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ABSTRACT: Optically transparent upconversion luminescent organic—
inorganic nanocomposites are of great significance in many fields. The
related key science problems are how to control size and uniformity of
upconversion nanophosphors, as well as the dispersity of the upconversion
nanophosphors in transparent polymer matrix. In this article, we reported a
novel route to prepare Gd,O;:Yb**/Er’" nanophosphors by high gravity
reactive precipitation along with post hydrothermal and calcination process.
A rotating packed bed (RPB) reactor was used to create a high-gravity
environment for intensified mixing during the precipitation process of
particles. The as-prepared Gd,0;:Yb**/Er** nanoparticles exhibited uniform
particle size of <100 nm, which is much smaller than the common route
(~350 nm). After surface modification, they were also homogeneously mixed
with commercial polyurethane (PU), forming flexible transparent
composites. The transparent film of Gd,O5:Yb**/Er**-PU showed bright
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visible luminescence under near-infrared light irradiation, promising for upgrades of photovoltaic, photocatalysis, and wearable

optoelectronics.

B INTRODUCTION

Luminescent nanoparticles, including semiconductor quantum
dots,’ organic nanomiclles/ nanodots,”™" metal nanoparticles,5
carbon nanomaterials,”” and rare-earth doped upconversion
nanophosphors (UCNPs),” ' have received intense scientific
attention and offer promising applications in many fields from
optoelectronic devices to cancer treatment. Among them,
UCNPs, which convert low energy near-infrared (NIR) light to
high-energy ultraviolet or visible light, are of particular
interest.'" The unique property of UCNPs makes it possible
to modify the solar spectrum to make it match better with the
absorption spectrum of solar cells and therefore enhance the
energy conversion efficiency solar cells. In theory, the standard
AML1.5 spectrum power conversion efficiency of a single-
bandgap solar cell can be increased by up to 50.7% by the
application of an ideal upconverter.'”” Due to the different
upconversion luminescence mechanism of UCNPs, it would be
used in security or flexible transparent displays, if it can be
dispersed in different kinds of polymers to form flexible
transparent composites or transparent films."* 7'

Gadolinium oxide (Gd,Oj;) has been widely used as a host in
upconversion luminescence process due to its high chemical/
thermal stability and lower phonon energy (phonon cutoff
~600 cm™!),"” as well as appropriate lattice matching with rare-
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earth ions (Yb**, Er’*, Tm?', and Ho’") for upconversion
phenomenon.'® Meanwhile, the Gd also exhibits magnetic
properties to fabricate optically and magnetically active
bifunctional materials for advanced multifunctional devices.'”*’

Therefore, the development of robust mass-scale synthesis
methods for ultrafine rare-earth doped Gd,O; particles is one of
the key materials challenges in moving toward UCNPs for
commercialization and advanced applications.

The rotating packed bed (RPB) reactor has been
demonstrated as an efficient tool for process intensification
during the preparation of nanoparticles.”””> The RPB can
generate a high-gravity environment with homogeneous
concentration, temperature, and supersaturation, which is of
benefit for the homogeneous nucleation and growth of
particles. In recent years, a variety of inorganic and organic
nanoparticles with ultrafine size and uniform distribution have
been prepared in high-gravity RPB reactors due to the
intensified mixing and mass transfer, offering a very promising
industrial platform for the production of nanomaterials.”*~>’
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However, as far as we are aware, the process intensification
studies of producing ultrafine UCNPs by RPB reactors have
been rarely reported.

Herein, for the first time, we report a novel route to prepare
ultrafine Gd,O5:Yb**/Er** upconversion nanophosphors by
high-gravity intensified mixing in a RPB reactor with detailed
studies on the effects of operating parameters, with a traditional
stirred tank reactor (STR) adopted for comparison study. The
morphologies, crystal structures, and surface properties of the
obtained Gd,05:Yb*"/Er** nanoparticles were investigated by
scanning electronic microscopy (SEM), powder X-ray
diffraction (XRD), and Fourier transform infrared (FTIR)
spectrophotometry. The upconversion luminescence of the
Gd,0;:Yb**/Er*" nanoparticles under excitation of a 980 nm
near-infrared laser was observed and measured by spectra
analysis. After surface modification, they were also homoge-
neously mixed with commercial polyurethane (PU), forming
flexible transparent composites. The transparent film of
Gd,05:Yb* /Er**-PU showed bright visible luminescence
under near-infrared light irradiation, promising for upgrades
of photovoltaic, photocatalysis, and wearable optoelectronics.

