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cent colloidal AIOH nanoparticles and the preparation of transparent luminescent AIOH/polymer composites.
Colloidal AIOH nanoparticles are synthesized by the thermal decomposition of aluminum acetate hydroxide pre-
cursors in octadecene solution. The addition of oleic acid in the reaction mixture enables the control of the size
and dispersity of the nanoparticles. As-synthesized nanoparticles are colloidally stable in non-polar solvents

ﬁfﬂ?;ﬁin oxide and exhibit excellent photoluminescence properties. Highly dispersible colloidal AIOH nanocrystals form stable

Aluminum hydroxide mixtures with ethylene vinyl acetate (EVA) copolymers. Transmittance and photoluminescence measurements

Nanophosphor of the AIOH/EVA composite films when varying AIOH loading demonstrate that the transparent and luminescent
Spectral converter AIOH/EVA composite films are promising candidates for applications in spectral converters.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction conversions [4-8]. Recently, inorganic nanoparticles such as quantum

dots [9,10] and nanophosphors [11-13] have attracted much attention

Luminescent inorganic phosphors as spectral converters, which con- for their applications as spectral converters owing to their unique opti-

vert absorbed photons to other useful wavelength ranges, have been cal properties. Their absorption and emission wavelengths are readily

widely used for light-emitting diodes [1-3] and solar energy tunable by changing their size, shape, and composition of inorganic

nanocrystals [14-16], which allows efficient spectrum management.

T Correspondi In addition, inorganic nanoparticles exhibit high photoluminescence
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(K.-S. Kim). hibit a PL QY higher than 70% [17]. Compared with organic dyes,
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luminescent inorganic nanoparticles have high resistance to
photobleaching and superior thermal stability without structural degra-
dation [17,18]. For applications in spectral conversion, inorganic/poly-
mer composites are widely utilized by embedding luminescent
nanoparticles in a polymeric matrix [19,20]. A polymeric matrix offers
superior processability, flexibility, and long-term stability of optical
properties [21,22]. Mechanical properties may also be reinforced by
synergistic interaction with nanoparticles [23,24]. For this application,
a high dispersity of nanocrystals in a solvent or polymeric matrix is es-
sential since poor dispersion of nanocrystals in polymer films results
in phase aggregation or precipitation [25-27], which makes it difficult
to fabricate large-area and uniformly dispersed luminescent films
[22,28].In addition, designing highly transparent and luminescent poly-
meric composite films is particularly important for emerging applica-
tions such as luminescent downshifting materials for displays [29],
solar cells [30,31], and luminescent solar concentrators [32,33]. In
order to fabricate transparent and luminescent inorganic-polymeric
composites films, it is prerequisite to develop a synthetic method to
tune the dispersion of nanoparticles in the solution or polymeric matrix.

Among various luminescent inorganic materials, aluminum hydrox-
ide (AIOH) nanoparticles have a potential for utilization as spectral con-
verters [34]. AIOH exists in various compositions and crystal structures
such as aluminum trihydroxides, aluminum monohydroxide, and alumi-
num oxide, and all of these structures are collectively referred to as AIOH
[35]. Aluminum oxide/hydroxide-based materials are cheap and earth-
abundant with high stability and are widely used in many commercial ap-
plications including catalysts, separation, and optical materials. This ma-
terial does not contain any heavy metals such as Cd or Pb, which avoids
potential environmental concerns. In addition, the blue
photoluminescence of Al,O3; and «y-AlOOH has been reported in many
studies [36-39], which has been attributed to emission from anionic va-
cancies (F- or F+-centers) under ultra-violet excitation [40-42]. Recent
studies have shown that AIOH synthesized by solvothermal reaction ex-
hibits strong photoluminescence properties with high quantum yields
owing to the presence of oxygen vacancies and carbon doping [35,43],
which makes AIOH an ideal material for luminescent phosphors. How-
ever, colloidal AIOH, which exhibits a high PL QY as well as high dispersity
in a polymeric matrix, is rarely reported. Aggregation of the nanoparticles
in polymer nanocomposites results in the loss of transparency of compos-
ite films due to the scattering of light [44]. Therefore, in order to minimize
the aggregation of luminescent AIOH nanocrystals and to fabricate large-
area, homogeneously dispersed, luminescent polymer nanocomposites, it
is important to develop a synthetic method to control the size and
dispersity of highly luminescent AIOH nanocrystals.

