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Facile Fabrication of Color-Tunable and White Light
Emitting Nano-Composite Films Based on Layered
Rare-earth Hydroxides

Liangliang Liu," Minghui Yu,” Jian Zhang,” Bingkai Wang,* Weisheng Liu, and
Yu Tang,**

A novel class of color-tunable and white light emitting hybrid phosphors based on efficient energy-
transfer between Tb®* and Eu** and the rich interlayer chemistry of the layered rare-earth
hydroxides (LRHs) were successfully designed and assembled. Besides, flexible luminescent
materials have attracted extensive interest owing to their broad application in optoelectronic
devices. Therefore, novel transparent color-tunable nano-composite film devices have been
fabricated facilely by using a solvent-casting method based on the compatibility between the LRHs
hybrid phosphors modified by organic sensitizers and poly(methyl methacrylate) (PMMA) in this
paper. A full interpretation to the interaction between host and guest of the hybrid phosphors were
given, the luminescence intensity of hybrid phosphors was significantly enhanced through a
cascaded energy-transfer mechanism from the host to Tb®" via organic sensitizers, precisely as
induced by the synergistic effect of host and guest. And in the nano-composite films, PMMA acted
as a co-sensitizer and improved the optical properties of hybrid phosphors, thus the
photoluminescence quantum yield of the films more than doubled compared with hybrid phosphors.
These findings may open up new avenues for the exploration of hybrid phosphors based on LRHs
and fabrication of color-tunable emitting nano-composite films, which can serve as promising
materials for use in various optical devices. And the proposed facile synthetic strategy can be easily

extended to the synthesis of other highly efficient rare-earth hybrid phosphors.

Introduction

Rare-earth (RE) based organic-inorganic hybrid materials'™ are
excellent candidates as multi-color emission phosphors for flat panel
displays and solid state lighting technologies®® due to their high
photoluminescence (PL) efficiency and narrow band emissions.'*!?
For example, when red emitting europium (Eu®*) ions and green
emitting terbium (Tb>*) ions are combined with a blue light emission
source, the full-color emission that requires the generation and
intensity control of the three fundamental red, green, and blue (RGB)
light colors can be realized."*'* Such approach has been used for a
variety of matrices including zeolites, mesophase silica, and metal-
organic frameworks."'*** Layered rare-earth hydroxides (LRHs),
RE,(OH)sX'nH,O (RE = rare-earths and X = interlayer anions),
represents an interesting class of host matrix.>>! The rich interlayer
chemistry and the adjustable composition of LRHs can be used to
achieve additional tunability to create numerous opportunities for the
design of multicolor phosphors.** Another advantage of LRHs is that
they can be easily fabricated with compatible polymers using layer-
by-layer (LBL) deposition, for instance, to make practical PL
devices.*® However, most of previous studies focused on using
LRHs as a precursor for the fabrication of PL films. The interlayer
anions are rarely used to modulate the emission colors.>** We
envisioned that since layered structure of LRHs allows for easy
anion exchange,’ by intercalation of anionic RE** photosensitizers
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and blue-emitting chromophores, both RE** luminescence (red and
green) and blue color can be obtained, respectively, to further
fabricate color-tunable or white-light emitting devices.
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Scheme 1. Schematic illustration of the fabrication of multicolor

photoluminescent PMMA @SA/BSB-LGdH:Tb 5_,Eu, (x = 0 - 0.50)
nano-composite films.
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Indeed, when salicylic acid (SA, sensitizer of Tb**) and disodium
4,4’-bis(2-sulfonatostyryl)biphenyl (BSB, blue emitter)  were
intercalated to a LRHs host, LGdH:Tb, 5_,Eu,, a novel type of color-
tunable emitting hybrid phosphors, SA/BSB-LGdH:Tbs_,Eu,, was
assembled. Interestingly, a high synergistic effect on the
enhancement of RE** jons (in host) luminescence was achieved. In
addition, we found that although SA is not an efficient sensitizer for
Eu®, red emission was still obtained based on an efficient energy-
transfer from Tb>" to Eu®" due to a small distance between RE** ions
in LRH (<1 nm).? Further, poly(methyl methacrylate) (PMMA) has
been used to fabricate novel transparent multicolor emitting nano-
composite films (PMMA@SA/BSB-LGdH:Tbys.,Eu,) via simple
solvent-casting method®*' (Scheme 1). PMMA has a good
compatibility with organic anions intercalated LRHs, and also acts as
a co-sensitizer and further improves the optical properties of hybrid
phosphors.*24

