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1. Introduction

Upconversion nanophosphors (UCNPs) are considered as an important

synthesis arm within biomedical and energy sectors due to their unique
optical characteristics, which can convert near-infrared light into higher energy
emissions. However, key challenges, cost, compatibility of the materials, etc.
have to be taken into serious consideration to transform this in-lab UCNPs
technology into scale-up production for wider commercial needs. This review
highlights the fundamental concepts of synthetic approaches for UCNPs

and recaps recent advances in terms of large-scale production. A number

of typical synthesis routes in both batch and continuous processes are
reviewed, alongside their limitations and potential improvements when being
considered for mass production. By discussing and exploiting the technical
compacity for the potential synthetic trends, key challenges, and expectations

of future synthesis methods for UCNPs are also outlined.
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Luminescence is a physical process to
transform external stimuli into light emis-
sion, where these external stimuli can be
light or other electromagnetic radiation.
This phenomenon can be found in a variety
of materials including organic dyes,! sem-
iconductor quantum dots,”! noble metal
nanoclusters,’’)  and  lanthanide-doped
phosphors.*3 In the last few years, the
development of lanthanide-doped mate-
rials has attracted considerable interests
due to their unique optical properties,®
especially upconversion properties.”!

The upconversion scheme, first pro-
posed by Bloembergen®! (1959) and dem-
onstrated by Porterl? (1961), represented
an alternative to traditional Stokes photoluminescence, where it
can convert near-infrared (NIR) light into ultraviolet (UV), vis-
ible, or NIR light,l'% enabling deeper penetration into biological
tissues.™ This feature together with its low toxicity, low auto-flu-
orescence, and high resistance to photobleaching!®>"® allows
upconversion nanomaterials to be attractive carriers in down-
stream applications including in vitro and in vivo bioimaging,!®!
drug delivery,”] solar cells,® and photoreactions.!"]

Classical upconversion luminescence originates from upcon-
version nanoparticles (UCNPs), especially rare earth-doped
UCNPs, which consists of a host matrix and dopant ions. A
typical rare earth-doped UCNPs luminescent system is illus-
trated in Figure 1. Usually, dopant ions serve as luminescent
activators and sensitizers.?l By properly choosing the emission
bands of doping ions, desired emission bands from UV to NIR
can be achieved.*!?2l The host matrix could also act as a platform
for upconversion emission!?}! wherein the size, morphology,
and phase of the host matrix can influence the performance of
dopant ions and the corresponding upconversion luminescent
intensity.2*? For example, it is found that in general when the
NaREF, UCNPs size decreases, the emission intensity decreases
as well. This is induced by the nonradiative relaxation of energy
transfer and the quenching effect of surface ligands.?°!

Even though the relationship between optical performance
and morphology of UCNPs have had been well understood,?3-2¢!
relevant developments on commercializing such nanomaterials
are hampered due to scaling-up production process, where bot-
tlenecks normally exist in the reproducibility, repeatability as well
as the yield from these methods. By recapping these reported
synthesis methods, for example, thermal decomposition,3>
co-precipitation,°*-%° hydrothermal,”>7® and ion exchange,*®-101
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Figure 1. lllustration of NaYF,Yb*/Er** upconversion system, where
NaYF, serves as host matrix while Yb3* and Er** serve as sensitizers and
activators, respectively.

a common characteristics is discovered that these processes
require large amounts of solvents, which easily lead to nonuni-
form precursor concentrations and temperature distributions.
This characteristic represents an essential challenge in managing
thermodynamic equilibrium for a smooth and uniform synthesis
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in 1ab,”?8 and the scale-up process where the breaking of local
thermodynamic equilibrium is likely to occur to yield the uncon-
trollable changes on the phases and other features for the par-
ticle, especially the luminescent performance.?*3% Despite the
understanding on the nucleation mechanism of UCNPs obtained
through complicated synthesis, there is little focused discussion
on the large-scale industrial production of UCNPs.

In this article, we distinguish the synthesis approaches into
batch and continuous process, according to the preparation
route. The continuous process includes uninterrupted kinetical
processing as well as continuous flow stream down to the reactor
outlet, while batch process largely involves pot-by-pot production.
A general overview of the methods classification is presented in
Table 1. We first review the traditional UCNP synthesis processes
in batch reactors along with their reaction mechanisms, at the
same time looking at the potential scale-up synthesis approaches.
Various factors including fabrication requirements, environ-
mentally friendly reagents, and by-products are presented and
studied. Additionally, popular continuous preparation methods,
for example, process intensification technologies and continuous
flow reactors, are featured and thoroughly reviewed as they have
the potential to be embedded into industrial processes and will
be expected to enhance yield and efficiency of the synthesis pro-
cess. Attempts are made to outline the existing challenges and
the future scalable production of UCNPs.

Table 1. Some common UCNP synthesis processes alongside with the advantages and disadvantages of each strategy. Some typical precursors and

UCNP products prepared by each strategy is given at the same time.