In this study, we demonstrate the size-controlled synthesis of lumi-
nescent AIOH nanocrystals and fabrication of transparent luminescent
nanocomposite films. The size and dispersity of AIOH nanocrystals are
controlled by adding oleic acid (OA) during the reaction. As-synthesized
AIOH nanocrystals exhibit outstanding colloidal stability in non-polar sol-
vents while maintaining excellent photoluminescence properties. The
structure is characterized using X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), and Fourier-transform infrared spectrometry
(FT-IR). Highly dispersible colloidal AIOH nanocrystals form stable mix-
tures with ethylene vinyl acetate (EVA) copolymers. We fabricate AIOH/
EVA copolymer films and tailor the optical and photoluminescent proper-
ties of AIOH/EVA films by varying the loadings of luminescent AIOH in
EVA composite films. Transparent and luminescent AIOH/EVA films are
potentially applicable in spectral converters for solar photovoltaics and
luminescent solar concentrators [32].

2. Methods
2.1. Chemicals

Aluminum diacetate hydroxide, oleic acid (Tech, >90%), and chloro-
benzene (299.5%) were purchased from Sigma-Aldrich. 1-octadecene

(90%) was purchased from Acros Organics. Ethylene-vinyl acetate
(28 wt% of vinyl acetate) was supplied by Hanwha Total Petrochemicals
Co., Ltd. All chemicals were used without any further purification.

2.2. Synthesis of luminescent AIOH nanocrystals

To a 125 mL three-neck flask, 0.8105 g of aluminum diacetate hy-
droxide, 40 mL of octadecene (ODE), and different amounts of OA
(0 mL, 0.25 mL, 0.5 mL) were added. The reaction mixtures were dried
under vacuum at 120 °C for 1 h to remove moisture. Then, the reaction
was conducted at 320 °C under a nitrogen atmosphere. The maximum
temperature was maintained for 4 h. Purification was conducted using
toluene and methyl alcohol; the synthesized nanocrystals were col-
lected using a centrifuge at 6000 rpm for 2 min. The purification process
was repeated twice and the collected nanocrystals were finally dis-
persed in toluene.

2.3. Preparation of AIOH/EVA films

To 3 mL of chlorobenzene, 0.3 g of ethylene-vinyl acetate (28 wt% of
vinyl acetate) and AIOH nanoparticles (0.016 g, 0.053 g, 0.1 g, 0.2 g)
were added, following which the solution was stirred at 80 °C until
the EVA polymers were completely dissolved. AIOH/EVA films were
prepared by drop-casting of the solution on the quartz substrate and
the solution was dried at 50 °C to form composite films on the
substrates.

24. Characterization

Transmission electron microscopy (TEM) images were recorded
using a JEOL JEM-2100 operating at 200 kV. X-ray diffraction measure-
ments were conducted using a Bruker-AXS New D8-Advance. FT-IR
spectra were collected using a Thermo Scientific Nicolet 6700. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a ThermoFisher Scientific K-alpha. Absorption and transmission
spectra were taken on a JASCO V-770 spectrometer. The AIOH-B and
AIOH-0.250A powders were mixed with KBr (5 wt%) and their absorp-
tion spectra were recorded using a diffuse reflectance accessory.
Photoluminescence (PL) emission and excitation spectra were collected
using a Horiba Fluorolog3. PL decay curves were obtained using a single-
photon-counting PMT with a 374-nm pulsed laser diode. Absolute PL
QY values were measured on the same system using an integrating
sphere.(refer to the Supporting Information for details) Total transmit-
tance and total reflectance were recorded using a JASCO V-770 spec-
trometer with an integrating sphere.