Experimental
Reagents and Materials

Gadolinium  nitrates  (Gd(NOj3);-6H,0),  terbium  nitrates
(Tb(NO3);-6H,0) and europium nitrates (Eu(NOj3);-6H,0) were
obtained by dissolving Gd,03, TbyO7, and Eu,05 (99.99%, Shanghai
Yuelong) in nitric acid followed by successive fuming to remove
excess acid. 4, 4-Bis(2-sulfonatostyryl)biphenyl disodium salt (98%,
Zhejiang Jiaxing) was purchased from Maya Reagent. PMMA was
purchased from Alfa Aesar. Other chemicals were purchased from
Lanzhou Aihua Corporation and used without further purification. =
0) nano-composite films were obtained after the total evaporation of
the solvent at room temperature.

Synthesis

Synthesis of Layered Rare-earth Hydroxides [(GdgsTbys.
Eu,),(OH)sNO5-H,0, abbreviated NO;3;-LGdH:Tbys.Eu,, x = 0 -
0.50]. The (GdgsTbgs.,Eu,),(OH)sNO;-H,O were synthesized by a
typical hydrothermal route. In a typical reaction, a solution mixture
was prepared by dissolving RE(NO3);-6H,0 (2 mmol, RE = Gd, Tb,
Eu), and KNO; (8 mmol) in deionized water. After a clear solution
was formed by stirring, an aqueous KOH solution was added
dropwise to adjust the pH of the solution was ca. 6.9. The mixed
solution was then treated hydrothermally at 150°C for 48 h in a
Teflon-autoclave. The obtained products were filtered, washed with
ethanol-water (1:1 in volume) to remove impurities, and then
vacuum dried at 60°C for 24 h.

Synthesis of SA-LGdH:Tbys, Eu, (x = 0 - 0.50) Hybrid
Phosphors. In order to obtain uniform nanometer sized particles, the
NOs-LGdH: Tbys,Eu,, x = 0 - 0.50 was sonicated (50 W, 1 h) and
centrifuged (3000 rpm, 3 min) to remove the large aggregation.
Subsequently, the SA-LGdH:Tbgs.Eu, (x = 0 - 0.50) were
synthesized via a facile hydrothermal process, LRHs (100 mg) were
dispersed in deionized water (15 mL) and ultrasound for 15 min. The
aqueous solution salicylic acid was deprotonated by quantitative
amounts of NaOH. A the mixture of NO3-LGdH:Tb5_,Eu,, x = 0 -
0.50 and SA were sealed in a 25 mL Teflon-lined autoclave and
heated at 120 °C for 5 h. After colling to room temperature, the
obtained precipitates were filtered, washed with a mixed solvent of
acetone and water three times to remove the remaining nitrate and
the SA thoroughly and then dried at 60 °C overnight in vacuum.

Synthesis of SA/BSB-LGdH:Tb5_Eu, (x = 0.001, 0.005, 0.008,
SA/BSB = 500 in mol, the molar concentration of SA and BSB are
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46 x 10° M and 1.7 x 10% M, respectively.) and SA/BSB-
LGdH:Tbg 497Eu0,003 (SA/BSB = 200, 400, 600 in mol) Hybrid
Phosphors.  All sample of SA/BSB-LGdH:Tb,s Eu, were
synthesized via a facile hydrothermal process. NO3;-LGdH:Tby s_,Eu,
(100 mg) were dispersed in deionized water (15 mL) and ultrasound
for 15 min, and then dispersed into an aqueous anionic solution
containing a threefold molar excess of NaSA and Na,BSB (SA/BSB
= 500 in mol). The exchange between NO;™ and anions was carried
out at a 25 mL Teflon-lined autoclave and heated at 120 °C for 5 h.
The resulting precipitate was recovered by filtration, washed with
water and acetone, and dried at 60 °C.