B EXPERIMENTAL SECTION

Materials. Gadolinium nitrate hexahydrate (GdN;O,
6H,0), ytterbium nitrate pentahydrate (YbN;0,-SH,0), and
erbium trinitrate pentahydrate (ErN;O,-SH,0) were purchased
from Macklin Biochemical Co., Ltd. (Shanghai, China), whose
purities were 99.9% metal basis. Urea was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China) and
anhydrous ethanol was purchased from Beijing Beihua Fine
Chemicals Co., Ltd. (Beijing, China); both of them were
analytical purity. All of the chemicals were used without any
additional purification unless otherwise mentioned. Deionized
water prepared by a Hitech Laboratory Water Purification
System DW100 (Shanghai Hitech Instruments Co., Ltd.) was
used for all experiments.

Synthesis of Gd,0;:Yb*'/Er** Nanophosphors. The
nanophosphors were synthesized by a well-developed urea-
assisted homogeneous precipitation process.”® In a typical
synthesis approach shown in Figure 1a (i.e., flask experiment),
Gd(NO;);, Yb(NO;);, Er(NO;);, and urea were first
formulated to 0.3, 0.02, 0.004, and 1.6 mol/L, respectively.
Then 12.4 mL of Gd(NO;); aqueous solution, 10 mL of
Yb(NOs,); aqueous solution, and 10 mL of Er(NO;); aqueous
solution (molar ratio of Gd, Yb and Er is 94:5:1) were mixed in
a three-necked flask under vigorous stirring and added
deionized water 100 mL to dilute. Then 75 mL of urea
aqueous solution (molar ratio of urea and RE** ions is 30) was
dropped into the above mixed solution slowly under vigorous
stirring. After stirring for 15 min, the mixed solution was heated
at 90 °C for 2 h. As the solution cooled to room temperature,
the white precipitate was separated by centrifugation and
washed 4 times with deionized water and anhydrous ethanol,
respectively. Finally, the washed precipitate was annealed at 800
°C for 2 h in air atmosphere after drying at 80 °C for 6 h in
vacuum oven, and Gd,0;:Yb**/Er’* nanophosphors were
obtained.

In order to investigate the effect of process intensification by
high-gravity technology for the preparation of UCNPs, as
schematically shown in Figure 1b (i.e., RPB experiment), a RPB
reactor was used for the mixing the rare earth nitrates solution
and the urea solution in the first step instead of mixing in a
three-necked flask. The concentration and the volume of
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Figure 1. Schematic diagram of the routes for the preparation of
Gd,05:Yb*/Er** nanophosphors without (a) and with (b) high-
gravity process intensification, respectively.

chemicals are the same as in the flask experiment. The mixture
of 12.4 mL of 0.3 mol/L Gd(NOj;), aqueous solution, 10 mL of
0.02 mol/L Yb(NOs;), aqueous solution, 10 mL of 0.004 mol/L
Er(NOs;); aqueous solution (molar ratio of Gd, Yb and Er is
94:5:1), and 100 mL of deionized water was used as one feed.
The 75 mL of 1.6 mol/L urea aqueous solution (molar ratio of
urea and RE*" ions is 30) was used as a second feed. The three-
necked flask procedures are the same as the flask experiment.
The RPB reactor consists of a rotator with stainless packing, a
casing, two liquid inlets, an outlet, and a motor, and the detailed
setup information on the RPB reactor can be found in previous
reports.”” In our experiments, we investigated the effects of
different high gravity level factors on the sizes of the obtained
nanophosphors by adjusting the rotation speeds of the RPB
from 1000 to 2500 rpm. The relation between high gravity level
and rotation speed will be explained later.

Preparation of Hydrophilic Gd,0;:Yb3*/Er**@PEG
Nanocomposites. The powders of the Gd,0;:Yb*>"/Er**
were modified by polyethylene glycol 6000 (PEG-6000) to
obtain hydrophilic Gd,0;:Yb**/Er** @PEG nanocomposites.
Typically, 10 mg of the Gd,0;:Yb**/Er*" powders were boiled
in 40 mL of hydrogen peroxide (30 wt %) in a flask to
introduce —OH groups onto the surface of the Gd,04:Yb*"/
Er’* until the remaining solution volume is 10 mL. SO mL of
deionized water were then added into the solution, and the
mixture was cooled to room temperature. The precipitates were
collected by centrifugation at 8000 rpm for 10 min to remove
excess hydrogen peroxide and dispersed in 20 mL of 0.3 wt %
PEG-6000 aqueous solution under stirring at room temperature
for 3 h. The Gd,0;:Yb**/Er** @PEG nanocomposites were
then collected by centrifugation at 8000 rpm for 10 min and
dried at 180 °C for 6 h in a vacuum oven.