3. Results and discussion

Luminescent AIOH nanocrystals are synthesized via the high-
temperature thermal decomposition of aluminum acetate precursors,
as reported in previous literature [35]. The mixed solution of precursors
with octadecene (ODE) is dried under vacuum at 120 °C for an hour. In
this stage, the reaction solution looks opaque since the aluminum pre-
cursors are not dissolved in the ODE. As the temperature increases,
the solution gradually becomes transparent, which indicates the disso-
lution of the precursors in the ODE solvent. When the temperature
reaches about 270 °C, the solution turns transparent yellow, which
may have been the starting point of precursor decomposition. In the ab-
sence of any surfactants, the reaction mixture turns opaque again dur-
ing the reaction at 320 °C, which indicates the formation of AIOH
particles.

We observed that the addition of OA dramatically affects the size and
colloidal stability of the AIOH nanocrystals. OA surfactants have long
alkyl chains with carboxylic acid groups at the end, which can act as
an anchor to coordinate with a metal ion. Therefore, surfactants added
into the reaction mixture can interact with the metal ions exposed on
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the surfaces of nanocrystals via coordination bonds, which enables the
control of the growth rate of the nanocrystals during the reaction [45].
In addition, the long alkyl chain on the surface provides colloidal stabil-
ity via interaction between long hydrocarbon chains and the non-polar
solvent [46]. Fig. 1 displays photographs of AIOH nanocrystals in a hex-
ane solution. In the absence of OA, as-synthesized AIOH microparticles
(AIOH-B) shows poor colloidal stability in the solvents; thus, AIOH par-
ticles are precipitated in the solution (Fig. 1a). Bulk aggregates of AIOH
are observed in the TEM image (Fig. 1b). With the addition of 0.25 mL of
OA (AIOH-0.250A), the dispersity of AIOH in the solvent increased, al-
though the solution still looks opaque at high loading, as observed in
Fig. 1a. When 0.5 mL of OA is added to the reaction (AIOH-0.50A), a de-
crease of particle size is observed, as displayed in Fig. 1d. AIOH-0.50A
nanocrystals form a transparent solution with excellent colloidal stabil-
ity in non-polar solvents such as hexane, toluene, and chloroform,
which may be attributed to the presence of OA on the surfaces of
nanocrystals and the decrease of nanocrystal size.

The structure is characterized by powder X-ray diffraction (PXRD)
measurements. Fig. 2a displays the PXRD spectrum of AIOH-0.50A.
Broad diffraction patterns with peaks at 19.60° and 40.07° reveal that
the synthesized nanoparticles are amorphous structures of aluminum
hydroxide [35]. In addition, weak diffraction peaks corresponding to tri-
clinic Al,0s, tetragonal Al,0s, and trigonal Al(OH)3; phases are also ob-
served, which indicates that relatively small amounts of crystalline
phases co-exist with the amorphous phase in the nanoparticles. XPS

y 4f;—: )'yn

l{ ;

measurements show the characteristic peaks of the elements including
Al 2p, Al 2s,0 1s,and C 1s (Fig. 2b). A high-resolution XPS spectrum of Al
2p is deconvoluted into two peaks, 74.8 eV and 76.9 eV, corresponding
to AI—0 and Al—OH peaks, respectively; this indicates the formation of
AIOH nanoparticles (Fig. 2c). The high-resolution XPS O 1 s band con-
sists of two peaks located at 530.1 eV and 531.9 eV (Fig. 2d). These
peaks represent —OH and C=0 functional groups, respectively, origi-
nating from the presence of the carboxyl functional group (COOH)
[35]. In the C 1s band of the XPS spectrum, the peak is deconvoluted
into three peaks (Fig. 2e). Peaks located at 284.6 eV and 287.6 eV corre-
spond to C—C groups from the oleic acid surfactants and the C=0
group of the carboxylic group on the AIOH surface, respectively. The
peak located at 290.7 eV on the C 1s band corresponds to i-r* bonding.
This is attributed to the presence of oleic acid on the surfaces since the
oleic acid contains a C=C double bond in the middle of a hydrocarbon
chain. The presence of OA is also confirmed by FT-IR analysis. Fig. 2f dis-
plays the FT-IR spectra of AIOH-0.50A nanoparticles synthesized with
and without OA. Characteristic peaks at 1019, 896, and 527 cm ™! are
observed, which may be attributed to the vibration of the Al—O group
[47]. Symmetric and asymmetric vibration peaks of the COO~ group
are also observed at 1585 and 1485 cm ™!, indicating the presence of a
carboxylate group. Compared to AIOH-B, more intense C—H vibration
peaks at 2923 and 2853 cm™! are observed from AIOH-0.50A nanopar-
ticles, which indicates the presence of OA on the AIOH-0.50A nanopar-
ticles which provides colloidal stability in the non-polar solvents.