Types of reactor Reaction strategy Advantages Disadvantages Precursors Product obtained  Reaction conditions Ref.
Batch reactor Thermal Rapid synthesis, simple Expensive and RE(CF;CO0); LaF; 280 °C for Th under Ar [35]
decomposition operation air-sensitive precursors,
toxic by-product, cost
inefficient

NaYF, 300 °C for 1 h under Ar [36]
LiYF, — 137
NaGdF, 310 °C for 1 h under Ar [38]
NaYbF, 310 °C for 1 h under Ar [39]
Sr,YF; 300 °C for 30 min [39]

under N,
LaOBr 310 °C for 60 min [40]

under N,
Co-precipitation Inexpensive and nontoxic High temperature RECl, NaYF, 300 C for 60 min [60]

reagent, harmless and inert atmosphere under N,

by-product involvement

NalLuF, 300 °C for 2 h under Ar [61]
LiYF, 300 °C for 90 min [62]

under N,
KLu,F; 150 °C for 60 min [63]

under N,
RE(Ac)3 NaGdF, 280 °C for 2 h under Ar [64]
NaYbF, 320 °C for 30 min [65]

under N,
LiYbF, 320 °C for 60 min [66]

under N,
Hydrothermal Facile operation, Limited production RE(NO;)3:nH,0 Gd,0; 180 °C for 24 h [73]

cost efficient capacity, long reaction time,
high pressure involvement

Y,0; 180 °C for 60 h [74]
ZnMoO, — [75]
LavO, 180 °C for 12 h [76]
NalLuF, 180 °C for 12 h [77]
RECI, SryScF; 220 °C for 24 h 78]

Part. Part. Syst. Charact. 2020, 37, 2000129

2000129 (2 of 13)

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

Table 1. Continued.
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Types of reactor Reaction strategy Advantages Disadvantages Precursors Product obtained  Reaction conditions Ref.
lon exchange  Accurate control on particles Limited options for RE(OH)3 NaREF, 120°Cfor12h [98]
size and morphology precursors, complex
synthesis steps
Y(OH),F3_, NaYF, 180 °C for 18 h [99]
ZrOCl;-8H,0 NasZrF, 130 °Cfor12 h [100]
Y,(OH)sNO3-nH,0 NaYF, 50 °C for [101]
several minutes
Continuous Microfluidics Reproducible, homogenous High temperature RE(NO3)3-nH,0 LaPO,/LaF; 110 °Cfor 20 s [116,117]
reactor temperature and reagent  and pressure involvement (residence time)
distribution, crystallization
promoted
RECl NaGdF, 260 °C, 30 bar for [104]
30 min (residence time)
High gravity Reproducible, higher Specialized reactor RE(NO3)3-nH,0 Gd,0; 2000 rpm mixing [137]
mixing efficiency, smaller  and additional operation for 15 min, followed by
size distribution for easier needed 90°Cfor2h
scale up
RECI, NaYF, Mixing for 15 min under  [134]
high gravity, followed
by 200 °C for 2 h
Mechanochemical No toxic liquid solvent Particles aggregation, REF, NaYF, Ball milling for 4 h [137]
preparation involved, lower temperature, uneven size distribution
environmental friendly
SrCl,, REF; SrFCl Ball milling for 4 h [139]
RE,O3 Y3AlsO, Ball milling for 50 min, [140]

repeating for 100 times

2. Synthesis Approaches in Batch Reactors

Batch reactors are commonly used for the synthesis of nan-
oparticles via different routes. It is widely exercised to use
batch synthesis route to achieve controllable nanoparticle
characteristics with different capping ligands and operating
conditions.B-33 Typical scale-up approaches based on batch
production process include thermal decomposition, co-precip-
itation, hydrothermal, and ion exchange. A general overview
of large-scale preparation strategies of UCNPs in batch reac-
tors are presented in Table 2.

2.1. Thermal Decomposition

Thermal decomposition is a well-developed approach to synthe-
size UCNPs, which mainly uses rare earth fluoride, trifluoroac-
etate, etc. as common precursors. These precursors decompose
under high temperatures, generally above 300 °C, in a mixed
solution of oleic acid (OA), oleylamine (OM), and l-octadacane
(ODE). In this instance, ODE provides the high-temperature
decomposition environment while OA and OM serve as cap-
ping ligands to regulate particle growth and reduce aggrega-
tion.?*®] This method was first utilized by Yan et al. (2005) in

Table 2. Several feasible large-scale UCNP synthesis processes in recent years alongside with the morphology, size, luminescent intensity, and weight

information of the products.

