (⌘), radiative
(kr, ms�1) and non-radiative (knr, ms�1) transition probabilities and number of water molecules (nw,
±0.1) of selected hybrids. The excitation wavelength (�x, nm) is also indicated.

q ⌧ ⌘ kr knr nw

�x (nm) 275 295 325 295

dU6Eu-1 35 ± 4 0.39 ± 0.04 26 ± 3 1.00 ± 0.05 0.48 0.487 0.518 0.2
dU6Eu-2 48 ± 5 0.50 ± 0.05 40 ± 4 0.92 ± 0.01 0.43 0.465 0.626 0.4
dU6Eu-3 12 ± 1 0.83 ± 0.01 0.37 0.441 0.762 0.5

To further quantify the role of the ligands on the emission properties, q was measured as a function
of the excitation wavelength, namely, at 275 nm involving the Oba ligand and 275–325 nm, to selectively
excite the Phen ligand (Table 1). The quantum yield values of dU6Eu-1 are smaller than those of
dU6Eu-2, independently of the excitation wavelength, although larger than that of dU6Eu-3 at 275 nm.
This latter aspect leads us to suggest that the changes in the Eu3+-local coordination shell due to the
presence of the Oba and Phen ligands yield less efficient sensitization energy transfer mechanisms,
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despite the positive cooperative effect that yields the above-mentioned changes in the 5D0 radiative
(increase) and non-radiative (decrease) paths.

The q values in Table 1 are larger than those known for isolated complexes involving Oba ligand,
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the [Eu(Oba)Phen(ox)0.5]n reveals a larger q value (0.51) [43] when compared with that of dU6Eu-1.

Focusing on siloxane-based hybrid materials, we notice that the q values in Table 1, compared
with those in the literature for tri-ureasil hosts incorporating Eu3+-based complexes, are smaller
than those involving Eu(tta)3ephen (tta = 2-thenoyltrifluoracetonate; ephen = 5,6-epoxy-5,6-
dihydro-[1,10]phenanthroline), 0.63 ± 0.06 [68], and Eu(tta)3·2(H2O), 0.85 ± 0.06 [26], both excited
at 360 nm. Nevertheless, the quantum yield values are larger than those found for Eu(tta)3Phen
incorporated into a siloxane-based biohybrid host including short poly-"-caprolactone segments
0.22 ± 0.02 [69].

Focusing on the role of the Oba and Phen on the optical properties, a series of Eu3+-based
hybrids were prepared varying their relative contribution (Table S1, Supplementary Materials).
The photoluminescence features of emission, excitation spectra, and quantum yield (Figures S9 and S10
and Table S3, Supplementary Materials) are analogous to those detailed for dU6Eu-1. Therefore,
the search for new optical properties will be performed using a Phen/Oba ratio analogous to that
in dU6Eu-1. In particular, the replacement of Eu3+ by Tb3+ ions yields a hybrid material (dU6Tb-1)
able to emit light in the green spectral region with CIE (x,y) color coordinates of (0.28, 0.61) due
to the contribution of the Tb3+ 5D4!7F6-0 transitions (Figure 2c,d). Such intra-4f8 transitions arise
from efficient ligands!Tb3+ energy transfer, as evidenced by the excitation spectrum monitored
within the more intense Tb3+ 5D4!7F5 transition (Figure 2e), which is also dominated by the broad
band already observed for dU6Eu-1, which is ascribed to the Phen and Oba excited states. The 5D4
emission decay curve of dU6Tb-1 was monitored around 544 nm, excited at 275 nm, revealing
a single exponential behavior (Figure S11e) characterized by a lifetime value of 0.97 ± 0.05 ms.
The emission quantum yield of dU6Tb-1 is stable within 0.23 to 0.21 ± 0.02 under excitation at
275–295 nm but decreases to 0.10 ± 0.01 under excitation at 325 nm. These values are smaller than
those of isolated complexes [Tb(Oba)Phen(ox)0.5]n (0.42) [43], [Tb2(Oba)3(H2O)6·3H2O]n (0.72 excited
at 305 nm), and [Tb2(Oba)3(H2O)5.5·0.5H2O]n (0.66 excited at 305 nm) [66].

To gain further insight into the role of the Oba and Phen ligands in the energy transfer processes
involving the Eu3+ and the Tb3+ ions, an energy diagram is given in Figure 4. The S1 and T1 energy
values of the Oba ligand were taken from the experimental results mentioned in Section 3.5. The S1
energy of Phen was set to be about 31,000 cm�1 (322 nm) [64], and T1 was inferred from the emission
spectrum of the 3Gd0.91Eu0.05Tb0.04(Oba)1.5(Phen)1.5@dU6 (dU6GdTbEu-1) (Figure 5) being around
488 nm (20,492 cm�1). The lowest energy singlet and triplet excited states of the d-U(600) host were
taken from the literature [28].

The energy gap (DE) values between S1 and T1 are 7050 and 10,508 cm�1 for Oba and Phen,
respectively. As DE is larger than 5000 cm�1, intersystem crossing (ISC) processes for both ligands
cannot be neglected, in accordance to Reinhoudt’s empirical rule [70]. To get an efficient energy transfer
from T1 to Ln3+ ions, it is well known that the triplet state energy level of the ligands should be in
a suitable range. Latva et al. have investigated Eu complexes with a series of ligands (the T1 levels
between 19,000–28,000 cm�1) and concluded that the triplet state energy level of 20,000–23,000 cm�1 for
the ligands can efficiently sensitize Eu emission [71]. With respect to the T1 levels of Phen (20,492 cm�1)
and Oba (26,250 cm�1), although both can match the 5D1 and 5D0 resonance levels of Eu3+ ions, the T1
energy level of Phen demonstrates a more efficient energy transfer path than that of Oba, which
results in ⌘ = 0.43, for dU6Eu-2 under 295 nm irradiation, and ⌘ = 0.37, for dU6Eu-3 under 275 nm
irradiation, as shown in Table S3 (Supplementary Materials). Referring to all the energy levels for the
ligands, d-U(600) hybrid matrix and Eu3+ excited states (Figure 4), since the T1 energy level of Oba is
higher than that of Phen by around 5700 cm�1, it can sensitize the Eu3+ emission through a two-step
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intermolecular energy transfer process, namely, between (i) T1 of Oba to T1 of Phen, followed by T1
of Phen-to-Eu3+ energy transfer, and (ii) between T1 of Oba and hybrid, followed by hybrid-to-T1 of
Phen-to-Eu3+ and hybrid-to-Eu3+ energy transfer [31]. These results show the crucial role of Oba in
the population of the Eu3+ emitting levels through the hybrid-related states.

Figure 4. Partial energy diagram highlighting the main potential relaxation pathways in dU6Eu-1,
dU6Tb-1, and dU6GdEuTb-1 hybrids.

As illustrated in the diagram in Figure 2c, the emission color is chemically tuned by the
adequate selection of the Ln3+ ion, namely Tb3+ (green) and Eu3+ (red). The combination of the
two ions in a single hybrid material opens the possibility to change the emission color using external
physical parameters, such as the excitation wavelength. Thus, based on the previous results, a mixed
Eu3+/Tb3+-doped d-U(600) hybrid with an Oba/Phen ratio analogous to that in dU6Eu-1 was prepared.
To tune the energy-transfer processes and enable the ligands related emission, this sample was also
doped with Gd3+ ions as a strategy to enable the observation of the ligands/hybrid intrinsic emissions
as the efficient energy transfer observed from those to the Eu3+ and Tb3+ ions, which will be inhibited
due to the much higher excited levels of Gd3+ than the first triplet states of the ligands. Therefore,
the ligands that are anchored by Gd3+ ions will emit rather than being able to transfer energy to the
Gd3+ ions, adding the blue component to the red (Eu3+) and green (Tb3+) contributions, as shown in
Figure 5. The peak position of the observed broad band around 488 nm (20,492 cm�1) is very close to
the T1 state reported for the Phen ligand around 22,100 cm�1 (452 nm) [64]. Moreover, comparing the
T1 energy peak position excited at 370 nm for the dU6GdTbEu-1 (488 nm, 20,492 cm�1) with that of the
undoped hybrid host (Figure S12, Supplementary Materials) under analogous excitation, we observed
a significant blue-shift (58 nm, 2764 cm�1) for the d-U(600) emission spectrum. In addition, the energy
of the band in Figure 5a is independent of the excitation wavelength, and the typical red shift of the
emission peak position as the excitation wavelength increases, known from the di-ureasil host [31,56],
reinforces this component, which arises from the T1 of the Phen ligand. A possible contribution from
the Oba triplet state is not predictable, as the triplet state is characterized by higher energies (Figure S8,
Supplementary Materials) and it is not excited by energy lower than 300 nm (Figure 2b and Figure S7,
Supplementary Materials). Thus, the broad band in Figure 5a is mainly ascribed to the Phen ligands’
triplet states.
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Interestingly, the cooperative effect of the emission arising from the Phen ligand and the Tb3+ and
Eu3+ ions allows for the tuning of the hybrid’s relative emission intensity as the excitation wavelength
increases from 270 to 370 nm. As a result, the emission color varies from the orange-reddish spectral
region, with a CCT of 3200 K and color coordinates of (0.43, 0.41) at 270 nm, to a bluish-green region,
(0.23, 0.34) at 370 nm, crossing the center of the diagram ascribed to the pure white light region with
a CCT of 5600 K, coordinates of (0.33, 0.35), and a quantum yield of q = 0.03 ± 0.01 under an excitation
at 310 nm. The measured quantum yield values are given in Table S4, Supplementary Materials.

Figure 5. (a) Emission spectra and (b) CIE chromaticity coordinates of dU6GdTbEu-1 excited at
different wavelengths from 270 to 370 nm.

The cooperative effect of Oba and Phen ligands is at around an excitation of 275 nm. Under
preferential excitation into the Phen ligand (325–345 nm), the quantum yield of dU6Eu-1 is analogous
to that of dU6Eu-2. The fact that quantum yield is maximum at 295 nm can be explained as this
excitation wavelength corresponds to the maximum contribution of the Phen ligand for the excitation
spectra, still overlapping the Oba ligand, reinforcing the relevance of the cooperative role of the two
ligands to boost the Eu3+ emission.

The photostability of Ln3+-complex-doped di-ureasils was evaluated measuring the emission
spectra every 15 min upon 295 and 343 nm irradiation during ~250 min. The results are shown in
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Figure S13a,b for the illustrative example of d6Eu-1. The irradiation time dependency of the 5D0!7F2
emission intensity is presented in Figure S13c (Supplementary Materials). After an irradiation time of
~250 min at 295 nm, the emission intensity drops by about 15%. However, by decreasing the irradiation
energy (343 nm), the overall drop decreases to about 5%. For both irradiation wavelengths and during
the study time interval, d6Eu-1 displays a near linear photodegradation (�0.0575 and �0.0356%/min,
for 295 and 343 nm, respectively), similar to what has been reported elsewhere [28].

4. Conclusions

In this study, organic–inorganic di-ureasil hybrids doped with Ln3+ complexes with the
polycarboxylate ligand Oba and the ancillary ligand Phen were synthesized via an in-situ sol–gel
technique via hydrolysis and condensation of the precursor in the presence of Ln3+ ions and the
organic ligands. The resulting Ln3+-complex-doped d-U(600) hybrids were structurally and thermally
characterized. The samples’ excitation and emission features reveal an efficient ligand-to-Ln3+ energy
transfer, due to the absence of the ligands triplet-related emission. Indeed, these Ln3+-complex-based
di-ureasils exhibit promising luminescent features, e.g., the Eu3+-based materials are bright red emitters
displaying high quantum yields (up to 0.50 ± 0.05). The hybrid-related excited states play a crucial role
in the population of the Eu3+ emitting levels through the Oba ligand, due to the high T1 energy level of
Oba. Furthermore, the emission color can be fine-tuned either by the selection of adequate Ln3+ ions or
by the variation of the excitation wavelength. White light emission with CIE coordinates of (0.33, 0.35)
and a quantum yield of 0.03 ± 0.01 under 310 nm irradiation is observed in di-ureasils doped with
Gd3+, Eu3+, and Tb3+ ions, since the Gd3+ incorporation enables the detection of the ligands/hybrid
intrinsic emissions. In summary, the in-situ sol–gel method used in this work provides an elegant
strategy to synthesize luminescent organic–inorganic hybrids containing efficient Ln3+ complexes with
polycarboxylate ligands.
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Highly Efficient Luminescent Polycarboxylate 
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1. Experimental Details

The powder X-ray diffraction (XRD) patterns were recorded in the 2θ range spanning from 3.5° 
to 60.0° by using a Ragaku-D/Max 2500 diffractometer system under exposure of Cu Kα radiation 
(1.54 Å) at room temperature. 

29Si magic-angle spinning (MAS) and 13C cross-polarization (CP) MAS nuclear magnetic 
resonance (NMR) spectra were obtained by using a Bruker Avance III 400 spectrometer at 400 MHz. 
For recording 29Si MAS signal, the measurement parameters were set at time between scans: 60.0 s, 
plus length: 2.1 µs, flip angle: 40.0° and 5 KHz spinning rate. For recording 13C CP MAS signal, the 
measurement parameters were set at time between scans: 1.5 s, pulse length: 3.0 µs, CP contact time: 
3500.0 µs and 12 KHz spinning rate. 

Thermogravimetric (TG) measurements were performed from 75 to 800 oC with a 10 oC/min 
heating speed under air atmosphere on SDT 2960 analyzer (Shimadzu, Japan).  

2. Experimental Results

2.1. Powder XRD Patterns 

In Figure S1, it gives out the XRD patterns of d-U(600), 2Eu(Oba)1.5(Phen)1.5@dU6, 
6Eu(Oba)1.5(Phen)1.5@dU6, and  10Eu(Oba)1.5(Phen)1.5@dU6 correspondingly related to curve 1, 2, 3 
and 4, respectively. The coherent length L is calculated based on Scherrer equation [S1], 
L=Iλ/(Acosθ), in which I and A are intensity and integrated area of the peak around 21.0°, 
respectively, in radians unit, yielding L=14.7 ± 2.0 Å for 6Eu(Oba)1.5(Phen)1.5@dU6 and 14.6 ± 2.0 Å 
for dU(600), which is very close to that previously found for the di-ureasil host [S2]. The fact that 
there are no significant changes in the patterns after the in-situ formation of the complex, suggests 
that the local structure of the hybrid host remains essentially unaltered. We also note that, the 
diffraction pattern of the 6Eu(Oba)1.5(Phen)1.5@dU6 also reveals very low intense diffraction peaks at 
18.0°, 20.0° and 24.0° which also present in the Oba diffraction pattern, suggesting the clustering of 
uncoordinated Oba in the gelation process, despite the fact that a transparent solution of Oba in 
DMF solution by ultrasonic treatment was obtained before added to d-UPTES(600) precursor. The 
presence of Oba-related diffraction peaks is also more evident as Eu3+ concentration increases from 
2–10 mol%. 
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Figure S1. XRD patterns of 1) d-U(600), 2) 2Eu(Oba)1.5(Phen)1.5@dU6, 3) 6Eu(Oba)1.5(Phen)1.5@dU6, and 4) 
10Eu(Oba)1.5(Phen)1.5@dU6. 

2.2. FT-IR Spectroscopy 
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Figure S2. Infrared spectra of powders of Eu(NO3)3, Oba and Phen. 
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2.3. 29Si MAS and 13C CP NMR Spectra 
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Figure S3. a) 29Si MAS and b) 13C CP MAS NMR spectra of 6Eu(Oba)1.5(Phen)1.5@dU6. 
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2.4. TG and Thermal Stability Analyses 
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Figure S4. TG curves for d-U(600) and 6Eu(Oba)1.5(Phen)1.5@dU6. 

2.5. DFT/TD-DFT Calculations 

Figure S5. Contour plots of a) HOMO and b) LUMO of Oba with isovalue of 0.045. 

Figure S6. Individual atomic contributions to the electron density distributions in a) HOMO and b) 
LUMO of Oba, the areas of the circles are proportional to the atomic contributions, and only 
contributions greater than 0.020 are shown. 
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2.6. UV/vis Absorption Spectroscopy 
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Figure S7. UV�Vis absorption spectrum of Oba in DMF solution (3.3×10�5 mol/L). 

2.7. Photoluminescence 

Figure S8. Phosphorescence emission spectrum of 6Gd(Oba)1.5@dU6 recorded under 270 nm 
excitation at 12 K. 
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Figure S11. Decay curves for a) 6Eu@dU6, b) 6Eu(Oba)1.5@dU6, c) 6Eu(Phen)1.5@dU6, d) 
6Eu(Oba)1.5(Phen)1.5@dU6 and e) 6Tb(Oba)1.5(Phen)1.5@dU6. The lines are fits to the experimental data 
using mono-exponential functions (r2>0.9974) yielding τ=0.772, 0.831, 0.917, 1.005 and 0.970 s. 
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2.7. Photostability 
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Figure S13. Photostability of d6Eu-1. Emission spectra under continuous irradiation at a) 295 nm and 
b) 343 nm. c) Time dependence of the maximum emission intensity of the 5D0o7F2 transition under
continuous irradiation at 295 and 343 nm.

Calculation of the radiative (kr) and non-radiative probability constants (knr), quantum efficiency 
(K) as well as the number of water molecules (nw) coordinated to the Eu3+ ions. 

The radiative probability constant, kr, can be calculated from the relative intensities of the 
5D0o7FJ (J = 0�4) transitions and it can be expressed as [S3,S4]: 

kr = (A0�1E0�1/S0�1)¦
 

4

0
(S 0 - J/E0 - J)

j
(1) 

where A0�1 is Einstein’s coefficient of spontaneous emission between 5D0 and 7F1 levels, and E0�J 
and S0�J are the energy and the integrated intensity of the 5D0o7FJ transitions, respectively. Since the 
5D0o7F1 transition does not depend on the local ligand field, it can be used as a reference for the 
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whole spectrum. Since in vacuo, (A0�1)vac=14.65 s�1, if an average index of refraction n equal to 1.5 was 
considered, the value of A0�1=n3A(0�1)vac | 50 s–1 [S5�S7]. 

The non-radiative probability constant, knr, can be obtained from the experimental 5D0 lifetime: 

knr= Wexp�1� kr (2) 

and the quantum efficiency, K, is obtained from the following formula. 