Fig. 1. a) Photograph of AIOH synthesized without OA (left, AIOH-B), with 0.25 mL of OA (middle, AIOH-0.250A), and 0.5 mL of OA (right, AIOH-0.50A). AIOH nanoparticles were dispersed
in toluene and placed in 4 mL vials. The photo was taken 1 h after sonication. TEM images of b) AIOH-B, ¢) AIOH-0.250A, and d) AIOH-0.50A nanoparticles.
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Fig. 2. a) XRD patterns of AIOH-0.50A nanoparticles. Blue and green arrows represent Al,05 tetragonal (PDF 00-016-0394) and Al,Os triclinic (PDF 01-076-3264), respectively. b) XPS
spectra of AIOH-0.50A nanoparticles. High-resolution XPS of d) Al 2p, d) O 1s and e) C 1s spectra. f) FT-IR spectra of AIOH-B powder and AIOH-0.50A nanoparticles.

Colloidal AIOH nanoparticles exhibit bright photoluminescent prop-
erties. Fig. 3a displays the photoluminescence of AIOH-B, AIOH-0.250A,
and AIOH-0.50A nanoparticles in toluene. Greenish-blue emission is ob-
served under 365 nm of UV irradiation. In contrast to AIOH-B and AlIOH-
0.250A nanoparticles, Al0-0.50A particles are dispersed in the toluene
without the precipitation of nanoparticles; therefore, uniform
photoluminescence is observed for the solution. UV-VIS spectra indi-
cates that all samples show absorption peaks located at 370 nm and
440 nm (Fig. 3b). Fig. 3c shows the photoluminescence spectra for
AIOH nanoparticles. Characteristic emission peaks at 388 nm and
453 nm are observed from AIOH-B, which is attributed to emission
from F* centers and carbon-related defects, respectively. [35,48] In

the presence of OA, emission peaks are slightly red-shifted to
400 nm/460 nm (AIOH-0.250A) and 405 nm/460 nm (AIOH-0.50A),
which may be attributed to the presence of OA on nano-sized AIOH,
which influences the electronic states of the F* centers and carbon-
related defects. Excitation spectra exhibited characteristic peaks identi-
cal to the absorption spectra (Fig. S1). The absolute photoluminescence
quantum yield (PL QY) of AIOH-B is about 37.9%, which is similar to
those of bohemite or aluminum hydroxide reported previously [34].
AlOH-0.250A and AIOH-0.50A nanoparticles have corresponding
values of 40.3% and 36.5% under 370 nm of excitation, which is similar
to the value of AIOH-B (37.9%). Under 440 nm of excitation, the PL QY
values of AIOH-B, AIOH-0.250A, and AIOH-0.50A is 49.4%, 42.29%, and
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Fig. 3. a) Photographs of AIOH-B (left), AIOH-0.25 (middle), and AIOH-0.50A (right) under 365-nm excitation. AIOH nanoparticles were dispersed in toluene and placed in 4 mL vials.
b) Absorption, ¢) Photoluminescence, and d) Photoluminescence decay curves of AIOH-B, AIOH-0.250A, and AIOH-0.50A nanoparticles.

44.0%, respectively. The deviation of PL QY among the samples is within
5%. The PL QY values of the AIOH nanoparticles and those reported pre-
viously in the literature are listed in Table 1. This indicates that addition
of OA during the synthesis controls the size of nanoparticles and
dispersity in the solution while maintaining high emission quantum
yields and strong luminescence properties. Photoluminescence decays
are monitored at 470 nm under 374 nm of excitation. Fitting results
are tabulated in Table S1. All decay curves of AIOH samples are fitted
by bi-exponential functions corresponding to two possible radiative re-
combination pathways from F* centers and carbon-related defects. Ra-
diative lifetimes of the AIOH nanoparticles synthesized with OA and
without OA exhibit similar values, which indicates that the addition of
OA significantly enhances the colloidal stability of AIOH nanoparticles
without deterioration of their optical properties.

