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“We must be clear that when it comes to atoms, language can be 
used only as in poetry. The poet, too, is not nearly so concerned 
with describing facts as with creating images and establishing 
mental connections.” 
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Abstract 

The parametric screening, ligand optimization and growth mechanism of 
nanocrystals, and new material discovery, are often a time-consuming and expensive 
undertaking. Droplet-based microfluidics, a method to produce droplets in a 
controlled way and at high-throughput, enables the integration and automation of 
chemical synthesis. Each droplet is used as a closed reaction vessel, enabling the 
study of a large number of reactions in a short time that traditional flask reactors 
cannot achieve. Droplet-based microfluidic reactors have shown a number of 
advantages, including efficient mass and thermal transport, precise and dynamic 
control of reaction parameters, and the ability to integrate a range of optical tools to 
probe reactions in a sensitive and real-time manner. Taking advantage of high-
throughput microfluidics, we aim to further develop and innovate segmented flow 
microfluidic platforms and use the advantages of microfluidics to optimize the 
reaction conditions in combination with ‘big data’ analysis, to understand the 
underlying mechanisms of nanoparticle (NP) synthesis, and deploy microfluidic 
reactors as a standard technology for chemical synthesis. 

In this thesis, we developed or improved several novel microfluidic platforms for the 
precision synthesis of different photoluminescent nanocrystals (PNs), and studied 
how the surface ligands influence the final properties of the produced nanostructures. 
Firstly, an automated droplet-based microfluidic reactor with in situ 
photoluminescence characterization was used to map a two dimensional parameter 
space (scanning base:acid ligand ratio and reaction temperature) for CsPbBr3 
nanocrystals, in search of reaction conditions that yield quantum confined 
nanostructures with bright and narrow emission properties. Our study herein has 
demonstrated the complexity of the parameter space for even a relatively simple 
binary ligand system, with a strong dependence on reaction temperature and ligand 
ratio. With the fact that surface ligands can heavily affect the properties of PNs and 
the new ligands discovery, we further developed an innovative microfluidic platform 
that could distinguish different species of molecules or nanocrystals in the reaction 
solution with high resolution absorbance spectrum to study how the soy lecithin 
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ligand affects the synthesis and properties CsPbBr3 nanocrystals. By analyzing the 
photoluminescence (PL) and absorbance data, the parameter space mapping for pure 
CsPbBr3 phase was achieved and inherently low size polydispersity nanocrystals 
were synthesized. During the study of the surface chemistry of CsPbBr3, we found that 
the crude reaction solution for CsPbBr3 without purification would undergo post-
synthetic evolution in shape and crystallographic character. Due to the labile 
structural and surface character of CsPbBr3, the extra ligands in the solution can 
induce the CsPbBr3 nanosheets to evolve to Cs4PbBr6 hexapods over a period of 24 
hours. Time-resolved optical and structural characterization revealed a post-
synthesis mechanism of phase transformation, oriented attachment, and branch 
elongation. More generally, the study revealed important processes associated with 
lead halide peronskite (LHP) NC aging, and demonstrated the utility of slow reaction 
kinetics in obtaining complex morphologies.  

Besides the interest in Stokes shifted nanocrystal CsPbBr3, we were also intrigued to 
study anti-Stokes shift upconversion nanoparticles (UCNPs). Therefore lastly, we 
developed a new time-efficient synthetic route to NaYF4:Yb,Er,Tm UCNPs and a high-
throughput microfluidic reactor to synthesise and precisely tune the emission 
characteristics of the formed particles in situ and in real time. We synthesized a range 
of particles with high brightness and wide color distribution by changing the doping 
degree of sensitizer Yb to achieve green–orange tuneability, and the ratio of Tm-Er to 
allow green–blue tuneability. With these two tunable dimensions, we realized true 
white light emitting UCNPs based on optimized red, green and blue (RGB) emission 
ratios from a single composition NaYF4:Yb,Er,Tm nanocrystal—a demanding task for 
such materials—with CIE 1931 coordinates of (0.29, 0.34) and doping degrees of 60% 
Yb, 0.45% Er, and 1.05% Tm. Finally, we demonstrated the efficacy of these materials 
in a thin film format through the fabrication of an anti-counterfeit device. 

Keywords: photoluminescent nanocrystals, droplet-based microfluidics, high-
throughput, surface chemistry, nanostructures 
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Zusammenfassung 

Das parametrische Abrastern, die Optimierung von Ligandenkombinationen, 
Wachstumsmechanismen von Nanokristallen und die Entdeckung neuer Materialien 
sind ein häufig zeitaufwendiges und kostspieliges Unterfangen. Die tröpfchenbasierte 
Mikrofluidik, eine Methode zur kontrollierten Produktion von Tropfen bei hohem 
Durchsatz, ermöglicht die Integration und Automatisierung von chemischen 
Synthesen. Jedes Tröpfchen wird als geschlossenes Reaktionsgefäss verwendet, 
wodurch die Leistung einer grossen Anzahl von Reaktionen in kurzer Zeit ermöglicht 
wird, welches in herkömmliche Kolbenreaktoren nicht möglich ist. 
Tröpfchenbasierte Mikrofluidikreaktoren haben zahlreiche Vorteile demonstriert, 
darunter einen effizienten Massen- und Wärmetransport, eine präzise und 
dynamische Steuerung der Reaktionsparameter und die Fähigkeit eine Reihe 
optischer Werkzeuge zu integrieren, um Reaktionen in Echtzeit auf empfindliche 
Weise zu untersuchen. Mit diesen Vorteilen der Hochdurchsatz-Mikrofluidik wollen 
wir die Mikrofluidikplatformen, welches sich durch segmentierten Fluss auszeichnen, 
weiterentwickeln und die Vorteile der Mikrofluidik nutzen, um die 
Reaktionsbedingungen in Kombination mit der Analyse von grossen Datensätzen zu 
optimieren, die zugrundeliegenden Mechanismen der Nanopartikelsynthese zu 
verstehen und die Nutzung von Mikrofluidikreaktoren als Standarttechnologie für 
chemische Synthesen zu unterstützen. 

In dieser Arbeit haben wir mehrere neuartige Mikrofluidikplatformen für die 
Präzisionssynthese verschiedener photolumineszierender Nanokristalle entwickelt 
oder verbessert und untersucht, wie Oberflächenliganden die Eigenschaften und 
Nanostrukturen der Endprodukte beeinflussen. Zunächst wurde ein automatisierter 
Mikrofluidikreaktor auf Tröpfchenbasis mit in-situ Photolumineszenz-
Charakterisierung verwendet, um einen zweidimensionalen Parameterraum (aus 
Base:Säure Ligandenverhältnis und Reaktionstemperatur) für CsPbBr3-Nanokristalle 
abzubilden auf der Suche nach idealen Reaktionsbedingungen, welche quanten-
eingeschränkte Nanostrukturen mit hellen und schmalen Emissionseigenschaften 
gewähren. Unsere vorliegende Studie hat die Komplexität des Parameterraums selbst 
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für ein relativ einfaches binäres Ligandensystem gezeigt, mit einer starken 
Abhängigkeit von Reaktionstemperatur und Ligandenverhältnis. Mit der Tatsache, 
dass Oberflächenliganden die Eigenschaften von Nanokristallen und die Entdeckung 
neuer Liganden stark beeinflussen können, haben wir eine innovative 
Mikrofluidikplatform weiterentwickelt, die verschiedene Arten von Molekülen oder 
Nanokristallen in der Reaktionslösung mit hochauflösender 
Absorptionsspektroskopie unterscheiden kann, um zu untersuchen, wie der 
Sojalecithin Ligand die Synthese, Eigenschaften und Nanokristallgrösse von CsPbBr3 
beeinflusst. Durch Analyse der Photolumineszenz- und Absorptionsdaten wurde die 
Parameterraumabbildung für die reine CsPbBr3-Phase bestätigt und Nanokristalle 
mit niedriger Poyldispersität synthetisiert. Während der Untersuchung der 
Oberflächenchemie von CsPbBr3 fanden wir, dass die unverarbeitete 
Reaktionslösung von CsPbBr3 ohne Reinigung eine postsynthetische Entwicklung in 
Form und kristallographischem Charakter erfahren würde. Aufgrund des labilen 
Struktur- und Oberflächencharakters von CsPbBr3 können die zusätzlichen Liganden 
in der Lösung dazu führen, dass sich die CsPbBr3-Nanoblätter über einen Zeitraum 
von 24 Stunden zu Cs4PbBr6-Hexapoden entwickeln. Die zeitaufgelöste optische und 
strukturelle Charakterisierung zeigt einen Mechanismus nach der Synthese von 
Phasentransformation, orientierter Bindung und Verlängerung vom Zweigwerk. 
Allgemeiner zeigt die Studie wichtige Prozesse, die mit der Alterung von LHP 
Nanokristallen verbunden sind, und offenbart die Nützlichkeit von Kinetik langsamer 
Prozesse bei der Produktion komplexer Morphologien. Neben dem Interesse an 
nanokristallinem CsPbBr3 mit Stokes-Verschiebung waren wir auch daran 
interessiert, aufkonvertierende Nanokristalle mit Anti-Stokes-Verschiebung zu 
untersuchen. Zuletzt entwickelten wir einen neuen zeiteffizienten Syntheseweg zu 
NaYF4: Yb-, Er-, Tm Nanopartikeln und einen Mikrofluidikreaktor mit hohem 
Durchsatz, um die Partikel zu synthetisieren und die Emissionseigenschaften der sich 
bildenden Partikel in-situ und in Echtzeit präzise abzustimmen. Wir synthetisieren 
eine Reihe von Partikeln mit hoher Helligkeit und breiter Farbverteilung, indem wir 
den Dotierungsgrad des Sensibilisators Yb ändern, um eine grün-orange 
Abstimmbarkeit zu erzielen, und das Verhältnis von Tm-Er, um eine Einstellung der 
grün-blaue Emission zu erzielen. Mit den beiden einstellbaren Dimensionen 
realisieren wir aufkonvertierende Nanokristalle, die echtes weißes Licht emittieren, 
basierend auf optimierten Emissionsverhältnissen von Rot, Grün und Blau (RGB) aus 
einem einzigen NaYF4: Yb-, Er-, Tm-Nanokristall - eine anspruchsvolle Aufgabe für 
solche Materialien - mit CIE 1931-Koordinaten von (0,29, 0,34) und 
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Dotierungsgraden von 60% Yb, 0,45% Er und 1,05% Tm. Schließlich demonstrieren 
wir die Wirksamkeit dieser Materialien in einem Dünnfilmformat mittels der 
Herstellung einer fälschungssicheren Vorrichtung. 