K = kr/(kr+knr) (3) 

According to Horrocks [S8], nw can be estimated from the experimental decay time by the 
empirical formula: 

nw=1.1u(kexp�kr�0.31) (4) 

Scheme 1 

Scheme S1. Molecular structures of a) d-U(600), b) Oba and c) Phen. 

Table S1. Dopant components of the prepared samples. 

Samples 
Eu(NO3)3�6H2O 

(mg) 
Tb(NO3)3�5H2O 

(mg) 
Gd(NO3)3�6H2O 

(mg) 
Oba 
(mg) 

Phen 
(mg) 

DMF 
(μL) 

dU6 

6Oba@dU6 21.2 750 

Phen@dU6 14.8 

6Eu@dU6 24.5 
6Eu(Oba)

1.5
@dU6 24.5 21.2 750 

6Eu(Phen)
1.5

@dU6 24.5 14.8 
2Eu(Oba)

1.5
(Phen)

1.5
@dU6 8.2 7.1 5.0 500 

6Eu(Oba)
1.5

(Phen)
1.5

@dU6 24.5 21.2 14.8 750 
10Eu(Oba)

1.5
(Phen)

1.5
@dU6 40.8 35.4 24.7 1000 

6Tb(Oba)
1.5

(Phen)
1.5

@dU6 23.9 21.2 14.8 750 

6Gd(Oba)1.5@dU6 20.4 21.2 750 

Gd0.91Eu0.05Tb0.04(Oba)1.5(Phen)1.5@dU6 0.6 0.5 9.3 21.2 14.8 500 
For syntheses of all samples, 1.0 g of d-UPTES(600) precursor, 960.7 µL of EtOH and 98.7 µL of HCl 
(pH=2) were added.  
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Table S2. Computational FMOs, absorption wavelength, oscillator strengths, and S1 and T1 energy 
levels. 

HOMO 

(eV) 

LUMO 

(eV) 

Gap 

(eV) 

Absorption 

(nm) 

f Assignment S1 

(nm/cm-1) 

T1 

(nm/cm-1) 

�7.01 �1.98 �5.03 276 0.404 HOMOoLUMO (98.5%) 313/31950 361/27700 

Table S3. Calculated R values, quantum efficiencies and number of coordinated water molecules for 
selected di-ureasils. 

Hybrids 6Eu(Oba)1.5@dU6 6Eu(Phen)1.5@dU6 6Eu(Oba)1.5(Phen)1.5@dU6 

R 5.77 5.55 6.15 

η 0.37 0.43 0.48 

nw 0.50 0.35 0.23 

λex (nm) 275 295 295 

Table S4. Quantum yield values for selected di-ureasils. 

Sample Oex (nm) q 

dU6Eu-1 

325 0.26±0.03 

295 0.39±0.04 

275 0.350±0.04 

dU6Eu-2 

325 0.40±0.04 

295 0.50±0.05 

275 0.48±0.05 

dU6Eu-3 275 0.12±0.01 

dU6Tb-1 

275 0.23±0.02 

285 0.21±0.02 

295 0.21±0.02 

305 0.16±0.02 

325 0.10±0.01 

dU6GdTbEu-1 310 0.03±0.01 
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Abstract: White-light emitting materials have emerged as important components for solid state
lighting devices with high potential for the replacement of conventional light sources. Herein,
amine-functionalized organic-inorganic di-ureasil hybrids consisting of a siliceous skeleton and
oligopolyether chains codoped with lanthanide-based complexes, with Eu3+ and Tb3+ ions and
4,40-oxybis(benzoic acid) and 1,10-phenanthroline ligands, and the coumarin 1 dye were synthesized
by in situ sol–gel method. The resulting luminescent di-ureasils show red, green, and blue colors
originated from the Eu3+, Tb3+, and C1 emissions, respectively. The emission colors can be modulated
either by variation of the relative concentration between the emitting centers or by changing
the excitation wavelength. White light emission is achieved under UV excitation with absolute
quantum yields of 0.148 ± 0.015, 0.167 ± 0.017, and 0.202 ± 0.020 at 350, 332, and 305 nm excitation,
respectively. The emission mechanism was investigated by photoluminescence and UV–visible
absorption spectroscopy, revealing an efficient energy transfer from the organic ligands to the
Ln3+ ions and the organic dye, whereas negligible interaction between the dopants is discerned.
The obtained luminescent di-ureasils have potential for optoelectronic applications, such as in
white-light emitting diodes.

Keywords: di-ureasil organic–inorganic hybrids; in situ sol–gel synthesis; white light emission;
lanthanide complexes; coumarin 1

1. Introduction

White-light emitting materials have recently gained considerable attention owing to their broad
applications in solid state lighting and full-color displays [1,2]. Generally, the realization of white-light
emission requires the generation and intensity control of three (blue, green, and red) or two (blue and
yellow) primary colors covering the whole visible spectral range (400 to 700 nm). Trivalent lanthanide
(Ln3+)-based complexes are excellent candidates for designing multi-color luminescent materials
due to their high photoluminescence efficiency via organic ligand’s sensitization (the well-known
‘antenna effect’) and narrow f –f band emission characteristics [3–6]. Consequently, a wide range of
colors—for instance red (Eu3+ and Sm3+), green (Tb3+), blue (Tm3+ and Ce3+), and yellow (Dy3+)—can
be obtained by choosing different Ln3+–based complexes with suitable ligands. Up to now, Ln3+

ions have been incorporated into many organic, inorganic, and organic–inorganic hybrid hosts, such
as organic soft gels [6,7], polymers [8–11], core–shell microspheres [12], metal–organic frameworks
(MOFs) [13–15], and organosilica hybrids [16], to prepare white-light emitting materials. Three main
synthesis strategies were adopted: (i) three-component approach; (ii) two-component approach, and
(iii) one-component approach [17]. In the first case, three distinct Ln3+ ions were used to produce
white-light emission [18–24], such as in Ln3+-based isostructural MOFs codoped with Eu3+/Tb3+/Gd3+

or Eu3+/Tb3+/La3+ that can generate white-light by fine-tuning the Ln3+ ions molar ratios. In these
materials, the optically inactive ions (Gd3+ and La3+) are usually used as optical dilutors to augment
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the ligand’s blue emission from the organic ligands. In the (ii) two-component approach, two distinct
Ln3+ ions coexist in a single phase of the white-light emitting materials [18,25–29]. For instance,
in Eu3+-doped Gd3+ isostructural MOFs color-tunable luminescence and white-light emission are
realized by varying the excitation wavelength [25]. Finally, in the (iii) one-component approach,
white-light is attained combining the emission of a single Ln3+ ion with the complementary one of
organic ligands or dyes [30,31]. An intriguing example is the combination of a Eu3+ complex with
a naphthalimide derivative that generates white-light emission from the color balance of isolated
naphthalimide molecules (blue), aggregated naphthalimide excimers (green) and Eu3+ ions (red) [31].
White light emission was also attained by mixing Eu3+ ions with an organic ligand containing a
blue-emitting coumarin group and a green-emitting rhodamine 6G moiety [30].

Among these materials, MOFs of Ln3+-based complexes have been most frequently applied to
generate white-light emission due to their structural diversities and stabilities. In these Ln3+-based
MOFs, the organic ligands (e.g., polycarboxylate ligands) act both as linkers, for the formation of the
framework, and as sensitizers, for the emission enhancement of the Ln3+ ions via the ‘antenna effect’.
It should be noted that in these white-light emitting materials, the blue primary color source, is mainly
originated either from the organic ligands or from the codoping with optically inactive ions, e.g., La3+ or
Gd3+. In the former case, the blue emission is induced by the mismatch between the low-energy ligand
triplet state and the excited levels of the Ln3+ ion, resulting in an inefficient ligand-to-metal energy
transfer. In the latter case, however, the incorporation of higher amounts of optically inactive ions (such
as La3+, Gd3+, or Lu3+) decreases the efficiency of the ligand-to-metal energy transfer suppressing,
concomitantly, the red (Eu3+) and green (Tb3+) emissions and enhancing the ligand blue component.
In both cases, the process to generate white-light is quite ineffective resulting in relatively low overall
emission quantum yields. One of the strategies to address this problem is the synthesis of Dy3+-based
MOFs emitting in the blue (4F9/2!6H15/2), yellow (4F9/2!6H13/2), and red (4F9/2!6H11/2) spectral
regions, upon UV excitation. In some examples, this 4f emission is combined with those of the MOF
organic counterpart [32–34]. Alternatively, white-light emission is also achieved with Dy3+ complexes,
in solution and as solid powders [35]. By selecting a proper excitation wavelength, the relative intensity
between the Dy3+ and the ligand emissions are balanced to yield white-light visible to the naked eye.
In addition, as Ce3+ can also emits in the blue region the combination of well-chosen relative ratios of
Ce3+, Tb3+, and Eu3+ led to white-light emission under UV excitation [36].

An alternative strategy to yield efficient blue emission is to introduce strong blue fluorescent
molecules with green- and red-emitters into MOFs. Fluorescent dyes are a good choice as they show
high emission quantum yields. When embedded into hosts, the dyes are isolated from each other
preventing aggregation-induced quenching, which restricts internal molecular motions and suppresses
nonradiative relaxations [37–39]. For example, the 7-diethylamino-4-methylcoumarin (C1) dye with
blue emission was incorporated into Eu3+/Tb3+ MOFs and white-light emission with high quantum
yield was obtained [37]. In other examples, white-light was generated combining the blue emission of
an organic ligand and the yellow one of rhodamine B [39] or joining three distinct dyes and playing
either with the amount or type of the dyes, or with the excitation wavelength [38].

The above Ln3+-based white-light emitting materials are crystalline, which restrict their broad
application due to the difficulty of processability as films. Moreover, from the optoelectronic application
point of view, generally, the materials should have high transparency in the wavelength range of
interest, low phonon energy, and good photostability, as well as processability for flexible electronics.
Amine-functionalized d-U(600) di-ureasil is formed by poly(oxyethylene) chains cross-linked to a
siloxane skeleton by urea “bridges” (Scheme 1) and are promising host materials for embedding
optically active centers and generating white-light emission [40,41].
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Scheme 1. Molecular structures of (a) d-U(600), (b) 4,40-oxybisbenzoic acid (Oba), (c)
1,10-phenanthroline (Phen) and (d) C1.

Although some efforts have been devoted to this field, the design and synthesis of white-light
emitting materials with high emission quantum yields are still a challenging task. Indeed, different
emissive moieties are needed to attain primary colors and their relative concentration ratio require
a precise adjust for compensating and balancing luminescence colors and to modulate the energy
transfer processes between them. Accordingly, the purpose of this work is to synthesize transparent
di-ureasils with high emission quantum yield to generate white-light emission. Herein, we use
4,40-oxybisbenzoic acid (Oba) and 1,10-phenanthroline (Phen) as organic ligands for sensitization of
Eu3+ and Tb3+ emissions. The molecular structures of Oba and Phen are presented in Scheme 1. Oba, a
typical flexible V-shaped dicarboxylate ligand [42], has been already employed to prepare Ln3+-based
complexes in di-ureasils by in situ sol–gel synthesis and the resulting materials exhibit promising
luminescence properties [43]. To boost the blue component for the white-light emitting di-ureasil,
herein, the widely used organic dye C1 [44–46] (Scheme 1) was adopted. Moreover, since Ln3+-based
complexes with Oba are usually not dissolved in common organic solvents in ambient environment
and, thus, they are difficult to be incorporated directly into a certain host homogenously, the in situ
sol–gel technique was applied. The luminescence properties of the doped di-ureasils and the achieved
white-light emission are discussed and the energy transfer mechanisms addressed.

2. Materials and Methods

2.1. Materials and Synthesis

The details concerning the chemicals used are given out in Supplementary Material. All the
di-ureasils were synthesized according to the procedure described in the Scheme S1 (Supplementary
Material). The detailed synthesis procedure, as well as the adopted designations for all the luminescent
hybrids (Table S1) are also provided in Supplementary Material. Single-doped di-ureasils with
Eu3+, Tb3+ (in the presence of Oba and Phen as ligands), and C1 are denoted as Eu-I, Tb-I, are C1-I,
respectively. Eu3+/Tb3+ codoped di-ureasils (with Oba and Phen ligands) are designated as EuTb-I,
whreas the triply-doped hybrids with the same amount of Eu3+ and Tb3+ sensitized by Oba and
Phen but with distinct C1 concentrations (low, medium, and high contents) are named as EuTbC1-I,
EuTbC1-II, and EuTbC1-III, respectively.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns were recorded in the 2✓ range spanning from 3.5
to 60.0� by using a Ragaku-D/Max 2500 diffractometer system under exposure of Cu K↵ radiation
(1.54 Å) at room temperature. The Fourier-transform infrared (FT-IR) spectra were obtained by
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using a MATTSON 7000 FT-IR Spectrometer system to scan the sample absorbance intensity from
4000–400 cm�1 with 64 scans and a 4 cm�1 resolution. UV–visible (UV–vis) absorption spectra were
measured in transparent thin films (about 10�3 m thickness) using a dual-beam spectrometer Lambda
950 (PerkinElmer) over the scan range 250–500 nm and a resolution of 1.0 nm. Thermogravimetric (TG)
measurements were performed with a 10 �C/min heating speed under air atmosphere on SDT 2960
analyzer (Shimadzu, Japan). The excitation and emission spectra were recorded using a Fluorolog3®

Horiba Scientific Spectrofluorometer (Model FL3-2T) with a 450 W Xe arc lamp, a modular double
grating excitation spectrometer, and a TRIAX 320 single emission monochromator coupled to an
R928 Hamamatsu photomultiplier. The front face acquisition mode is used. The emission spectra
were corrected for detection and optical spectral response of the spectrofluorimeter and the excitation
spectra were corrected for the spectral distribution of the lamp intensity using a photodiode reference
detector. The emission decay curves were measured with the setup described for the luminescence
spectra using a pulsed Xe–Hg lamp (6 µs pulse at half width and 20–30 µs tail). Measurements at 12 K
were performed on a helium-closed cycle cryostat with vacuum system measuring around 5 ⇥ 10�9 bar.
The absolute emission quantum yields (q) were measured at room temperature using a quantum yield
measurement system C13534 from Hamamatsu with a 150 W xenon lamp coupled to a monochromator
for wavelength discrimination, an integrating sphere as sample chamber and multichannel analyzers
for signal detection in the visible and in the NIR ranges. Three measurements were made for each
sample so that the average value with an accuracy of 10% is reported. The white-light emission
was further quantified by calculating the Commission Internationale de l’Eclairage (CIE) emission
chromaticity coordinates (x, y) for the 2� observer. The colour correlated temperature (CCT) values
can be calculated through the polynomial function: CCT = 449t3 + 3525t2 + 6823.3t + 5520.33 with
t = (x � 0.3320)/(0.1858 � y) [47].

3. Results and Discussion

3.1. Structural Studies

After the in situ synthesis of Ln3+ complexes, the structural features of the resulting luminescent
hybrids were studied by XRD, FT-IR spectra, and TG analysis.

The XRD patterns of d-U(600), Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III display
the
21.6

typical
0.1, 21.2

amorphous
0.1,

or
21.2

dering
0.1,

of
21.1
siliceous

0.1, 21.2
domains [

0.1,
48]

and
with

21.0
broad

0.1
bands

, r
center

espectively
ed at

,
20.8
(Figur

±
e

0.1,
S1,± ± ± ± ± ± �

Supplementary Material). In addition, all the patterns have a shoulder around 11� and a weak
second-order hump spanning from 40 to 50�, typical of d-U(600) [41]. According to Bragg law [49],
the structural unit distances of d-U(600), Eu-I, Tb-I, EuTb-I, EuTbC1-II, and EuTbC1-III depend on the
bands around 21� being 4.3 ± 0.1, 4.1 ± 0.1, 4.2 ± 0.1, 4.2 ± 0.1, 4.2 ± 0.1, 4.2 ± 0.1, and 4.2 ± 0.1 Å,
respectively. This distance is larger than two times the distance of the Si–O (1.62 Å) bond [41], indicating
that the siliceous domains are based on several near-neighbor Si–O–Si structures.

The FT-IR spectra of d-U(600), Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III were
investigated in the range 2000–500 cm�1, as presented in Figure S2 (Supplementary Material).
The characteristic “amide I” (1800–1600 cm�1) and “amide II” regions (1600–1500 cm�1) of the “urea
bridges” [50–52] are readily distinguished in the spectra. The “amide I” region mainly consists of
three component signals from C=O stretching, CN stretching and C–C–N deformation absorptions,
whereas for “amide II” the signals are ascribed to N–H in-plane bending, C–N stretching, and C–C
stretching vibrations [50,51]. The signal located at 1713 cm�1 is used as an evidence of the formation
of less ordered urea–polyether hydrogen-bonded associations induced by the Ln3+ coordination to
the oxygen atom of the C=O group [43]. Here, the increased vibration intensity of the shoulder at
1713 cm�1 after the addition of Eu3+/Tb3+ ions evidences the interaction between the metal ions and
the urea bridges through the coordination to the C=O group. Meanwhile, for all the spectra the most
intense vibration bands around 1108 cm�1, with two shoulders at 1190 and 1130 cm�1, are attributed
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to the overlap of C–O stretching with the Si–O–Si and Si–O–C vibrations [53]. In addition, the vibration
band appeared at around 920 cm�1 is assigned to the SiO–H bending vibration, due to the incomplete
condensation reaction of the precursor during the sol–gel process [24].

The thermal decomposition processes were analyzed under air atmosphere environment,
(Figure S3, Supplementary Material). The d-U(600) starts to decompose at 175 �C losing weight
through two main stages. From 175 to 327 �C, d-U(600) displays a fast decomposition process with
about 53.0% of weight loss. After further raising the temperature up to 600 �C, the total weight
changes from 47.0% to about 16.0% ending with 14.4% at 800 �C, which is consistent with the
theoretical value (13.8%) of d-U(600) decomposition with complete hydrolysis and condensation.
The decomposition profiles of the doped hybrids are very similar to that of the undoped d-U(600),
except fora slightly attenuation from 175 to 152 �C. When temperature was raised to 175 �C,
all the doped samples have around 0.5 to 2.5% weight losses, which are ascribed to the solvents
and/or water leakage. The decomposition of the organic ligands may happens from 152 to 327 �C,
accordingly to the reported data on [(Eu(btfa)3(MeOH)2)·bpeta] and [Eu(tta)3(H2O)2] (where btfa
is the 4,4,4-trifluoro-1-phenyl-1,3-butanedionate ion, bpeta is 1,2-bis(4-pyridyl)ethane, and tta– is
2-thenoyltrifluoracetonate) [54,55]. The total weight changes at 800 �C, 16.4, 13.8, 17.5, 15.6, 14.6, and
15.4%, for Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III, respectively, are in agreement
with the theoretical value (14.2%) considering the calculations of the decomposition of d-U(600) and
lanthanide complexes.