Synthesis of PMMA @SA-LGdH:Tb, 5 PL. Nano-composite Films.
The PMMA@SA-LGdH:Tbys nano-composite films containing
different SA-LGdH:Tb, sloadings (0.5 wt%, 1.0 wt%, 3 wt%, 5 wt%,
10 wt%) were fabricated using the solvent-casting method. . PMMA
powder (200 mg) was dissolved in DMF (2 mL) and then heated at
60 °C for 30 minutes, followed by the addition of hybrid phosphors
SA-LGdH:Tbys (1 mg, or 2mg , or 6mg , or 10 mg , or 20 mg)
which were dispersed in DMF (1 mL) and ultrasound for 1 h, stirred
continually for one week at 60 °C. After that, the hybrid material
was casted onto clean quartz glasses, and the PMMA@SA-
LGdH:Tbys nano-composite films were obtained after the total
evaporation of the solvent at room temperature.

Synthesis of PMMA@SA-LGdH:Tbys_,Eu, (x = 0 - 0.50) PL
Nano-composite Films. PMMA powder (200 mg) were dissolved in
DMF (2 mL) was heated at 60 °C for 30 minutes, followed by the
addition of hybrid phosphors PMMA @SA-LGdH:Tbys5.,Eu, (x =0 -
0.50) (10 mg) which were dispersed in DMF (1 mL) and sonicated
for 1 h, stirred continually for one week at 60 °C. After that, the
hybrid material was casted onto clean quartz glasses, and the
PMMA@SA-LGdH:Tb, 5_,Eu, (x = 0 - 0.50) nano-composite films
were obtained after the total evaporation of the solvent at room
temperature.

Synthesis of PMMA@SA/BSB-LGdH:Tbys Eu, (x = 0.001,
0.005, 0.008) PL Nano-composite Films. PMMA powder (200 mg)
was dissolved in DMF (2 mL) and the resulting solution was heated
at 60 °C for 30 minutes, followed by the addition of SA/BSB-
LGdH:Tby 5. Eu, (SA/BSB = 500 in mol, x = 0.001, 0.005, 0.008)
(10 mg) which were dispersed in DMF (1 mL) and ultrasound for 1
h, stirred continually for one week at 60 °C. After that, the hybrid
material was casted onto clean quartz glasses, and the
PMMA@SA/BSB-LGdH:Tby5s.,Eu, (SA/BSB = 500 in mol, x =
0.001, 0.005, 0.008) nano-composite films were obtained after the
total evaporation of the solvent at room temperature.

Measurements

Elemental analysis was carried out on an Elementar Vario EL
analyzer. Inductively coupled plasma spectroscopy (ICP) was
performed on a IRIS Advantage ER/S spectrophotometer. Powder
X-ray diffraction patterns (PXRD) were determined with Rigaku-
Dmax 2400 diffractometer using Cu Ka radiation over the 26 range
of 3-60°". Fourier transform infrared (FTIR) spectra of the materials
were conducted on a Nicolet 360 FTIR spectrometer using the KBr
pellet technique. Dynamic light scattering (DLS) measurements were
performed on a Brookhaven BI-200SM spectrometer. The solid UV-
vis absorption spectra were collected in the range from 300 to 800
nm on a Perkin Elmer Lambda 950 spectrophotometer, with the slit
width of 1.0 nm. The morphology of films was investigated using a
scanning electron microscope (SEM, MIRA3 XMU). The surface
roughness data were obtained by a MFP-3D-SA atomic force
microscope (AFM) from Asylum Research. TEM images were
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recorded on a JEOL 2010HC transmission electron microscope with
the accelerating voltage of 200 kV. The fluorescence image was
observed using a Leica DM4000B fluorescence microscope. The
steady-state luminescence spectra and the lifetime measurements
were measured on an Edinburgh Instruments FSL920 fluorescence
spectrometer, with a 450 W Xe arc lamp as the steady-state
excitation source and a Nd-pumped OPOlette laser as the excitation
source for lifetime measurements. The overall quantum yields of the
samples were determined by an absolute method using an integrating
sphere (150 mm diameter, BaSO, coating) on Edinburgh Instrument
FLS920. Three parallel measurements were carried out for each
sample, so that the presented value corresponds to the arithmetic
mean value. The errors in the quantum yield values associated with
this technique were estimated to be within 10%. All measurements
were carried out at room temperature.