Stichwörter: photolumineszente Nanokristalle, tröpfchenbasierte Mikrofluidik, 
Hochdurchsatz, Oberflächenchemie, Nanostrukturen 
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Chapter 1 

Background and Introduction 

 
 
 

In this chapter, I give an introduction of different photoluminescent nanocrystals in 
general and their nucleation and growth theory. Further on, I also introduce the basic 
of microfluidics and their applying in photoluminescent nanocrystals synthesis. 
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1.1 Background to photoluminescent nanocrystals 

Recent years have seen the discovery of a range of novel properties, processes, and 
phenomena at the nanoscale. Such discoveries have generated revolutionary 
opportunities for creating novel materials and devices with superior chemical, 
physical, and biological characteristics. Photoluminescent nanocrystalline materials 
are of special interest in this regard owing to their tunable physical and chemical 
properties and their potential utility as functional elements in biological 
experimentation, optoelectronics, optical communications, and laser technologies. 
According to the energy of absorption and emission, photoluminescent nanocrystals 
(PNs) can be divided into Stokes shift and anti-Stokes shift nanocrystals (Figure 
1.1).1 In the luminescence process, the wavelength of emission larger than absorption 
is defined as Stokes shift, recognizing the great contribution of Sir Stokes to 
fluorescence theory. Stokes shift-based nanocrystals includes semiconductor, lead 
halide perovskites (LHPs), noble metal nanoclusters, and down conversion rare earth 
(RE)-doped nanocrystals. Anti-Stokes shift luminescent nanocrystals have attracted 
much attention because of their unique ability to convert long wavelength (low 
energy) excitation photons to short wavelength (high energy) ones (Figure 1.1). RE- 
doped upconversion nanocrystals are the most typical anti-Stokes shift-based 
nanocrystals.   

 

 

Figure 1.1. Schematic representation of Stokes shift and anti-Stokes shift. 
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1.1.1 Semiconductor nanocrystals 

Semiconductor nanocrystals (NCs) are nanometer-scale crystallites, possessing radii 
smaller than the exciton Bohr radius. This property engenders unique quantum 
effects, such as quantum confinement and macroscopic quantum tunneling, which are 
not present in the bulk crystallite.2,3 Accordingly, by controlling their composition, 
shape, size, and surface chemistry, these NCs can be made to exhibit tunable 
broadband emission within the ultraviolet (UV), visible, and near-infrared (NIR) 
regions of the electromagnetic spectrum.4 As illustrated schematically in Figure 1.2, 
the band gap (defined as the minimum energy needed to excite an electron from the 
valence band to the conduction band) of a NC decreases as a function of particle size. 
This means that smaller NCs require more energy to be excited, with higher energy 
(lower wavelength) photons being released when the NCs return to their electronic 
ground state,5 resulting in a blue to red emission shift with NC size. Such unique 
optoelectronic properties make NCs enormously promising materials for a wide 
range of sensing,6,7 display,8–10 and bioimaging applications.11–13 

In the late 1980s, semiconductor NCs based on elements in groups II to VI of the 
periodic table (i.e. II–VI, III–V, IV–VI materials) were synthesized in a bottom-up 
fashion to study size quantization effects.14,15 Since then, a great variety of NC 
compositions and structures have been realized and investigated. These include core-
type quantum dots (QDs) such as CdSe (cadmium selenide) and PbS (lead sulfide), 
core/shell QDs such as CdS/ZnSe (cadmium sulfide/zinc selenide) and CdSe/CdS 
(cadmium selenide/cadmium sulfide) and core/multishell QDs such as 
CdSe/CdS/ZnS (cadmium selenide/cadmium sulfide/zinc sulfide).16–19 To ensure the 
facile synthesis of high-quality semiconductor NCs with tunable physical and 
chemical properties, significant efforts have been devoted to developing robust 
synthetic methodologies over the past three decades. Generally, bottom-up 
techniques for semiconductor NC synthesis involve vapor-phase epitaxial growth or 
wet-chemical methods.20 In vapor-phase synthesis, semiconductor NCs are grown 
through epitaxial self-assembly by deposition onto the surface of a semiconductor 
layer. Vapor-phase grown semiconductor NCs have high crystallinity and low defect 
densities, however this method is hampered by the need for sophisticated 
instrumentation and the difficulties associated with separating synthesis products 
from the substrate.21 Accordingly, liquid-phase synthesis procedures, whose origins 
can be traced back to the synthesis of gold colloids by Faraday in the 1850s,22 are 
most commonly used. Such methods in principle provide for the controlled nucleation 
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and growth of nanoparticles (NPs) within a solution of chemical precursors 
containing both metal and anion sources.23 

 

Figure 1.2. Schematic illustration of the dependence of the electronic band gap on particle size 
in bulk crystallites and QDs. As the size of the crystal decreases, the difference in energy between 
the highest valence and the lowest conduction band increases. Accordingly, QDs can emit a 
range of wavelengths from the same material as a function of their size. In this way, it is possible 
for their optical and electronic properties to be adjusted as needed. 

 

1.1.2 Lead halide perovskites 

Lead halide perovskites (LHPs) are new emerging colloidal semiconductor NCs that 
have attracted tremendous research interest in the last five years due to their 
remarkable optical properties, high photoluminescence quantum yields and facile 
synthesis.24–27 The general chemical formula for LHPs compounds is ABX3, where A is 
cesium (Cs), formamidinium (FA, CH(NH2)2+) or methylammonium (MA, CH3NH3+); B 
is lead (Pb); and X is chlorine (Cl), bromine (Br), iodine (I) or their mixture. According 
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to the composition of A, metal halide perovskites can be divided into two families: all-
inorganic lead halide perovskites with an inorganic cation of Cs and organic-inorganic 
hybrid perovskites. These structures are characterized by the three-dimensional (3D) 
interconnection of their [PbX6]4- octahedra(Figure 1.3), with the A-site cation 
residing in the large voids in between.27 The common observed cubic shapes of LHP 
NCs are typically with cubic or orthorhombic symmetries lattices(Figure 1.3).  

 

Figure 1.3. The ABX3 perovskite structure with 3D-corner-sharing octahedra. Two typical 
structures are shown: cubic (MAPbX3, FAPbX3) on the left and orthorhombic (CsPbX3) on the 
right. 

 

Perovskite, named after Russian mineralogist Lev Perovski, was first used to refer to 
calcium titanate (CaTiO3) discovered by Gustav Rose in 1839, then it was extended to 
a large family of materials adopting a similar crystal structure to CaTiO3.28 In 1957-
1958, CsPbCl3 and CsPbBr3 were found to crystallize in a perovskite-type lattice, 
existing as a tetragonally distorted structure which undergoes a transition to a pure 
cubic phase at high temperature.29,30 In fact, the history of bulk caesium LHP materials 
extends much further back in time. The existence of crystalline compounds with 
composition CsPbX3, as well as CsPb2X5 and Cs4PbX6, dates back to the 1890s.31 

Organic-inorganic hybrid LHPs were first reported in 1978 by Weber, who found the 
organic cation MA+ replaced Cs+ to form MAPbX3 and reported the first 
crystallographic study on organic lead halide perovskites.32 The structure and 
properties of FAPbX3 have been reported only in the last decade.33 In this thesis, we 
focus on all-inorganic LHPs of CsPbBr3. 

Compared to traditional semiconductor QDs, e.g., CdSe, CdS and PbS, CsPbX3 NCs can 
be synthesized at a lower reaction temperature. Furthermore, these CsPbX3 NCs 
exhibit even higher photoluminescence quantum yields (PLQYs), up to 100%, narrow 
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emission bandwidths (< 20 nm) and tunable electroluminescence emission.34–36 
CsPbX3 NCs also exhibit similar size-dependent optical properties like traditional 
semiconductor QDs. When the size of NCs decreases to smaller than their Bohr 
diameter (CsPbCl3: 5 nm, CsPbBr3: 7 nm, CsPbI3: 12 nm), the quantum confinement 
effect will emerge and affect the PL emission. However, the optical properties of 
CsPbX3 NCs not only depend on their size, but also relay on shape, composition and 
surface ligands.  

1.1.3 Upconversion nanocrystals 

Lanthanide (Ln) ions are capable of yielding high-energy photons by sequential 
absorption of two or more low-energy photons through a process known as photon 
upconversion. This phenomenon is a nonlinear optical process which could emit 
ultraviolet, visible or near infrared (NIR) upconversion luminescence (UCL) when 
excited, especially in the NIR range.37,38 In the 1960s, conversion of IR into visible light 
in bulk materials was first discovered by Auzel, Ovsyankin, and Feofilov.39 It was not 
until 1990s, when nanocrystals began to be extensively studied, that upconversion 
nanoparticles became well-controlled from crystalline phase, size and shape. In 
particular, Lanthanide ion (Ln3+)-mediated upconversion nanocrystals have attracted 
much attention due to their unique optical properties, such as long luminescence 
lifetime, tunable emissions and large anti-Stokes shift.40–42  

Ln3+-mediated upconversion nanocrystals are dilute guest-host nanosystems, in 
which lanthanide ions are dispersed as guests in an appropriate dielectric host 
lattice.43,44  Lanthanide ions have a 4fn5s25p6 electron configuration with n=0-14, 
resulting in unique optical and magnetic properties. While the 14 possible 
configurations with different energies are responsible for a rich energy level 
structure in the ultraviolet, NIR and visible spectral range.45 In order to increase 
upconversion efficiency, it is significant to co-dope sensitizer with activator that has 
a closely matched intermediate-excited state.46–48 Normally, Er3+ and Tm3+ ions are 
most commonly used activator to accept energy form the sensitizer Yb3+ ions.  

With their unique optical properties, Ln3+-doped upconversion nanocrystals are 
promising candidates for bioimaging applications.49–53 The excitation wavelength for 
upconversion nanocrystals falls into the biological tissue transparency window (650 
nm-1300 nm),54 yielding low autofluorescence background, a high signal-to-noise 
ratio and detection sensitivity, and high penetration depth in biological tissues. In 
addition, upconversion nanocrystals could also be used for displays and 
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photovoltaics due to their tunable full visible spectrum through control of the type or 
ratio of the dopants.37,55,56  

Development of simple and controllable synthesis strategies for high-quality 
upconversion nanocrystals is essential to tune their optical properties and explore 
further applications.  Until now, numerous synthetic methods have been developed, 
including coprecipitation, thermal decomposition and hydrothermal synthesis. 
Coprecipitation is one of the most convenient techniques to obtain ultrasmall 
upconversion nanocrystals with narrow size distribution. One of the earliest 
examples was reported by van Veggel, who synthesized LaF3 nanocrystals.57 However, 
this method was time-consuming and post-synthesis heat treatment was required. 
Thermal decomposition was first reported by Yan’s group to synthesize highly 
monodisperse LaF3 nanocrystals. This approach could generate upconversion 
nanocrystals with controlled sizes.58 However, the thermal decomposition method 
suffers from toxic by-products. The hydrothermal synthesis method is capable of 
generating highly crystalline phases at lower temperatures, but requires specialized 
reaction vessels and it is impossible to observe these nanocrystals during their grow. 
All methods have their advantages and disadvantages; therefore, it is challenging to 
develop convenient and controllable approaches based on the existing methods. In 
this thesis, we demonstrate the use of microfluidics to synthesize more controllable 
upconversion nanocrystals.  