3.2. Optical Properties

The UV–vis spectra of the transparent thin films of Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and
EuTbC1-III are shown in Figure 1. For Eu-I, Tb-I, and EuTb-I, the high-energy peaks at around 285
and 310 nm are attributed mainly to the ⇡ ! ⇡*/n ! ⇡* transitions of Oba and Phen [43,56]. For
EuTbC1-I, besides those high-energy peaks, a weak absorption band appeared at around 380 nm and
is ascribed to the ⇡ ! ⇡* transition of C1 [57]. The absorption spectra of EuTbC1-I, EuTbC1-II, and
EuTbC1-III show a pronouncedly increased absorbance in the 340–425 nm range with increasing C1
concentration which is attributed through density functional theory (DFT) and time-dependent DFT
(TD-DFT) to the ⇡ ! ⇡* transition (with charge transfer characteristics), as shown in Figures S4 and S5
(Supplementary Material).

Figure 1. UV–vis spectra of Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III.

The excitation spectra of Eu-I and Tb-I were measured by monitoring the more intense emission
peaks of Eu3+ (at 615 nm) and Tb3+ (at 545 nm), Figure S6a, Supplementary Material. All the spectra
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display a broad band in the UV region until around 400 nm. The higher energy bands below 300 nm
are related to the ⇡ ! ⇡* transitions of the organic ligands [58], whereas the lower energy bands are
ascribed to the absorptions from both d-U(600) and the ligands. No f –f transitions from Eu3+ and Tb3+

ions were observed, except a small peak appeared for Eu-I and ascribed to the 7F0 ! 5L6 transition,
indicating a high-efficient ligand’s sensitization [59].

Upon excitation at 295 nm, Eu-I and Tb-I exhibit the typical emission spectra characteristic of the
5D0 ! 7F0-4 (Eu3+) and 5D4 ! 7F6-3 (Tb3+) transitions, Figure 2a. The chromaticity coordinates of Eu-I
and Tb-I under 295 nm are in the red (0.65, 0.33) and green (0.33, 0.60) spectral regions, respectively,
Figure 2c. For Eu-I, the unequivocal single component of the nondegenerate 5D0 ! 7F0 transition
points out a unique Eu3+ local environment (Figure 2b and Figure S6b in Supplementary Material).
Moreover, the J-degeneracy splitting of the 7F1-2 levels in three and five components, respectively,
indicate that the single Eu3+ local site has low symmetry without an inversion center. For Eu-I and
Tb-I, and under excitation within the organic ligands (below 300 nm), the emission components of the
ligands and of the d-U(600) in the blue region are absent, suggesting an efficient ligand/host-to-metal
ion [60,61]. However, it is interesting to notice that relative strong Eu3+ and Tb3+ emissions are
still detected under 350 nm irradiation (Figure S6b,c in Supplementary Material), demonstrating the
potential application of these hybrids for white-light applications.

Figure 2. (a) Emission spectra (300 K) of Eu-I, Tb-I, and EuTb-I; (b) high-resolution emission spectra
(12 K) of Eu-I and EuTb-I (excited at 295 nm); and (c) CIE chromaticity color diagram showing the
hybrids’ corresponding emission color coordinates (300 K).

Figure 2a shows that yellow emission with color coordinates of (0.405,0.535), Figure 2c, can be
realized for EuTb-I under 295 nm irradiation due to the contribution of the Eu3+ and Tb3+ emissions.
The high-resolution emission spectrum measured at 12 K displays a J-degeneracy splitting similar than
that observed for Eu-I, despite the superposition of Tb3+ emissions, Figure 2b. The emission spectra
of EuTb-I with different excitation wavelengths and the corresponding CIE chromaticity coordinates
are given in Figure S7 (Supplementary Material) and Figure 3a, respectively. When excited at higher
energy wavelengths, EuTb-I shows the intense Eu3+ and Tb3+ emissions. With increasing excitation
wavelength, the blue emission is gradually augmented and emission color in the white (excited at
365 nm) and cyan (excited at 380 nm) spectral regions is obtained. In Figure 3e, the emission spectrum
excited at 365 nm gives out the blue emission centered at 460 nm, together with the Eu3+ and Tb3+

emissions, resulting in an overall white-light emission with chromaticity coordinates (0.287,0.351) and
CCT = 7650 K. The corresponding excitation spectra monitored at 460, 544, and 615 nm display distinct
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⇡ ! ⇡* transitions (Figure S7b, Supplementary Material). The absence of Tb3+ lines while monitoring
within the Eu3+ emission indicates that no Tb3+-to-Eu3+ energy transfer occurs. Furthermore, the
significant attenuation of the Eu3+ and Tb3+ emission intensities when the excitation wavelength is
changed in the 360–380 nm range, results in low quantum yield values for the white-light emission
(Figure 4), as it will be discussed later.

Figure 3. (a–d) CIE chromaticity diagrams showing the emission color coordinates of EuTb-I, EuTbC1-I,
EuTbC1-II, and EuTbC1-III, respectively; and (e) the corresponding emission spectra.

Figure 4. Wavelength dependence of the emission quantum yield values of EuTb-I, EuTbC1-I,
EuTbC1-II, EuTbC1-III, and C1-I.

To overcome the low quantum yield values of the codoped di-ureasils displaying white-light
emission, C1 was incorporated into d-U(600) as the primary blue emission component. Herein different
doping contents were used. For EuTbC1-I, and under 350 nm irradiation (Figure 3e), the blue color
relative intensity (mainly spanning 400–480 nm) is obviously enhanced compare to the emission
spectrum of EuTb-1. According to the excitation spectra (Figure S8b, Supplementary Material) and
UV–vis spectra (Figure 1), this blue emission is mainly ascribed to the C1 dye. Changing the excitation
wavelength, the relative components of each primary color (red, green, and blue) can be modulated
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(Figure S8a, Supplementary Material). When the excitation wavelength is 350 nm, EuTbC1-I displays
blue, green and red emission bands and the overall color falls most closely to the ideal white-light
point, with CIE chromaticity coordinates of (0.299,0.323) and CCT = 7372 K (Figure 3b).

Increasing the C1 content in EuTbC1-II and EuTbC1-III increases the blue color emission, as
indicated in Figures S9 and S10 (Supplementary Material) and Figure 3c,d. The blue component does
not display any shift with the variation of the excitation wavelength, Figure S7a (Supplementary
Material), permitting to unequivocally assign it to the C1 dye. In fact, the blue emission of the
d-U(600) host displays a typical red-shift with the increase of the excitation wavelength due to the
nature of the two types of emitting centers (NH/C=O group of the urea cross-linkages and siliceous
nanoclusters interface [62,63]). Consequently, white-light emission can be obtained exciting EuTbC1-II
and EuTbC1-III at 332 and 305 nm with CIE chromaticity coordinates of (0.314, 0.324) and (0.307, 0.373),
as well as the corresponding CCT = 6470 and 6495 K, respectively.

Figure 4 shows the absolute emission quantum yield values of EuTb-I, EuTbC1-I, EuTbC1-II,
EuTbC1-III, and C1-I measured for excitations wavelengths between 250 and 400 nm. For excitations
wavelengths up to 330 nm, all the hybrids present a similar wavelength dependence with values
around 0.30 ± 0.03, for EuTb-I and EuTbC1-I, and 0.22 ± 0.02, for EuTbC1-II and EuTbC1-III. For these
excitation wavelengths the emission is dominated by the Eu3+ and Tb3+ transitions. The decrease in
the quantum yield values with the increasing of C1 concentration (as also observed for the absorbance,
Figure 1) suggests the occurrence of extra non-radiative mechanisms related to C1. For higher excitation
wavelengths (>330 nm), however, the emission quantum yields increase with the increasing of the C1
amount in the hybrid (the absorbance also increases with C1 concentration in that region, Figure 1).
This is explained because, at these longer wavelengths, the hybrids’ emission is dominated by the C1
component that presents a very high quantum yield, around 0.80 ± 0.08 (the Eu3+ and Tb3+ emissions
are negligible, Figures S8–S10, Supplementary Material). Comparing to other Ln3+-doped white-light
emitting materials, EuTbC1-III displays a higher quantum yield value due to the combination of Eu3+

and Tb3+ emissions with that of C1, Table S2 (Supplementary Material).
The photo-stability of EuTbC1-I was evaluated by measuring the emission with continuous

irradiation during 4 h, Figure 5. The overall emission intensity, calculated integrating the areas
of the emission bands between 380 and 720 nm, drops around 30% in that period. Furthermore,
the chromaticity coordinates of the hybrid changes from (0.299, 0.318) to (0.316, 0.332), as seen in
Figure S11 (Supplementary Material).

Figure 5. Photostability of EuTbC1-I irradiated at 350 nm.
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To gain insights on the mechanism of the whit-light emission, the Ln3+ ligand sensitization and the
energy transfer processes were studied. Figure S12 (Supplementary Material) displays the normalized
excitation spectra of EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III (monitoring the Eu3+ and Tb3+

emissions). All the spectra are similarly being dominated by the ⇡ ! ⇡* transitions of the organic
ligands (<300 nm) and by the excited states of both d-U(600) and the ligands (300–350 nm, as already
noticed, Figure 1). The absence of the typical C1 absorption at longer wavelengths (350–420 nm, Figure
S13 in Supplementary Material) points out that the Tb3+ and Eu3+ excited states are not populated
through energy transfer arising from C1 levels. The UV–vis and emission spectra of C1 in EtOH
(1.0 ⇥ 10�5 M) are shown in Figure S13 (Supplementary Material), which are used to estimate the
excitation absorption centering at 27,000 cm�1 and S1 state of C1 around 23,000 cm�1.

The Oba and Phen ligands dominate the Eu3+ and Tb3+ excitation. The energy transfer pathway
for the metal ion sensitization involves the excitation of the excited organic ligand singlet states,
upon excitation with UV irradiation, followed by inter conversion (IC) and intersystem crossing (ISC)
to its low-energy excited triplet state, and, then, subsequent energy transfer to the Eu3+ and Tb3+

excited states that relax to the ground levels emitting the characteristic 4f emission [64]. As it is well
known, the energy differences between the ligands singlet and triplet excited states and between the
ligand triplet excited state and the Ln3+ excited resonance levels are vital factors that affect the energy
transfer efficiency. According to the Reinhoudt’s empirical rule [65], in order to get an efficient energy
transfer the energy difference between the ligands singlet and triplet excited state should be larger
than 5000 cm�1, whereas the energy differences between the ligand triplet excited state and the Ln3+

excited resonance levels should be 2500–4000 cm�1 for Eu3+ and 2500–4500 cm�1 for Tb3+, Latva’s
empirical rule [66].

The low-energy singlet and triplet excited states of Oba were estimated from the absorption
edge in the UV–vis spectrum and the lowest emission peak in the low temperature phosphorescence
spectrum of the Gd3+-based complex to be around 33,300 cm�1 (300 nm) and 26,250 cm�1 (381 nm),
respectively [43]. Therefore, the energy difference between the singlet and triplet excited state of Oba is
more than 5000 cm�1, anticipating an effective intersystem crossing. Although the energy differences
between the triplet excited state of Oba and the resonance Tb3+ (5D4, 20,500 cm�1) and Eu3+ (5D0,
17,500 cm�1) levels are 5750 and 8750 cm�1, respectively, Oba can still sensitize Ln3+ through the
bridge of Phen since the triplet energy level of Phen locates at around 22,100 cm�1 [67].

To check whether there is Tb3+-to-Eu3+ energy transfer, the luminescent decay curves were
measured for Tb3+-doped and Eu3+/Tb3+-codoped d-U(600) (Figure S14 in Supplementary Material).
The energy transfer efficiency was estimated from the 5D4 lifetimes measured with and without Eu3+

cooping. The very low energy transfer efficiency obtained (2.6%) indicates that in this case there is
almost no energy transfer between the two metal ions, as the analysis of the Eu3+ excitation spectrum
(Figure S7b) already pointed out. Based on the above discussion, and in accord with the energy of the
low-energy excited level of the d-U(600) matrix (at around 24,000 cm�1 [68]), the following energy
transfer paths for Ln3+, sensitization can occur: (i) T1 of Oba to T1 of Phen followed by T1 of Phen
to Ln3+, and (ii) T1 of Oba to d-U(600), followed by the di-ureasil matrix-to-T1 of Phen and then to
Ln3+ and di-ureasil matrix-to-Ln3+, as shown in Scheme 2. Accordingly, and upon excitation under UV
light, white-light emission is achieved combining the blue color emission from C1 with the green and
red ones from Tb3+ and Eu3+, respectively.
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Scheme 2. Part of the energy levels of Tb3+ and Eu3+ ions, Phen and Oba organic ligands, d-U(600)
matrix and C1 dye. The absorption pathways, IC and ISC processes, energy transfer, and radiative
emission are also depicted.

4. Conclusions

In this paper, whit-light emitting d-U(600) di-ureasils were prepared by in situ sol–gel technique
through hydrolysis and condensation of the precursor in the presence of Ln3+ (Ln = Eu, Tb) ions, Oba
and Phen organic ligands and C1 dye. The Phen organic ligand can directly transfer energy to the
Ln3+ ions, while Oba can also sensitize the Ln3+ emissions via Oba–host–Ln3+ and/or Oba–Phen–Ln3+

energy transfer paths. Furthermore, there is nearly no Tb3+-to-Eu3+ and C1-to-Ln3+ energy transfer.
Consequently, the resulting luminescent di-ureasils exhibit distinct blue, green, and red colors and,
thus, white-light emission has been obtained at 305 nm irradiation with absolute quantum yield of
0.202 ± 0.020. The fine-tuned emissions of the blue, green, and red of the dopants opens the possibility
to synthesize other hybrids with efficient warm-white light emitting features. The in situ sol–gel
technique demonstrates the excellent effect at dispersing Ln3+ complexes with polycarboxylate organics
as ligands which can easily form insoluble state due to the networking character. Furthermore, the in
situ sol–gel approach, with several unique features, such as mild reaction conditions, high product
homogeneity and easy processing and shaping, is a promising strategy for preparing Ln3+/dye-doped
white-light emitting materials that are not dissoluble and/or decomposed during conventional
sol–gel method.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/11/
2246/s1, Materials and Methods, Scheme S1: Schematic representation of synthesis process of doped di-ureasil.
Figure S1. XRD patterns of (1) d-U(600), (2) Eu-I, (3) Tb-I, (4) EuTb-I, (5) EuTbC1-I, (6) EuTbC1-II, and (7)
EuTbC1-III; Figure S2: FT-IR spectra of (1) d-U(600), (2) Eu-I, (3) Tb-I, (4) EuTb-I, (5) EuTbC1-I, (6) EuTbC1-II, and
(7) EuTbC1-III; Figure S3: TG curves of d-U(600), Eu-I, Tb-I, EuTb-I, EuTbC1-I, EuTbC1-II, and EuTbC1-III; Figure
S4: Calculated UV–vis absorption spectrum for C1 by TD-DFT method at B3LYP/6-31G(d) level of theory with
polarized continuum model in EtOH; Figure S5: Contour plots of the highest occupied molecular orbital (HOMO,
left) and the lowest unoccupied molecular orbital (LUMO, right) of C1; Figure S6: (a) Excitation spectra of (1) Eu-I
and (2) Tb-I monitored at 615 and 545 nm, respectively; (b) emission spectra of Eu-I excited at (1) 275, (2) 295, (3)
310, and (4) 350 nm; (c) emission spectra of Tb-I excited at (1) 275, (2) 295, and (3) 350 nm; Figure S7: (a) Emission
spectra of EuTb-I excited at 295, 350, 365, 370, and 380 nm; (b) excitation spectra of EuTb-I monitored at (1) 460, (2)
544, and (3) 615 nm; Figure S8: (a) Emission spectra of EuTbC1-I excited at different wavelength from 295 to 365
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nm; (b) excitation spectra of EuTbC1-I monitored at (1) 430, (2) 545, and (3) 615 nm; Figure S9: (a) Emission spectra
of EuTbC1-II excited at different wavelength from 275 to 365 nm; (b) excitation spectra of EuTbC1-II monitored at
(1) 430, (2) 545, and (3) 615 nm; Figure S10. (a) Emission spectra of EuTbC1-III excited at different wavelength
from 295 to 350 nm; (b) excitation spectra of EuTbC1-III monitored at (1) 440, (2) 545, and (3) 615 nm; Figure S11:
CIE Chromaticity color diagram showing the EuTbC1-I emission color coordinates (300 K) at different irradiation
times; Figure S12: Excitation spectra (270–400 nm) of EuTb-I, EuTbC1-I, and EuTbC1-II all monitored at (a) 545
nm and (b) 615 nm; Figure S13: UV–vis absorption (left) and emission spectra (right, lem = 373 nm) spectra of C1
in EtOH (1.0 ⇥ 10�5 M); Figure S14: Emission decay curves of (a) Tb-I and (b) EuTb-I, both excited at 295 nm and
monitored at 545 nm; Table S1: Components for synthesis of di-ureasils d-U(600)s doped with Ln(NO3)3, Oba,
Phen and dye C1; Table S2: Absolute quantum yields for some Ln based white-light emission materials.
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1. Motivation and state of the art 

Energy consumption has become problematic and is attracting increased attention 

worldwide due to the depletion of fossil-based fuel reserves.1 According to the global 

energy consumption survey,2 demand for energy is growing since 1990 from 8561 to 

13975 Mtoe (million tonnes of oil equivalent defined as the unit of energy released by 

burning a million tonnes of crude oil, by the International Energy Agency), with a record 

increase (60%) in 2019, Figs. 1a,b. In 2019, the total energy consumption of oil, gas, 

and coal is 80% of the global energy consumption (Fig. 1c), which is responsible for a 

large amount of greenhouse gas emissions.2 During the four decades from 1971 to 2011, 

the annual growth in CO2 emission increased more than twice, exceeding 32 billion tons 

of the total greenhouse emissions during 2011.3 Thereby, the development of “green 

energy” is urgent.4 

The International Energy Agency estimated that lighting accounts for ~19% of the total 

worldwide electrical energy consumption (10% of total energy consumption in 2019, Fig. 1c).5 