Synthesis approach Product Morphology Size Reaction conditions Luminescent intensity Product weight Ref.
Thermal NaYF,Yb* Tm3* Nanoparticle — 60.3 mmol RE-OA Quantum yield at =0.14% =10g [57]
decomposition precursors under power density
115 °C for 1.5 h and then of 10.0W cm~2 with
310°Cfor2h NaYF,:Yb/Er core
Solid-liquid thermal ~ B-NaGdF,:Yb*",Er*  Nanoparticle 23.5+1.5nm 200 mmol RE Comparable to 63.38 g with [52]
decomposition (CH3COO); precursors  counterparts synthesized ~ -NaGdF,:Yb,
10 mmol NaHF, at 1 mmol Er@NaYF,
250 °C for 30 min and
then 310 °C for 30 min
Modified B-NaYF.Yb3* Ertt Nanoparticle 22.7+0.7nm =320 °C until upconversion Quantum yield at =0.35% =2g [69]
co-precipitation luminescent become under power density
visible then cooling down of 150.0W cm~2 with
to 200 °C oleate coated
Hydrothermal BNaYF,Yb* Tm3* Micro-plates  Up to 1.125 um X Stirring for 30 min, — =05¢g [94]

0.88 um

followed by 180 °C for 6 h
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Table 3. Several UCNP synthesis process toward ultra-small upconversion nanoparticles alongside with the size and luminescent intensity informa-

tion of the products in recent years.

Synthesis protocols Product Size Notes Luminescent intensity Ref.
Gd** doping [-NaGdF,:Yb,Er Down to 6.8 nm Combination between hydrothermal and Stronger emission with NaYF, shell [54]
thermal decomposition
NaGdF,:Yb,Tm 2.5+03nm Size ranging from 2.5 to 8.0 nm achieved by — [58]
varying reaction temperature and time
NaLuF4Gd,Yb,Er =4 nm Cubic NaGdF, as core materials, while inert Colloidal solution visible to eyes [59]
NaLuF, as shell
o-phase particles as B-NaYF,:Yb,Er =6 nm Purified a-phase particles redispersed in —_ [32]
precursors fresh solvent to convert into f-phase
Altering experiments B-NaYF,:Yb,Er =5nm Larger Na/Y ratio favoring f-phase particle 2 nm thick shell increasing the upconversion [50]
conditions with smaller size efficiency by a factor of 160, while still
Employing o-phase particles as shell 1000 times lower than bulk materials
precursors
NaYbF, =7 nm Applying exceed oleic acid and F~ 400 times enhancement of ultraviolet [55]
emission with 2 nm NaYF, shell doping
NaREF, (RE = La, 5-7 nm Applying oleylamine (OM) for S-phase — [56]
Ce, Pr, and Nd) formation
NaYF, 5nm Ideal Y3* to F~ ratio at 1:4 Brighter than 37 nm NaYF, core materials [57]

2 nm shell of un-doped NaYF,

the synthesis of LaF; triangular nanoplates.*® It was then suc-
cessfully adopted in the preparation of NaREF, from lanthanide
oxides and trifluoroacetic acid, using lanthanide trifluoroacetate
as precursors.®l Currently, this synthesis method has been suc-
cessfully adopted into various preparation processes for a wide
range of UCNPs, including LiYF,’) NaGdF,*® Sr,YF,*) and
LaOBr.*The synthesis approach used includes four stages.*! In
the first stage, CF;COO~ dissolves, followed by delayed nuclea-
tion. The second stage includes the anisotropic growth of the
particles. Whereas in stage three, any small particles with less
thermodynamical stability redissolve and any large stable particles
continue to grow, known as the Ostwald ripening.?>*! Finally, in
stage four, aggregates form into various morphologies. During
these stages, by simply varying different experimental conditions
such as temperature, Na*/RE*" ratios, OA/OM ratios, and reac-
tion time, nanocrystals with different morphologies and phases
can be obtained.[204]

Compared with other widely used methods, one of the advan-
tages of thermal decomposition is the possibility to synthesize
ultra-small upconversion nanoparticles in a relatively simple
way, which is highly preferable for their applications.**l Par-
ticularly, for applications as diagnostic imaging agents, nano-
particles with hydrodynamic diameter under 5.5 nm is ideal to
introduce rapid renal clearance, triggering a quick equilibrium
between agents injected intravenously and the extracellular
space.”* While other approaches, such as isolating interme-
diate o~NaYF, nanoparticles from the reaction solvent followed
by redispersing them into fresh solvent with different contents
to collect ultra-small 3-NaYF, particles, or applying additional
Gd3** doping are also available but require complex operations
and result in upconversion emission quenching.324! An alter-
native method based on thermal decomposition developed by
Haase et al. (2016) showed a simple method by altering the
Na/RE ratio to reduce the obtained UCNPs diameter to 5 nm.
A high concentration ratio of Na/RE ions favors f-NaYF, seed
nucleation, thereby through increasing the sodium oleate
ratio in the thermal decomposition process, nanoparticles of
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[BNaYF,, Yb, Er under 5 nm could be achieved.’® Several dem-
onstrated strategies toward ultra-small upconversion nanopar-
ticles’ preparation in recent years have been summarized in
Table 3.