1.2 Nucleation and growth theory for colloidal nanocrystals  

Classical nucleation theory was transferred to liquid phase NP synthesis by LaMer 
and co-workers in the 1950s, through the concept of burst nucleation.59 The so-called 
“LaMer model” of NP nucleation and growth is highly constructive in understanding 
the mechanism behind colloidal NP formation.59 As shown schematically in Figure 
1.4, NPs can be considered to form via a two-stage process. An initial nucleation stage, 
where seed particles spontaneously precipitate from solution, is followed by a more 
gradual growth phase where diffusion of solutes from the solution to the seed surface 
proceeds until the desired particle size is attained. In physical terms, as the reaction 
proceeds, the solute concentration will at some point exceed a “supersaturation” 
concentration, eventually reaching a “critical” concentration at which time nucleation 
occurs. Nucleation is ideally a transient process and leads to a partial reduction of the 
supersaturation concentration. Once the solute concentration is lower than the 
nucleation concentration, the nucleation stage terminates, and the residual 
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supersaturated solute is depleted by NP growth. During the growth phase, the overall 
free energy of the system decreases until all solute has been consumed. Finally, NP 
aggregation occurs over a much longer timescale, and acts to reduce the free energy 
of the system further. In the context of QD synthesis, aggregation is almost always 
undesirable, as it leads to polydispersity and flocculation/precipitation of the 
synthesized NPs.  

 

Figure 1.4. The LaMer model describing nanoparticle formation. The solute concentration will 
exceed the supersaturation concentration at some point during the reaction, and when the 
concentration exceeds the nucleation threshold, nucleation is initiated. During the growth phase, 
the overall free energy of the system decreases until all solute has been consumed. Nanoparticle 
aggregation occurs over a much longer timescale, and acts to reduce the free energy of the 
system further. 

 

In conventional macroscale reactors, nucleation and growth often occur concurrently 
due to poor thermal transfer, uneven mixing, and slow mass transfer. This results in 
a broad size distribution of the final product population. Significant variations in the 
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physical environment across macroscale reactors are almost always unavoidable. 
Accordingly, microfluidic systems, which are characterized by rapid and controlled 
thermal and mass transport, are an ideal format for NP production, offering enhanced 
control over the entire synthetic process.60 

1.3 Microfluidics for the synthesis of nanocrystals  

It can be argued that the first microfluidic devices were developed as early as the 
1940s,61 however, the field of microfluidics as we know it today began in the 1990s 
when Manz and co-workers introduced the concept of the miniaturized total analysis 
system (µTAS).62 After early demonstrations of chip-based analytical separations 
(most notably based around electrophoretic techniques),63 the field rapidly expanded 
to showcase microfluidic tools for cell-based assays, small molecule synthesis, DNA 
analysis, high-throughput screening and the study of living organisms.64  

The first report of a microfluidic reactor for NP synthesis was presented by Edel and 
co-workers in 2002.65 In this pioneering study, the authors showed that continuous-
flow microfluidic reactors significantly outperform macroscale systems in the direct 
production of nanoscale materials, with variations in reaction residence times being 
used to control average particle size and minimize sample size distributions. Since 
this first report, microfluidic reactors have become an established and even preferred 
method for the production of nanomaterials such as noble metal NPs,66–68 metal oxide 
NPs,69–71 polymer NPs,72–74 silica NPs,75,76 and semiconductor NPs.65,77 As well as the 
previously listed advantages, the ability to integrate a range of functional components 
(such as thermal units, optical modules, precision pumps, flow controllers and 
delivery modules) has ensured that microfluidic platforms provide for rapid and 
precise control of chemical state functions, enable characterization of QD 
composition and structure in real-time and allow the study of the kinetics of 
nanocrystal nucleation and growth.78 Put simply, recent years have shown that 
microfluidic systems allow for the direct, rapid, cost-effective synthesis of bespoke 
nanomaterials in a manner inaccessible to traditional production methods.79 

1.3.1 Design considerations 

Microfluidic reactors come in a number of forms, but with all embodiments 
leveraging scale to effect performance improvements. Microfluidic systems can be 
made using macroscale components, such as capillaries or tubing, or fabricated 
within planar chip-based substrates using conventional or soft-lithographic methods. 



Shangkun Li   Chapter 1 
 

30 
 

Through the development of integrated components such as pneumatic valves, 
mixers, and pumps, these devices can be tailored to the specific requirements of a 
synthetic procedure.64 Capillary- or tube-based reactors are much simpler in terms of 
design and fabrication, due to the commercial availability and standardization of 
components (such as tubing, connectors, fittings and valves), but are limited in their 
ability to perform complex procedures and plagued by excessive dead volumes. That 
said, capillary materials can be tailored to the experiment in question (e.g. in regard 
to temperature and chemical compatibility requirements) and thus have been used 
to fabricate a variety of high-quality nanomaterials.79 On the other hand, chip-based 
microfluidic systems can incorporate highly complex fluidic networks with channel 
dimensions ranging on the µm-nm scale. Such systems enable the performance of 
more complex synthetic protocols, but are more constrained in the choice of substrate 
materials. 

At an operational level, flow-based microfluidic reactors can also be classified 
according to the nature of the contained fluid flow. Continuous-flow (single-phase) 
systems involve the continuous motivation of one or more miscible fluid streams 
through a microfluidic network, with mixing being controlled by diffusion orthogonal 
to the laminar flow.80,81 Such continuous-flow formats, although useful in many 
situations, often become impractical due to issues related to Taylor dispersion, solute 
surface interactions, cross-contamination and the need for substantial volumes of 
reagents and relatively long channel lengths. Conversely, segmented-flow (or 
droplet-based) microfluidic systems involve the use of two immiscible phases (such 
as water and oil) to generate streams of droplets containing the reagents of interest. 
Although a variety of droplet generation mechanisms can be used, all involve the 
establishment of an interface between co-flowing, immiscible fluids, followed by self-
segregation of one of the fluids into (pL–nL sized) droplets that are surrounded by 
the other (continuous) fluid. Such systems are ideally suited to process millions of 
individual reactions on short timescales with exceptional reproducibility and have 
already begun to impact the development of novel high throughput experimentation 
and screening platforms. We now provide a brief discussion of both continuous-flow 
and droplet-based microfluidics and their utility in QD synthesis. 

1.3.1.1 Continuous-flow microfluidics 

Continuous-flow reactors can be considered the simplest microfluidic systems, and 
as noted can be produced via the assembly of capillaries or by conventional and soft 
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lithographic techniques. In continuous-flow systems, reagents and solvents are 
introduced into microchannels under laminar flow (low Reynolds’ number) 
conditions by precision syringe pumps or by back-pressure from tubing connections. 
Significantly, since fluids are motivated at constant average velocities, kinetic or 
temporal information can be extracted through a space-to-time conversion, by 
measuring the product formation at different positions along the microchannel. In 
such reactors, product quality is influenced by reaction time, temperature, reagent 
concentrations and mixing efficiency, with the final products being collected as they 
emerge from the reactor.   

 

 

Figure 1.5. An illustration of (a) continuous flow, and (b,c) segmented flow regimes in channels 
with circular cross sections. In a continuous flow (a), fluid at center moves faster than the fluid 
at the walls, resulting in a parabolic velocity profile across the channel. In a slug flow (b), an 
immiscible phase (gray) is injected into the channel, resulting in the reaction phase (blue) 
segregating into discrete slugs. In droplet flow (c), an increased amount of the immiscible phase, 
which preferentially wets the walls, is introduced, causing the reaction phase to become fully 
isolated from the channel walls. 

 

It is important to remember that control of microchannel dimensions in continuous-
flow systems ensures that the desired experimental conditions are reached within 
milliseconds and that reagent usage is minimized. For more complex synthetic 
schemes, the chemical composition of the reaction mixture can also be varied by the 
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introduction of further reagents along the reaction channel. Moreover, large-scale 
syntheses can be performed (for certain materials) using continuous-flow reactors by 
operating them for extended periods of time and leveraging the concept of scale-
out.82 Finally, continuous-flow microreactors are ideally suited for processing 
reactions involving unusual conditions, such as high temperatures or the presence of 
toxic precursors, due to the precise control of reaction parameters.83,84  

In regards to the use of continuous-flow reactors for QD synthesis, it is important to 
note two issues which often limit their application. First, synthesized QD populations 
may often have relatively large particle-size distributions as a consequence of the 
non-uniform (parabolic) flow profile of the reaction mixture as the fluid moves along 
the microchannel (Figure 1.5a). In simple terms, the contained fluid moves fastest at 
the center of the channel, and with a decreasing velocity the closer it is to the channel 
walls, where flow is at its slowest. This is due to viscous drag.79 Second, the 
synthesized products may interact with and precipitate onto the channel surfaces, 
altering the hydrodynamic environment and ultimately causing permanent blockage. 
To ameliorate such issues, high temperatures, pressures, and flow rates have been 
used, but to limited effect.85,86  

1.3.1.2 Segmented-flow microfluidics                                           

Segmented-flow microfluidic systems solve the most significant problems associated 
with continuous-flow systems. In such systems, an additional immiscible phase 
(which can be a gas or liquid) is brought together with the reaction mixture in such a 
way that the reaction mixture spontaneously segments into a series of slugs (Figure 
1.5b) or droplets (Figure 1.5c) surrounded by the continuous carrier fluid. Intensive 
research in the general area of droplet-based microfluidics over the past decade has 
cemented the basic platform as an important (and perhaps the dominant) subset of 
microfluidic techniques.87 Specific advances include developments in chip 
fabrication,88 an improved understanding of droplet dynamics and the establishment 
of a variety of functional droplet components that can be integrated to generate 
complex workflows.89,90 With respect to continuous-flow systems, droplet-based 
microfluidic reactors provide for enhanced analytical throughput, superior mass 
transport, dynamic manipulation of the reaction environment and reliable 
automation.91  

Since droplets are generated in a controllable, rapid and reproducible manner, NP 
synthesis within droplets almost always results in excellent reaction efficiencies and 
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reduced polydispersity of particle populations. Furthermore, confinement of 
reagents within droplets prevents cross-contamination and enhances the efficiency 
of heat transfer and reagent mixing.92 In general, droplet-based microfluidics opens 
up unprecedented opportunities for the synthesis of novel and bespoke NPs.  

Within droplet-based microfluidic reactors, accurate handling and manipulation of 
droplets can be achieved using a wide range of functional components, such as 
droplet sorters, mergers, splitters, mixers and traps.87,93 Such manipulations are basic 
elements within more complex and integrated workflows, allowing sophisticated 
multistep procedures to be carried out in an uninterrupted manner.  