Lighting is one of the major triggers accounted for the deteriorated greenhouse gas emissions 

which contributes around 1900 Mtoe/year of CO2 emission.6 According to estimates, global 

demand for artificial lighting will be increased by 80% in 2030.7 One of the main contributions 

for energy demand in lighting is related to the poor efficacy of the conventional lighting 

sources. For instance, incandescent light bulbs (already not available commercially since 

September 2016)8 converted only ~5% of the electrical energy into visible radiation and 

compact fluorescent lamps based on a phosphor-coated gas discharge tube reveal efficacy 

values of ~20%.7 Moreover, these lamps have ~5 mg of Hg,9 which is not desirable from the 

sustainable point of view. Lighting based on light-emitting diodes (LEDs) appeared as an 

alternative to conventional lighting, promising significant energy-saving (80%) and larger 

durability (40).10–13 
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Figure 1 - (a) Breakdown by country and energy sources of global energy consumption in 2019; (b) 

energy consumption of each continent from 1990–2019; (c) percentage ratios of varied energy sources 

in 2019 total global energy consumption. Adapted from Global Energy Statistical Yearbook.2 

 

The societal impact of solid-state lighting (SSL) was highlighted in 2014 by the Royal 

Swedish Academy of Sciences that awarded the Nobel Prize in Physics to Isamu Akasaki 

(Meijo University, Nagoya, Japan), Hiroshi Amano (Nagoya University, Japan), and Shuji 

Nakamura (University of California, Santa Barbara, CA, USA) “for the invention of efficient 

blue light-emitting diodes which has enabled bright and energy-saving white light sources”.14 

Using blue LEDs, white light can be created in a new way, namely phosphor-converted light-

emitting diodes (PC-LEDs), whose efficiency has been significantly improved in the last 

years.15 Noticeable, the efficiency of LEDs has increased considerably during recent decades, 

being nowadays larger than most of the conventional sources.16,17 Large luminous efficacy (LE 

of a light source is defined by the ratio between the luminous flux, lm, and the electric power, 

W) up to 300 lm/W are already available for commercial white light sources.17 
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1.1 Monochromatic green light-emitting diodes 

In what concerns the LED industry, the emphasis has been given to the fabrication of 

monochromatic LEDs featuring the improvement of the external quantum efficiency (EQE is 

defined as the ratio of emitted photons to the number of electrons passing through the device, 

how efficiently the device coverts electrons to photons and allows them to escape).18 With the 

continuously upgraded EQE of monochromatic LEDs,18 the SSL has penetrated the global 

market, in which the characteristic single-emitting colour of LEDs have been employed in a 

wide range of applications, such as architectural lighting, medical lighting, and traffic 

indicators.19 

Among the distinct monochromatic LEDs, the achievement of green emission is still a 

challenge. The green LEDs still suffer from the much lower EQE compared to the other 

monochromatic LEDs.20 This need for novel green-emitting LEDs is motivated by the so-called 

“green gap”, arising from the lack of high-efficient electroluminescent green-emitting LEDs.21 

The main monochromatic LEDs are based on InGaN or AlInGaP semiconductors, whose 

emission colour is tuned from the blue towards the red spectral region by changing the relative 

amount of Indium.22 However, between 480 and 600 nm, LE decreases substantially, 

preventing the fabrication of efficient green LEDs. Furthermore, the efficiency of green 

InGaN-based LEDs declines with the rising current density (an effect known as droop).23 One 

way to cope with this issue is through the development of downshifting phosphors able to 

convert the UV-emission from commercial chips into green-emitting LEDs, Fig. 2.24 

This approach is attracting increased attention due to the huge enhancement of the EQE 

of compact and higher output NUV LEDs based on AlGaN.18,23,25 Challenges include the 

optimization and development of new phosphors with enhanced UV-to-green conversion 

ability. The green emission is of utmost relevance as it can find applications in disparate areas, 

including traffic lights, displays, and the control of the human circadian rhythm (Fig. 2).24 
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Figure 2 - Illustration of the phosphor-based LED concept (top) and of selected applications of UV-

emitting LEDs coated with green-emitting phosphors (bottom). Taken from Bispo-Jr. et al..24 

 

Table 1 lists a series of examples of the state of the art materials used to fabricate green-

emitting PC-LEDs, in which the green-emitting downshifting phosphors were used to coat the 

surface of commercial NUV/blue LEDs chips.24,26−31 Relevant parameters such as the synthesis 

temperature (Ts), the peak wavelength (λe) and the full-width-at-half-maximum emission 

(FWHM), the operation condition of the PC-LEDs (e.g. LED chip emission wavelength, 

applied voltage, and short circuit current), the emission 1931 Commission Internationale 

d’Éclairage (CIE) (x,y) chromaticity coordinates, the percentage of emission intensity decrease 

(Pd) for the indicated time interval and the LE are also included. I notice that in the literature 

other materials are referred to as potential UV down-shifting phosphors for green emission 

(Table 2).32−34 Nonetheless, its emission features were characterised under conventional 

excitation (e.g. Xe lamp). As one target of this thesis is the development of novel phosphors 

for UV conversion, namely employing trivalent lanthanide ions (Ln3+), I will refer to both 

cases. As it can be observed, the most studied phosphors are based on Eu2+ activated oxynitride 

or silicate,24,28−30,35,36 CdSe/ZnS quantum dots (SQDs),31,37 perovskite quantum dots 
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(PQDs),33,34,38 carbon dots (CDs),32 and Tb3+-based complexes or hybrids.26,27,39,40 The 

phosphors designation in the tables follows the nomenclature adopted by the authors in each 

paper. 
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Table 1 - Selected examples of green-emitting PC-LEDs. The synthesis temperature (Ts), the peak wavelength and the full-width-at-half-maximum emission 

(λe/FWHM), the operation condition of the PC-LEDs (e.g. LED chip emission wavelength/applied voltage/short circuit current), the 1931 CIE (x, y) chromaticity 

coordinates, the percentage of emission intensity decrease (Pd) for the indicated time interval and the luminous efficacy (LE) are listed. 

Composition Ts (С) λe (nm)/FWHM (nm) Operation conditions CIE (x, y) Pd LE (lm/W) 

Tb3+(3Cl-acac)3(H2O)2 26 RT 544/10 370 nm/3.8 V/20 mA (0.32, 0.61) 36% 24 h 0.8 

Tb3+(p-BBA)3UA 27 55 544/10 365 nm/3.6 V/350 mA (0.30, 0.62) - 17.3 

NaCaPO4:Tb3+ 27 - 544/10 365 nm/3.6 V/350 mA - - 16.7 

Ba2SiO4:Eu2+ 24 1100 505/60 365 nm/3.2 V/57 mA (0.18, 0.53) 10% 180 h 7.2 

Ba5SiO4(F3Cl3):0.05Eu2+ 28 900 503/- 370 nm/–/20 mA (0.18, 0.48) - 2.2 

(Ba0.46Sr0.46Eu0.08)3BP3O12 29 950 505/- 370 nm/–/350 mA (0.26, 0.40) - 5.2 

Ba1.98SiO4-δN2/3δ:0.02Eu 30 1200 503/- 375 nm/3.2 V/60 mA (0.17, 0.53) - - 

CdSe/CdS/ZnS 31 320 530/- 400 nm/3.2 V/350 mA (0.23, 0.21) - 47.0 

3Cl-acac=3-chloro-2,4-pentaedionate; RT=room temperature; p-BBA=4-benzoyl benzoic acid; UA=undecylenic acid. 
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Table 2 – Selected examples of green-emitting phosphors for potential applications in PC-LEDs. The synthesis temperature (Ts), the peak wavelength and the 

full-width-at-half-maximum emission (λe/FWHM), the excitation conditions (wavelength and power), the 1931CIE (x, y) chromaticity coordinates, and the 

percentage of emission intensity decrease (Pd) for the indicated time interval are listed. 

Composition Ts (С) λe (nm)/FWHM (nm) Excitation conditions CIE (x, y) Pd 

CDs 32 200 500/- 365 nm lamp/4W - 25.0% 2.5 h 

CaF2-CsPbBr3 HNS-PQDs 33 180 525/- 365nm lamp/12W (0.12, 0.77) 45.5% 80 h 

CsPbBr3 PQDs 33 180 525/- 365nm lamp/12W - 89.0% 80 h 

CsPbBr3 NCs 34 180 518/25 365nm Irradiation - 62.0% 120 h 

CsPbBr3 NCs MS 34 180 521/25 365nm Irradiation (0.15, 0.79) 18.0% 120 h 

CDs=carbon dots; HNS=hierarchical nanospheres; PQDs=perovskite quantum dots; NCs=nanocrystals; MS=mesoporous silica.



SUPPLEMENTARY REPORT                                  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 10 

Despite the promising optical performance, the sulphide phosphors and the SQDs are 

excluded from real applications due to the photo instability and toxicity.37 Also, PQDs have 

several disadvantages, including poor thermal stability and degradation under environmental 

conditions that impact on the optimal performance, restricting the commercial applications.38 

Lanthanide (Ln)-based materials appear as a competitive alternative, in which chemical 

stability under ambient conditions is not a concern. Among those, Eu2+ and Tb3+ are the main 

green emitting centres. Focusing on the former examples, Eu2+-related silicates or oxynitride 

are the most reported ones, in which the high synthesis temperature (>900 С) is one negative 

aspect from the energetic point of view.24,28−30 One example is the novel green-emitting 

Ba2SiO4:Eu2+ phosphor that was synthesised at 1100 С for 10 hours and embedded into a 

poly(methyl methacrylate) (PMMA) film, revealing green emission, Fig. 3a, with large 

absolute emission quantum yield values (ɸ=0.50±0.05). 

 

 

Figure 3 - (a) Emission spectra dependence on the operating voltage of the as-fabricated LED; (b) CIE 

1931 chromaticity coordinates (x, y)-dependence on the operating voltage compared to the region 

required for traffic signals (region delimited by black lines) and automotive device (blue shadowed 

region) applications. Taken from Bispo-Jr et al..24 
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These films were coated on the surface of a commercial NUV LED (365 nm) chip, 

yielding a prototype with emission within the green spectral region (inset Fig. 3b), 

independently of the operating voltage within 3.0−3.5 V. The green emission (at 3.2 V) is 

characterised by (x, y) CIE coordinates of (0.18, 0.53), LE=7.2±0.1 lm/W and radiant photo-

stability during 180 hours of operation.24 The LE is among the best values reported for green-

emitting PC-LEDs. 

The use of Tb3+-based organic complexes combines the pure-colour emission of the intra-

4f8 transitions (detailed discussed in Appendix A) with near-room temperature synthetic 

conditions. One fascinating example is the green-emitting PC-LEDs resulting from the 

combination of a NUV LED chip (365 nm) and an organic-inorganic hybrid doped with a UV-

photostable Tb3+ complex, namely Tb(NaI)3(H2O)2 (NaI=1-ethyl-1,4-dihydro-7-methyl-4-oxo-

1,8-naftiridine-3-carboxylic acid). Besides excellent photostability, this complex displays the 

larger absolute emission quantum yield for Tb3+-based hybrids (ɸ=0.82±0.08).39 The PC- LEDs 

prototypes display promising figures of merit, in particular LE=1.3 lm/W. Another example of 

green-LEDs fabricated with Tb3+ complexes is the mixture of Tb(p-BBA)3UA and silicone 

coated on the surface of a commercial NUV LED (365 nm) chip.27 The as-synthesised Tb3+ 

complex displayed a wide excitation region (310–400 nm) with nearly constant absolute 

emission quantum yield (ɸ=0.45±0.05). The as-fabricated PC-LED prototype display 

intriguing LE of 17.3 lm/W. 

 

1.2 White light-emitting diodes 

In parallel with monochromatic emission-related applications, the need for white light 

based on efficient white light-emitting diodes (WLEDs) has driven researchers and industry to 

follow distinct approaches. Nowadays, WLEDs are extensively used as indoor and outdoor 

lighting sources, as well as for specific applications (e.g. backlight of displays), as a result of 
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the gain in luminous flux (one candela of luminous intensity over a solid angle of one steradian 

corresponds to 800 lm), high LE (>300 lm/W), low power consumption (8.5 W), long lifespan 

(5×104 hours), and low price (60 dollars over 20 years of use).17,41–43 The unequivocal relevance 

and societal impact of SSL is seen in the recent directives towards the replacement of 

conventional lamps by WLEDs, that predict a decline 40% of energy consumption by 2030, 

saving 261 TWh (KW/h).44 

For the fabrication, the WLEDs need to physically combine coloured LEDs or to combine 

a UV/blue LED with phosphors, Fig. 4.45 

 

 

Figure 4 - Scheme illustrating the distinct strategies to produce white light emission in LEDs: (a) Red, 

green, and blue (RGB) combination, (b) PC-WLED based on yellow- or white-emitting 

phosphors and (c) hybrid approach. Adapted from Khan et al..45 

 

In particular, the following strategies are considered:45 

a) RGB combination, using RGB monochromatic LEDs homogeneously arranged in a 

scale that the human vision cannot distinguish the distinct colours and only sense the 

mixed white light, Fig. 4a. The produced WLEDs in this strategy are termed RGB-

WLEDs. 

b) PC-WLED based on yellow- or white-emitting phosphors coated on the top of UV, 

NUV or blue LED chips, Fig. 4b. 
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c) Hybrid approaches based on coloured LEDs and PC-LEDs are homogenously 

combined, Fig. 4c. 

 

Table 3 - Human circadian rhythm dependence on CCT values (K) and WLED applications in SSL. 

Taken from Bispo-Jr et al..12 

CCT Circadian rhythm control Disadvantages Indoor and outdoor lighting 

2700–4500 K 

(warm) 

Melatonin production (the human 

circadian system photopigment), 

important at bedtime 

Depression and anxiety-like 

behaviours 

Dining areas, bedroom, and 

general retail 

4500–6500 K 

(cool) 

Melatonin suppression; melanopsin, 

responsible for alertness, attention, and 

emotional process. Desirable during the 

day, but not at night 

Insomnia, and metabolic 

syndromes (e.g., diabetes, 

obesity, gastrointestinal 

disorders) 

Classrooms, hospitals, 

office space, security 

 

Strategies a) and c) display the disadvantages of producing non-uniform white light-

emission colour because of the unequal ageing rates of each LED, which render difficult the 

control of the correlated colour temperature (CCT) (the temperature of the blackbody radiator 

emitting the same colour)46 and colour rendering index (CRI) (quantitative parameter to 

evaluate the light source with a number ranging from 0 to 100 reflecting the capability to 

faithfully reproduce the natural colour of an object).47 The control of CCT is fundamental since 

high CCT values (>5500 K) has the potential to influence negatively the human circadian 

rhythm (e.g. alertness, and neuroendocrine and neurobehavioral physiology), and warm 

WLEDs (2700–4500 K) are proposed to upgrade the cool WLEDs light sources and the 

backlight of displays, Table 3.12 The fine-tuning of CRI is another important aspect in interior 

lighting as it measures the ability of the LED to mimic natural illumination thus, affecting the 

perception of the colour of the object compared to an ideal or natural light source. 

Strategy b) is considered the most suitable alternative in SSL. The current commercial 

WLEDs are based on it, namely on an InGaN blue-emitting LED coated with the yellow-
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emitting phosphor (YAG:Ce). The white light results from the mixture of blue light (not 

converted by the YAG:Ce) with the converted yellow one. The main disadvantages arise from 

the lack of the red component, yielding to limited figures of merit, such as CCT>6500 K and 

CRI<75.48 To circumvent it, one of the strategies lies in the use of a blend of a blue-excited 

red-emission phosphor into YAG:Ce for wide adjustment ranges of CCT and CRI parameters, 

Fig. 5a.45 Alternatives have also been employed to downshift UV/NUV radiation from LEDs 

using phosphors based on distinct luminescent centres, such as fluorescent dyes,49–51 CDs,52–55 

lanthanides (Ln)-based materials,56–58 and other inorganic phosphors59 (Figs. 5b,c,). 

 

 

Figure 5 - Scheme illustrating distinct strategies for Pc-WLEDs. Adapted from Khan et al..45 
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The approach based on UV/NUV LEDs (instead of a blue LED, as in the case of the 

commercial WLEDs with YAG:Ce) displays other advantages compared to the blue LEDs, 

such as less current drooping and significantly less binning possibility, eventually obtaining a 

greater photon density operated with a larger applied driving current.23 Particularly, for the 

WLEDs based on UV/NUV LED chips, the CCT and CRI are almost independent of the coated 

phosphor thickness because of the insensitivity of the human eye to UV radiation, which 

requires less manufacturing precision and also improves the reproducibility of WLEDs.60 

Table 4 lists a series of examples of the state-of-the-art materials used to fabricate 

WLEDs,52−55,61−63 in which the downshifting phosphors were used to coat the surface of 

commercial NUV/blue LEDs chips. Relevant parameters such synthesis temperature (Ts), the 

emission peak (λe) of utilized LED chip, the operation condition of the PC-LEDs (e.g. applied 

voltage and short circuit current), the emission 1931 CIE (x, y) chromaticity coordinates, and 

LE are also included. I notice that in the literature other materials are referred to as potential 

UV down-shifting phosphors for WLED (Table 5).51,56−58,63−79 Nonetheless, the fabrication of 

a PC-LED prototype is absent. Similarly, to that pointed out in the previous subsection, as this 

thesis focus on the materials science and engineering towards PC-LED, these examples are 

mentioned as relevant to set the framework of the state of the art and selected cases will be 

discussed in detail next. The phosphors designation in the tables follows the nomenclature 

adopted by the authors in each paper. 
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Table 4 - UV/blue-down shifting white light-emitting phosphors for potential applications in PC-LEDs. The synthesis temperature (Ts), the emission peak (λe) 

of utilized LED chip, CRI, CCT, 1931 CIE (x, y) chromaticity coordinates, the absolute emission quantum yield (ɸ), the operation condition of the PC-LEDs 

(e.g. applied voltage and short circuit current), and luminous efficacy (LE) are also listed. 