Owing to these unique characteristics, numerous investi-
gations have been devoted to increase the quantity of UCNPs
synthesized using thermal decomposition. Zhang et al. (2019)
described a high throughput method to synthesize NaYF,
nanocrystals in one vessel by using liquid RE-OA precursors
and increasing the reaction volume with prolonging reaction
time. About 10 g of high-quality NaYF, nanoparticles could be
obtained in one batch with a yield of 678% recorded.P! You
et al. (2018) proposed a solid-liquid thermal-decomposition
(SLTD) method based on traditional thermal decomposition,
Figure 2. By using NaHF, powder as the reagent in mild reac-
tion conditions, up to 63 g of f-NaGdF,;Yb and Er@NaYF,
nanoparticles of similar size and luminescent intensity com-
paring to their small-scale counterparts, could be obtained in
one batch, which therefore shows the potential for large-scale
preparation of other UCNPs.l°2

Thermal decomposition is generally considered as the typical
and popular way to synthesize high-quality UCNPs, although
there are still limitations to its industrial application. The
synthesis process usually involves expensive and air-sensitive
precursors and solvents, in addition to the need for high tem-
peratures with the generation of toxic by-products.

2.2. Co-Precipitation

The co-precipitation method is another common operation to
synthesize high-quality UCNPs. Compared with the traditional
thermal decomposition method, high-temperature co-precipi-
tation provides a better solution from an industrial perspective
offering more environmentally friendly reagents containing
inorganic rare earth salts. The method was first used by Zhang
et al. (2008) by forming small NaYF, crystal nuclei at room

© 2020 Wiley-VCH GmbH
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Figure 2. a) Schematic diagram of the proposed SLTD method for
the synthesis of NaREF, UCNPs. TEM images for the synthesis of
[-NaGdF,Yb, Er UCNPs in different amounts: b) 5 mmol, ¢) 20 mmol,
and d) 200 mmol. e) Photographs of the obtained f-NaGdF,:Yb,Er@
NaYF, NCs dispersed in 2 L cyclohexane (left) and upon excitation at
980 nm (right). f) Photographs of the obtained NCs weight under room
light (left) and upon excitation at 980 nm (right). Reproduced with
permission.’2 Copyright 2018, The Royal Society of Chemistry.

temperature.3 The temperature was then increased to promote
further Ostwald ripening with an aim to reduce the toxic rea-
gents and the involvement of by-products. In order to investi-
gate the detailed reaction process, Suter et al. (2014)°4 used
instant NIR-to-visible upconversion emission signals during the
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heating-up process. They then divided the reaction time into
four stages according to the real-time spectroscopic monitoring
results as shown in Figure 3. During the first and second stages,
o-phase particles start to form and then stabilize. Later in stage
three, the o-phase begins to transform into the S-phase, fol-
lowed by ripening and finally particle growth in stage four.>”!
More recently, the high-temperature co-precipitation method
has been used in the synthesis of a wider range of UCNPs:
including NaYF,[% NaLuF,®! LiYF,®2 KLu,F,%] NaGdF,,[%4
NaYbF,,[® LiYbF,,[%! and KSc,F-®/l With proper optimization of
the conditions, uniform 4 nm NaREF, UCNPs with enhanced
upconversion luminescence could be achieved.[%8!

It should be noted that temperature plays an important role
in the nucleation and ripening stage, which may be affected
when scaled up. This is because the increase of reaction volume
amplifies the effect of inefficient mass and heat transfer, pos-
sibly resulting in an uneven temperature distribution inside the
reaction system. This may cause a broad size distribution and
the appearance of undesirable shapes.?”! To address this issue,
Wihelm et al. (2015) designed an instant upconversion lumi-
nescence feedback device (Figure 4) to make sure the growth
stage of fNaYF, was controlled under 200 °C. The output pro-
vided was found to be more than 2 g of OA coated S UCNPs
with uniform phase and morphology in one batch, offering a
potential approach for future production scale up.[”!

Another option to eliminate the ineffective heating process
in the synthesis route is to bring down the reaction tempera-
ture. Recently the co-precipitation method has been used to
synthesize upconversion nanoparticles under low temperatures
or even room temperature conditions. Shao et al. (2014) syn-
thesized monodisperse YF3:RE*" (RE = Eu, Ce, Tb, etc.) under
low temperatures (<0 °C)."% The low temperature led to the
decline in the particles growth rate and diffusion coefficient,
which could greatly sharpen the size distribution and achieve
the synthesis of highly uniform and monodisperse UCNPs.
Lei et al. (2017) chose NaBiF, as the upconversion host matrix,
synthesizing NaBiF,:Yb*/Er*" under room temperature. The
replacement of commonly used rare earth elements such as
yttrium with bismuth species significantly mitigated the reac-
tion conditions while not compromising on the upconversion
luminescence.”l

I I m |

Heat Up & o-particles stasis o-particles | Po

Formation of period convert to | st
o-particles B-particles

Reaction Temp (°C)

