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Rare-earth-doped upconversion nanoparticles (UCNPs) show great promise in a range of applications,
including biological imaging and sensing, solar cells and security inks. Although their emission color can
be tuned widely as a function of host matrix and dopant composition, the high dimensionality of the
associated parameter space and the sensitivity of emission to these parameters make optimization and
precision tuning difficult. Herein, we present a new time-efficient synthetic route to NaYF4:Yb,Er,Tm
UCNPs and a high-throughput microfluidic reactor to synthesize and precisely tune the emission
characteristics of the particles in situ and in real time. We synthesize a range of particles with optimized
emission intensity and wide color distribution by changing the doping degree of sensitizer Yb to provide
for green-orange tunability, and the ratio of Tm—Er to give green—blue tunability. With the two tunable
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Tm. Finally, we demonstrate the efficacy of these materials in a thin film format through the fabrication
rsc.li/materials-c of an anti-counterfeit device.

1 Introduction

White light-emitting materials have attracted enormous attention
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room temperature.>* Despite these successes, the precision
tuning of emission characteristics across a wide range and
using a single nanocrystal composition is still a challenge, and
there is much potential still to be unlocked.

During the last decade, several UCNP synthesis methods
have been proposed,”® including hydrothermal, thermal
decomposition, and thermal co-precipitation reactions.>*™®
However, these typically require harsh reaction conditions
(i.e. high temperatures and/or high pressures), and extended
reaction times. Moreover, bulk reaction approaches to nano-
crystal synthesis typically necessitate large investments of time
and materials to effectively map an inherently complex reaction
parameter space. This is especially problematic for UCNPs, as
their properties are extremely sensitive to the exact preparation
conditions, in particular the doping degree of the sensitizers
and activators, and thus they would benefit hugely from a
more comprehensive characterization and optimization pro-
cess. Further, we propose that the development of UCNPs will
drastically benefit from a more efficient, economic and greener
strategy for fast parameter screening, with a view to optimizing
properties for advanced applications.

Since the pioneering works of nearly two decades ago,
great strides have been made in establishing the field of
microfluidic-based nanoparticle synthesis. In the field of rare-
earth UCNPs, previous reports have demonstrated the utility of
continuous flow microfluidic approaches.*””** However, such
methods are not suitable for high-throughput screening
because of difficulties in controlling cross-contamination
between solutions run with different reaction parameter sets.
In contrast, droplet-based microfluidic reactors have engen-
dered a time-efficient high-throughput screening approach for
some years now,”> due to efficient heat and mass transfer
within droplets, and the ability to analyze products and tune
reactions in real-time.*® However, rare-earth UCNPs have not
benefitted from this approach due to their restrictively long
reaction times and the difficulty in preparing single composi-
tional element sources (i.e. precursors that deliver only one
of the elements that form the final NC). Unlike in common
bulk reactions where the RE*", Na" and F~ are premixed in one
solution, in the proposed high-throughput screening method it
is imperative that each of the compositional elements can be
delivered by a separate syringe to allow fine control of reaction
stoichiometry. However, this isolation of precursors causes
solubility issues, which necessitates redesigning the reaction
in terms of solvent, reagents and ligands.

In this paper, we detail a new synthetic approach for rare-
earth UCNPs that allows for facile parametric space mapping
and fine tuning of RGB emission under NIR excitation. Focuss-
ing on Yb-Er-Tm tri-doped NaYF, UCNPs, we first develop a
novel reaction formulation that enables time-efficient screen-
ing, where each compositional element can be delivered in a
separate precursor for precise tuning of elemental ratios (in
terms of F~ and Na' for the host matrix, Yb>" as a sensitizer,
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and Er*" and Tm®" as the activators). Second, and to achieve
rapid and efficient parameter mapping and product optimiza-
tion, we show for the first time the use of a high-throughput
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droplet-based microfluidic reactor with inline emission analysis
for rapid lanthanide-doped UCNP synthesis and compositional
tuning. This approach was used to scan and tune the RGB
emission attainable from a single NaYF,:Yb,Er,Tm nanocrystal
composition (as opposed to a mixed population) by optimizing
elemental ratios, engendering tunable true white light emission
based on optimized RGB intensity ratios under single excita-
tion. These developments encompass a new strategy for rapid
UCNP synthesis, characterization and optimization. Expansion
of this approach will pave the way for advanced applications of
these promising materials.