Controllable merging of droplets is a crucial technique that allows the initiation of 
reactions between droplets containing different precursors. This operation can be 
achieved by either passive or active means. As shown in Figure 1.6a, Niu et al. 
reported a passive merging strategy, in which a droplet entering the chamber was 
slowed by a pillar array allowing a second droplet to catch it, whereupon the surface 
tension was overwhelmed by the hydraulic pressure and two droplets merged.94 
Active droplet merging is most normally achieved via the application of 
electromagnetic forces, where charged droplets are brought together using 
electrostatic forces, and a high-frequency electric field is applied to destabilize the 
interface and induce merging.95 
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Figure 1.6. Droplet manipulations in microfluidics. (a) Droplet merging in an asymmetrical 
coalescence chamber; (b) Dielectrophoretic droplet sorting; (c) Sequential droplet splitting in a 
bifurcated network; (d) Droplet trapping in an array.94,96–98  

 

Sorting is an essential manipulation technique when collecting or processing specific 
droplets within a segmented flow. Sorting enables the distribution and separation of 
droplets into different downstream locations. Again, sorting may be achieved by 
either passive or active techniques. In passive sorting, droplets are guided to different 
locations based on variations in droplet properties and channel geometries.99,100 A 
representative example of passive droplet sorting is the system reported by Tan et 
al.101 In this system, the microfluidic channels are designed so that the flow stream 
carrying the smaller droplets flows into a side channel, while the larger droplets flows 
through the main channel. Active sorting is realized through the application of electric 
fields, magnetic fields, or mechanical forces.96,102,103 Figure 1.6b shows an example 
of active sorting using high-speed dielectrophoresis.96 Here, generated droplets flow 
towards a Y-shaped junction containing two branching channels of different length. 
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Since the hydraulic resistance is lower in the left branch, droplets will go through this 
route in the absence of an electrical field, but when an electrical field is applied, 
droplets are pulled into the right branch by a dielectrophoretic force. 

Droplet splitting defines the process of dividing droplets into smaller ones. The most 
straightforward (passive) method involves geometry-mediated splitting, where a 
channel bifurcation is used to split a droplet into two daughter droplets (Figure 
1.6c).97 Active splitting methods, involving the application of electric fields, heat and 
radiation, have also been highly successful in allowing controlled droplet splitting.104–

106  

Finally, droplet trapping allows the capture of large numbers of droplets within a 
specified area. As shown in Figure 1.6d, Huebner and co-workers reported a method 
to trap droplets using a single-layer PDMS chip.98 The simple microfluidic array 
reported was able to trap and monitor hundreds of individual pL-volume droplets 
simultaneously. Droplets could be trapped, incubated and retrieved at will and 
without the use of external stimuli. Considered together, such droplet manipulation 
methods ensure that droplet-based reaction platforms define a versatile technology 
set and in the current context enable multistep processing and synthesis of QDs. 

1.3.2 Microfluidics in the synthesis of semiconductor nanocrystals 

1.3.2.1 Continuous-flow microfluidic synthesis of semiconductor nanocrystals 

Initial investigations into the use of microfluidic systems for QD synthesis leveraged 
continuous-flow formats to overcome some of the inherent disadvantages of bulk 
synthesis methodologies. Since the first publication in 2002,65 tremendous progress 
has been made in expanding the capabilities and applications of continuous-flow 
microfluidic reactors. After this pioneering work, a wide range of QDs synthesized 
with continuous-flow microfluidics have been explored, from simple homogenous 
core-type single compound QDs through to complex multi-shell heterogeneous 
systems. Recently, Baek and co-workers at the Massachusetts Institute of Technology 
developed a multistage synthesis platform incorporating up to six high-temperature 
and high-pressure microchip reactors (Figure 1.7a).107 The system was used to 
synthesize InP/ZnS (indium phosphide/zinc sulfide) core/shell QDs with narrow size 
distributions, tunable emission peaks and high PL QYs. To enhance the versatility of 
the platform, the authors used silicon-Pyrex chips to enable high-temperature and 
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high-pressure reactions, with octane being used as a solvent, due to its low dispersion 
for both core and core/shell growth at or near supercritical conditions. 

 

 

Figure 1.7. Semiconductor nanocrystals synthesized in microfluidic reactors. (a) A multistage 
continuous-flow microfluidic platform for the synthesis of InP/ZnS core/shell QDs. The first 
three stages are used to synthesize InP cores, while the last three are used to synthesize the ZnS 
shell layer; (b) CdSe QD synthesis1111 at temperatures between 270 and 300 ºC in a liquid-
liquid segmented microreactor with thermal control; (c) Transmission electron micrographs of 
CdSe QDs synthesized in droplets of ODE.107,108 

 

1.3.2.2 Segmented-flow microfluidic synthesis of semiconductor nanocrystals 

As discussed, continuous-flow reactors provide significant advantages over bulk 
synthesis methods. However, there are two common problems that ultimately limit 
their efficiency and application. First, in all continuous-flow microfluidic devices, 
viscous drag at the channel walls causes non-uniform fluid velocities across the width 
of the channel, leading to finite and appreciable residence time distributions, and 
ultimately a broadening of achievable particle size distributions.79,85 This problem is 
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especially acute in high viscosity solvents, which are commonly employed in QD 
synthesis. Second, deposition of solid material on channel walls over time is almost 
unavoidable. This severe issue constrains reactor lifetimes, which in turn limits 
possibilities for reaction scale-out.  

An effective method to overcome both the above problems is to employ a segmented 
flow rather than a continuous flow. Droplet microfluidic systems not only minimize 
dispersive flow and solid deposition, but also confer rapid mass and heat transfer, 
high throughput operation, precise reagent control and reliable automation. For 
example, Chan and co-workers at the University of California, Berkeley developed a 
high-temperature liquid-liquid segmented-flow microreactor for CdSe QD synthesis 
(Figure 1.7b).108 Here, octadecene (ODE) was used as the discrete phase and a high-
boiling point perfluorinated polyether (PFPE) oil as the continuous phase. To make 
droplets of ODE in PFPE over a wide range of flow rates, the authors fabricated glass 
microreactors with a cross-shaped nanojet injector (Figure 1.7b). PFPE was injected 
through the side arms of the cross while the ODE solution was injected from the top. 
The generated droplets then travelled through the 2.4 mm-long nozzle into a heating 
region where the reaction was initiated. This method allowed their microfluidic 
devices to maintain reproducible droplet flow. The QD synthesis proceeded by 
reacting cadmium oleate with a solution of TOP-Se/TOP at temperatures up to 300°C, 
with successful product formation confirmed by TEM (Figure 1.7c). The liquid-liquid 
segmented flow eliminated solid deposition on the channel walls during the lifetime 
of the device (~5 hours), whereas analogous experiments under continuous flow 
showed clear deposition after only 20 minutes. 

1.3.3 Microfluidics in synthesis of lead halide perovskite 

Lead halide perovskite QDs have attracted tremendous research interest in the last 
five years due to their remarkable photophysical and photovoltaic properties.24,36,109 
Similar to standard QDs, their PL properties can be controlled through variations in 
size and/or composition.110 For the chemist, this means that a rich and complex 
reaction parameter space must be accessed and explored to allow the synthesis 
bespoke materials with desirable properties. In this respect, segmented-flow 
microfluidic systems have been shown to be extremely effective tools, with a series 
of studies demonstrating fast parametric space mapping, shape evolution, and crystal 
growth mechanisms.111–113 
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Figure 1.8. CsPbX3 perovskite QDs synthesis in a droplet-based capillary reactor with integrated 
on-line absorbance and fluorescence detection. (a) A schematic of the droplet-based 
microfluidic platform. The Pb/Cs ratio (R1) and halide ratio (R2) are continuously varied to 
allow precise tuning of the chemical contents within the droplets. The online absorbance and 
fluorescence detection systems are used to probe the product at a range of reaction times, and 
as early as 0.1 s; (b) An image of generated droplets using different precursor ratios. The picture 
was taken of the coiled heating zone under UV excitation (405 nm); (c) The whole visible 
spectrum can be covered by CsPbX3 QD emission, as determined by on-line fluorescence 
measurements.111 

 

In a pioneering study, Kovalenko and co-workers at ETH Zürich used a capillary-
based microfluidic platform to synthesize CsPbX3 perovskite QDs.111 A key feature of 
the reaction platform was the integration of on-line detectors (on-line, the 
characterization during the reaction; in-line, the characterization after the reaction 
being quenched; off-line, the characterization out of the microfluidic platform) for 
monitoring both absorbance and fluorescence during QD nucleation and growth 
(Figure 1.8). Different lead halide precursors (denoted PbX2 and PbY2) were pre-
mixed using a T-junction with a variable molar ratio of X to Y, denoted R2. The PbXαY(2-

α) mixture was then delivered into a cross-mixer, where the Cs precursor (Cs oleate) 
was injected at a chosen ratio to Pb, denoted R1 (Figure 1.8a). In this way, R1 and R2 
could be tuned separately and continuously, generating droplets containing varying 
precursor ratios. The droplets were subsequently motivated in a coil around a heating 
rod (Figure 1.8b), with the residence time being controlled by the total flow rate. 
Using this setup, the authors were able to synthesize CsPbX3 QDs with real-time and 
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continuous control of composition and PL (Figure 1.8b and c). Furthermore, 
ultrafast kinetic measurements (between 100 ms and 5 s after reaction initiation) and 
rapid parametric optimization experiments were performed. This study is not only 
an important demonstration of a new class of QDs synthesized within segmented 
flows, but also a validation of such systems for exploring the reaction parameter space 
and performing rapid optimization. 

1.3.4 Microfluidics in the synthesis of upconversion nanocrystals 

Liu et al. reported the first synthesis of NaYF4:20%Yb3+,2%Er3+ UCNPs in a 
continuous flow capillary reactor in a 2011 conference proceeding.114 The authors 
pumped a precursor stock solution of Ln(NO3)3 (Ln = Y3+, Yb3+, Er3+) dissolved in 
ethylene glycol (EG) into one inlet capillary and a NaF–EG precursor solution into a 
second inlet. The two precursor streams merged into a single capillary (800 μm inner 
diameter, or i.d.), mixing the precursors in ratios controlled by their respective flow 
rates. To nucleate nanoparticles, the precursor stream flowed through a reaction zone 
heated to 180 °C for 10 s. The nucleated UCNPs grew to larger diameters as they 
flowed through a second reaction zone heated to 110 °C for 120 s. Using these 
continuous flow reactors, Liu et al. demonstrated the synthesis of UCNPs with 
characteristic upconversion luminescence spectra of NaYF4:Yb3+,Er3+. In later 
work, the authors noted that the limited reactor length, and thus reaction time, 
prevented the growth of the more desirable β-NaYF4 phase. With longer reactors, 
higher temperatures, and higher pressures, the flow reaction techniques 
demonstrated in this preliminary report should be straightforward to apply to the 
high-throughput screening of UCNP reaction conditions and to the multi-step growth 
of heterostructures. However, until to 2019, the first journal article about synthesis 
of lanthanide-doped upconversion nanoparticles with microfluidics was reported by 
Liu et al. The authors designed a microreactor with tubular quartz (Figure 1.9) for 
synthesizing α-phase NaYF4:Yb,Er upconversion nanoparticles.115 The tubular quartz 
reactor could provide short reaction times (10 min) at high temperatures (155-
255 °C), which helped to understand more about the details of α-phase NaYF4:Yb,Er 
generation. Then these α-phase NaYF4 nanocrystals were converted to uniform β-
NaYF4 phase through the Ostwald-ripening process. According to their experimental 
results, <10 nm α-phase NaYF4 particles with low crystallinity were preferred, to 
achieve conversion to β-phase nanoparticles. However, due to the prolonged reaction 
time of the Ostwald-ripening process, applicable UCNPs were still difficult for a fully-
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continuous synthesis with this tubular microreactor, although the synthesis of α-
phase NaYF4:Yb,Er had been enhanced in this way.  