~&= Green <}l

= Green/Red
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0 20 40 60 80 100 120 140
Reaction Time (min)

Figure 3. a) Schematic diagram of the experimental set up for real-time monitoring of UCNPs synthesis. Reproduced with permission.* Copyright
2014, American Chemical Society. b) Schematic illustration of the spectroscopic signal of green and red upconversion luminescent corresponding
to the four stages mentioned in the synthesis of NaYF, nanoparticles. Reproduced with permission.[*¥l Copyright 2016, American Chemical Society.
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3

Figure 4. a) Images of experimental setup for large-scale synthesizing of FNaYF,:Yb*, Er** nanoparticles. Detectable green upconversion lumines-
cence after 22 min was shown in the inset. b) TEM images of the obtained SNaYF,:Yb3*, Er*" nanoparticles after different reaction times: 10 min (1),
15 min (2), 22 min (3), 27 min (4), and 60 min (5). Reproduced with permission.[®¥ Copyright 2015, The Royal Society of Chemistry.

2.3. Hydrothermal

Hydrothermal/solvothermal is another common approach
to synthesize UCNPs with desirable and controllable shapes
and morphologies. Generally, it involves specific tempera-
tures and pressures where the solvents inside the reaction
vessels reach their critical or supercritical state. Altering the
solubility and viscosity inside the reaction system benefits the
solvent convection and solute diffusion. Usually the UCNPs
hydrothermal synthesis approach does not need to have an
inert atmosphere or high temperatures, making it a simpler
operation. A typical hydrothermal process is demonstrated by
Li et al. (2005), also known as the liquid-solid solution (LSS)
process.”?l The process involves the nucleation of nanoparti-
cles, which occurs due to the ion exchange and phase transfer
across the interface of sodium linoleate (solid) and water—eth-
anol (solution). The linoleic acid in the liquid phase (liquid)
then absorbs on the nanoparticles, leading to a spontaneous
phase-separation process and thereby collecting them. Cur-
rently, the hydrothermal approach has been successful in
the synthesis of Gd,0;," Y,03,74 ZnMoO,” LavO,l
NaLuF,,"! and Sr,SF,8!

During the process, the linoleic acid, functioning as the cap-
ping ligands, takes on an important role as the nucleation and
growth rates can be easily regulated by adjusting the type and
concentration of selected ligands.”” Many different ligands
including sodium citrate®! (Na;Cit), sodium linoleate,® oleic
acid®? (0A), and disodium ethylenediaminetetraacetic acid”®l
(Na,EDTA) have been used in accelerating the rate of particle
formation. In particular, Liu et al. (2016) specialized the role of
OA in the formation of NaYF, and NaGdF, particles.[®3 OA, and
its dissociated form OA~, had different binding preferences due
to the different facets present. Thus, by moderating the ratio of
OA~/OA, particle growth direction could be well determined,
and particles with various longitudinal lengths and aspect
ratios, ranging from about 0.2 to over 0.9, could be obtained
(Figure 5). Also, apart from the ligands, other experimental fac-
tors including reaction temperature and time, volume ratios of
ethanol to water, alcohol type, and subsequent annealing could
also affect the morphology of the particles.[®+8¢]

Part. Part. Syst. Charact. 2020, 37, 2000129
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Due to the involvement of capping ligands in the synthesis
route, which are usually involved in UCNPs synthesis via the
hydrothermal method, a hydrophobic surface will usually be
present. This does not meet biological need. Therefore, a sub-
sequent modification is required to convert the hydrophobic
surface into a hydrophilic one. On the other hand, a one-pot
synthetic hydrothermal route to obtain water-soluble UCNPs
has been developed as a simple user-friendly alternative way.
This approach employs pre-prepared rare earth stearates as
precursors and capping ligands. They not only serve as mor-
phology regulators in the hydrothermal process, but also intro-
duce functional groups, including carboxyl groups, onto the
surface of UCNPs,®#] turning the surface into hydrophilic.
Recently, Han et al. (2016) proposed a novel way to synthesize
UCNPs capped with both carboxyl and amino groups at the
same time. Using amino acid as the stabilizer and capping
ligands, the introduced carboxyl and amino groups could con-
jugate with different biomolecules simultaneously, allowing
them to be better used in biological applications.®’]

Apart from the use of surfactants, impurity doping into
UCNPs has been found to be another convenient way to alter
the microscopic and macroscopic structures of nanoparti-
cles. Wang et al. (2010) found that doping Gd*" into the host
lattice of NaYF, during the hydrothermal process could greatly
enhance the phase transfer from cubic (¢) to hexagonal (f), and
a rod-like morphology could also be favored.”® Following this,
the result was extended to other rare earth ions with large ionic
radii such as La*f and Ce*".’1 At the same time, the impurity
doping could break down the crystal field symmetry of lantha-
nide ions to some extent. Thus, by controlling the impurity
dopant concentration, an enhanced upconversion luminescent
intensity at a certain environment could be observed.[>%3!