Composition LED chip (nm) Ts CCT (K) CRI CIE (x, y) ɸ Operation conditions LE (lm/W) 

R/G/B-CDs@PVP 52 360 180 5612 89.0 (0.33, 0.33) − − − 

Eu0.05Tb0.95BPTC460 61 365 90 6034 90.0 (0.32, 0.34) 0.43 3.0 V/ 7.9 

ZJU 28⊃(0.02wt%)DSM/(0.06%)AF 62 365 − 5327 91.0 (0.34, 0.32) 0.26 3.8 V/ − 

[(3.5 wt%)Ir(ppy)2(bpy)]+@ porous MOF 63 370 120 5409 84.5 (0.31, 0.33) 0.20 −/− − 

Boehmite hybrid nanoparticles60 390 325 6111 85.5 (0.32, 0.33) 0.58 −/20 mA 6.3 

C-CDs/CaAlSiN3@silicon resin 53 395 180 4340 86.1 (0.37, 0.40) − −/20 mA 31.3 

CDs@silicone resin 54 455 180 4613 83.0 (0.34, 0.28) − −/− 30.5 

Gold-CDs 55 460 220 5653 78.2 (0.33, 0.36) 0.46 −/− 43.75 

CDs=carbon dots; PVP=polyvinylpyrrolidone; BPT=biphenyl-3,4’,5-tricarboxylate; Coumarin 460=C460; ZJU‐28=(Me2NH2)3[In3(BTB)4]⋅12 DMF⋅22 H2O, 

H3BTB=4,4′,4′′‐benzene‐1,3,5‐triyl‐tribenzoic acid; AF=acriflavine; DSM=1-methylpyridinium; Hppy=2-phenylpyridine; bpy=2,2′-bipyridine; MOF=metal-

organic framework. 
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Table 5 - UV/blue-down shifting white light-emitting phosphors for potential applications in PC-LEDs. The synthesis temperature (Ts), excitation wavelength 

(λx), CRI, CCT, 1931 CIE (x, y) colour coordinates, and the absolute emission quantum yield (ɸ) are also listed. 

Composition Ts. λx (nm) CCT (K) CRI CIE (x, y) ɸ 

(PEI/TPE/Tb3+)15/(PEI/Eu0.7
3+Tb0.3

3+−L2EO4)5 64 70 254 - - (0.34, 0.35) 0.12 

LMWG:Tb3+:Eu3+ 65 120 280 - - (0.28, 0.34) 0.05 

[(Eu,Gd,Tb)(pyc)2(Hpyc)3(NO3)]n-PMMA 66 120 285 - - (0.33, 0.35) 0.18 

La2(PDA)3(H2O)5-1:(1.5%)Tb3+,(2.0%)Eu3+ 67 90 312 - - (0.31, 0.33) 0.07 

[H2NMe2]3[Gd0.9365Eu0.370Tb0.0265(DPA)3] 68 120 320 - - (0.33, 0.34) 0.62 

{[Eu3+ (NIPA)3(H2O)]}n 58 − 320 - - (0.34, 0.31) 0.12 

(0.5%)Eu3+-{[Tb3+OH(H2O)6][Zn2Tb3+
4(4-Htbca)2-(4-tbca)8(H2O)12]}n·6nH2O 69 150 330 5562 81.5 (0.33, 0.33) 0.11 

Tb3+/Eu3+/Zn2+-DHN@cholate gel 70 RT 335 - - (0.33, 0.34) 0.07 

(10%)Eu3+-SMOF-1 71 115 350 3606 63 (0.37, 0.01) 0.04 

[Na Gd0.09
3+Eu0.01

3+ (pztc)(H2O)3]·H2O 57 RT 350 - - (0.39, 0.38) 0.08 

(Yb3+
0.73Tb3+

0.25Eu3+
0.02)2(1,3-BDC)2(phen)2(ox)(H2O) 72 140 355 4934 89 (0.35, 0.36) 0.20 

[(Eu3+,Tb3+,Gd3+)(DPAB)3(H2O)2]n 
73 RT 355 - - (0.36, 0.46) - 

Continuation in the next page 
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Table 5 (continuation). 

(0.183)Eu3+/(0.408)Tb3+@Zn2+-MOF 74 90 359 - - (0.34, 0.33) 0.08 

NENU-524-⊃[(3.86wt%) Ir(ppy)2(bpy)]+ 75 − 365 - - (0.30, 0.34) 0.15 

NENU-524-⊃[(3.86wt%) Ir(ppy)2(bpy)]+ 75 − 365 - - (0.30, 0.34) 0.15 

[Dy(TETP)(NO3)3]·4H2O 76 83 365 - - (0.33, 0.35) 0.07 

[Gd3+
99.66Eu3+

0.34(3-SBA)(IP)OH(H2O)]·H2O 77 140 365 - - (0.34, 0.33) 0.10 

[(Eu3+,Tb3+)(BTPCA)H2O]‧2DMF‧3H2O 78 RT 365 5818 . (0.33, 0.33) - 

(1:2)Eu3+/Tb3+@porous MOF 63 120 370 - - (0.36, 0.32) 0.11 

[Sm3+
99.83Eu3+

0.17(4-SBA)-(IP)OH]·1.5H2O 79 160 370 - - (0.34, 0.32) 0.03 

{[(Eu3+/Tb3+/Gd3+)3(bidc)4(phen)2(NO3)]2H2O}n 56 170 376 - - (0.32, 0.33) - 

HSB-W1DCM/C6/CBS-127 51 RT 385 7829 92.0 (0.30, 0.31) 0.19 

RT=room temperature; PEI=polyethyleneimine; L2EO4=1,11-bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-trioxaundecane; 9,10-(4-carboxyphenyl)anthracenedi-

{[3-([2,2′:6′,2′′]terpyridin-4′-ylamino)-propyl]-amide}; LMWG=9,10-(4-carboxyphenyl)anthracenedi-{[3-([2,2′:6′,2′′]terpyridin-4′-ylamino)-propyl]-amide}; 

Hpyc=pyridine-3-carboxylic acid; H2DPA=pyridine-2,6-dicarboxylic acid; HNIPA=3-(1,8-naphthalimido)propanoic acid; 4-H2tbca=4-(1H-tetrazol-5-yl)-

biphenyl-3-carboxylic acid; DHN=2,3-dihydroxynaphthalene; SMOF-1=In(BTB)2/3(OA)(DEF)3/2; BTB=1,3,5-Tris(4-carboxyphenyl)benzene; OA=oxalic 

acid; DEF=N,N′-diethylformamide; H4pztc=pyrazine-2,3,5,6-tetracarboxylic acid; 1,3-BDC=1,3-benzenedicarboxylate; ox=oxalate; phen=1,10-

phenanthroline); DPAB=4-(dipyridin-2-yl)aminobenzoic acid; Zn2+–MOF={[Zn2(BMBDCBA)·H2O]·3H2O·3DMAc·NH2(CH3)2}n; BMBDCBA=3,5-bis(1-

methoxy-3,5-benzene dicarboxylic acid)benzoic acid); DMAc=N,N′-dimethylacetamide; NENU-254={Zn8(btca)6(2-NH2-bdc)3}; H2btca=benzotriazole-5-

carboxylic acid); 2-NH2-H2bdc (2-amino-1,4-benzenedicarboxylic acid); Hppy=2-phenylpyridine; bpy=2,2′-bipyridine; TETP=1,1′,1′′-((2,4,6-triethylbenzene-

1,3,5-triyl)tris(methylene))tris(pyridin-4(1H)-one)); 3-SBA=3-sulfobenzoate; IP=1H-imidazo[4,5-f][1,10]-phenanthroline; H3BTPCA=1,1′,1″-(benzene1,3,5-

triyl)tripiperidine-4-carboxylic acid; (4-H2SBA)=4-Sulfobenzoic acid; H2bidc=benzimidazole-5,6-dicarboxylic acid, HSB-W1=novel neutral MOF, 

hydrogenated schiff base; DCM=4‐(dicyanomethylene)‐2‐methyl‐6‐(p‐dimethylaminostyryl)‐4H‐pyran; C6=coumarin 6. 



SUPPLEMENTARY REPORT  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 19 

The relevance of the Ln3+ ions in the field of PC-LEDs is highlighted in Fig. 6, where the 

emission spectra of different Ln3+-based complexes (Ln=Sm, Eu, Tb, and Dy)80,81 is compared 

with that of other popular phosphors applied to fabricate WLEDs, including CDs (white),52 

YAG:Ce/K2SiF6:Mn4+ (white), MgAlOH:Mn2+ (green),82 and Sr[LiAl3N4]:Eu2+ (red)83. The 

intrinsic properties of the intra-4f transitions (detailed in Appendix A) render Sm3+, Eu3+, Tb3+, 

and Dy3+ complexes relevant to follow strategy b) as UV-downshifting phosphors with 

monochromatic emission (red-, green- and yellow-emitting phosphors) when combined in a 

single UV/NUV chip permits the fabrication of WLEDs.84,85 Up to now, the Eu3+- and Tb3+-

based complexes are attracting much attention due to the considerable absolute emission 

quantum yield (ɸ>0.50),81,86−88 as well as narrow FWHM (<10 nm), Fig. 6b. This example 

permits to highlight the relevance of the above-mentioned need for green-emitting PC-WLEDs, 

Fig. 6a.89 The larger sensitivity of human visual perception (luminosity function) occurs at 555 

nm (green), while such spectral sensitivity becomes very small in adjacent spectral regions 

(<475 and >650 nm) with conversion efficiency <0.1. Thereby, the green phosphor emission 

is a crucial factor to achieve larger LE. For instance, as a comparison, the Tb3+ complex with 

dominant emission centred at ~545 nm is much closer to the 555 nm than that of 

MgAlON:Mn2+ green phosphor (~513 nm),82 Fig. 6b. Moreover, the intrinsic low FWHM (<10 

nm) of the intra-4f transitions provides improved colour purity of green PC-LEDs. In the case 

of Eu3+-based complexes, the dominant transition is the 5D0→
7F2 (for Eu3+ located in a local 

environment with a local-symmetry group without an inversion centre, Appendix A) which 

appears around 615 nm, as illustrated for the Eu(tta)(bpyo2) complex (tta=2-

thenoyltrifluoroacetonate; bpyo2=2,2’-dipyridyl-1,1’-dioxide)81 with FWHM=2.2±0.1 nm. 

These optical features confer improved colour purity compared to that of other red-emitting 

phosphors including CDs,52 K2SiF6:Mn4+, and Sr[LiAl3N4]:Eu2+,83 Fig. 6b. For instance, the 

K2SiF6:Mn4+ red phosphor displays the more intense emission centred at ~630 nm which results 
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in reduced human eyes’ perception. This is even more evident for the case of Sr[LiAl3N4]:Eu2+ 

red phosphor, whose almost half of the emission range lies above 650 nm with the intrinsic 

shortcoming to fabricate PC-WLEDs with large LE. 

 

 

Figure 6 - (a) Luminosity function;89 (b) emission spectra of R,G,B-CDs-I,52 R,G,B-CDs-II,52 

commercial YAG:Ce/K2SiF6:Mn4+, MgAlOH:Mn2+,82 Sr[LiAl3N4]:Eu2+,83  and Ln3+ (Ln=Sm,80 Eu,81 

Tb, and Dy80) complexes. 

 

Other examples based on Ln3+ emission refer to metal-organic frameworks (MOFs). 

These materials are one of the most reported examples to synthesise white light-emitting 

phosphors due to their ability to incorporate Ln3+ ions,65–74 and to enable the simultaneous 

doping with Ln3+ and fluorescent dyes.51,61 For instance, the C460 fluorescent dye was 

encapsulated in Eu3+
0.05Tb3+

0.95BPTC460 MOFs (BPT=biphenyl-3,4’,5-tricarboxylate) 

combining metal clusters of Eu3+ and Tb3+ and BPT organic linkers. The structure of the Tb3+-

based MOF is illustrated in Fig. 7a.61 The resulting materials were well dispersed into a 
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transparent epoxy resin and then coated on the surface of NUV-LED (365 nm) chips to 

fabricate WLED prototypes, Figs. 7b,c. The figures of merit of the WLED prototypes are 

LE7.9 lm/W, CRI=90, and CCT=6034 K.61 

 

 

Figure 7 - (a) Crystal structure of TbBPT MOFs. Photographs of the WLED prototype coated with 

Eu3+
0.05Tb3+

0.95BPTC460 dispersed epoxy resin when it was (b) switched off and (c) operating at 3 V. 

Adapted from Tao et al..61 

 

Despite the clear contribution of the emission arising from Eu3+ and Tb3+ complexes 

towards the development of PC-LEDs, challenges still include the need for materials featuring 

enhanced thermal- and photo-stabilities, and improved mechanical strength.90−92 Strategies 

include the incorporation of the phosphors into polymers,93,94 inorganic,95 or organic-inorganic 

matrixes.96,97 The use of such matrices can enhance their luminescent efficiency (avoided self-

quenching, due to the concentration effect), and improve the thermal- and photo-stabilities, as 

well as better mechanical strength and processability.98 Nevertheless, organic-inorganic hybrid 
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materials have the advantages of both classes, including the processability and flexibility of 

polymers and the stability of inorganic matrices.91−95 Thereby, organic-inorganic hybrids have 

been regarded as a new generation of high-performance materials to combine the merits of the 

inorganic materials (e.g. rigidity, high stability) and the merits of organic polymers (e.g. 

flexibility and processibility).96,97 An emphasis is given to silicon-functionalized organic-

inorganic hybrids, such as di- or tri-ureasils, consisting of a siliceous skeleton to which 

oligopolyether chains are grafted covalently through urea cross-links. Ureasils are prepared by 

the sol-gel method (Appendix B),99,100,101 emitting blue light under NUV irradiation and 

demonstrating excellent transmittance from the UV to the visible spectral ranges.102 

Additionally, the ureasil hybrids can homogeneously accommodate large amounts of Ln3+ ions 

(up to 70 mol%)100,101,103 keeping flexibility and transparency. One of the major drawbacks of 

this doping procedure is associated with the poor solubility of Ln3+-based complexes in the 

ureasil precursor, preventing the incorporation of larger amounts of the complexes. The sol-gel 

derived in-situ synthesis of the complexes within the ureasil structure can mitigate that 

disadvantage and is one of the main strategies followed in this thesis. 

Other relevant examples of phosphors for PC-LEDs that appeared recently are 

fluorescent carbon dots (CDs). They have attracted significant interest due to their abundance, 

cost-effectiveness, and non-toxicity. Additionally, absolute emission quantum yields up to 0.80 

have been reported.104,105 The CDs appear as amorphous or crystalline structures with typical 

dimensions below 10 nm, being easily synthesized by cost-effective and straightforward 

approaches.104,105 One interesting example is the white light emission generated from 

polyvinylpyrrolidone (PVP) doped with CDs with emission in the red (R), green (G), and blue 

(B) spectral regions, Fig. 8.52 The as-synthesised composites displayed efficient emission 

(ɸ0.07, 0.21, and 0.15, for R, G, and B emissions, respectively) and were coated on the top of 

NUV LED (360 nm) chips, resulting in red-, blue- and green-emitting PC-LEDs (Figs. 
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8a,b,c).52 By a judicious choice of the ratio between the three monochromatic emissions, 

WLED prototypes were built (inset of Fig. 8d) with white CIE colour coordinates, 

CCT=5612 K and CRI=89, Figs. 1.8d,e. Moreover, the composites revealed improved 

photostability during a 15-day UV irradiation test (Fig. 8f). This intriguing example points out 

CDs as potential centres to enable a sustainable approach to the development of phosphors for 

WLEDs. Inspired by this example, I present in the last section of this report preliminary results 

prospecting the incorporation of CDs for the new generation of WLEDs. 

 

 

Figure 8 - (a−c) Photographs of the blue, green, and red emission arising from the PC-LEDs based on 

the B, G, or R CDs. (d) CIE 1931 chromaticity diagram of the emission colour of the WLED formed 

by a NUV LED chip (360 nm) covered with B, G, R-CDs@PVP phosphors. The inset displays a photo 

of a working prototype. (e) Emission spectrum of the WLED and (f) Emission spectra before and after 

15 days of UV irradiation. Taken from Wei et al..52 
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2. Objectives of the thesis 

One of the main objectives of my thesis is to develop green-emitting phosphors excited 

under low-power excitation sources (UV/blue LEDs) in the framework of the challenges 

imposed by the above mentioned “green gap” issue (low efficiency of green LEDs). One 

strategy followed in this thesis is to downshift the electroluminescence of NUV LEDs into the 

green-emission range by utilizing novel green-emitting phosphors. 

Another objective is related to the development of phosphors for novel WLED with 

tunned CCT and improved CRI. Three alternative strategies followed in this thesis are listed as 

follows: (1) synthesis of novel blue-excited red phosphors to fabricate YAG:Ce/red 

phosphors@blue LED chip; (2) use of UV LED chips coated with white light-emitting 

phosphors; and (3) employment of NUV LEDs coated with white light-emitting phosphors. 

Since Eu3+- and Tb3+-related materials display considerable brightness and large ɸ 

(>0.50), as well as narrow FWHM (<10 nm), they have the potential to simultaneously improve 

the LE of green/white LEDs, purity of green or red LEDs, and CRI and CCT of WLEDs. 

Moreover, as organic-inorganic ureasil hybrids add novel properties to the Ln3+ emitting 

materials, such as flexibility and transparency improving simultaneously their thermal- and 

photo-stabilities, this thesis also focuses on the synthesis of green, red and white light-emitting 

Tb3+/Eu3+-based ureasil hybrid materials for SSL. In particular: 

 

• Eu3+-based inorganic phosphors for novel blue excited red-emitting materials to tune the 

CRI and CCT of the commercial blue LED chip@YAG:Ce. 

• Green-emitting Tb3+-based complexes incorporated in d-U(600) by in-situ sol-gel 

synthesis and combined with NUV LED chips to assemble the efficient green LEDs. 
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• Gd3+/Eu3+/Tb3+-based complexes incorporated in the d-U(600) di-ureasil host (600 

stands for the molecular weight of the polymer chains - about 8.5 oxyethylene repeat 

units) prepared by in-situ sol-gel as white-emitting phosphors for WLEDs. 

• White light-emitting Ln3+/fluorescent dye-doped d-U(600) prepared by in-situ sol-gel for 

WLEDs. 

• Additionally in this thesis, as preliminary results, I also address intriguing optically active 

centres based on d-U(600) doped with CDs and Ln3+ complexes to improve the emission 

efficiency and realize longer wavelength excited white light emission for SSL.  
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3. Relevance and original contribution 

This thesis is composed of a coherent set of 4 research manuscripts, already published in 

peer review journals with recognized international merit. The supporting information (as 

published in the journal) appears after each manuscript. A supplementary report describing my 

motivation and the state of the art of the subject frames and shows the coherence of the 4 

manuscripts. An integrated perspective and the general conclusions are presented at the end of 

this report. In addition, 2 appendixes summarizing the basics of the luminescence of trivalent 

lanthanide ions (Appendix A) and the main aspects of the sol-gel process (the synthetic route 

adopted in most of the research reported in this thesis, Appendix B) are included. For each 

paper, a summary, a description of the novelty aspects and my contribution are presented. The 

organization of the thesis is illustrated in Fig. 9. 