Results and discussion

Structure Analysis of Hybrid Phosphors

RE(OH)sNO;nH,O (RE = GdysTbgsEu,), abbreviated as NO;-
LGdH:Tbys) and NO;-LGdH:Tbys Eu, (x = 0.005 - 0.50), was
hydrothermally synthesized (Scheme 1a).”*?’ The molar ratios of
RE* in the resulting materials were confirmed by inductively
coupled plasma (ICP) spectroscopy (Table S1). NO3;-LGdH:Tby 5.
(Eu, with different Tb/Eu ratios are isostructural, shown by their
similar powder X-ray diffraction (PXRD) patterns (Fig. 1A). In
addition, the presence of sharp and symmetric (00/) reflections and
relatively weak non-(00/) reflections indicate that all samples have a
typical ordered, two dimensional (2D) lamellar stacking structure.?®
And the lattice parameters of the sample NO;-LGdH:Tb 5 Eu, (x =
0.05) was estimated as a ~ 12.99 A, b ~ 7.50 A, and ¢ ~ 16.66 A.
Intercalation products, SA-LGdH:Tb 5. .Eu, (x = 0 - 0.50) and co-
intercalated SA/BSB-LGdH:Tby s Eu, (SA/BSB = 500, x = 0.001,
0.005, 0.008), were also successfully prepared via similar
hydrothermal process followed by modification with SA and BSB
anions (Scheme 1a, b).

A) | x = 0.50 B) 2/ x = 0.50
L x=03s | [l x=0.35
) a0 x=025 | || x=0.25
L& x=015 | |L x=0.15
5 1 x=005 | 5 s x=0.05
g J x=0.01 ii x=0.01
'g J x=0.008 'g . X = 0.008
= | x=000s | E| | x=0.005
| x=0003 | L o x=0.003
| x=0001 | x = 0.001
| . x=00005| | . L x = 0.0005
J§ g ‘?‘L x=0 _E g 8 x=0
’ 1‘0 2‘0 ' 3‘0 ' 4’0 ' 5‘0 ' 60 1'0 2‘0 3‘0 4'0 5‘0

20 /degree

Fig. 1 PXRD patterns of A) NO;-LGdH:Tbgs..Eu, (x =0 - 0.50) and
B) SA-LGdH:Tby5..Eu, (x =0 - 0.50).

A systematic shift of the (00I) reflections toward lower diffraction
angles (Figure 1B and Figure S1) corresponds an increase of basal
spacing from 8.3 A in NO;-LGdH:Tbys Eu, to ~15 A in SA-
LGdH:Tby 5_,Eu, and SA/BSB-LGdH:Tby 5.,Eu,, which are expected
for the intercalated structures,” and this was also confirmed by

This journal is © The Royal Society of Chemistry 2012
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Fourier transform infrared (FT-IR) measurements (Fig. S2). Because
the thickness of the LRHs sheet is 6.5 A,*’ the gallery height of the
SA-LRHs or SA/BSB-LRHs intercalation compound was estimated
to be ca 8.5 A. Taking the molecular size and geometry into
consideration, the intercalated SA (8.0 A) formed a bilayer and BSB
(22.10 A) formed a monolayered tilted orientation in the interlayer
space where the anionic substituents are thought to orient to the
surface of the cationic LRHs sheet by electrostatic interactions as
schematically shown in Fig. S3. A basal spacing d,yy of 3.16 A was
observed for both as-synthesized NO;-LGdH:Tb,s ,Eu, and the
intercalated samples, indicating that the crystallinity within the LRH
layers was maintained during the exchange procedures (see Fig.
$4).%® In addition, dynamic light scattering (DLS) studies showed
that particle size of the intercalated samples are slightly larger than
that of the precursor, which is due to the expansion of the interlayer
separation by exchange reactions with the SA and SA/BSB anions,
respectively (see Fig. S5).

Transmission electron microscopy (TEM) images of NO;-
LGdH:Tb0‘25Eu0‘25 (Flg 2A) and SA-LGdH:TbQA25EUQA25 (Flg 2C and
Fig. S6A) indicate that both samples consist stacks of nanosheets.
High resolution transmission electron microscopy (HRTEM) images
show a lattice fringe (Fig. 2B, D and Fig. S6B) and feature the
interplanar spacing of approximately 0.316 nm, corresponding to the
(220) plane of LRHs.* These results further confirm the highly
crystallinities for the LRHs samples observed from
PXRD.*According to Dark-field scanning transmission electron
microscopy (DF-STEM) image and corresponding elemental
mapping images demonstrate that the elements Gd, Tb and Eu are
evenly distributed in the whole sample (Fig. S7).