The pivotal roles of surfactants and dopant concentrations
on the particle characteristics in the hydrothermal process
highlights the requirement for uniform concentration distribu-
tion inside the reaction system. However, the mixing mecha-
nism occurring inside the reactor is inevitably affected during
the scaling of the hydrothermal preparation process. Although
there has been a report on the production of over 0.5 g of NaYF,,
microplates via a facile template-free hydrothermal process in

© 2020 Wiley-VCH GmbH
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Figure 5. a) Longitudinal epitaxy growth of NaYF, with NaYF, core and homogeneous NaYF, nanoparticles at 310 °C for 1 h at NaOH to OA molar ratio
of 1:19. b) Longitudinal epitaxy growth of periodical shells of NaGdF,-NaYF, and NaGdF,-NaYF,-NaGdF, onto core NaYF, to form into five-section and
seven-section “bamboo-shaped” NaYF,/NaGdF, nanorods. Reaction was set at 310 °C with 0.5 mmol NaOH and 0.4 mmol KOH and 9.5 mmol OA
involved. c) Transversal epitaxy growth of NaGdF, with NaYF, core and homogeneous NaYF,/NaGdF, nanoparticles at 290 °C for 3 h at NaOH to OA
molar ratio of 3:380 (Scale bar, 50 nm). Reproduced with permission.® Copyright 2016, Nature Publishing Group.

one batch with optimized experimental parameters,/*¥ it should
be noted that the future industrialization of the hydrothermal
preparation route is still hampered by the long reaction time,
ranging from 12 to 24 h or even longer. Apart from that, high
pressures, large solvent volumes as well as poor reproducibility
are also key issues that need to be addressed.

2.4. lon Exchange

Ion exchange, based on the hydrothermal technique provides
another alternative synthesis route for UCNPs. Compared with
the traditional synthesis approaches mentioned above, ion-
exchange synthesis provides a facile way to control size and
morphology of UCNPs while eliminating the involvement of
toxic organic solvent.

Generally, ion exchange is used in nanoparticle sur-
face ligand modification of UCNPs for a hydrophilic sur-
facel®%l and in the epitaxial shell growth process.””) However,
recently this method was found to be used in the synthesis of
UCNPs core particles such as NaYF,, NaGdF, NaErF,, and
Na;ZrF,[8-101 Usually the synthesis route involves two or three
stages, as shown in Figure 6. In the first stage, a precursor with
a structure that is closely matched with the desired crystal and
has both a similar sub-lattice symmetry and atomic stacking
is synthesized.*’! After that, the pre-prepared precursor is
mixed with an aqueous mixture for further reaction, which
includes hydrothermal or thermal decomposition reaction
to prepare the desired nanocrystals. By varying the precursor
type and shape, easy control of the morphology and shape of
the UCNPs is allowed.['Z Recently, a novel approach, the topo-
tactic transformation strategy, has been developed based on
the ion-exchange method. This approach only requires partial
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structural matching between the precursors and obtained nano-
particles. For example, Shao et al. (2016)1'% synthesized mono-
disperse -NaYF, by using NaY(COs)F, as precursors due to the
similarity of the atomic arrangement along the [001] direction
between B-NaYF, and NaY(CO;)F,.' Using the same process,
they developed the in situ synthesis of YOF microcrystals by
using Y,O(OH)oNOj; particles based on the topotactic similar
structures.[0%]

There are some other synthesis approaches that have been
used for the synthesis of UCNPs including the sol-gel('¢1%7]
and electrospinning methods.'®®1%] However, the potential of
mass production and precise control over these methods are
hindered by large solvent volumes, complex multistep opera-
tions, and poor reproducibility, thus limiting the promotion of
future commercial applications.

3. Continuous Reactors

To achieve a high performance and efficient mass production of
nanoparticles, flow processes and reactors have emerged as the
main focus in which continuous operation provides better heat
and mass transfer, reducing the cost and waste throughout the
process as well as delivering higher yields."%1'2 To date, sev-
eral continuous synthesis routes to obtain UCNPs have been
classified and reported as follows.

3.1. Microfluidics
The microfluidic synthesis route was first discussed by deMello

(2002)13] aiming at the synthesis of a wide range of nanocrys-
tals, including iron oxide nanoparticles and semiconductor

© 2020 Wiley-VCH GmbH
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Figure 6. a) Schematic illustration of ion-exchange synthesis mechanism from Y(OH); 5;F; 43 precursors to f-NaYF, product. b) SEM images of the
as-prepared Y(OH); 5;F; .43 precursors. ¢) SEM images of the synthesized 3-NaYF, product. Reproduced with permission.l®”) Copyright 2015, The Royal

Society of Chemistry.