 

Figure 9 - Scheme of the structure of this thesis. 

 

3.1 Manuscript 1 

Summary 

Inorganic phosphors which can be effectively excited with blue light from commercial 

LEDs are highly desirable for WLEDs. In this manuscript, Eu3+-activated La2Ce2O7 phosphors 

are prepared by a self-rising reaction using urea and glycine as leavening agents under 

hydrothermal conditions. The phosphors display a well-distributed round or elliptical particle 



SUPPLEMENTARY REPORT  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 27 

shapes with an average diameter of about 55±10 nm. The excitation spectrum is dominated by 

the 7F0→
5D2 transition (~466 nm) that overlaps the emission of efficient blue LEDs, rendering 

these phosphors as very attractive as blue converters. The luminescence performance can be 

effectively improved by optimizing the molar ratios of leavening agents and the content of Eu3+ 

concentration and, thus, the absolute quantum yield can reach 0.23±0.02. By combining a 

commercial blue LED chip (InGaN, 465 nm) and the phosphors, intriguing efficient pure red 

emission is achieved with CIE chromaticity coordinates of (0.67,0.33). This pure red emission 

is used to tune the well-known poor CCT values of WLEDs based on YAG:Ce. WLEDs are 

fabricated by coating blue LED chips with blends of YAG:Ce and Eu3+-activated La2Ce2O7, 

yielding prototypes with enhanced CRI that is easily adjusted from 7119 to 3242 K, 

demonstrating that this strategy may use to complement the red component in WLEDs. 

 

Novelty 

• Blue-light excitable Eu3+-activated La2Ce2O7 red-emitting phosphors were successfully 

synthesised. 

• Phosphors can emit the strong red colour with absolute emission quantum yield of 

0.23±0.02. 

• Warm WLEDs were attained by coating a commercial blue-emitting LED at 465 nm with 

YAG:Ce and Eu3+-activated La2Ce2O7 with the potential for indoor lighting. 

• CRI and CCT of as-fabricated WLEDs can be easily adjusted. 

 

My contribution 

This work was carried out in straight collaboration with Prof. Dr. Shikao Shi, from Hebei 

Normal University, China. The main idea behind this work was the improvement of CRI and 

CCT from commercial WLEDs using CeO2:Eu red phosphors. My involvement focused on the 
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synthesis of a series of red phosphors, namely La2Ce2–xO7–x/2:xEu (x=0.0, 0.1, 0.3, 0.5, 0.7, 0.9). 

To homogeneously introduce Eu3+ ions into the pure La2Ce2O7 host, I took care of the synthesis 

that primarily comprises two main sequential procedures: 1) mixed solutions including Ln3+ 

(Ln=Eu, La, and Ce) nitrates and urea/glycine were treated through a hydrothermal condition 

in an autoclave at 160 ℃ for 2.5 hours, and 2) self-rising reaction of these materials that were 

transferred into crucibles for further successive heat-treatments a 500 ℃ for half-hour and a 

950℃ for 2 hours in a furnace at ambient conditions. I fabricated the red-emitting LEDs and 

WLEDs and the prototypes involved the coating of commercial blue-emitting LEDs (465 nm) 

with the prepared La2Ce2–x O7–x/2:xEu materials. To unveil the impact of these phosphors on 

the commercial WLEDs, I made mixtures of commercial YAG:Ce with La2Ce2–x O7–x/2:xEu 

and coated them on the top blue LED chips. After the required treatment process, the XRD and 

FT-Raman measurements were interpreted by me. I was also responsible for the measurements 

of emission and excitation spectra of the red phosphors, as well as the tests of the as-fabricated 

red-emitting LEDs and WLEDs. The figures and tables were cautiously prepared by me. I also 

participated in the manuscript writing by performing bibliography research and providing a 

report on the synthesis, processing, and optical properties of the as-synthesised phosphors and 

the LED-based prototypes. 

 

3.2 Manuscript 2 

Summary 

LEDs are replacing conventional lighting sources, like incandescent and fluorescent 

lamps, due to their higher efficiency, lower energy consumption, and environmental 

friendliness characteristics. Additional applications envisaging “engineered light” able to 

control the human circadian rhythm are now in place with emphases on green-emitting LEDs. 

Herein, transparent, and flexible coatings based on organic-inorganic di-ureasil hybrids, d-
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U(600), doped in-situ with a Tb3+ complex involving salicylic acid as ligands were synthesized. 

The materials are transparent, essentially amorphous, and thermal stable up to 180 °C. Under 

near-UV excitation, bright green emission with high quantum yield values (ɸ=0.57±0.06) and 

enhanced photostability were observed. Green-emitting prototypes were fabricated using a 

commercial NUV LED (365 nm) combined with the Tb3+-doped di-ureasil coating showing 

narrow-band green emission with yellowish-green 1931 CIE (x, y) chromaticity coordinates of 

(0.33, 0.61) and high LE (21.5 lm/W). This efficacy is the largest one reported for analogous 

prototypes formed by a NUV LED coated with a green-emitting phosphor prepared under mild 

synthetic conditions (<100 °C), demonstrating that in-situ formation of carboxylate lanthanide-

based complexes is an energy-saving process with potential for solid-state lighting and 

backlight for flexible displays. 

 

Novelty 

• High-concentrated (30 mol%) Tb3+-doped carboxylate-based transparent and flexible d-

U(600) hybris were synthesised through an in-situ sol-gel process. 

• High quantum yield value (0.57±0.06) under NUV irradiation and the highest luminous 

efficacy (21.5 lm/W) of green PC-LEDs based on 365 nm LED chips were obtained. 

• Photostability of as-synthesised Tb3+-doped d-U(600) under NUV excitation in the initial 

15 hours (subsequent decrease, ~20% in intensity, after the following 13 hours of 

operation). 

 

My contribution 

This work focused on the green-gap issue found in commercial LEDs. The strategy 

followed by me involved the synthesis and structural characterization of efficient NUV excited 

Tb3+-based organic-inorganic di-ureasil hybrids. Such green-emitting materials were evaluated 
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by me as potential phosphors to downshift the electroluminescence of NUV LED chips (365 

nm) into green emission, simultaneously addressing the phosphor photostability.  

In particular, I was responsible for the preparation of the non-hydrolysed di-ureasil 

precursor, d-UPTES(600), and for the subsequent in-situ synthesis of a set of doped d-U(600) 

with distinct concentrations of a Tb3+ complex involving salicylic acid. To structurally 

characterise the materials, the FT-IR and UV−Visible characterisations were performed by me 

and the experimental data related with XRD, SEM, EDX, TG, and ICP-OES measurements 

were provided by the technicians at CICECO–Aveiro Institute of Materials of the University 

of Aveiro. All the data analysis was then performed by me. To optically characterise the as-

synthesised d-U(600) materials, I measured the emission and excitation spectra of all samples, 

as well as the luminescence decay curves. To evaluate the fluorescent downshift efficiency of 

the materials, I interpreted the quantum yield values measured at the phantom-G group. The 

PC-LEDs fabrication was implemented by me. I also carried out the optical characterisation of 

the as-fabricated green LEDs focusing on the photoluminescence and photostability. 

For the manuscript, I made the Figures and Tables and I performed the bibliographic 

research. 

 

3.3 Manuscript 3 

Summary 

This work focused on the preparation of efficient luminescent organic-inorganic hybrid 

materials based on di-ureasils, d-U(600), and an Ln3+-based complex (Ln=Eu, Tb) with 

polycarboxylate ligands (Oba=4,4-oxybis(benzoic acid); Phen=1,10-phenanthroline) 

synthesized via an in-situ sol-gel route. The resulting hybrids were structurally, thermally, and 

optically characterised. The energy levels of the ligands and the host-to-ion and ligand-to-ion 

energy transfer mechanisms were investigated (including DFT/TD–DFT calculations, TD–
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DFT=time-dependent density functional theory). Red and green emission was observed arising 

from the contribution of the Eu3+- and Tb-based di-ureasil hybrids, respectively with maximum 

quantum yield values up to 0.50±0.05. The emission colour can be fine-tuned either by 

chemical approaches (selection of adequate Ln3+ ions) or physical stimuli (variation of the 

excitation wavelength). Accordingly, white light emission with CIE 1931 chromaticity 

coordinates of (0.33, 0.35) under 310 nm irradiation was obtained. 

 

Novelty 

• Ln3+ polycarboxylates were successfully in-situ incorporated in d-U(600) without 

observed aggregation. 

• Tuned white light-emitting Gd3+/Eu3+/Tb3+ polycarboxylate-based d-U(600) were 

realized. 

• After ~250 mins, Ln3+-doped polycarboxylate-based d-U(600) showed an intensity drop 

of 15% and 5%, under 295 and 343 nm irradiation, respectively. 

 

My contribution 

In this work, I focus on establishing a feasible approach to homogenously distribute the 

Ln3+ polycarboxylate complexes in the d-U(600) and prevent the aggregation of the Ln3+-based 

polycarboxylate complexes, following an in-situ sol-gel synthesis process. Hence, I 

synthesised a series of d-U(600)s co-doped with Ln3+ ions and organic compounds and another 

set of di-ureasils singly doped with organic compounds for comparison purposes. To well 

understand the structural change of d-U(600) after the in-situ incorporation of Ln3+ 

polycarboxylate complexes, I measured and analysed FT-IR data and interpreted XRD 

diffractograms. Besides, I was also worked on the characterisation of the optical properties, 
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including emission and excitation spectra of all the samples, together with the corresponding 

luminescence decay curves. 

To prepare the manuscript, I did bibliographic research to support our original intent of 

in-situ synthesising Ln3+ complex in d-U(600) hybrids and highlight the figures of merit of the 

designed materials. To process the XRD patterns, I employed the Bragg’s law to estimate the 

structural unit distances of amorphous siliceous domains inside the hybrid materials with and 

without doping. My contribution also covers the treatment of all other structural 

characterization results including FT-IR, TG, NMR and UV−Visible summarized in Figures 

and Tables. My effort is also visible in the processing of all the optical characterization data. 

Additionally, I prepared the draft of the experimental part and the results and discussion section. 

 

3.4 Manuscript 4 

Summary 

White light-emitting materials have emerged as important components for solid-state 

lighting devices with high potential for the replacement of conventional light sources. Herein, 

amine-functionalized organic-inorganic di-ureasil hybrids consisting of a siliceous skeleton 

and oligopolyether chains co-doped with lanthanide-based complexes, with Eu3+ and Tb3+ ions 

and Oba and Phen ligands, and the coumarin 1 dye (C1) were synthesized by in-situ sol-gel 

methods. The resulting luminescent di-ureasils show red, green, and blue colours originated 

from the Eu3+, Tb3+, and C1 emissions, respectively. The emission colours can be modulated 

either by variation of the relative concentration between the emitting centres or by changing 

the excitation wavelength. White light emission is achieved under UV excitation with absolute 

quantum yields of 0.15±0.02, 0.17±0.02, and 0.20±0.02 at 350, 332, and 305 nm excitation, 

respectively. The emission mechanism was investigated by photoluminescence and UV–visible 

absorption spectroscopy, revealing an efficient energy transfer from the organic ligands to the 
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Ln3+ ions and the organic dye, whereas negligible interaction between the dopants is discerned. 

The obtained luminescent di-ureasils have the potential for optoelectronic applications, such as 

in white light-emitting diodes. 

 

Novelty 

• Efficient NUV-excited white light-emitting transparent and flexible d-U(600)s 

incorporated with in-situ sol-gel synthesised Eu3+/Tb3+ polycarboxylate complexes and 

fluorescent dye were successfully obtained. 

• As-synthesised white light-emitting hybrids display very high quantum yields of 

0.15±0.02 to 0.23±0.02 at 350 nm to 305 nm excitation. 

• Energy transfer from Tb3+-to-Eu3+ has not been observed in the efficient Eu3+/Tb3+ 

polycarboxylate complexes co-doped d-U(600) hybrid materials. 

 

My contribution 

After bibliographic researching on the efficient white light emission based on Ln3+-

related materials, the thought was budding in my mind to further improve the efficiency of 

white light emission stated in our previous peer review publication, entitled “Highly efficient 

luminescent polycarboxylate lanthanide complexes incorporated into di-ureasils by an in-situ 

sol-gel process” in which the Gd3+/Eu3+/Tb3+-based materials enabled white light generation 

attributed to the cooperative effect of the emission arising from the ligands (cyan), Tb3+ (green) 

and Eu3+ (red) ions. Aiming at this point, I decided to substitute the extraction of blue range 

emission by a more efficient approach, utilizing the fluorescent dye C1. Thus, a set of d-U(600) 

co-doped with Eu3+/Tb3+ complexes and C1 hybrid materials were synthesised by me. Also, I 

measured and interpreted FT-IR spectra and analysed the XRD results to extract the structural 

information. To optically characterise the as-synthesised d-U(600) materials, I measured the 
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UV−Visible absorption spectra, and the photoluminescence, in particular, the emission and 

excitation spectra of all the samples, also including the luminescence decay curves. 

During the manuscript preparation, I was responsible for the processing of all the data on 

structural and optical characterizations which were summarized and arranged in Figures and 

Tables. I also participated in the writing of the introduction section to specify the reasons for 

the incorporation of fluorescent dye C1 into Ln3+-doped d-U(600)s and the draft content of 

structural and optical analyses. Additionally, I formatted the manuscript for the submission to 

selected peer reviewed journal. 
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4. General conclusions and future perspectives 

In this section, I will summarize the main results presented and discussed throughout the 

different manuscripts subjacent to this thesis. The main objectives of this thesis were achieved. 

Here, we produced and characterized different optical materials taking advantages of the Ln3+-

based emission combined with broad band emitting canters (dyes and organic-inorganic-

hybrids) to develop down-shifting phosphors for SSL, addressing two main challenges in the 

field: i) the green-gap issue and ii) the poor CRI and the high CCT of the current commercial 

WLED (YAG:Ce). In parallel, in-situ sol-gel derived synthetic routes were tailored to ensure 

the synthesis optimization concerning the incorporation of larger amounts of optical active 

centres, fundamental to potentiate high brightness materials. 

The general conclusion of this thesis is that incorporation of Ln3+ in organic-inorganic 

hybrid hosts by the sol-gel method provides a sustainable and viable approach towards novel 

SSL. Several physical and chemical challenges were addressed over the course of this thesis to 

produce UV/blue-down shifting LEDs prototypes with monochromatic green emission and 

white-light, as highlighted in each manuscript. In particular: 

• Manuscript 1. To cope with the need to enhance CRI and tune CCT in commercial 

WLEDs, novel blue-light excitable La2Ce2O7:Eu3+ red phosphors were synthesised. 

The WLEDs were fabricated through the combination of a blue InGaN LED chip with 

blends formed by mixing YAG:Ce and Eu3+-doped La2Ce2O7, yielding the CCT tuned 

to warm white lighting (from 7119 K to 3242 K) and the CRI modulated from 83.9 to 

73.0. 

• Manuscript 2. Green-emission was generated by preparing d-U(600) doped with Tb3+-

based complexes through an in-situ sol-gel synthesis. The as-fabricated green LEDs by 

coating Tb3+ complex-related d-U(600) phosphors (ɸ=0.57±0.06, excited at 365 nm) 

attained the highest LE (21.5 lm/W) reported so far for analogous prototypes formed 



SUPPLEMENTARY REPORT  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 36 

by a NUV LED covered by a green-emitting phosphor prepared under mild synthetic 

conditions (<100 °C).  

• Manuscript 3. White light emission with CIE 1931 chromaticity coordinates of (0.33, 

0.35) and ɸ=0.03±0.01excited at 310 nm was generated in d-U(600) doped with in-situ 

sol-gel synthesised Gd3+-, Eu3+-, and Tb3+-based complexes with polycarboxylate and 

ancillary ligands. 

• Manuscript 4. Efficient and tuned white light emissions were obtained combining the 

blue component of a fluorescent dye with the red and green components of Eu3+- and 

Tb3+-based complexes incorporated into the d-U(600) hybrid host. 

 

This thesis has proofed the feasibilities including i) in-situ incorporation of 

polycarboxylate Ln3+ complexes into di-ureasils to obtain transparent and flexible red, green, 

and white light hybrid materials; ii) fabrication of the efficient green LEDs based on the 

combination of Tb3+-related di-ureasils and NUV LED chips; (iii) synthesis of the efficient 

NUV white light-emitting di-ureasils for tuned WLED applications. Efforts still need to be 

focused on the synthesis of enhanced NUV excited green-emitting Tb3+-related and NUV-to-

visible-excited (365−400 nm) white light-emitting Eu3+-related ureasils by utilizing other 

carboxylates or β-diketonates as main ligands for the in-situ synthesis of the Ln3+ complexes. 

 

Future perspectives 

In this final subsection, I will discuss some preliminary results illustrating a possible 

progress of the work developed in this thesis. The actual challenges of SSL include the 

development of improved UV-down shifting phosphors that combine sustainability, easy 

recycling with optical properties optimization focused on colour tunability and quality (CCT 

and CRI). Lanthanide elements are unrenewable resources, and their mining and refining 
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processes result in a particular impact on the environment. CDs can be potential alternatives to 

lanthanide elements in commercial lighting applications due to a few praiseworthy 

characteristics, including tuneable colour in the visible range, nontoxicity, ease of modification, 

low cost, and abundant resources. However, the inefficient red emission and the self-absorption 

quenching of CDs limit the potential full substitution of lanthanide elements, and then, a novel 

tendency to reduce the amount of rare earth elements used in SSL is the combination of Ln3+ 

ions and CDs. One illustrative example is the mixture of Eu3+ complexes and efficient CDs to 

fabricate NUV-to-visible-excited (365−400 nm) white light-emitting materials. The rational 

selection of the CDs relies on their efficient blue, cyan and green emissions (ɸ values up to 

0.80, as mentioned in section 1.2). Owing to the abovementioned inefficient red emission and 

self-absorption quenching, an Eu3+-based complex can be mixed with CDs as complementary 

red emission chromophores for white light applications. Furthermore, the Eu3+-based complex 

and the CDs display analogous solubilities in non-toxic solvents, such as ethanol, enabling sol-

gel processing and, consequently, allowing their incorporation into matrixes such as di-ureasil. 