100 rm
| —

LOO i
—

Fig. 2 TEM and HRTEM images of NO3;-LGdH:Tb »sEu,s (A and
B) and SA-LGdH:Tby,5Eug s (D and E).

Synergistic Effect

Since SA is an excellent sensitizer for Tb®"'®!® significantly
enhanced Tb>* luminescence was observed in SA-LGdH:Tby s
compared with NO3;-LGdH:Tbys and SA-LTbH (Fig. S8). Indeed,

the lowest triplet state (23,300 cm™) of SA is close to the resonance
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energy level of Tb™ (°Dy: 20,500 cm™), resulting in an efficient
energy-transfer. UV-vis absorption spectra of NO3;-LGdH, SA-
LGdH (PXRD patterns and elemental analysis data shown in Figure
S9 and Table S2), NO;-LGdH:Tbg 5 and SA-LGdH:Tb 5 all exhibit a
broad absorption peak from 200 to 350 nm (Fig. S10A, B). It is
noted that the absorption spectrum of SA-LGdH was different from a
simple superposition of the spectra of its corresponding components,
NO;-LGdH and SA (Fig. S10A) and the red-shift can be attributed to
a strong interaction between the host and guest. Further, the
phosphorescence of sensitizer SA is significantly enhanced when
intercalated into NO5-LGdH (Fig. S10C). Hence, we believe that the
interaction between LRHs and organic sensitizers might also play a
synergistic role in the sensitization of Tb**. The efficient energy-
transfer from sensitizer SA to Tb* was exemplified by the complete
disappearance of phosphorescence of SA and a significant increase
of Tb** luminescence of SA-LGdH:Tbys (Fig. S10D). Therefore,
LRHs function not only as a host matrix for organic sensitizer but
also an inorganic sensitizer for SA, which act as energy-transfer
bridges that connect the host (LRHs) and Tb>* ion to enhance the
emissions of Tb>* by a cascaded energy transfer.*’ Overall, we
propose that the significant enhancement of Tb>* luminescence was
induced by a synergistic effect due to the increase in the effective
absorption cross-section of the ions by a cascaded energy-transfer
(host —» SA — Tb**) from the LRHs to RE* ions via organic

sensitizers SA, the so-called “antenna effect”.!*>

Nano-composite Films

Transparent PL nano-composite films, PMMA@SA-LGdH:Tb,
were fabricated using a solvent-casting method (Scheme 1d).*”*' The
insertion of PMMA to the intercalated LRHs caused a broad
diffraction peak around 17° (Fig. 3A). Nevertheless, the composite
films exhibit an ordered inter-layer spacing, indicated by the
diffraction peak at 5.2°, 10.6°, and 16.5°, which are assigned to the
(002), (004), (006) reflections of the intercalated LRHs structure,
respectively.”>#® This result is significant since the intercalation
process using organic polymer seems highly compatible to LRHs: it
does not lead to the formation of an exfoliated structure where the
layers of the intercalated LRHs are completely separated that can
compromise the optical performance of the composite films.** The
nano-composite films are highly optical transparent as shown in Fig.
3B. The luminescence of nano-composite films show a consistent
increase as the loading of hybrid phosphors SA-LGdH:Tby s
increases (Fig. 3C). A top-view scanning electron microscope (SEM)
image (Fig. 3D and Fig. S11) show that the surface of nano-
composite films is continuous and uniform.’”*'** Using atomic force
microscopy (AFM) (Fig. 3E and Fig. S12), we calculated the root-
mean-square (RMS) roughness of the nano-composites films which
increases gradually from 0.390 to 2.358 nm as hybrid phosphors
loadings increase from 0.5 to 10 wt% (Table S3), indicating a
relatively smooth surface of these films.*® Furthermore, the
composite films show a uniform green color with strong brightness
under a fluorescence microscope (Fig. 3F and Fig. S13), indicating
that the hybrid phosphors are distributed uniformly throughout the
whole films.*® The highly uniform and optical transparent nano-
composite films are beneficial for the development of novel optical
devices.