Characterization. The morphology studies were performed
using a JEOL JSM-6360LV scanning electron microscope
(SEM). The particle size distributions of the samples
(diameter) were measured from SEM photographs using the
Image] software. For each sample, over 200 particles from
different images taken from various areas of the sample were
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Figure 2. (a) XRD patterns of (a) intermediate and (b) final products of Gd,05:Yb**/Er’* nanophosphors.
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Figure 3. FTIR spectra of (a) unannealed powers and (b) annealed Gd,05:Yb** /Er** nanoparticles.

considered for analysis. A typical transmission electron
microscopic (TEM) image of the UCNPs in the hybrid film
was taken using a Hitachi H-9500 TEM working in bright-field
mode. X-ray diffraction (XRD) patterns of the samples were
measured by an XRD-6000 diffractometer (Shimadzu Inc.). A
PerkinElmer spectrum GX Fourier transform infrared (FTIR)
spectroscopy system was used to record the FITR spectra of
solid samples. Thermogravimetric analysis (TGA) was
performed by using a QS0 TGA from TA Instruments.
Upconversion luminescence spectra of the sample were
acquired on a Maestro in vivo optical imaging system (CRI,
Inc. Woburn, MA) equipped with a commercial 980 nm laser.

B RESULTS AND DISCUSSION

The main focus of this work was to investigate the effect of
high-gravity process intensification on the preparation of
spherical Gd,05:Yb**/Er** nanophosphors via a urea-assisted
homogeneous precipitation process. The high gravity level G,
which refers to the ratio of the average high gravitational
acceleration in the RPB to the gravitational acceleration, plays a
critical role in the mass transfer process of the RPB reactor. The
high gravity level of the RPB could be calculated by the
following equation. More information could be seen in our
previous papers.””*” According to the following equations, the
high gravity level is only related to the rotor speed, in the case
of using the same setup of RPB.

o @
4
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In our experiments, four kinds of samples obtained via RPB
routes at various rotation speeds (1000, 1500, 2000, and 2500
rpm, respectively) which correspond to the high gravity level G
(70g, 157g, 279g, and 436g) were analyzed. The sample
obtained by precipitation process in a flask was also prepared as
a control. Figure 2ab shows the XRD patterns of the
intermediate products (ie, unannealed powders) and final
products of the Gd,05:Yb**/Er** nanophosphors, respectively.
It can be obviously observed that all of the diffraction peak
positions of the intermediate products obtained in the RPB
route were in good agreement with the International Center for
Diffraction Data (ICDD) for Gd,0 (CO;),-H,O crystal
(JCPDS: 43-0604). However, the sample obtained by mixing
urea and RE(NO;); (RE = Gd, Yb, and Er) solutions in a three-
necked flask showed a very low crystalline structure. The
diffraction peaks of Gd,O; at 20.142°, 28.635°, 33.184°,
47.636°, and 56.528°, which correspond to the crystal planes of
(211), (222), (400), (440), and (622), respectively, were
observed for all five kinds of samples (Figure 2b). The XRD
patterns of the final products were in good agreement with the
standard pattern of Gd,O; (JCPDS: 88-216S), and no
significant impurity peaks were observed, indicating that Yb*"
and Er* ions have embedded into the Gd,O; host lattices
successfully. The following reaction may occur.

(NH,),CO(s) + H,0(l) > CO,(g) + 2NH,(g)

DOI: 10.1021/acs.iecr.7b02262
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Figure 4. SEM images of (a) the unannealed sample synthesized a stirred tank reactor, (b—e) the unannealed sample using RPB with different high
gravity level: 70g, 157g, 279g, and 436g, respectively. SEM images of (f—j) annealed Gd,0;:Yb**/Er** nanophosphors, whose preparation conditions

are corresponding to (a—e) samples’ preparation conditions.