2 Results and discussion
2.1 Experimental design

We developed a droplet-based microfluidic platform (see
Fig. 1a) for reaction parameter screening of NaYF,:Yb,Er,Tm
UCNPs using integrated real-time inline infrared laser (980 nm)
excitation and spectral reading (see ESIt for full details).
Briefly, seven syringes were used to deliver the reaction com-
ponents, with four syringes filled with Re** precursors at equal
molar concentrations, two syringes with the Na' and F~
precursors, and a final syringe with the carrier oil. The four
Re®" precursors were initially mixed in a seven-port manifold,
before being delivered into a second manifold to be mixed with
the Na" and F~ precursors and the oil to segment the flow into
droplets. This arrangement allows precise control of the ratios
between the RE®" regents, as well between the Na" and RE*",
and RE*" to F~. Formed droplets then travelled through a
heating module, where the droplets are conveyed through PTFE
tubing around a heated copper rod. The formed UCNPs were
monitored in situ with an inline photoluminescence system,
requiring a minimum time of 3 minutes to collect data per
reaction parameter set.

The ability to rapidly scan precursor ratios allows for fast,
accurate, reproducible and efficient parameter screening.’” In
this regard, it should be noted that droplet-based microfluidic
systems benefit from rapid heat and mass transfer, which
ensures prompt mixing and temperature equilibration on
ultra-short timescales.®® To assess the temperature equili-
bration time in our reactor, we conducted computational fluid
dynamic (CFD) simulations of the heat transfer from the
heating rod (Fig. 1b) into the reaction solution (Fig. 1c and
Fig. S1, ESIY). At a total flow rate 80 pL min~", the reaction
solution reaches the target temperature (i.e. room temperature
to 220 °C) after 3 mm of travel, and within 500 ms (Fig. 1d). This
significantly improves upon the heat transfer efficiency
obtained in flask-based systems, and reduces reaction times
for UCNPs synthesis. Further details on the simulations are
provided in the ESL}

To tune or optimize the properties of NaYF,:Yb,Er,Tm
UCNPs by reaction parameter screening, the precursor ratios
between each constituent element must be controllable, mean-
ing that each element must to be delivered in a separate
precursor. This is not typically the case in bulk reactions, where
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(a) Schematic of the droplet-based microfluidic platform with inline infrared laser (980 nm) PL detection for NaYF4:Yb,Er, Tm UCNP synthesis. The

microfluidic platform incorporates syringe pumps, a heating controller, and a real-time fluorescence detection system together. (b) Photograph of the
heating loops around a 2 cm diameter heating rod. (c) Temperature distribution of the flow at the beginning of the heater, with temperatures of the
heater and surrounding air at 220 °C and 25 °C, respectively. (d) Variation of the temperature of the reaction solution as a function of heating time.

Na®, RE*", and F~ are combined within a single precursor.*®®

In our new strategy, we are able to deliver each element in a
separate precursor. Furthermore, instead of using 1-octadecene,
we employed TEGDME as the solvent for all precursors due to its
high boiling point (275 °C) and excellent solubility for F~, Na®,
and RE*'. Finally, it should be noted that modulation of droplet
residence times in the heated zone allows for control over the total
reaction time.

2.2 Parameter optimization and color tuning for NaYF,:Yb,Er

In NaYF,:Yb,Er nanocrystals, NaYF, is the host lattice for
lanthanide ions, Yb®" acts as a sensitizer to absorb the near-
infrared laser light, whilst Er** is the activator for green and red
emission. Optimization of emission intensity and tuning of
spectral profile (i.e. color) can be achieved by varying the
precursor ratios for the host lattice, sensitizer and activators,
along with the reaction temperature. Accordingly, we assessed
the following ratios in this work: R, = Na/RE; R, = F/RE; R; = Yb/
RE and R, = Er/RE. R; (Na/RE) and R, (F/RE), which are the
critical ratios for the host lattice NaYF,. While screening
these two parameters, we initially set the RE doping to typical
values reported in the literature (molar percentages of 80% Y,
18% Yb, and 2% Er).>*?° As shown in Fig. 2a and b, the PL
intensity of the formed NaYF,:Yb,Er nanocrystals was relatively
weak when R; was lower than 1.2, but rapidly increased to a
maximum at R, = 1.8.

This journal is © The Royal Society of Chemistry 2021

To better compare the green and red emission from NaY-
F4:Yb,Er, the PL peaks at 652 nm (*Fo;, - “I35) and 543 nm
(*Sz;2 - *I15) were chosen as indices (see Fig. 5c). The
optimized PL intensity occurs when R; lies between 1.5 and
2.5 (peak at 1.8), where both the green and red light obtain their
maximum intensity, with the intensity at 652 nm always being
higher than at 543 nm. However, when R, is larger than 2.5,
the PL intensity at 543 nm exceeds the PL intensity at 652 nm.
This switching of dominance between the two peaks allows
facile tuning of the green to red emission ratio via modulation
of the Na/RE molar ratio (R).

The PL intensity of UCNPs was then optimized using an R,
(F/RE) scan, from 2.4 to 6.0, uncovering an optimal range of
3.2-3.6 (Fig. 2c and d). Interestingly this ratio is less than the
4:1 stoichiometry of NaYF,. Indeed, the most popular methods
for NaYF,:Yb,Er synthesis (Table 1) all use a stoichiometry of 4
or higher.