Depending on Tb*/Eu** ratios, PMMA@SA-LGdH:Tby s .Eu, (x
= 0 - 0.50) nano-composite films exhibit various luminescence
colors range from green to red upon excitation at 365 nm (Fig. 4A).
Sample a contains only Tb** ions, and the characteristic sharp
emission peaks at 488, 544, 584, and 622 nm are attributed to the f-f
transitions of the Tb* ion D, —'F), J = 3-6). Sharp emission peaks
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at 579, 590, 615, 655, and 701 nm in sample / are attributed to
transitions of Eu’* (5D0—>7FL J =0 - 4" For the samples
containing both Tb*>" and Eu’*, the emission spectra involve all the
emission peaks with mixed peak contributions (sample b-k). All
spectra have similar emission wavelengths but different relative
intensities depending on the relative concentrations of Tb>* and Eu**.

A) B)

Intensity /a.u.
Absorbance

0.5 wt%

10 20 30 700 800
26/degree

40 50 60 300 0 500 600
Wavelength /nm
D)

C)

A, =365nm

Intensity /a.u.

Fig. 3 A) PXRD patterns, B) UV-Vis absorption spectra, C) the
luminescence spectra of the nano-composite films containing
different hybrid phosphors loadings; D) top-view SEM image, E)
tapping-mode AFM image, and F) fluorescence microscope image of
the nano-composite film (hybrid phosphors loading: 5 wt%). The
insets in B and C show the photographs of nano-composite films in
day light and under the 365 nm UV illumination, respectively.

Fig. 4B shows the x and y emission color coordinates of the
compounds in the 1931 Commission Internationale de I’éclairage
(CIE) chromaticity diagram. The emission color of the films shifts
closer to the red region as the concentration of Eu®* increases, which
indicates the luminescent properties are tunable by adjusting
Tb>*/Eu** ratio. Indeed, a fine-tuning of the emitted color was
achieved by simply changing the ratio between the doping rare-earth
ions in the LRHs host. The corresponding CIE coordinates change
from (0.300, 0.587) at x = 0 to (0.525, 0.292) at x = 0.15 (Table 1).
Fig. 4C shows photographs of samples with different Tb**/Eu**
ratios under UV irradiation (365 nm). Clearly, nano-composite films
exhibit distinct bright colors change from green to red, and the
overall luminescence intensity gradually diminishes with increasing
Eu®* content (x = 0.25 - 0.50). Notably, in the absence of Tb**, the
PL of PMMA@SA-LGdH:Euy s is very weak (Figure 4C). This is
because the energy gap between the triplet state of SA (23,300 cm™)
and the resonance energy level of Eu** ion (5D1: 19,100, 5DO: 17,300
em™) is too large to transfer energy efficiently.'® Therefore, the
observed strong emissions of Eu** in PMMA@SA-LGdH: Ty 5., Eu,
(0 < x < 0.50) are mostly likely due to the energy-transfer from Tb**
to Eu®*, which was further confirmed by the following photophysical
experimental observations. First, the emission intensity of Tb>" ions

This journal is © The Royal Society of Chemistry 2012
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decreases very fast. For example, the luminescence is dominated by
Eu** ions at x > 0.10 (Sample g to I, >20% doping of Eu**). Second,
the absolute emission intensity of the Eu’* ions reached the
maximum as low as x = 0.01, and then continued to decrease as
Tb>*/Eu®* ratio decreases, which may be attributed to the Tb**-
bridged energy-transfer from SA to Eu** (Fig. 5, inset).>* Third, the
intensity ratio of Eu** to Tb** reached the maximum of ca. 12.16 at x
= 0.15 and then dropped slightly as Tb*>*/Eu®" ratio decreases (Fig.
5). Therefore, we concluded that red emission of Eu** ions is
predominantly due to the energy-transfer from the excited states of
SA to the excited states of Tb** ions followed by an efficient energy-
transfer from the D, of Tb** to °D, of Eu®". A schematic diagram of
the PMMA@SA-LGdH:Tbys. Eu, (x = 0 - 0.50) energy-transfer
pathways (host — SA — Tb** — Eu’") is shown in Fig. S14.