 

Figure 1.9. Schematic of a continuous-flow microreactor platform. A screw tube mixer was used 
for on-line mixing of NH4REF4 and NaOA solutions. A PEEK T-connector was also used to guide 
the contact of the reactant solutions to the quartz tube for reaction heating.115  

1.4 Challenges and opportunities 

Despite the significant progress already achieved, there remain challenges and 
untapped opportunities in this field. In the next few years, multistep methods will 
likely play a prominent role in the synthesis of novel and complex heterogeneous 
nanostructures. Additionally, faster and more versatile in situ monitoring techniques 
will greatly enhance the real-time analysis of PNs properties during and after 
synthesis. The ability to perform in-line purification is another critical technique that 
is needed by the end user. In-line purification is also important for multistep reactions. 
With each addition of reagents, unwanted chemicals (byproducts, unreacted 
precursors and unnecessary solvents) accumulate and affect subsequent steps in the 
reaction. Accordingly, successful in-line purification will greatly advance the field. 
Finally, large-scale production of PNs using microfluidic microreactors surprisingly 
remains underexplored, restricting applications in industry. 

A significant opportunity exists in the coupling of microfluidic reactors with advanced 
control systems. The reasons for this are numerous and compelling. First, relatively 
complex microreactor setups will benefit significantly from automated control. 
Second, microfluidic reactors with integrated on-line and in-line characterization 
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modules (providing real-time feedback on synthesized products) are able to generate 
large amounts of data, which necessitates super-human analytical capabilities. Third, 
inherent problems in operating equipment for continuous syntheses (including 
inconsistencies in device fabrication, reactor fouling and inefficient temperature 
control) can be overcome by intelligent monitoring systems. The use of machine 
learning for automated microfluidic control has already been demonstrated,116 and 
this will undoubtedly have a significant impact on the development of the next-
generation microfluidic reactors. Finally, beyond simple control, we can envisage 
moving into a realm where advanced algorithms are used to map parameter spaces, 
study reaction products and intelligently predict and test new compound 
formulations. The vast potential of this approach has already been demonstrated in 
PNs synthesis.117 As such, microfluidic reactor systems will offer something that not 
only competes with bulk synthetic approaches, but also provides benefits that would 
otherwise be inaccessible. Accordingly, we predict that the field will progress from 
the regime of materials synthesis and analysis into the realm of intelligent automated 
materials discovery, which could be truly revolutionary. 

To conclude, the field of microfluidic synthesis of PNs has made enormous progress 
since its inception in 2002. Although there remain many challenges, rapid 
developments in both nanomaterials chemistry and microfluidics will nourish the 
development of the field. Furthermore, it is anticipated that microfluidic synthesis 
tools will play a significant role in bringing photoluminescent nanocrystals from 
promising research tools into everyday life as high-performance components in 
scientific and technological applications. 

1.5 Thesis overview 

This thesis focuses on the synthesis of high quality PNs and the optimization of their 
growth conditions with efficient droplet-based microfluidic setups integrating novel 
optical detection systems, and further studies of the NC growth mechanism of the NCs. 
Chapter 2 describes the microfluidic setups integrated with different optical 
detection techniques for the following projects. Chapter 3 reports a detailed study of 
ligand interactions on the cesium lead bromide perovskite surface. Chapter 4 
presents the parameter space mapping for inherently monodispersed CsPbBr3 
perovskite NCs with natural soy lecithin ligands. Chapter 5 shows a study of long-
armed hexapods of cesium lead bromide and investigates the long-term growth 
mechanism. Chapter 6 reports the synthesis of color-tunable white-emitting 
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upconversion NCs with two-dimensional tuning of RGB color. Finally, Chapter 7 
presents the conclusions.
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Chapter 2 

Microfluidic Setups Integrated with 
Real-time Optical Detection Systems
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2.1 Introduction 

Liquid phase synthesis of nanomaterials has been a quite common method in both 
research and industry. However, the majority of these syntheses are still carried out 
using batch reactors, which are limited by various physical conditions such as heat 
transfer, mixing, reaction time, reagent addition and concentration effects. Therefore, 
the reproducibility and scale up of batch reactions is extremely challenging for the 
synthesis of uniform inorganic nanocrystals with narrow size distributions. Besides 
the synthesis of uniform NCs, another challenge for the batch reaction is parameter 
screening, which can require massive reagent and time consumption, and 
environmental pollution. Moreover, the batch reaction is hard to monitor in real time, 
especially for short reaction times, which then limits the study of crystalline growth 
mechanisms during the reaction.  

Therefore, controlling and processing the fluid reaction solution in small volumes has 
gained significant interest in nanocrystal synthesis, benefitting from fast reagent and 
heat transfer, easy handling, environmentally friendliness, and efficient mixing. 
Microfluidics not only provides the ability to process sub µL volumes of fluid, but also 
can easily realize high-throughput synthesis and screening. Furthermore, 
microfluidic platforms yield further advantages such as, facilitate integration of 
functional components, reduced instrumental footprints, and lower unit costs. The 
easy integration of microfluidic platforms can be versatile in nanocrystals synthesis, 
parameter screening, and mechanical study with different in-line and/or on-line 
optical techniques such as fluorescence spectroscopy, absorption spectroscopy, 
electron microscopy and X-ray scattering. Furthermore, the digital controlling and 
algorithm can be applied to these microfluidic platforms to realize automatic process 
and specific purposeful operation by the machine itself. These platforms should allow 
for the programmable synthesis of a wide range of NCs, and multidimensional 
screening of reaction parameters. With machine learning and ‘big data’ analysis, high-
throughput microfluidic platforms have the potential to optimize and predict 
complex reactions which have high-dimensional factors affecting the final products.  

2.2 Automatic microfluidic platform with in-line PL UV detector 

The precursor-loaded syringes were positioned on precision syringe pumps 
(neMESYS, Cetoni GmbH, Germany). The precursors and oil were all conveyed 
separately through polytetrafluoroethylene (PTFE) tubing (1/16″ OD, 0.5 mm ID, 
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IDEX Health & Science, USA) into a polyether ether ketone (PEEK) 7-port manifold 
(0.5 mm thru-hole, IDEX Health & Science, USA), where they combined to form a 
segmented flow. The ratio of carrier phase (oil) to dispersed phase (ODE) could be 
controlled precisely, along with the exact base-acid ligand ratio within the dispersed 
phase, by varying the pump rates of the four separate syringes. Droplets were 
conveyed through the tubing onto a heating module, where the tubing was wrapped 
around a copper rod heated to a user-defined reaction temperature. After exiting the 
heating unit, in-line fluorescence measurements were performed on droplets using a 
365 nm LED light source (M365LP1, Thorlabs, Germany) and a fiber-coupled 
spectrometer (QE 65 Pro, Ocean Optics, USA) for detection, with an integration time 
of 30 milliseconds. Each parameter set was run for 2 minutes, and data was recorded 
for the last 30 seconds of this to allow for reactor pressure equilibration. All reactor 
units were controlled and systematically linked together using an in-house-
developed LabVIEW program, which automatically adjusted the temperature, flow 
rate, and residence time while managing data logging. All PL spectra were measured 
in-line without any product purification.  

 

Figure 2.1. Schematic of the automatic microfluidic platform with in-line PL detector. An 
automation script directs the reactor to process parameter sets, changing the flow rates of the 
syringes and the temperature of the heating coil for each set. Endpoint fluorescence is recorded 
in-line and the data logged on the computer. 
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2.3 Microfluidic platform for in-line high-resolution absorbance 
and PL measurements 

The PTFE tubing used in these setups has round inner and outer walls, which can 
course light scattering and refraction. Thus, the absorbance measurements 
performed through this PTFE tubing is usually with high noise, resulting in an 
unstable and noisy signal. To avoid this problem, we used square glass capillaries 
(1.00 x 1.00 mm, CMScientific Ltd, UK), with parallel outer and inner walls, to replace 
the PTFE tubing in the measurement section. Figure 2.2 illustrates the microfluidic 
platform used for in-line high-resolution absorbance and PL measurements. A UV-Vis 
light source (DH2000, 190-2500 nm, Ocean Optics, UK) was guided to a fixed position 
by a long fiber with a core diameter of 400 µm (QP100-2-UV-VIS, Ocean Optics, UK). 
Before the light arrives at the glass capillary, an aperture and lens (Thorlabs, Germany) 
were used to adjust the light intensity and focus, to form a suitable size and power for 
absorbance measurements. The three-axis stages (1/2” travel translation stages, 
Thorlabs, Germany) were used to move the tubing and fiber to a desired position for 
alignment. Finally, the absorbance signal is monitored with a fiber-optic coupled CCD 
spectrometer (AvaSpec-ULS4096CL-EVO, AVANTES, Netherlands). At the same time, 
the PL signal was also detected by using a 365 nm LED light source (M365LP1, 
Thorlabs, Germany) and a fiber-coupled spectrometer (QE 65 Pro, Ocean Optics, USA) 
for detection. To focus the light from LED, a lens is used and fixed in front of it.  