quantum dots.">] However, their application in the synthesis

of UCNPs has been rarely reported. It was reported by Zhu
et al. (2008) that upconverting LaF;:Ce, Tb could be prepared
in a capillary microfluidic reactor,'®! Figure 7a. The precur-
sors were pumped into the reaction system at a consistent
rate through syringes, then mixed and reacted in the heated
microcapillary and finally collected in the microcapillary outlet.
Despite the reaction being similar to the conventional reaction,
the microcapillary provides rapid and efficient mixing, broad-
ening the operating condition ranges for the synthesis reaction.
Compared with samples collected at the outlet of the microcap-
illaries at 180 °C for 3 s or at the bottle of the oven at 100 °C
for 30 min, the method which uses the sample to be collected
at the outlet of the microcapillary under two different reac-
tion temperatures initially 180 °C for 3 s then 100 °C for 30 s

a

micromixer oil baths

]
.

WA

oo s

100 °C

sample

syringes bottle

microcapillary

@ RE* °9 cyclohexane \—Q--»
ONa @° ¢ o \

o o @ Mmethanol \ BPR
Jall 0 =

Figure 7. a) Microfluidic reactor for the synthesis of LaF;:Ce, Tb nanopar-
ticles. Adapted with permission.[" Copyright 2008, The Royal Society of
Chemistry. b) lllustration of flow reactor for the synthesis of NaGdF,:Yb/Er
upconversion nanocrystals. Reproduced with permission.® Copyright
2016, The Royal Society of Chemistry.
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in two separate oil baths, Figure 7a, gave more accurate con-
trol over the two different reaction stages, higher temperature
bath to burst nuclei and lower temperature to promote growth,
resulting in a controllable crystallization process.!"®l Following
this, they replaced the traditional oil heating capillary reactor
with a microwave irradiation capillary reactor. With the addition
of microwave technique, a better micromixing was achieved by
polarizing the solvent and reagent, resulting in a more homo-
geneous temperature diffusion. Through this way, size distribu-
tion was narrowed down and aggregation was reduced.!"]
Furthermore, Che et al. (2014) demonstrated to use microflu-
idic technologies for nanoparticles syntheses at the nucleation
growth stages, to promote crystallization at a certain extent.l
These findings were also attributed to the homogeneous mixing
inside the reaction system, enabling accurate control of the reac-
tion parameters. Similarly, Jiao et al. (2016) reported a novel
NaGdF,Yb/Er nanocrystal synthesis route based on microfluidic
technology. Experimental conditions for the tube reactor of 260 °C
and 30 bar produced NaGdF,Yb/Er nanocrystals under 5 nm
with a narrow size distribution,'™ Figure 7b. More importantly,
with the involvement of a flow reactor in this process, a higher
reaction pressure is present. Thus, by altering the solvents, using
different boiling points, viscosities, and polarities, nanoparticles
of different sizes could be achieved without sacrificing mono-
dispersity. Continuous production could avoid the disadvantage
of poor batch-to-batch reproducibility that arises from tradi-
tional batch production, the microfluidic route thus shows huge
potential in future scalability for the synthesis of other UCNPs.

3.2. High Gravity
High-gravity technology, also known as HIGEE technology, is

a common method for process intensification within particle

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

Particle Systems Characterization

www.particle-journal.com

a rotator
i N
3 L%
*»
i DT A
inlet oo
e Grow up Aggregati A ling
- & .. &
<8
90°C 2h 800°C2h | @, # g
PR AR o
. .-
'\-'“.*' 'Q'v‘“ w
at '.:'0
apvR”
Growth
Homogeneous =t G = Final
= solution recursor row up” stages particles
§ outlet
A I :RE(NO,);solution O II:Ureasolution O II:Gd,0(CO,),-H,0 IV:Gd,0,
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Chemical Society. b) Schematic diagram of a typical high-gravity preparation route for UCNPs. Reproduced with permission.[*!l Copyright 2017,

American Chemical Society.

synthesis. First reported by Ramshaw (1979),%120] it has
been widely used in the synthesis of different nanoparticles,
such as drug particles,'2 nanophosphors,!?2l photocata-
lysts,/"?3] and semiconductor quantum dots.[?#12°] The high-
gravity method normally is fulfilled by a rotating packed bed
reactor (RPB) which intensifies the reaction process via gen-
erating a high-gravity environment.?>! A typical structure of
an RPB is illustrated in Figure 8, which consists of a rotator,
packing reactor, pumps, valves, and outlets. The liquid con-
taining precursors and solvents are introduced to the reactor
through pumps, spraying to the inside edge of rotator via a
slotted pipe distributor. It enters the bed flowing in the radial
direction under centrifugal force, finally being collected
in the outlets.'?®! During the process, the liquid flow is
dispersed consistently by the distributor, splitting into nano-
droplets, threads, and thin films in the packing, then con-
tacting each other for reaction. Thus, micromixing time is
greatly reduced and micromixing efficiency is improved,
resulting in a homogeneous reaction system.!?128] Due to
its unique characteristics, RPB technology is viewed as an
efficient way to scale up nanoparticle production while nar-
rowing down the size distribution.?13% Recently, our group
employed the RPB reactor in the Gd,0; synthesis route to
obtain monodisperse Gd,05:Yb**/Er** nanoparticles with
good optical performance. Compared with the stirred tank
reactor (STR), UCNPs prepared by HIGEE technology
produced an average particle size of 100 nm, compared
with 360 nm in STR, which could then be well dispersed in
transparent waterborne polyurethane (PU) films after modi-
fication.3! Later, we employed this same approach in the
synthesis of upconversion NaYF, nanocrystals. With involving
the RPB reactor, a decrease in microrod size and diameter
distribution was achieved, which showed a good potential in
anti-counterfeiting applications.[32