A) a x=0 |b x=0.0005 c x=0.001 d x=0.003
Green| ish-G 1l Yellow

5 e x=0.005 | f x=0.008| 9 x=0.01 | h

= Crange-| i Crange ! COrange

S Yellow

§

£ M | oW | N

i x=0.15| j x=0.25 | k x=0.35 I x=0.50

Red Red Yellowish-| \AM

400 500 600 700 400 500 600

400 500 600 700 400 500 600 700

700
Wavelength /nm

00 01 02 03 04 05 06 07 08

Fig. 4 A) PL spectra of the PMMA@SA-LGdH:Tbys., Eu, (x =0 -
0.50) at room temperature with UV excitation at 365 nm. B) CIE x-y
chromaticity diagram showing the location of the multicolored
luminescence from the PMMA @SA-LGdH:Tby 5., Eu, (x = 0 - 0.50)
composite luminescent film. C) Photographs of PL colors for all
samples with UV irradiation (365 nm).
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Fig. 5 Concentration dependence of the integrated intensity ratio of
Eu** (613 nm) to Tb* (543 nm) for PMMA @SA-LGdH:Tby s Eu,
(x = 0 - 0.50), (Inset) Concentration-dependent integrated intensity
of the °D, — "Fs and °D, — 'F, transition of Eu** and Tb*.

Table 1 Luminescence properties of nano-composite films
(PMMA@SA-LGdH:Tby 5. Eu,, x = 0 - 0.50).

Colors 1)) 7))
Sample CIE (x, y) /=365 nm] (%) (%)™
a (0.300, 0.587) Green 15.6 7.4
b (0.355, 0.549) Yellowish-Green 14.9 6.3
c (0.410, 0.516) Yellow-Green 13.5 5.4
d (0.473, 0.461) Yellow 12.2 5.1
e (0.501,0.428) Orange-Yellow 10.7 4.9
f (0.559, 0.399) Orange 9.8 3.8
g (0.566, 0.392) Orange 9.1 3.2
h (0.599, 0.368) Reddish-Orange 8.3 53
i (0.605, 0.359) Red 4.9 3.0
j (0.587, 0.355) Red 2.7 1.6
k (0.559, 0.351) Yellowish-pink 1.5 1.2
1 (0.525,0.292) Pink 0.9 0.6
7 Photoluminescent —nano-composite  films (PMMA@SA-

LGdH:Tbys.Eu,, x = 0 - 0.50), ™ The powder samples of SA-
LGdH:Tby s.,Eu, (x = 0 - 0.50).

Luminescence lifetime can also be used to understand the energy-
transfer process. Since Tb** absorbs the excitation energy and also
transfers it to Eu®*, the luminescence rise of Eu®* can therefore be
used to understand the energy transfer process. The initial rise rate of
the Eu** emission (°Dy) increases as Eu>* concentration increases
from x = 0 to x = 0.01 (Fig. S15), indicating that the Tb** — Eu**
energy-transfer process becomes more efficient. At the same time,
the Tb>* emission (°D,) lifetime decreases as Eu®* concentration
increases (Fig. S16). In theory, the efficiency of energy-transfer (7)
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between the donor and acceptor can be calculated from the lifetime
of donor luminescence (equation 1), where 7, and 7 are the donor’s
excited-state lifetime in the absence and presence of the acceptor,
respectively.>

N — =1-7d7 @))]

Based on this equation, the maximum energy transfer efficiency of
the Tb* to Eu’* transition (4y,_g,) in the sample PMMA@SA-
LGdH:Tby 5. Eu, (x = 0.001) was calculated to be 36.36%. Similar
Tb**-to-Eu®* energy-transfer effects have been observed in other
Tb**/Eu** mixed materials.?"*

PL quantum yield (@), a principal characteristic of luminescent
materials, can also be used to quantify the efficiency of energy-
transfer. Using an integrating-sphere technique,’®> we measured the
quantum yields of PMMA@SA-LGdH:Tbgs..Eu, (x =0 - 0.50) (a -
[) ranging from 15.6 to 0.9 % (see Table 1). Film a (x = 0) exhibits
the highest quantum yield, probably due to a good match of the
energy levels between SA and Tb™* ions. The quantum yield of
nano-composite films decreases as Tb*>*/Eu®* ratio decreases, which
can be attributed to both of the reduced Tb** emission and the Tb**-
sensitized Eu** emission. It should be noted the quantum yield of
PMMA @SA-LGdH:Tb 5. ,Eu, nano-composite films have more than
doubled compared that of SA-LGdH:Tbys.Eu,, which can be
attributed to the uniform dispersion of SA-LGdH:Tb s ,Eu, within
the PMMA matrix. Furthermore,, PMMA can also efficiently
transfer absorbed energy to rare-earth ions, *246:60-62