CO,(g) + H,0(1) » H,CO,(aq)
NH;(g) + H,0(l) = NH;-H,O(aq)

2Gd(NO;);(aq) + 2H,CO,(aq) + 2NH,-H,0(aq)
A
5 Gd,0(CO;),-H,0(s) + 2NH,NO;(aq)
+ 4HNO,(aq)

Gd,0(CO,),-H,0(s)
2 Gd,04(s) + H,0(1) + 2CO,(g)

Figure 3 shows the FTIR spectra of intermediate and final
products of Gd,O5:Yb**/Er** nanoparticles. Free carbonate
ions have four kinds of vibration absorption frequencies; two of
them near 1063 and 879 cm™' are nondegenerate.’® The
degenerate peak near 1415 and 700 cm™" could be split into
two absorption peaks during the formation of salt substances.®!
Figure 3a shows the FTIR spectra of the unannealed powders
with different experiment processes and different high gravity
levels, which confirms that the unannealed samples have
carbonate ions, while no absorption peaks of free carbonate
ions were observed from annealed powders of Gd,05:Yb**/
Er** nanophosphors (Figure 3b). In addition, strong absorption
peaks at 546 and 444 cm™' appear in FTIR spectra of
Gd,0,:Yb**/Er**, which were associated with the vibration of
the Gd—O bond, demonstrating the formation of Gd,O;
particles.*”

Figure 4 shows the SEM images of the five kinds of samples
before (a—e) and after (f—j) annealing at 800 °C. It was noted
that the particle sizes have no obvious change before and after
the annealing processing, demonstrating that the homogeneous
precipitation process of urea and RE(NO;); (RE = Gd, Yb, and
Er) solutions plays a decisive role in the size distribution of the
final Gd,04:Yb*>"/Er** nanophosphors. The particles obtained
by mixing in the flask (Figure 3a,f) showed an average size of
350 nm, which was coincident with those given in the
literature.”® However, due to the high-gravity field in the RPB,
the liquids going through the packing are spread or split into
very fine droplets, threads, and thin films in the porous packing
and the mass transfer and micromixing can be intensified
greatly.>>** The particles obtained by mixing in RPB reactors
(Figure 3b—e and g—j) exhibited much smaller sizes than those
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obtained in the flask. The morphology shows the sphere
nanoparticles with a uniform size distribution for each sample.

The size distribution profiles of annealed Gd,0,:Yb**/Er**
nanoparticles obtained by RPB routes are presented in Figure S.
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Figure 5. Size distribution profiles of annealed Gd,05:Yb**/Er**
nanoparticles obtained by RPB routes with different high gravity levels.

The particle sizes were 92, 83, 69, and 90 nm or the high
gravity level of 70g, 157g, 279¢g, and 436g, respectively, inferring
that the high gravity level of the RPB has influenced the size of
the particle. The typical element mapping of Gd,05:Yb**/Er**
nanoparticles shown in Figure 6 indicated that the relative
contents of doped ytterbium and erbium are uniformly
distributed within the sample Gd,0; nanoparticles.

It was noted that, when the high gravity level was 436g, the
crystallinity of intermediate product (Figure 1a) decreases and
final particle size (Figures 4 and S) increases, which were not
consistent with the overall trend. We consider that the high-
gravity rotating packed bed intensified reaction has a suitable
high gravity level. At the suitable high gravity level, the
enhancement effect is obvious; once beyond the range, the
enhancement effect will be relatively reduced. When the high
gravity level was 436g, because the level is too high, the
residence time of the solution in the high-gravity rotating
packed bed is too short to form the uniform and stable
nucleation,and the crystallinity of the intermediate product
decreases and final particle size increases.

Figure 7a shows a typical upconversion luminescence
spectrum of Gd,05:Yb*/Er’* nanophosphors under the
excitation of a 980 nm laser. The sample exhibits two main
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Figure 6. Element mapping of Gd,05:Yb**/Er** nanophosphors. (a) SEM image, (b) O mapping, (c) Gd mapping, (d) Er mapping, and (e) Yb
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aqueous dispersion of Gd,05:Yb**/Er** @PEG (0.1 mg/mL) under daylight and excited by a 980 nm laser.

upconversion emission bands in the visible spectrum, including
a strong red emission band at around 662 nm and a relatively
weak green emission band at around 546 nm, which correspond
to the *Fy/, — *I;5/, and *S;/, > *Ij5/, transitions of Er** ions,
respectively.”> The inset in Figure 7a shows a picture of
Gd,05:Yb**/Er** powders under a 980 nm laser excitation,
exhibiting bright red luminescence. Figure 7b shows the energy
level diagrams of Yb*" and Er’* ions and the probable
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upconversion luminescence mechanism of the sample under
the excitation of 980 nm, which involves several processes such
as ground state absorption (GSA), excited state absorption
(ESA), energy transfer (ET) process, and nonradiative
relaxation (NR).** When the product was excited by 980 nm
optical fiber laser, Er’* ions on the ground state (*I;5;,) are
excited to *I;; ,, where the energy comes from the GSA by itself
and/or ET from Yb** to Er’, first. Then a part of the excited

DOI: 10.1021/acs.iecr.7b02262
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electrons on the *I;; ), level will populate the intermediate level
1,3, by NR process, and other excited electrons on the “I;;
level will continue to absorb energy and populate *S;/, by ESA
and/or second-step ET from Yb’" to Er’*. After that, the
electrons on the intermediate level *I'*/? are further excited into
*Fy/, by ESA and a part of electrons on the *S;,, will populate
*Fy/, by NR. Finally, the S, level undergoes radiative decay to
produce green emission (546 nm), and the *Fy), level
undergoes radiative decay to produce red emission (662 nm).