Intriguing preliminary results integrating this perspective in the field of WLEDs was 

performed in the last months of my PhD period. Flexible films with visible light (400 nm)-

excited white light emission were prepared by the sol-gel synthesis process, based on the of 

ligand-induced red emission of the [Eu(tta)3(bpyO2)] complex (tta–=2-

thenoyltrifluoroacetonate and bpyO2=2,2’-dipyridyl-1,1’-dioxide) and cyan emission from 

CNDs incorporated into d-U(600). 

The emission is composed of the red component arising from [Eu(tta)3(bpyO2)], which 

exhibits remarkable emission quantum yield (ɸ=0.48±0.05) under 395 nm excitation, and of 

the cyan emission originating from the CNDs, for which the quantum yield value in water 

solution (ɸ=0.10±0.01, Fig. 10) is boosted upon incorporation into the di-ureasil host (up to 

ɸ=0.39±0.04). 
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Figure 10 - (a) Excitation and (b) emission spectra of d-CNDs and (c) excitation and (d) emission 

spectra of r-CNDs. The d-CNDs and r-CNDs are both in aqueous solutions (0.1 mg/mL) (Photos of d-

CNDs (1.0 mg/mL) aqueous solution under 365nm and day light illustrated in (c); images of r-CNDs 

aqueous solution under 365 nm illumination and day light illustrated in (d). 

 

White light-emitting LEDs prototypes were fabricated by coating commercial LED chips 

(400 nm) with di-ureasils comprising an Eu3+-based complex and the CNDs, leading to the 

tunable correlated colour temperature (CCT) from cold (5796 K) to warm (4228 K) white light 

with high colour rendering index (CRI) values of 88.9 and 84.2, respectively (Fig. 11). Hence, 

the combination of an Eu3+ complex and efficient CDs can be considered as the more 

interesting future tendency to synthesise NUV-to-visible-excited (365−400 nm) commercial 

white phosphors for indoor lighting and backlight of displays. 

 



SUPPLEMENTARY REPORT  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 39 

 

Figure 11 - (a) and (b) Photos of 400 nm LED coated with d-U(600) doped with [Eu(tta)3(bpyO2)] and 

CNDs under daylight and upon driving current of 2 mA; (c) CIE 1931 chromaticity diagram showing 

the (x,y) emission colour coordinates of  Eu-IICNDs@dU6 coated WLEDs illustrated with the photo 

of [Eu(tta)3(bpyO2)] and CNDs doped d-U(600) flexible film; (d) relationship between CCT/CRI of S1–

S4; e) photoluminescence spectra under commercial 400 nm LED. 
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Appendix A. Basics behind trivalent lanthanide-based luminescence 

Electronic structure and energy levels of Ln3+ ions 

The electronic configuration [Xe]4fN5d0 or 16s2 (N is the number of electrons), denotes a 

series of elements (Ln) with atomic numbers 57 through 71, from Lanthanum (La) to Lutetium 

(Lu) (15 elements), as listed in Table A1.106 The first state of ionization of lanthanide ions 

results from the removal of a 6s electron, with Lu being the only exception. The second 

ionization state corresponds to the removal of another 6s electron. Finally, the third state of 

ionization (Ln3+), which is the state commonly observed for these elements, occurs with the 

removal of all 6s and 5d electrons and often also of a 4f electron. Table A1 also demonstrates 

the electronic structures of Ln3+ ions and the possible oxidation states of Ln. Figs. A1a and 

A1b give out the schematic diagram of radial charge distributions of 4f, 5s, 5p, 5d, and 6s of 

an Ln ion and 4f, 5s, and 5p of an Ln3+ ion, respectively.107 After removal of the 6s and 5d 

electrons of Ln, the unfilled 4f of Ln3+ is shielded by outer 5s and 5p. 

 

 

Figure A1 - (a) Schematic diagram of the radial charge distributions of 4f, 5s, 5p, 5d, and 6s of Ln ions; 

(b) Schematic diagram of radial charge distributions of 4f, 5s, and 5p of Ln3+ ions. Adapted from 

Freeman et al..107 
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Table A1 Electronic structures of Ln and Ln3+, as well as oxidation states of Ln. Adapted from Bünzli 

et al..106 

Element 
Electronic structure of 

atoms 
Electronic structure of Ln3+ 

Oxidation 

states 

Lanthanum La [Xe]5d1 6s2 [Xe] +3 

Cerium Ce [Xe]4f1 5d1 6s2 [Xe]4f1 +3; +4 

Praseodymium Pr [Xe]4f3 6s2 [Xe]4f2 +3; +4 

Neodymium Nd [Xe]4f4 6s2 [Xe]4f3 +2; +3; +4 

Promethium Pm [Xe]4f5 6s2 [Xe]4f4 2; +3; +4 

Samarium Sm [Xe]4f6 6s2 [Xe]4f5 +2; +3; +4 

Europium Eu [Xe]4f7 6s2 [Xe]4f6 +2; +3; +4 

Gadolinium Gd [Xe]4f7 5d1 6s2 [Xe]4f7 +3 

Terbium Tb [Xe]4f9 6s2 [Xe]4f8 +3; +4 

Dysprosium Dy [Xe]4f10 6s2 [Xe]4f9 +3; +4 

Holmium Ho [Xe]4f11 6s2 [Xe]4f10 +3 

Erbium Er [Xe]4f12 6s2 [Xe]4f11 +3 

Thulium Tm [Xe]4f13 6s2 [Xe]4f12 +2; +3 

Ytterbium Yb [Xe]4f14 6s2 [Xe]4f13 +2; +3 

Lutetium Lu [Xe]4f14 5d1 6s2 [Xe]4f14 +3 

 

Since the 4f orbitals of Ln3+ shielded by 5s and 5p orbitals, the intra 4f-4f emissions of 

Ln3+ ions exhibit very narrow emission lines with a full width at half maximum (FWHM) rarely 

exceeding 10 nm.108 The intra 4f-4f emissions of Ln3+ ions are also characterised by long-lived 

excited-state lifetime (μs–ms range).108 Depending on the Ln3+ ion, the 4f-4f emissions span 

from NUV to visible and even near-infrared (NIR) spectral regions, such as red (Eu3+ and 

Sm3+), green (Tb3+), yellow (Dy3+), and blue (Tm3+) in the visible range.65,91,96,109,110 Therefore, 

since the middle of the 20th century, Ln3+ ions have attracted considerable attention from 

chemists, spectroscopists, physicists, and more recently biologists. Nevertheless, the 4f-4f 

transitions of Ln3+ ions are parity-forbidden generally resulting in weak molar absorption 
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coefficients (ɛ<10 M-1cm-1) and, consequently, weak B (B=ɛ×ɸ).111 When suitable organic 

ligands coordinate with most of the Ln3+ ions, the brightness and ɸ of the resulting complexes 

can be significantly improved, assigned to the ligand-to-Ln3+ energy transfer named as 

“antenna effect”112–114 and the protection of coordinated ligands to prevent Ln3+ ions from the 

vibrational non-radiative quenching approaches).91,110,111,115 The ligands with high molar 

absorption coefficients not only improve the emission intensity of Ln3+ but also result in larger 

ligands-induced Stokes shifts. To obtain the efficient Ln3+ complexes, the commonly used 

ligands are β-diketone, aromatic carboxylic acid, and macrocyclic compounds, accompanying 

with heterocycles as the ancillary ligands.96,98,109,116 

 

 

Figure A2 - The 4fN configuration of Ln3+ ions. 

 

According to the Laporte’s rule,117 the 4f-4f ED (electric dipole) transitions are in 

principle forbidden for Ln3+ ions whose local symmetry lacks an inversion centre. When the 

Ln3+ ions exist in a certain chemical environment (e.g. crystal, glass, polymer, and solution), 
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the free ions lose the spherical symmetry. The 4fN configuration of Ln3+ ions labelled by the 

Russel-Sunders coupling scheme is presented in Fig. A2. For each electron filled into the 7 

orbitals of the 4f shell, it has the corresponding orbital angular momentum (ml) and the spin 

angular momentum (ms) (Fig. A2). In the Russel-Sunders coupling scheme, the ml is added 

vectorially giving rise to the total magnetic angular momentum (L). The ms is also coupled 

resulting in the total momentum of spin (S). Moreover, the resulting L and S are coupled to 

define the total angular momentum J (illustrated in Fig. A2). 

The number of states can be calculated by filling the N electrons into the 14 positions (of 

the 7 orbitals in 4f shell): number of states= (
14
𝑁

) =
14!

𝑁!(14−𝑁)!
. As a typical example, the 

electronic configuration of Eu3+ (4f6) consists of 119 energy terms (multiplets) denoted by 2S+1L 

or 3003 states (2S+1LJ) according to the Russel-Saunders coupling scheme, as presented in Fig. 

A3.118,119 The L value ranges from 0, 1, 2, 3, 4, 5, 6,…, represented by S, P, D, F, G, H, I,…, 

respectively. Additionally, the ground states of the Ln3+ ions can be identified based on the 

Hund’s empirical rules, subjected to Pauli’s exclusive principle, as follows (to be applied in 

the given order):106 

 

➢ Rule 1: The ground state of a given Ln3+ electron configuration should have the 

maximum spin multiplicity. 

➢ Rule 2: For the terms with the maximum spin multiplicity, the ground state also should 

have the highest total orbital angular momentum (or L value). 

➢ Rule 3: For electronic shells that are less than half-filled, the ground state has the lowest 

possible J value. For electronic shells that are more than half-filled, the ground state has 

the highest possible J value. 
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Figure A3 - Schematic representation and order of magnitude of the effects of the intra-atomic and 

ligand field interactions acting on the 4f6 configuration of the Eu3+ ion. Adapted from Malta et al..119 

 

The ground states of some Ln3+ ions are shown in Scheme A1, known as Dieke’s 

diagram, in which the ground states and main emissive levels are depicted in blue and red, 

respectively.120 Additionally, the states can be further split because of the ligand field with the 

maximum 2J+1 degeneracy, on the order of 102 cm–1. The phenomena are termed as the crystal 

or ligand field effect (or Stark effect) which can be described by quantum number Jz. Moreover, 

the crystal field effect is highly valued to evaluate the spherical symmetry of Eu3+ ions based 

on the Jz numbers of 7FJ states. The relationship of the crystal field effect to the local symmetry 

group around the Eu3+ ion in the host is given out in Table A2.121−124 It is due to that the 

resulting symmetry of Eu3+ ion in a host induced by crystal-field perturbation can slit the 2S+1LJ 

terms in varied crystal-field levels.121,122 Hence, the experimental splitting levels can be applied 

to deduce back the local symmetry group around the Eu3+ ion in the host. Generally, the number 

of Stark components increases as the local symmetry of the Eu3+ ion decreases. 
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Scheme A1 - Simplified Dieke diagram of the energy levels of some Ln3+ ions. The main emissive 

levels are depicted in red while the ground levels are drawn in blue. Adapted from Dieke et al..120 

 

4f-4f transitions 

The optical properties of Ln3+-containing materials are directly related to the 4f-4f 

transitions in a 4fN electronic configuration. The 4f-4f transitions are forbidden to first order by 

ED, but are allowed by the electric quadrupole, vibronic, magnetic dipole and forced electric 

dipole mechanisms. Among these mechanisms, only the magnetic dipole (MD) and forced 

electric dipole ones could account for the observed intensities.119 In 1962, Judd and Ofelt used 

the irreducible tensor operators to treat the forced 4f-4f ED transitions.125,126 Two years later, 

to explain the large intensity variation of some hypersensitive 4f-4f transitions of Ln3+, 

Jørgensen and Judd127 put forward an additional mechanism termed as dynamic coupling, 

which could be as operative as the forced ED mechanism (or, for some transitions, even more 

relevant).119 It considers the formations of oscillating dipoles on the atoms in the 

neighbourhood of the Ln3+ cations induced by the electric field of incident radiation, 

accordingly producing an additional oscillating electric field.91 In our days, the standard Judd-

Ofelt theory and the dynamic coupling mechanism have been widely used to evaluate 

absorption and emission cross-sections in Ln3+-containing materials. 



APPENDIX A  Ming Fang 

Lanthanide-doped inorganic materials and organic-inorganic hybrids for solid-state lighting 46 

Table A2 - Splitting of each J level due to the symmetry point groups. Adapted from Hüfner et al..121−124 

System Point group 
J (Integer) 

0 1 2 3 4 5 6 7 8 

Cubic Oh, O, Td, Th, T 1 1 2 3 4 4 6 6 7 

Hexagonal D6h, D6, C6v, C6h, C6, D3h, C3h 

1 2 3 5 6 7 9 10 11 
Trigonal D3d, D3, C3v, S6 C3 

Tetragonal D4h, D4, C4v, C4h, C4, D2d, S4 1 2 4 5 7 8 10 11 13 

Triclinic S2 (or Ci), C1,  

1 3 5 7 9 11 13 15 17 Monoclinic C2h, C2,Cs (or C1h) 

Orthorhombic D2h, D2, C2v 

  J (semi-integer) 

  1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2  

Cubic  1 1 2 3 3 4 5 5  

Other local symmetry  1 2 3 4 5 6 7 8  

 

The line strengths of electric dipole transition (SED) and magnetic dipole transition (SMD) 

between states 4fN ψ’J’ and ψJ (SMD in units of e2, where e is the electronic charge, 

e=−4.810−10 e.s.u.=1.60210−19 C) are described as follows (Eqs. A1 and A2):128,129 

 

𝑆𝐸𝐷 =
1

(2𝐽+1)
∑ 𝛺𝜆

𝑒𝑑𝛺𝜆|⟨𝜓′𝐽′‖𝑈(𝜆)‖𝜓𝐽⟩|𝜆=2,4,6

2
   (A1) 

𝑆𝑀𝐷 =
ℎ

2

16𝜋2𝑚𝑐2

1

2𝐽 + 1
|⟨𝜓′𝐽′‖𝐿 + 2𝑆‖𝜓𝐽⟩|2 (A2) 

 

  

where h is Planck’s constant, m the electron mass, c the velocity of light in vacuum, 𝛺𝜆
𝑒𝑑 the 

Judd-Ofelt intensity parameters (λ=2, 4, 6), 𝑈(𝜆)(𝜆 = 2,4,6) the square of the matrix elements 

of the unit tensor operators of rank λ connecting the initial and final states, (L+2S) the spin-
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orbit operator. It should be noticed that the involved matrix elements in the MD line strength 

treated as constant in a good approximation, independent to the ligand crystal field which is 

the crucial key to simplify the modified Judd-Ofelt’s equations for the real case analysis, as 

described in section A2 (a particular case of the Eu3+ ion). 

With the attempt to analyse the applications of Ln3+-related materials, the parameters 

including 𝜏𝑅𝐴𝐷 , emission quantum efficiency (η, also called intrinsic quantum yield) of an 

energy level and ɸ are required to analyse the spontaneous light emission.91 For a certain 

excited state 4f 𝑁𝜓′𝐽′, the τRAD value equals the reciprocal of the total transition radiative 

probability ARAD, which is the sum of all possible radiative decay rates from the 𝐽′ state towards 

lower J states. τRAD is displayed as follows (Eq. A3):129 

 

𝜏𝑅𝐴𝐷 =
1

𝐴𝑅𝐴𝐷
=

1

∑ 𝐴𝐽′𝐽𝐽
         (A3) 

 

where𝐴𝐽′𝐽  means the radiative transition probability (Einstein’s spontaneous emission rate), 

shown as follows (Eq. A4):129 

 

𝐴𝐽𝐽′ =
8𝜋𝑒2𝜔2

3ℎ𝑐3
[𝑛2𝜒𝑆𝐸𝐷 + 𝑛3𝑆𝑀𝐷] =

8𝜋𝑒2𝜔2

3ℎ𝑐3
[
𝑛(𝑛2 + 2)2

9
𝑆𝐸𝐷 + 𝑛3𝑆𝑀𝐷] (A4) 

 

where the expressions for SED and SMD have been described in Eqs. A1 and A2, 𝜔 is the angular 

frequency of the 𝐽′ state towards lower J state transition (𝜔 = 2𝜋𝑐𝜎, 𝜎 being the transition 

energy in cm−1), 𝜒  is the local electric field correction factor (𝜒 =
(𝑛2+2)

2

9𝑛
) based on the 

refractive index of the medium (n). 

For the excited state 𝐽′, η is given by the ratio between the radiative decay rate (ARAD) and 

the total decay rate (ARAD+ANRAD) as (Eq. A5):91 
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𝜂 =
𝜏𝐸𝑋𝑃

𝜏𝑅𝐴𝐷
=

𝐴𝑅𝐴𝐷

𝐴𝑅𝐴𝐷 + 𝐴𝑁𝑅𝐴𝐷
 (A5) 

𝜏𝐸𝑋𝑃 =
1

𝐴𝑇
=

1

𝐴𝑅𝐴𝐷+𝐴𝑁𝑅𝐴𝐷
          (A6) 

where 𝜏𝑅𝐴𝐷=
1

𝐴𝑅𝐴𝐷
 (Eq. A3). 

 

The particular case of the Eu3+ ion 

In the specific case of Eu3+, a series of 5D0→
7F0‒6 transitions are suitable candidates in 

the fitting of the mentioned Judd’s equation because of intense signals (in emission spectrum) 

and easily accessed datum. Additionally, the MD transition of 5D0→
7F1 can be considered as 

independent of the surrounding environment of Eu3+ ion, which is consequently applied as 

reference for the induced ED transitions 5D0→
7F0,2,3,4. Herein, A01 represents the spontaneous 

decay rate of 5D0→
7F1, given by 𝐴01 = 𝐴01

′ 𝑛3, where 𝐴01
′ = 14.65 s−1 in vacuum. I0J refers 

to the intensity of the 5D0→
7F0‒6 transitions, in terms of the integrated area of transition bands 

in the emission spectrum, S0J: 

 

𝐼0𝐽 = ℎ𝑐�̅�𝐴0𝐽𝑁(5𝐷0) ≡ 𝑆0𝐽 (A7) 

 

where 𝑁(5𝐷0) is the population of the 5D0 emitting level. Meanwhile, the total radiative decay 

rate can be described as follows: 

 

𝐴𝑅𝐴𝐷 = ∑ 𝐴0𝐽 =
𝐴01ℎ𝑐𝑣01

𝑆01
× ∑

𝑆0𝐽

ℎ𝑐𝑣0𝐽

6

𝐽=0

6

𝐽=0

 (A8) 
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Calculation of the ARAD and ANRAD,  as well as the number of water molecules (nw) 

coordinated to the Eu3+ ions, based on the experimental lifetime (exp=kexp
–1).  