 

Figure 2.2. Image of the in-line high-resolution absorbance and PL detection system. 
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2.4  Microfluidic setup with in-line infrared laser (980 nm) PL 
detection system 

The rare earth element-doped upconversion nanocrystal is a complex inorganic 
material with multiple elements. To realize reaction parametric space mapping, not 
only required more pumps and mixers, but also an in-line infrared PL detection 
system. Figure 2.3 illustrates the microfluidic platform used for upconversion 
nanocrystal synthesis and parameter screening in this thesis. Seven precision syringe 
pumps (neMESYS Low Pressure Syringe Pumps, Cetoni GmbH, Germany) were used 
to inject the dispersed and carrier fluids (Galden, Blaser Swisslube AG, Germany) and 
precursors. The RE elements were first mixed in a PEEK cross (P-729, IDEX Health & 
Science, USA) and then transferred to a second PEEK cross to form nanoliter reaction 
droplets. The cross and the syringes were connected using PTEF tubing (1/16” OD, 
0.5 mm ID, IDEX Health & Science, USA). The formed droplets containing the reaction 
mixture were conveyed through the tubing onto a heating module, where the tubing 
was wrapped around a copper rod (1.5 cm OD) heated to a user-defined reaction 
temperature. The heating block was engraved using a standard milling procedure to 
allow the tubing to sit within a defined groove (radius = 800 um). The temperature of 
the copper rod was controlled using a heating cartridge (6.5 × 40 mm, 100W, Farnell, 
Switzerland), which was embedded inside the heating rod. Temperature was 
monitored using a thermocouple (Sensor, Thermoelement Type K – 0.5 mm, Farnell, 
Switzerland), which was inserted into the copper block close to the surface. 
Temperature control was realized using a PID controller (CN7800, Omega, USA) with 
an observed temperature variation form the set point of less than 0.1 °C. After 
synthesis, the products were detected with in-line infrared laser (980 nm) PL. In-line 
PL was accomplished using a 980 nm laser source (MDL-H-980, Changchun New 
Industries Optoelectronics Technology, China) with a 10 W/cm2 power density. The 
emission signal was filtered using a filter (FESH0750↓, Thorlabs, Germany) to remove 
the laser light (Figure 2.4). Finally, the PL emission originating from UCNPs was 
collected by an optical fiber (placed in a 90° orientation with respect to the excitation 
beam) and detected by a fiber-coupled spectrometer (Ocean FX, Ocean Optics, USA).  
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Figure 2.3. Schematic of the droplet-based microfluidic platform integrated with in-line 
infrared laser (980 nm) PL detection system for upconversion nanocrystal synthesis. 

 

 

Figure 2.4. Image of the in-line infrared laser (980 nm) PL detection system. 

 

2.5 Off-line absorbance and PL platform for long-term 
measurement 

Long term phase transformation from orthorhombic CsPbBr3 to rhombohedral 
Cs4PbBr6 can be seen due to the slow approach to thermodynamic equilibrium of 
nanocrystal reaction mixtures, and dynamic crystal-ligand binding. Moreover, the 
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optical properties of the orthorhombic CsPbBr3 and rhombohedral Cs4PbBr6 phases 
are different, allowing the analysis of slow kinetics by monitoring long-term 
absorbance and PL. Accordingly, we used a custom-built setup (Figure 2.5) to record 
the absorption and photoluminescence spectra of this process. A cuvette holder with 
four light ports (CVH100, Thorlabs, Germany) was used, consisting of a broadband 
light source (HL-2000-FHSA, Ocean Optics, UK) for absorption, an LED light source 
(M365LP1, Thorlabs, Munich, Germany) with 365 nm wavelength as an excitation 
source for PL, and a fiber-coupled spectrometer (QE65 Pro, Ocean Optics, UK) for 
signal detection.  

 

 

Figure 2.5. Image of off-line absorbance and PL platform for long-term measurement.
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Chapter 3 

Automated Microfluidic Screening of 
Ligand Interactions During the 
Synthesis of Cesium Lead Bromide 
Nanocrystals 

 
Shangkun Li, Robert W. Baker, Ioannis Lignos, Zhibo Yang, Stavros Stavrakis, Philip D. 
Howes and Andrew J. deMello 
 
In this chapter, we introduce an automated microfluidic-based strategy for 
multidimensional parameter screening, seeking to maximize luminescence 
intensities and minimize emission bandwidths from quantum confined 
nanostructures, by monitoring variations in PL as a function of reaction temperature, 
base-to-acid ligand ratio, and ligand alkyl chain structure (linear versus branched). 
 
This chapter is adapted from the paper entitled " Automated microfluidic screening 
of ligand interactions during the synthesis of cesium lead bromide nanocrystals ", 
authored by Shangkun Li, Robert W. Baker, Ioannis Lignos, Zhibo Yang, Stavros 
Stavrakis, Philip D. Howes and Andrew J. deMello, published in Mol. Syst. Des. Eng. 
2020, 5, 1118-1130. Shangkun Li designed and carried out all the experiments. 
Robert Baker visualized the plots. Ioannis Lignos and Stavros Stavrakis contributed 
to the microfluidic setup. Zhibo Yang assisted with some experiments. Philip Howes 
supervised the project and reviewed the draft. Andrew deMello funding supported 
and supervised the project.
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3.1 Introduction 

The surface ligands of colloidal nanocrystals are fundamental in defining material 
properties, including size, shape, crystal phase, electronic character and colloidal 
stability.118–120 The ability to tune and rationally design nanocrystal properties as a 
function of surface ligand character requires a deep understanding of their molecular 
properties, behaviour and interactions, before, during and after the growth of the 
nanocrystal product. Tools that facilitate more efficient screening and 
characterization of surface ligands in nanocrystal synthesis are vital in expediting the 
transfer of these promising materials into target applications, including 
optoelectronics121,122 (photovoltaics, displays, lighting) and biomedicine123,124 
(diagnostics, therapeutics, imaging). 

Interest in lead halide perovskite (LHP) nanocrystals has exploded in the half decade 
since their first reports 125,126, with particular excitement surrounding their 
application in optoelectronics.122,127 This has been driven by their exceptional 
properties, including high photoluminescence quantum yields (PLQYs, 
routinely >95%), widely tuneable optical characteristics and facile solution-
processibility,128,129 along with the general advantages of metal halide perovskites 
that include strong optical absorption, high charge-carrier mobilities and extremely 
high defect tolerance.130 Given humanity’s drastic need to increase sustainable and 
clean energy, much hope has been pinned on LHP nanocrystals in yielding next-
generation photovoltaics and electroluminescent diodes.122,127,131  

The propensity of organic-inorganic hybrid LHPs to degrade over time has shifted 
interest to more stable all-inorganic analogues, in particular CsPbX3 (X=halide).132–134 
With a view to further improving stability, a major focus has fallen on understanding 
nanocrystal surface chemistry,129,132,135 since structural and optical instabilities 
during isolation, purification and handling are still major issues.127 Such instability is 
seen in both the colloidal state and after casting into solid-state devices, where 
exposure to heat, light, moisture and oxygen severely accelerates physical and optical 
degradation.136 The unique challenges presented by LHP nanocrystals have meant 
that the plethora of knowledge gathered around more traditional semiconductor 
nanocrystals has not been wholly translatable to these new systems.137 Therefore, 
developing an improved understanding of surface stability in LHP nanocrystals has 
become a primary challenge for researchers in the field.138  
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LHP nanocrystals are commonly synthesized in non-polar solvents, with a binary 
ligand system comprising aliphatic carboxylic acids and primary amines of various 
chain lengths.126,139,140 The dynamic interplay between the ligands themselves (acid–
base chemistry), with the reaction precursors, with the nucleating and growing 
nanocrystals and with the final (rapidly generated) reaction products results in a 
complex synthetic system, containing various potent surface binding species (such as 
lead carboxylate and aliphatic ammonium halides, acids and amines137) and also 
complex mechanisms, such as Ostwald ripening.140 Further, literature results indicate 
that relatively minor modifications to ligands can yield significant shifts in 
nanocrystal properties. For example, Chen et al. recently showed that by mixing C8 
and C18 alkylamine and carboxylic acid ligands in the synthesis of CsPbI3, QDs 
exhibiting improved optical properties, long-term stability and enhanced charge 
transport rates when compared to QDs capped only with C18 ligands.141 Furthermore, 
Shamsi and coworkers have reported the growth of CsPbBr3 nanosheets with lateral 
dimensions up to micrometers using a mixed C8/C18 alkylamine and carboxylic acid 
system.142  

Branched capping ligands have commonly been used in solution-phase nanocrystal 
synthesis (e.g. trioctylphosphone oxide for quantum dots143), owing to steric effects. 
These have also been investigated in the context of LHP nanocrystals. For example, 
Wu et al. used trioctylphosphine oxide (TOPO) as an additive in the common oleic 
acid/olelyamine system, and observed that TOPO allows for higher temperature 
syntheses owing to its strong surface adsorption and dramatically improved stability 
of CsPbX3 nanocrystals against ethanol treatment.144 Additionally, Luo and coworkers 
used the branched capping ligand (3-aminopropyl)triethoxysilane to improve the 
stability of CH3NH3PbBr3 perovskite nanocrystals in polar solvents.145 Further, Huang 
et al. treated CsPbX3 nanocrystals with polyhedral oligomeric silsesquioxane and 
observed enhanced stability in water for several months.146 In general, long chain 
surface ligands impede efficient charge recombination,147 favouring the use of shorter 
ligands.139 However, it has been observed that changing the length of the aliphatic 
chains, and changing the base–acid ratio in the reaction medium yields drastic 
variations in the size, shape, crystal phase and optical properties of the final products, 
which can assume varied morphologies including spheres, cubes, plates, sheets, rods, 
and wires.139,148,149 Introducing branched ligands introduces an additional modality 
to exert control over these properties. For example, Yan et al. recently demonstrated 
improved colloidal stability and optical stability under ambient conditions, and 
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enhanced amplified spontaneous emission (ASE) performance, by substituting the 
commonly-used oleic acid for the branched 2-hexyldecanoic acid.147 Further, 
although interpenetration of ligands on colliding nanocrystals can lead to particle 
aggregation due to attractive van der Waals forces, branched or unsaturated ligands 
can restrict this due to a disruption ligand alignment. This effect has been explored 
by Krieg et al. in their development of zwitterionic capping ligands for CsPbX3 
nanocrystal synthesis,150,151 and by Yang et al. in studying the colloidal stability of 
CdSe nanocrystals with n-alkanoate ligands.152,153 

It is important to note that large scale screening and mapping of reaction parameter 
spaces in the synthesis of LHP nanocrystals is hindered by the low throughput of 
traditional flask-based synthetic approaches.139,148,149 In this regard, microfluidic 
technologies possesses significant advantages when compared to batch 
syntheses.154,155 Indeed, the last decade has seen significant developments in the use 
of microfluidic reactors for nanocrystal synthesis, with many studies reporting 
improved reaction control and the rapid production of a wide range of products with 
tailored chemical and photophysical properties.156–160 Of particular current interest 
are segmented flow microfluidic reactors, where the reaction is split into discreet 
droplets separated by a continuous carrier phase.161 Such formats confer additional 
advantages when compared to continuous flow approaches; most prominently rapid 
mixing (that yields nanocrystals with lower polydispersity) and negligible reactor 
fouling. Additionally, improved heat and mass transfer provides for unrivalled 
control over reaction parameters, ensuring excellent product-to-product 
reproducibility.162 A key capability of microfluidic reactors of this kind is the capacity 
to scan large and multidimensional reaction parameter spaces via automated 
reaction control (of precursor dosing, reaction times and temperature) and in situ 
product characterization (by absorption and emission spectroscopies).163 Put simply, 
such approaches allows for a dramatic increase in the rate of information 
generation/collection, with a concurrent and dramatic decrease in reagent usage, 
when compared to standard flask-based synthesis approaches. 