Figure 8a shows the FTIR spectra of Gd,O5:Yb*'/Er*
nanophosphors before and after modification by PEG-6000.
The PEG modified Gd,05:Yb*/Er** nanoparticles showed a
symmetric stretching vibration peak of —CH,— near 2881
cm™’, the peak of hydrogen bonding between —OH near 1600
cm™!, and the vibration peak of —C—O—C— near 1100 cm™,
which confirms that the PEG-6000 was combined successfully
with Gd,0,:Yb*'/Er** nanophosphors. The weight ratio of
Gd,0;:Yb**/Er* and PEG-6000 in the Gd,0,:Yb**/Er*@
PEG hybrid nanocomposites was 3:1, determined by TGA
analysis which was obtained in air atmosphere (Figure 8b).
Figure 8c shows the hydrophilic Gd,0;:Yb*/Er’**@PEG
dispersion in water (0.1 mg/mL), and the luminescence
picture under a 980 nm laser excitation, in which a bright red
line was observed due to the upconversion luminescence and
Tyndall effect of the Gd,05:Yb*"/Er’** dispersion.

In order to explore the potential functions and applications
of Gd,03:Yb*/Er** in polymer films, we choose to mix
waterborne polyurethane (PU) and Gd,0;:Yb*'/Er** @PEG
into a transparent film. Figure 9 shows the pictures of a

A A A SVAARS VA W W

Q PurePU Gd,0;Yb>/E-PU |

1 [T ransparent

1| [ransparent & :

Figure 9. Digital photos of a pure waterborne PU film and a typical
Gd,05:Yb**/Er**-PU hybrid film (2 em X 2 cm X 2 mm) under
daylight (a) and 980 nm light (b), respectively.

waterborne PU film and a Gd,05:Yb**/Er**-PU hybrid film
under daylight and 980 nm light, respectively. Transparent
Gd,05:Yb**/Er**-PU hybrid films were prepared by adding 0.2
wt % Gd,05:Yb*/Er’* @PEG into waterborne PU, while pure
waterborne PU films were used as the reference. The size of the
two kinds of films was 2 cm X 2 cm and the thickness was 2
mm. The letters under the films could be read clearly, which
illustrates that both of the films have high transmission of
visible light (Figure 9a). Meanwhile, the Gd,05:Yb*"/Er**-PU
film showed red emission while no emission was observed from
the pure waterborne PU film under 980 nm light (Figure 9b).

Figure 10a shows the UV—visible transmittance spectra of
the PU film and the UCNPs-PU hybrid film (with 2 wt %
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Figure 10. (a) UV—visible transmittance spectra of PU and UCNPs-
PU hybrid films (with 2 wt % Gd,05:Yb**/Er’* @PEG) in the range of
200—800 nm; (b) a typical TEM image of UCNPs in PU hybrid films.

Gd,0,:Yb** /Er** @PEG) in the range of 200—800 nm,
respectively. The PU film and the UCNPs-PU hybrid film
exhibited similar transmittance spectra, indicating that the
adding of Gd,0;:Yb*/Er** @PEG in the PU film caused no
significant absorbance or scattering of visible light. A typical
TEM image of UCNPs in PU hybrid films in Figure 10b
showed the uniform distribution of UCNPs in the PU matrix,
with no significant aggregates observed.

Bl CONCLUSION

In conclusion, Gd,0;: Yb**/Er** upconversion nanophosphors
were prepared by high gravity reactive precipitation along with
a post hydrothermal and calcination process. The obtained
Gd,0;: Yb*/Er** phosphors exhibited a particle size of <100
nm, which is much smaller than that from the common route
(~360 nm), due to the intensified mixing by high-gravity
rotating packed bed. After surface modification with PEG-6000,
they were also homogeneously mixed with waterborne PU,
forming flexible transparent composites. The transparent film of
Gd,05: Yb*/Er’*-PU showed bright visible luminescence
under near-infrared 980 nm light irradiation, promising for
upgrades of photovoltaic, photocatalysis, and wearable
optoelectronics.
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