The ANRAD can be obtained from the experimental 5D0 lifetime: 

 

ANRAD= exp
−1− ARAD= AT− ARAD 

(A9) 

 

and the  is obtained from the Eq. A5. 

According to Horrocks,130 nw can be estimated from the experimental decay time by the 

empirical formula (with the unit of decay rate ms‒1 in Eq. A10): 

 

nw=1.1(Aexp−ARAD−0.31)  (A10) 

 

The energy transfer efficiency (ηET) from the donor to the acceptor is calculated by:131,132 

𝜂𝐸𝑇 = 1 − (𝜏–/𝜏0)  (A11) 

 

where τ0 is the lifetime of a donor without the presence of an acceptor and τ is the lifetime of a 

donor co-existing with an acceptor.
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Appendix B. Sol-gel process 

A brief introduction to the sol-gel process is given as follows, primarily relying on the 

book “Sol-gel science: the physics and chemistry of sol-gel processing” by C.J. Brinker and G.W. 

Scherer.133 

 

Fundamental aspects 

The sol-gel process comprises a series of successive transformations starting from the 

compounds (termed as precursors) followed by the formation of a colloidal suspension (sol) 

and then with the gradual aggregation of sol to establish a three-dimension (3D) network 

containing a continuous liquid phase inside (gel).134 The precursors utilized to prepare the 

colloid suspensions are composed of a metal or metalloid element with several ligands around. 

It is worth noting that the alkoxide compounds mean the metal or metalloid atom-oxygen-

carbon linkages, rather than direct metal-carbon linkage in organometallic compounds. A 

colloidal suspension (or sol) is a mixture in which the dispersed particle with size ~1–1000 nm 

is suspended throughout another continuous phase such as liquid. Due to the small particle size, 

the interactions among particles are dominated by short-range forces such as van der Waals 

attraction and the surface charges induced electrostatic forces, along with the negligible 

gravitational forces. 

In sol-gel syntheses, metal alkoxides are frequently used as precursors because of the 

merits in easy reactions with water.135 For instance, the silicon tetra-alkoxide, Si(OR)4, consists 

of four –OR groups around the Si4+ atom, in which –R and –OR represents various alkyl and 

alkoxyl groups, respectively, such as –OCH3 and –OCH2CH3 for –OR.136 The sol-gel process 

starts from the hydrolysis of precursors based on the nucleophilic attack of water on the Si4+ 

atom, which can be accelerated by acid or base catalyst, such as (HCl and NH3H2O), as 

follows: 
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Si(OR)4 + H2O → Si(OR)3(HO) + ROH (B1) 

Si(OR)3(HO) + H2O → Si(OR)2(HO)2 + ROH      (B2) 

Si(OR)2(HO)2 + H2O → Si(OR) (HO)3 + ROH     (B3) 

Si(OR) (HO)3 + H2O → Si(OH)4 + ROH          (B4) 

 

Eqs. B1 to B4 display the gradually hydrolysed amount of –OR groups to produce –OH 

groups, from one to four complete substitutions (Si(OR)4–n(OH)n (n=0–4)). The completely 

yielding of Si(OH)4 can be realized by adding adequate water and catalysts. Moreover, R 

represents a proton or alkyl in Eqs. B1 to B4, and therefore ROH is an alcohol if –R is an alkyl. 

 

≡Si–OH + HO-Si≡ → ≡Si–O–Si≡ + H2O        (B5) 

≡Si–OR + HO-Si≡ → ≡Si–O–Si≡ + ROH       (B6) 

 

The condensation is based on the reactions between two partially hydrolysed precursors 

(silanols) or one silanol and one alkoxysilane to form Si–O–Si bridging units accompanying 

with the elimination of by-product H2O or ROH, as shown in Eqs. B5 and B6, respectively. 

Moreover, the condensation reactions usually begin before the hydrolysis reaction was 

complete. The sol-gel process can be separated into three stages: 1) polymerization of monomer 

to form particles, 2) growth of particles and 3) linking of particles to gradually form 3D 

networks throughout the liquid medium and to form a gel.133 During the particle growth period, 

the particles with a bigger size keep increasing the size parallelly with the reduction of soluble 

particle number caused by the dissolution of particles with a smaller size to reprecipitate on the 

larger particles. When the solubility gap between the smallest and largest particles is decreased 

to only a few ppm (parts per million), such growth mode will end in which the smaller particles 

stop to dissolve back into solvent as the ingredient for the growth of bigger size particles. 
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Furthermore, the increased heat-treatment temperature of the sol-gel process can result in the 

formation of particles with bigger sizes of the consequent gel product. The bigger size particles 

are attributed to the greater solubility of particles triggered by higher temperature to keep 

supplying the ingredient (dissolution of the smaller particles) for the growth of bigger particles, 

especially, with pH > 7 in the preliminary stage of the solution. 

Si(OR)4 readily forms the 3D networks derived from the full-functional sites (four alkoxy 

groups or four functionality, falkoxy=4) around the Si4+ atoms.137 Because poly-functional 

precursors can constitute the huge molecules (or polymer) that are built on the condensation of 

hundreds of individual monomers (hydrolysed precursors), only requiring the precursors with 

at least two hydrolysable functionalities (falkoxy≥2). In sol-gel synthesis technique, it is usually 

mandated to adjust the functionality number on precursors, such as organotrialkoxysilane or 

diorganodialkoxysilane precursors (R’Si(OR)3 or R’2Si(OR)2, respectively, R’=a non-

hydrolysable organic substituent) by kinetic considerations or compatibility with precursors of 

other network-forming elements in multicomponent silicate gel syntheses. 

As we mentioned above, the gel (a fresh gel or an alcogel) is a solid skeleton with a 

continuous liquid phase entrapped inside. The solid skeleton is constituted by macromolecules 

derived from poly-functional precursors after uncompleted hydrolysis and condensation. 

Therefore, the followed further ageing with ambient heat-treatment is often required to promote 

the uncompleted hydrolysis and condensation reactions, parallelly with the solvent evaporation 

and the spontaneous volume shrinkage of the gel. Herein, the dissolution and precipitation of 

monomers or oligomers, or even phase transformations also occur during the ageing process. 

After the ageing process (or ambient heat-treatment), the generated products are termed as 

xerogel with obvious volume shrinkage (a reduction factor around 5 to 10, the resulting volume 

of xerogel compared to fresh gel). Whereas, if the entrapped solvent phases in alcogels are 

extracted under supercritical drying, including freeze-drying and supercritical fluid extraction, 
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the generated ultralight materials are termed as aerogel containing numerous spaces inside a 

3D network framework and realizing almost without volume shrinkage. Such materials are also 

named such as frozen smoke, solid smoke, solid air, solid cloud, or blue smoke.133 

 

Mechanisms of hydrolysis and condensation of silicon alkoxides 

As we mentioned above, silicon alkoxides, especially tetramethoxysilane (Si(OMe)4) and 

tetraethoxysilane (Si(OEt)4), were extensively applied to synthesise bulk gels,138,139 fibres,140 

films,141 and dispersed sphere particles,142 through the adjustments of adequate water, solvent 

and catalyst additions. Si usually exists in the +4 oxidation state (z=4) in nature and the 

coordination number, Nc, is also often 4.143 Moreover, silicon is generally endowed with less 

electropositivity such as δ(Si)=+0.32 in Si(OEt)4, whereas δ(Ti)=+0.63 and δ(Zr)=+0.65 in 

titanium ethoxide (Ti(OEt)4) and zirconium ethoxide (Zr(OEt)4), respectively.144 The less 

electropositivity on silicon results in a relatively slower nucleophilic attack. Moreover, Nc=z of 

Si4+ makes the coordination expansion under such attacks of nucleophilic reagents requiring 

external conditions. Thus, the decelerated hydrolysis and condensation of silicon precursors 

are observed comparing with that of precursors based on transition metal systems or in the 

Group III system. 

During the sol-gel process, the catalysts are usually applied to accelerate and promote 

the hydrolysis reaction of silicon alkoxides, such as popular mineral acid (e.g., HCl or HNO3) 

or a base (NaOH or NH3H2O), as well as catalysts including acetic acid, NH4F, and so on.145,146 

The catalysts demonstrate very efficient promotion of hydrolysis reactions, while the heat-

treatment and the solvent in sol-gel processes can be considered as less important factors. 

Generally, the acid or base catalysts with rising concentration can obtain the increased reaction 

rate and extent of the hydrolysis reaction. Additionally, the strong acids as catalysts result in 

the faster gelation reaction comparing that utilizing weaker acids as catalysts. Thereby, the 
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hydrolysis reaction mechanisms catalysed by acid catalysts are postulated to associate with the 

concentration of hydrogen ions (H+) ions. Although, the analogous behaviours are observed by 

utilizing base as catalysts in the function of the catalyst concentration on hydrolysis reactions. 

Whereas such a principle is also affected by other factors. Furthermore, the hydrolysis kinetics 

of basic catalysts is more strongly affected by the solvent compared to that of acidic catalysts. 

Under acidic conditions (pH<7) of preliminary initial or starting solutions, the free H+ 

will likely adhere to alkoxide group (–OR, protonation) withdrawing the electron density from 

Si4+ atom, which makes the Si4+ cation more electrophilic and weaker to be attacked by a water 

molecule, as presented in Eq. B7. For the precursor, the water molecule preferentially attacks 

from the backside and is charged with a partial positive charge. The redistribution of charge 

density weakens the bond of the protonated –OR and enhances the connection between a water 

molecule and Si4+ atom, named as the transition state. Subsequently, the transition state decays 

to form ≡Si–OH bond by the displacement of alcohol and the detach of H+ back to the solution, 

presenting an inversion of silicon tetrahedron structure: 

 

 

(B7) 

 

Under basic conditions (pH>7), the higher concentration of OH– anions will attack Si4+ 

atom and form an intermediate state, in which partial electron density from OH– anion will 

distribute to one –OR group and form SN2–Si state.147 SN2–Si state shows two weak bonds of 

–OH and –OR to Si4+ centre, as given in Eq. B8. During the decay of intermediate state, –OH 

displaces –OR and leaves on Si4+ centre with inversion of the silicon tetrahedron structure 

spontaneously releasing an OR– into the solution: 
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(B8) 

 

In fact, except the H+ and OH– ions as catalysts for hydrolysis reactions, the conjugate 

base such as most notably F– anion can perform the same catalysis mechanisms as OH– even 

in an acidic medium. 

For the condensation reaction, it gradually leads to monomers to dimers, linear trimers, 

cyclic trimers, as well as the subsequent particles and followed linkages of particles throughout 

the solution to get the ultimate gel.134,148 Precisely, condensation is the process to form siloxane 

bonds by either a water-producing or an alcohol-producing condensation, as shown in Eqs. B5 

and B6. The condensation mechanisms are analogous to hydrolyses, both catalysed by acid and 

base. Whereas the condensation reaction is much more complicated than the hydrolysis 

reaction because it can be significantly impacted by an increased number of factors. It is also 

the main reason to form various structures including bulk gels,138,139 fibres,140 films,141 and 

dispersed sphere particles.142 Herein, the isoelectric point of silica occurs at ~pH=2 but not ~pH 

=7, which is applied to separate the acid- and base-catalysed condensation mechanisms at pH<2 

and pH>2, respectively. Additionally, in acid-catalysed range (pH<2), the depolymerization 

has much less possibility to occur, considered as the irreversible siloxane bond formations. (In 

fact, all the shown hydrolysis and condensation reactions are equilibrium chemical reaction 

formulae. The depolymerizations just mean the opposite reaction directions in Eqs. B5 and 

B6.) Thereby, the poor dissolution of silica in acid-catalysed range difficultly rearranges 

siloxane chains into particles. Whereas, in basic-catalysed condensation, depolymerization is 

one of the crucial factors, especially in the explanation of the dispersed particle formations in 

pH>7 without salt additions. 
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So far, the most accepted base-catalysed condensation mechanism builds on the attack of 

OH– to deprotonate silanol groups with the formation of ionized ≡SiO– (Eq. B9). Successively, 

the ≡SiO– reacts with Si–OH or Si–OR to form ≡Si–O–Si≡ and OH– or OR– anion (Eqs. B10 

and B11), respectively. 

 

≡Si(OH) + OH– → ≡SiO– + H2O                 (B9) 

≡SiO– + (HO)Si≡ → ≡Si–O–Si≡ + OH–         (B10) 

≡SiO– + (RO)Si≡ → ≡Si–O–Si≡ + OR–         (B11) 

 

Acid-catalysed condensation mechanism points out the initial protonation of Si–OH by 

combining with one H+ to obtain the intermediate state ≡Si(OH2)
+ (Eq. B12). Moreover, such 

protonation preferentially happens on the Si–OH groups from monomers or less branched 

oligomer chains because of the enhanced basic silanol species (inductive effect). Additionally, 

the resulting intermediate state becomes more electrophilic and more susceptible to be attacked 

by the nucleophilic centres. Accordingly, the formation of intermediate states, ≡Si(OH2)
+ can 

react with ≡Si–OH or ≡Si–OR and gain ultimate Si–O–Si (Eqs. B13 and B14). 

 

≡Si(OH) + H+ → ≡Si(OH2)
+                             (B12) 

≡Si(OH2)
+ + (HO)Si≡ → ≡Si–O–Si≡ + H2O + H+        (B13) 

≡Si(OH2)
+ + (RO)Si≡ → ≡Si–O–Si≡ + HOR + H+ (B14) 

 

Steric and inductive effects of monomeric precursors can produce obvious impacts on 

the hydrolysis and condensation reactions ascribed to the steric bulk and the electron-donating 

or electron-withdrawing characteristic of surrounded bonds of silicon.149 For the influences on 

hydrolysis reaction, the bulk steric hindrance can attenuate the reaction rate by grafting more 
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complicated or more branched alkoxyl groups on Si4+ atom. In addition, the substitution of the 

alkyl groups for alkoxy groups can enhance the charge density on silicon. Conversely, the 

hydrolysis and condensation gradually decline the electron density on silicon from Si–OR, to 

Si–OH and the followed Si–OSi bonds (inductive effects), as displayed in Scheme B1.150 

Thereby, combining the varied reaction mechanisms by utilizing acid and base as catalysts, the 

hydrolysis rate generally decreases with each subsequent hydrolysis step under acid catalysis, 

whereas under basic conditions, the increased electron-withdrawing capabilities of −OH (and 

−OSi) compared to −OR may establish an opposite tendency. 

 

 

Scheme B1 - Inductive effects of substituents attached to silicon, R, OR, OH or OSi. Adapted from 

Brinker et al..150 

 

In principle, according to the applied precursors such as Si(OR)4, the stoichiometric ratio 

of water is needed to ensure the H2O:Si ratio r=2.151 The increased value of r≥2 can improve 

the extent of hydrolysis of precursors and the followed water-product condensation. On the 

contrary, the r<2 slows hydrolysis and induces more the alcohol-producing condensation. For 

the function of mutual solvent, it can prevent the liquid-liquid phase separation because of the 

hydrophobic properties of precursors immiscible with water. Additionally, the polarities of 

solvents also affect the “felt” scope for the species adhered by the charge (protonation) to the 
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surrounding reaction species.152 The weaker polarity of the solvent induces the expanded “felt” 

range of the charge attached species, which is the crucial factor in electrostatically stabilized 

systems and when considering the distance over which a charged catalytic species, for example, 

an OH– nucleophile of H3O
+ electrophile is attracted to or repelled from potential reaction sites, 

depending on their charge. 

As we have already mentioned, the hydrolysis reaction can be accelerated approximately 

with a function of H+ or OH– concentration due to the acid or base catalyst addition, 

respectively. Combining the corresponding condensation mechanisms, the resulting growth 

mechanisms can be generally separated into three approximate pH domains: pH<2, pH=2–7, 

and pH>7, separated by pH=2 and 7 two crucial boundaries. At pH=2, the silica particles are 

considered as no charge on the surface (the point of zero charge, PZC), while silica particles 

are appreciably ionized with a considerable charge on the particle surface at pH>7. Since the 

charged surface can enhance the electrostatic repulsive forces among dispersed particles 

overwhelming the van der Waals attractive force, the aggregation or gelation of the particle is 

blocked, as a result of expanded particle size, or even forming dispersed particles. 

Scheme B2 - Chain growth mode. 
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Scheme B3 - Dispersed particle growth mode. 

 

In addition, when acid is used as the catalyst (or pH<2), the H+ cation leads to much 

faster hydrolysis of the first −OR group on the precursors, while the followed hydrolysis 

reaction becomes slower attributed to the steric effects and inductive effects. This implies that 

monomers are hydrolysed more rapidly than chains, and chains are hydrolysed faster than 

branches. Moreover, the chains can continue the reactions to expand with the hydrolysed 

monomer in the “head to tail” mode, which is demonstrated in Scheme B2. Therefore, the 

particles preferentially follow the less branched-chain growth mode in the pH<2 range. 

For pH=2–7, the relatively low hydrolysis and fast condensation reactions are heavily 

overlapped. In this range, the particle growth resembles the branch expanding mode with a 

highly cross-linked connection. For pH>7, the maximized solubility and dissolution rates of 

particles determine the particle growth mode. Moreover, although the first hydrolysis of the 

precursor presents a relatively lower reaction rate comparing to acid-catalysed hydrolysis 
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(pH<2), the followed hydrolysis reactions are gradually accelerated because of the inductive 

effect of produced Si–OH. Therefore, in a few minutes, the particles with 1–2 nm of diameter 

are formed. In addition, since silica particles are appreciably ionized with considerable charges 

on the particle surface, the repulsion force among particles prolongs the particle growth period. 

During this period, for the smaller size particle (silica), the hydrolysis rate of siloxane bonds 

(dissolution) is faster than the condensation rate which is also termed as the greater solubility. 

Hence, the smaller size particles tend to hydrolyse the siloxane bonds (dissolution) and form 

the ingredient fractals for further growth of larger size particles, following the principle with 

increasing particle size but decreasing of particle number. The dissolution reaction is exhibited 

in Scheme B3. Thus, to perfect “chain growth mode” and “dispersed particle growth mode”, 

the consistent trends are designed as acid-catalysed hydrolysis with relatively low H2O:Si ratios 

and base-catalysed hydrolysis with relative large H2O:Si ratios, respectively.
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