In regard to the synthesis of LHP nanocrystals in segmented-flow microfluidics, 
significant developments have recently been reported by us,164–169 and 
Abolhasani.170,171 Whilst these studies have been instrumental in revealing the nature 
of growth kinetics of LHP nanocrystals,165,168,170 and of compositional tuning for 
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optical and morphological character,164,166,167,171 they have not yet been applied to the 
study of surface ligand effects during the synthesis of nanocrystals. 

Herein, we show how an automated microfluidic reactor with integrated PL detection 
can be used to perform detailed parametric scans (temperature versus base-acid 
ratio) for defined ligand sets, and critical comparisons between different ligand sets. 
We study the model case of how ligand structure affects CsPbBr3 nanocrystal growth 
in a binary organic acid/amine ligand system. The four tested ligands all possess eight 
carbons in the alkyl chain, but one set is branched, and the other linear. By repeating 
the multidimensional parameter scans under identical conditions but substituting in 
the different ligands, it is possible to conduct a detailed comparison between different 
conditions and elucidate the effect of alkyl structure on the resultant nanocrystal 
properties. To our knowledge, this is the first demonstration of a microfluidic 
platform able to perform high-throughput screening of ligand activities in 
nanocrystal synthesis, and serves as an important demonstration of the power of 
multiparametric scanning in the characterization of ligand effects in nanocrystal 
systems. 

3.2 Materials & Methods 

3.2.1 Materials 

Cesium carbonate (Cs2CO3, Aldrich, 99.9%), lead bromide (PbBr2, ABCR, 98%), 1-
octadecene (ODE, Sigma-Aldrich, 90%), octanoic acid (Sigma-Aldrich, ≥99%), 
octylamine (Sigma-Aldrich, 99%), 2-ethylhexanoic acid (TCI, >99%), 2-
ethylhexylamine (TCI, >98%) were used as received.  

3.2.2 Preparation of Precursor Solutions 

Cesium carboxylate precursor: Cs2CO3 (51 mg) was loaded into a 20 ml Schlenk flask 
together with 10 ml of ODE and 0.625 ml of organic acid (octanoic or 2-ethylhexanoic 
acid), dried for 1 h at 120°C, and then cooled to room temperature under N2. For the 
subsequent microfluidic synthesis, the precursor was loaded into a 10 mL Hamilton 
glass syringe. 

Lead bromide precursor: PbBr2 (138 mg) was loaded into a 20 ml Schlenk flask along 
with 10 ml of ODE. The cloudy mixture was heated to 120°C under vacuum, and then 
the total 7.5 mmol of ligands (base plus acid at 2:1 or 1:1 base:acid) were added under 
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a N2 atmosphere. After the PbBr2 dissolved completely, the solution was cooled to 
room temperature under N2 before being loaded into a 10 ml Hamilton glass syringe. 

3.2.3 Microfluidic Synthesis of Nanocrystals 

The precursor-loaded syringes were positioned on precision syringe pumps 
(neMESYS, Cetoni GmbH, Germany). Two syringes were filled with PbBr2 precursor 
with different ratios of ligands. One syringe was used to inject the carrier fluid 
(Galden Fluorinated Fluid, Blaser Swisslube AG, Germany) while another was used to 
injected Cs precursor. The precursors and oil were all conveyed separately through 
polytetrafluoroethylene (PTFE) tubing (1/16″ OD, 0.5 mm ID, IDEX Health & Science, 
USA) into a polyether ether ketone (PEEK) 7-port manifold (0.5 mm thru-hole, IDEX 
Health & Science, USA), where they combined to form a segmented flow. The ratio of 
carrier phase (oil) to dispersed phase (ODE) could be controlled precisely, along with 
the exact base-acid ligand ratio within the dispersed phase, by varying the pump rates 
of the four separate syringes. Droplets were conveyed through the tubing onto a 
heating module, where the tubing was wrapped around a copper rod heated to a user-
defined reaction temperature. After exiting the heating unit, in-line fluorescence 
measurements were performed on droplets using a 365 nm LED light source 
(M365LP1, Thorlabs, Germany) and a fiber coupled spectrometer (QE 65 Pro, Ocean 
Optics, USA) for detection, with an integration time of 30 milliseconds. Each 
parameter set was run for 2 minutes, and data was recorded for the last 30 seconds 
of this to allow for reactor pressure equilibration. All reactor units are controlled and 
systematically linked together using an in-house-developed LabVIEW program, 
which automatically adjusts the temperature, flow rate, and residence time while 
managing data logging. All PL spectra were measured in-line without any product 
purification.  

3.2.4 Data Analysis 

Each experimental run yielded 121 .csv files containing 335 spectra each. These were 
processed using a custom Python script to average the data in each file, to compile all 
data, to perform calculations of dominant peak position, median, interquartile range 
and peak intensity, and to plot all spectra, scatter, and contour plots. 
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3.2.5 Offline Characterization 

Selected reaction products were collected at the exit of the reactor for later analysis 
by transmission electron microscopy (TEM) (Hitachi HT7700, accelerating voltage 
100 kV). TEM samples were prepared using crude products without further 
processing. 

 

 

Figure 3.1. (a) Schematic of the microfluidic reaction platform for cesium lead bromide 
nanocrystal synthesis. An automation script directs the reactor to process 121 parameter sets, 
changing the flow rates of the syringes and the temperature of the heating coil for each set. 
Endpoint fluorescence is recorded in-line and the data logged on the computer. (b) The four 
ligands used in this work, denoted as follows: octanoic acid (C8A), octylamine (C8B), 2-
ethylhexanoic acid (C8Ab) and 2-ethylhexamine (C8Bb). 
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3.3 Results 

3.3.1 General System Description 

Cesium lead bromide nanocrystals were synthesized following literature 
protocols,168 with some modifications. The cesium, lead and bromine precursors 
were maintained at a constant concentration (yielding a Cs:Pb:Br ratio of 1:2.9:5.8), 
whilst the reaction temperature and the ratio between the amine and acid ligands 
was varied during experiment (between 90 and 190°C, and a base:acid ratio of 0.7:1 
to 1.2:1). Accordingly, changes in PL and size/morphology within a single 
experimental run occurred as a function of ligand base:acid ratio and temperature. 
The ligand concentration was varied during experiment by maintaining the cesium 
precursor at a constant flow rate, and by keeping the total flow rate of the two lead 
sources constant while altering the individual flow rates to yield different ratios of 
base to acid. It is important to note that this ligand base:acid ratio considers the 
carboxylic acid delivered in both the lead and cesium precursors. 
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Figure 3.2. The entire data set gathered across the four experiments, with the four different 
ligands sets. These are included to present the raw data prior to data analysis. 
 

The automated microfluidic platform is shown in Figure 3.1a. A key component of 
the system is a LabVIEW script which controls the flow rate of the precursor and oil 
syringe pumps, and collects in-line PL data from the spectrometer. Within a single 
experimental run, 11 temperatures and 11 different base:acid ligand ratios were 
sampled, yielding 121 unique reaction parameter sets per experiment, for four 
unique ligand sets (see Figure 3.2 for full spectral data sets). Between different 
experimental runs, the ligands were exchanged, varying the aliphatic branching 
(Figure 3.1b). We chose four ligands, namely the linear ligands octanoic acid (C8A) 
and octylamine (C8B), and branched ligands 2-ethylhexanoic acid (C8Ab) and 2-
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ethylhexylamine (C8Bb). Growth rates of cesium lead bromide nanocrystals are 
typically high, owing to the rapidity of the ionic metathesis reaction, therefore 
induction of and control over the growth focussing phase is challenging. As a result, 
it is common to observe multiple peaks in the PL spectra of crude reaction solutions, 
arising from variable levels of quantum confinement in the different sized 
nanocrystals.172 This often necessitates careful post-synthetic processing to isolate a 
monodisperse population,150 with the purification procedure (typically using polar 
solvents) commonly leading to degradation of the ligand shell and therefore the 
nanocrystals.144,173  

When analysing spectral data, we report the dominant peak position, the median peak 
position, the peak intensity and the interquartile range (see Figure 3.3). The 
dominant peak position indicates the dominant emitting species in the reaction 
solution, but ignores any subpeaks present. The median emission wavelength is used 
as an indicator of average emission wavelength weighted by intensity (note, although 
the value itself does not correspond to a specific excited state, for spectra containing 
only one peak, the value tends towards the peak emission wavelength). The peak 
intensity is used as a measure of the brightness of the dominant reaction product. It 
should be noted that we do not compare the peak emission intensities between ligand 
sets, as excitation intensities vary between experiments. Furthermore, the 
interquartile range (IQR) is used in preference to the full width at half maximum 
(FWHM), since many of the spectra contain several convoluted peaks; the IQR yields 
a single value as an indicator of the spread of emission wavelengths in a sample. 
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Figure 3.3. The entire data set presented as contour plots, derived from the raw data shown in 
Figure 3.2. Note that the colour bar scales differ between the peak position and median emission 
contour plots. 
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Figure 3.4. Screening results for the linear ligand set C8B-C8A. The contour plots show (a) 
median emission, (b) interquartile range and (c) peak intensity as a function of base:acid ratio 
and temperature.  The white dashed lines in the contour plots correspond to the four spectral 
series shown in panels (d–g). 
 

3.3.2 Mapping Trends within a Single Experiment 

Multiple input and output variables are used to map the parameter space and to 
identify the optimal conditions for a given ligand set. Using the linear ligand set C8B-
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C8A, we sought to find reaction conditions that yield high emission intensities and 
low spectral widths (or IQRs). Figure 3.4 presents extracted data as a series of 
contour plots (a–c) and spectral series (d–g) extracted along lines of interest in the 
contour plots. In this way, it is possible to use the contour plots for a broad survey of 
the reaction parameter space, and then to extract specific spectra of interest for 
further study. A general shift in the median emission towards the red is observed as 
a function of reaction temperature, within the range 460 to 500 nm. As the bulk 
emission of CsPbBr3 occurs at approximately 525 nm (well above the indicated range), 
we see that all nanostructures synthesized in this parameter space are quantum 
confined.174 There is a smaller of the median emission on base:acid ratio. The distinct 
spectral peaks do not shift continuously, but instead rise or fall within relatively 
narrow ranges (Figure 3.4d–g), suggesting the presence of several distinct species. 
There is a clear relationship between input variables and peak intensity, with two 
distinct regions of high intensity being visible in Figure 3.4c and occurring at 
approximately 110°C and 140°C. At 110°C, a lower base:acid ratio yields a higher peak 
intensity, whereas at 140°C a higher base:acid ratio yields a higher peak intensity. 
There is clear relationship between the “valley” separating these high intensity 
regions and the region where the IQR reaches a maximum, as emission is shared 
between two distinct species emitting at 460 or 497 nm in the intermediate zone. 
Accordingly, the maximum intensity is less than in neighbouring regions, where 
emission is dominated by single emitting species. The region of high IQR represents 
a transition zone which is undesirable when targeting a specific reaction product with 
minimal size (and emission) dispersity.  
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Figure 3.5. (a) TEM micrographs of nine samples taken from the C8B-C8A experiment. Scale 
bar = 100 nm. (b,c) Contour maps of the sampling points in the median emission and 
interquartile range contour plots. (d) The emission spectra associated with the nine samples 
marked. 
 