At the same time, the mass transfer and liquid mixing
efficiency in RPB reactors are enhanced by several orders
of magnitude, due to its unique structures.'2%133 This pro-
motes the homogeneous distribution of reagent concentra-
tions, supersaturation diffusion, and temperature gradient
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inside the reactor even with a high liquid holdup. RPB reac-
tors overcome the limitations of conventional batch reactors
and provide a promising way for future scale up. Based on
this, we reported a scalable synthesis route for f-NaYF, in an
RPB reactor. More than 1 g of NaYF,:Gd**/Yb**/Er** nanopar-
ticles with uniform morphology and phase could be obtained
at a time, with similar particles morphology and luminescent
properties to the small-scale synthesis.'3¥l The result further
proves the great potential of RPB technology for mass produc-
tion of UCNPs.

3.3. Mechanochemical Preparation

The UCNPs synthesis approaches mentioned above require
the involvement of organic or inorganic solvents, which
serve as the reaction environment or capping ligands. How-
ever, these have greater potential in promoting negative
environmental effects caused by toxic organic solvents. The
solid-solution-based mechanochemical preparation method,
which eliminates the use of liquid-based reagents, could
overcome these limitations. For example, the ball milling
synthesis method—a typical mechanochemical preparation
method has been widely applied to several nanoparticles syn-
thesis systems, such as LiFePO,-C compositel'®! and ZnO
nanowires.'3® A typical ball milling setup is illustrated in
Figure 9. Pre-ground and dried precursors are injected into
a zirconia jar with two zirconia balls inside the jar. The jar is
sealed for the balling milling process and nitrogen gas envi-
ronment is provided. Riesen et al. (2015) used this method for
the preparation of NaYF,.['¥”l Compared with the conventional
methods, the reaction can be conducted at room temperature
and no subsequent annealing processes were needed. Till
now, the ball milling method has been successfully applied
to other luminescent materials including BaFCl,!38 SrFCI,[13]
and Y;Al50;, all of which showed excellent luminescent
intensity. Without involving liquid solvent, mechanochemical
preparation method offer a green, low-cost, and highly scal-
able synthesis route of UCNPs.

© 2020 Wiley-VCH GmbH
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Figure 9. Schematic illustration of mechanochemical preparation process including a) diagram of mechanochemical chemical reactor, b) TEM images of
NaYF,Yb, Tm UCNPs, and c) upconversion luminescence spectra upon excitation at 980 nm. Reproduced with permission.™” Copyright 2015, Elsevier.

4, Conclusion

Compared with the concurrent researches that has been devoted
from synthetic methods to the applications of UCNPs, less
attention have been paid to the limitations of existing scaling-
up techniques for mass production of high-quality UCNPs.
In this article, we provide a glance view of recent advances in
UCNPs synthesis approaches, with particular interest on the
potential for future scale-up production. Generally, consider-
able progresses have been made to simplify synthesis opera-
tion by mitigating the reaction conditions toward a substantial
greener synthesis. Nevertheless, the challenge to create effi-
cient heat and mass transfer during the synthesis remains to
be resolved, which potentially affects the overall nanoparticle
morphology and optical performances. These concerns could be
fixed through optimizing the traditional batch-to-batch synthesis
route, as well as using flow synthesis systems. The continuous
preparation method seems to be the winner of all candidates,
since it will lead to benefits including an enhanced micromixing
function with increased precision control on experimental
parameters and potential cost and waste reduction.

Despite these developments, we conclude that the following
issues and actions remain on the engineering and industrial
production areas, which need to be coped appropriately with
the existing problems and to drive the effective industrial pro-
duction of UCNPs in future:

1. It should be noticed that in the commonly reported synthesis
route core parameters such as throughput and process yield
are still missing. Small reaction size and limited product quan-
tity are disadvantages when trying to meet industrial demands.

2. A better understanding on the mixing mechanism from the
scaling-up points of view is highly demanded, which require
proper simulation tools such as CFD models.

3. As luminescence properties of UCNPs are highly dependent
on their shapes, sizes, and phases, the correlation mecha-
nisms between them need be developed in an advanced level
for the future scale up and mass production of UCNPs.
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