Ratios R; (Yb/RE) and R, (Er/RE) control the rare-earth
element doping (i.e. percentage versus total RE content) for
NaYF,:Yb,Er. From the R; scan we observed divergent beha-
viour for the red and green PL peaks (Fig. 2e and f). The PL
from both red and green increases up to 15% doping, where
they both form a local maximum. However, above 15%,
green emission decreases steadily whereas the red emission
increases again. This phenomenon means that the red to green
intensity ratio may be adjusted via control of Yb content, R;.
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Fig. 6 (a) Plot of CIE1931 color coordinates of the NaYF*:Yb,Er,Tm UCNPs with different value of Rs at Yb doping degree at 20% and 60%. (b) XRD
patterns of NaYF4:Yb,Er,Tm UCNPs with Rs at 0% (black), 70% (red), and 100% (blue). (c—e) TEM images of the nanocrystals with Rs at 0%, 70%, and 100%.

Scale bar is 500 nm.

ratio. Fig. 6b shows the XRD pattern of three samples, with R;
equal to 0, 70 and 100%, yielding NaYF,:Yb,Tm, NaYF,:Yb,Er,Tm,
and NaYF,:Yb,Er, respectively. All three samples exhibit peaks
from both the cubic (o-) and hexagonal (-) phases. The diffraction
peaks from the B-phase of the 0% sample (NaYF,:Yb,Er) were
weaker than those for the 70% (NaYF,:Yb,Er,Tm) or 100%
(NaYF,:Yb,Tm) samples. This implies that the B-phase ratio
in the absence of Tm is less than in the Tm-doped UCNPs. TEM
images (Fig. S6, ESIT) show that ‘popcorn-like’ NaYF,:Yb,Er
nanocrystals were obtained. The sizes of the nanocrystals
(Fig. 6¢-€) did not significantly vary as a function of Tm doping.
The R5 at 0, 70 and 100% samples exhibited average diameters
of 53.4 £ 8.5, 49.5 £ 7.7, and 50.2 + 8 nm, respectively.
Therefore, the size of the NaYF,:Yb,Er,Tm UCNPs seems to
primarily depend on the NaYF,:Yb matrix rather than the
doping degree of the activators.

2.4 Application of NaYF,:Yb,Er,Tm nanocrystals

To demonstrate the potential of using our color-tuned UCNPs
in a thin film state, we fabricated a simple anti-counterfeit
device. Here, a logo appears homogeneous under ambient
light, but colored letters are revealed under infrared excitation.
We recreated the ETH logo in a PDMS-based microdevice,
which was fabricated via standard soft lithography. Subsequently,
NaYF,:Yb,Er,Tm (20% Yb) UCNPs in ethanol (with Rs at 0, 70

This journal is © The Royal Society of Chemistry 2021

and 100%, representing three different emission colour profiles,
see Fig. S7, ESIT) were injected into the three character chambers
separately, and dried by solvent evaporation. A smartphone
camera was then used to capture images of the device through
a simple lens-filter combination (Fig. 7a). Without the 980 nm
excitation, all three characters appear identical (Fig. 7b). Once
excited, the three different colors (green, cold white, and blue
in Fig. 7c), can clearly be observed and imaged with the
smartphone camera.

a @ Cell Phone

<= Filter

Fig. 7 Color-tunable NaYF4:Yb,Er,Tm nanocrystals applied for anti-
countering. (a) Concept for anti-counterfeiting with imaging by a smart-
phone camera. (b) ETH logo captured without excitation. (c) Three
different colors emerging under the 980 nm excitation.
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3 Conclusions

In summary, we have developed an entirely new synthesis
strategy, in term of reagents, solvent and ligands, for the
preparation and facile color tuning of NaYF,:Yb,Er,Tm UCNPs
in a high-throughput manner. By taking advantage of the time
and materials efficiency associated with droplet-based micro-
fluidic reactors, compositional element ratios (R, to Rs), as well
as the residence time and reaction temperature could be
optimized via inline PL analysis. Using a guided optimization
of reaction parameters, color-tunable UCNPs have been synthe-
sized by changing the doping degree of the Yb sensitizer
(allowing controlled green-orange tuning) and the ratio
between activators Tm-Er (achieving controlled green-blue
tuning). With this two dimensional tuning, single white-light
emitting NaYF,:Yb,Er,Tm nanocrystals have been synthesized. As
evidenced by the fabrication and testing of an anti-counterfeit
device, the formed nanocrystals still exhibit excellent photolumi-
nescence in the dried state. Finally, with this newly developed
synthesis strategy, we have demonstrated great potential for fast
screening of other host matrices, and coordinating ligands, as
well as core-shell structures for various UCNP applications.
Future work will focus on modifying the reactor to tolerate higher
temperatures, testing solvents with higher boiling points, and
exploring a wider range of precursors to measure their effects on
particle properties.
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