White Light Emitting Nano-Composite Films

Since white light emission can be generated by a combination of
RGB 3-element light in a correct ratio, when a blue emitting
component (BSB) is incorporated (Fig. S17), it is possible to use our
green (Tb*) to red (Eu*") emitting nano-composites to construct
white light emitting films using the rich interlayer chemistry. Indeed,
the white elliptic region in the 1931 CIE chromaticity diagram is
located within a triangle (dotted lines of Fig. S18) whose vertices
represent the colors emitted from relative red (Eu*"), green (Tb>"),
and blue (BSB) luminescent components. We obtained white light
emission by adjusting the excitation wavelength from 350 to 370 nm
(the step is 5 nm) when fixing the molar ratio of SA and BSB (molar
ratio of SA:BSB = 500) and Eu** ions content (x = 0.001, 0.005,
0.008, respectively) (Fig. 6A, B, C) or fixing the molar ratio of SA
and BSB to be 200, 400, or 600 and Eu* ions content (x = 0.003)
(Fig. S19). Although we can obtain white light emission by adjusting
the molar ratio of SA and BSB (x = 0.003), the PL intensities at 543
nm of the nano-composite films are affected (Fig. S20), which is
mainly because nano-composite films have not been excited by the
optimal excitation wavelength (~ 365 nm). Therefore, best white
light emission under the fixed excitation wavelength can be obtained
by adjusting the molar ratio of SA and BSB in the composite films.
Fig. 6D shows the x and y emission color coordinates of the three
luminescent composite films, and most of them lie within the white
region. They exhibit tunable luminescent properties: the emission
colors shift closer to the blue region with increasing excitation
wavelength from 350 to 370 nm.
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A) |PMMA@SA/BSB-LGdH:
T, .o EU

0.499"~ 10,001

B) |PMMA@SA/BSB-LGdH:
Th, .o.EY,

'0.495—0.005

o= 355 nm by = 355 nm

=365 nm =365 nm

Intensity /a.u.

400 500 600 5 600
Wavelength /nm Wavelength /nm

C) [PMMA@SA/BSB-LGAH:
hoe = 355 NmM

=365 nm

Intensity /a.u.

01—
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Fig. 6 PL spectra of PMMA@SA/BSB-LGdH:Tby 5..Eu, (SA/BSB =
500 in mol) A) x = 0.001, B) x = 0.005, C) x = 0.008) excited at
different wavelengths (from 350 nm to 370 nm). D) CIE coordinates
for samples plotted on the CIE 1931 chromaticity chart. E)
Photographs of the luminescence colors for samples with UV
irradiation (365 nm).

In particular, nano-composite films PMMA@SA/BSB-
LGdH:Tby 495Eug 095 has a chromaticity coordinates (x = 0.354, y =
0.323) in the white light region under 355 nm excitation, which is in
good agreement with the values given by the CIE for a white
standard. The quantum yield of PMMA@SA/BSB-LGdH:Tb, 5. .Eu,
(x = 0.001, 0.005, 0.008, respectively) was ca. 11% (Table S4),
indicating the potential application of this system as a white
luminescent source (Fig. 6E).

Conclusions

In summary, we successfully prepared a novel class of color-
tunable and white light emitting hybrid phosphors based on
efficient energy-transfer between Tb>" and Eu™ and the rich
interlayer chemistry of the LRHs. We found that the
luminescence intensity of hybrid phosphors was significantly
enhanced through a cascaded energy-transfer mechanism as
induced by the synergistic effect of host and guest.
Furthermore, we showed that the hybrid phosphors can be
uniformed dispersed using PMMA to make nano-composite
films. PMMA acted as a co-sensitizer and improved the optical
properties of hybrid phosphors and nano-composite films: the
PL quantum yield of nano-composite films more than doubled
compared with hybrid phosphors. These findings may pave a
new way for the exploration of hybrid phosphors based on
LRHs. The facile synthetic strategy can be easily extended to
the synthesis of other highly efficient luminescent nano-
composite films.
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Graphical Abstract

Facile Fabrication of Color-Tunable and White Light
Emitting Nano-Composite Films Based on Layered

Rare-earth Hydroxides

Liangliang Liu, Minghui Yu,* Jian Zhang,” Bingkai Wang,” Weisheng Liu,” and Yu

Tang,*“

A new photoluminescent nano-composite films with color tunable and white-light emission
based on organic-inorganic hybrid phosphors and polymethyl methacrylate have been fabricated

facilely by using the full unique advantage of layered rare-earth hydroxides.
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