Since AIOH nanoparticles are highly dispersible in a non-polar sol-
vent, the nanoparticles form transparent composite films with EVA

Table 1

PL QY values of AIOH-B, AIOH-0.250A, AIOH-0.50A, and AIOH. Previously reported PL QY
values of bohemite and aluminum hydroxide are 38% and 32-65%, respectively. (Adapted
from references [29,30]).

Excitation wavelength AIOH-B AlOH-0.250A AIOH-0.50A
370 nm 37.9% 40.3% 36.5%
440 nm 49.4% 42.29% 44.0%

copolymers. EVA composites are prepared by dissolving AIOH and EVA
in chlorobenzene solution with different loadings of nanoparticles and
drop-castings on the fused quartz substrates. Owing to the presence of
oleic acid on the surface of AIOH nanoparticles, the AIOH nanoparticles
and EVA polymers are homogeneously dispersed in chlorobenzene so-
lution and remain as a stable dispersion without precipitation for sev-
eral months. The mixture of AIOH and EVA is evenly dispersed on the
substrate after spin-coating of the solution, resulting in uniform thin
films. FT-IR spectra show the characteristic vibrations of the AIOH nano-
particles and EVA polymers in the composite films (Fig. S2). Fig. 4a dis-
plays the photograph of the AIOH/EVA composite films under ambient
light and UV irradiation. AIOH/EVA composite films maintained trans-
parencies comparable to those of pure EVA films while fluorescence in-
tensities are enhanced owing to the increase of AIOH-0.50A loading.
Fig. 4b shows the total transmittance of the EVA and AIOH/EVA compos-
ite films. The transmittance of EVA films from 500 nm to the UV region
decreases with an increasing amount of AIOH-0.50A loaded in the films
owing to absorption by AIOH nanoparticles. The total transmittance of
the nanocomposite films is above 94% at 600 nm, regardless of the load-
ing of AIOH nanoparticles in composite films. (Fig. 4b) In addition, the
total reflectance spectra of the AIOH-EVA nanocomposite films exhibit
similar scattering properties as the EVA-only film (Fig. S3); this is attrib-
uted to the high dispersion of AIOH nanoparticles in the polymeric ma-
trix. We investigate the photoluminescence properties of AIOH/EVA
composite films. Fig. 4c displays absolute PL QY values of AIOH/EVA
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composite films with different loadings of AIOH nanoparticles. PL QY
values higher than 50% are achieved with 5 wt% and 25 wt% AIOH load-
ings in EVA films (Table S2). We observe that higher loadings of AIOH
nanoparticles up to 40 wt% result in decreased PL QY. Since the absorp-
tion and emission spectra of AIOH overlap, a diluted dispersion of AIOH
in the polymeric medium may be helpful in preventing the reabsorption
of the emitted photons from the nanoparticles, resulting in enhanced
QY. High transparency and absolute PL QY reveals that AIOH/EVA com-
posite films have the potential to be utilized as transparent and Iumi-
nescent spectral converters for applications in photovoltaics and
displays.

4. Conclusion

We demonstrate the colloidal synthesis of luminescent dispersible
AIOH nanoparticles. The size and dispersity of the AIOH nanoparticles
are controlled by changing the amount of OA added to the reaction mix-
ture. As-synthesized AIOH nanoparticles exhibit excellent colloidal sta-
bility in non-polar solvents. A high absolute PL QY of AIOH is achieved
while maintaining colloidal stability. Tailoring the dispersion of nano-
particles by simply adding OA during the reaction enables us to design
highly transparent and luminescent AIOH/EVA copolymer films. The
total transmittance at 600 nm is 94%, which is attributed to the high dis-
persion of AIOH nanoparticles in the polymeric matrix. The absolute PL
QY of AIOH/EVA composite films maintains a high value of >50% in 5 wt
% and 25 wt% AIOH loadings in EVA films, which confirms that AIOH is
inexpensive, earth-abundant, and environmentally friendly

luminescent materials with high photoluminescence properties. High
transparency and quantum yield enable AIOH/EVA composite films to
be attractive candidates for spectral converters for applications in pho-
tovoltaics, luminescent solar concentrators, and displays.
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