To cast further light on the large data set collected during the high-throughput 
microfluidic experiments, it is possible to collect a subset of samples for detailed 
offline analysis. Figure 3.5a presents nine TEM micrographs of samples collected for 
the C8B-C8A experiment, sampled from points dispersed equidistantly through the 
parameter space and mapped in relation to the median and IQR contour plots in 
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Figures 3.5b and 3.5c, respectively, with the corresponding emission spectra shown 
in Figure 3.5d. It should be noted that TEM imaging can be problematic for LHP 
nanocrystals, as the high energy electron beam can degrade samples.175 Further, 
studying the crude reaction product means that there are often many different 
structures visible in the micrographs (e.g. Figure 3.5a5). These two issues make 
quantitative assessment of the different populations challenging, however the images 
do provide an indication of types of morphologies present, which can be related to 
the experimental data. In the current study, micrographs revealed two distinct 
species—nanoplates and nanowires, albeit with widely ranging dimensions. High 
base:acid ratios appear to favour nanowire formation, with products tending towards 
nanosheets at higher temperatures and lower base:acid ratios, an observation that is 
in agreement with previous results.140,176 Figure 3.5 shows that the two highly 
emissive species highlighted above correspond to nanowires emitting at 497 nm 
(synthesized at 140°C with high base:acid ratio) and nanosheets emitting at 460 nm 
(synthesized at 100°C with low base:acid ratio). Although products synthesized at 
110°C with low base:acid ratio exhibit slightly higher emission intensities, this is at 
the expense of a higher IQR, so we suggest that the 100°C condition offers a better 
overall result. Figure 3.6a shows the position of the two species within the parameter 
space, and their full emission spectra. Nanoplates emitting at 460 nm have a full width 
at half maximum (FWHM) of 25 nm, while nanowires emitting at 497 nm have a 
FWHM of 17 nm. Previous studies of CsPbBr3 nanocrystals have revealed a strong 
correlation between the thickness of nanostructures (in terms of crystalline unit cells) 
and the emission wavelength, due to quantum confinement of excitons.126 Bulk 
emission occurs at approximately 2.36 eV (525 nm), with higher energy emission 
occurring in the quantum confinement regime with nanostructures below the 
excitonic Bohr diameter (which is 7 nm for CsPbBr3).126,174 As the two major peaks in 
the spectral series of the linear ligands experiment occur at 460 and 497 nm, they can 
be ascribed to quantum-confined structures of CsPbBr3. The two peaks (460 and 497 
nm) map to nanostructures of 3 and 11 unit cells, respectively.174,177 In summary, this 
experiment demonstrates how simultaneously scanning several input variables, and 
studying several output variables in concert allows ready visualization and selection 
of optimal reaction conditions, here revealing two distinct regions of useful emission 
characteristics from quantum confined nanostructures. 
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Figure 3.6. Positions of the optimal parameters in each experiment in the search for quantum-
confined emission (<525 nm), with a balance between maximizing peak intensity and 
minimizing emission width. The experiments are (a) C8B-C8A, (b) C8Bb-C8A, (c) C8B-CAb, and 
(d) C8Bb-C8Ab. 
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Next, we exchanged the octylamine (C8B) for 2-ethylhexamine (C8Bb), and ran the 
same analysis. Data shown in Figure 3.8 are distinctly different from the linear ligand 
case (Figure 3.4), showing the stark effect of amine ligand branching on output 
variables. Firstly, the median emission and IQR are now independent of the base:acid 
ratio (Figure 3.8a and 3.8b). At lower temperatures, broader and lower intensity 
spectra are observed (Figure 3.8f and 3.8g). As the temperature is increased, spectra 
shift towards the red and the IQR drops. At 190°C, narrow emission spectra centred 
at 527 nm are obtained. Such emission corresponds to bulk material emission,174 
showing that these nanostructures are no longer in the quantum confinement regime, 
and thus that it cannot be concluded that the sample is monodisperse. Interestingly, 
there is a dependence of the peak intensity on the base:acid ratio at higher 
temperatures (>140°C), with higher base content favouring higher fluorescence 
intensities (Figure 3.8c). From these results, it is evident that there exists a narrow 
temperature range (between 120 and 130°C) in which bright and narrow emission 
can be obtained (Figure 3.8d and 3.8e) from very weakly quantum-confined 
nanostructures (519 to 522 nm emission), with only a mild dependence on base:acid 
ratio. Figure 3.6b shows the position of two species in this range in parameter space, 
and their full emission spectra. Above 130°C, emission arises from non-confined 
excitons, emitting above 525 nm. The TEM map of this experiment (Figure 3.7) 
shows the formation of nanosheets under all sampled reaction conditions. The three 
samples at 100°C are less distinct and more aggregated, and correspond to the three 
lower wavelength spectra shown in Figure 3.7d. However, at 140 and 180°C, the 
products are consistent, with all resulting in narrow spectral peaks centred at 527 
nm, albeit with products that vary quite markedly in their lateral dimensions.  
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Figure 3.7. (a) TEM micrographs of nine samples taken from the C8Bb-C8A experiment. Scale 
bar = 100 nm. (b,c) Contour maps of the sampling points in the median emission and 
interquartile range contour plots. (d) The emission spectra associated with the nine samples 
marked. 
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Figure 3.8. Screening results for the ligand set C8Bb-C8A. The contour plots show (a) median 
emission, (b) interquartile range and (c) peak intensity as a function of base:acid ratio and 
temperature.  The white dashed lines in the contour plots correspond to the four spectral series 
shown in panels (d–g). 
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The remaining two ligand sets (C8B-C8Ab and C8Bb-C8Ab) showed less variation in 
emission character within each experiment, so they are now reviewed only briefly. 
For the C8B-C8Ab ligand set, we observe a dependence of median emission and IQR 
on temperature, with spectra red-shifting and narrowing with increasing 
temperature; but less of a dependence on the base:acid ratio (Figure 3.9a and 3.9b). 
However, as shown in Figure 3.9c, the peak fluorescence intensity does show a 
dependence on base:acid ratio, with a lower ratio favouring higher intensities, and a 
maximum occurring at high temperatures and low base:acid ratios. Inspection of the 
three contour plots together indicates that there is a region that yields products in 
the weak quantum confinement regime (emission between 500 and 525 nm), with 
relatively bright and narrow emission, corresponding to the center and lower left 
portions of the parameter space as plotted. Within this region, bright and narrow 
quantum-confined emission is observed along the base:acid ratio 0.7 line (Figure 
3.9f), below a temperature of 140°C (Figure 3.9e). Figure 3.6c shows the position of 
three products in this region of parameter space, and their full emission spectra. The 
TEM map shown in Figure 3.10 exhibits a variety of nanostructures, including 
nanosheets with large lateral dimensions, similar to those synthesized by Shamsi et 
al. using a mixed C8/C18 binary ligand system.142 Further, under reaction conditions 
of 140°C and base:acid ratio of 0.95, nanocubes are obtained with an emission peak 
in weak confinement, at 515 nm.  
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Figure 3.9. Screening results for the ligand set C8B-C8Ab. The contour plots show (a) median 
emission, (b) interquartile range and (c) peak intensity as a function of base:acid ratio and 
temperature.  The white dashed lines in the contour plots correspond to the four spectral series 
shown in panels (d–g). 
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Figure 3.10. (a) TEM micrographs of nine samples taken from the C8B-C8Ab experiment. Scale 
bar = 100 nm. (b,c) Contour maps of the sampling points in the median emission and 
interquartile range contour plots. (d) The emission spectra associated with the nine samples 
marked. 
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Figure 3.11. Screening results for the ligand set C8Bb-C8Ab. The contour plots show (a) median 
emission, (b) interquartile range and (c) peak intensity as a function of base:acid ratio and 
temperature.  The white dashed lines in the contour plots correspond to the four spectral series 
shown in panels (d–g). 
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Finally, Figure 3.11 presents a detailed analysis of the C8Bb-C8Ab ligand set, where 
all of the reaction products yield peaks above 519 nm, with low IQR in all cases. 
However, the peak intensity does vary considerably across the data set. There is a 
narrow temperature range (between 90 and 100˚C) that yields emission peaks at 
approximately 520 nm, with maximum intensity occurring at 0.95 base:acid ratio at 
100˚C.  Figure 3.6d shows the position of four products in this region of the 
parameter space, with their full emission spectra. Emission at 520 nm suggests very 
weak quantum confinement. Figure 3.12 shows the TEM map for the branched ligand 
set, exhibiting a mixture of nanocubes and nanospheres, and some larger aggregates.  

 
Figure 3.12. (a) TEM micrographs of nine samples taken from the C8Bb-C8Ab experiment. Scale 
bar = 100 nm. (b,c) Contour maps of the sampling points in the median emission and 
interquartile range contour plots. (d) The emission spectra associated with the nine samples 
marked. 



Shangkun Li   Chapter 3 
 

74 
 

3.3.3 Mapping Trends Between Experiments 

Using the methodology outlined herein, it is possible to make detailed comparisons 
between experiments and elucidate the effects of different ligands on the reaction 
output variables. To compare the data sets for the four ligand combinations studied 
in this work, the contour plots were directly compared (Figure 3.13a and 3.13c) and 
data extracted to visualize the differing effects between the ligand sets (Figure 3.13b 
and 3.13d). Figure 3.13a contrasts the median emission wavelength contour plots 
for the four ligand sets, while Figure 3.13b shows two scatter plots with data series 
extracted at a constant base:acid ratio (1.0), and a constant temperature (140°C), 
corresponding to the dashed white lines on the contour plots and chosen as 
instructive lines of comparison.  

From the median emission contour plots, we can see that the C8Bb-C8Ab ligand set 
(i.e. both branched ligands) yields the most consistent result across the data set, with 
no dependence on base:acid ratio and little temperature dependence, which is shown 
in the corresponding scatter plots in Figure 3.13b (red line). In contrast, the C8B-
C8A ligand set (i.e. where both ligands are linear) shows a dependency on both base 
content and temperature. The C8Bb-C8A set shows the biggest shift in emission, as a 
function of temperature, but no dependence on base:acid ratio (green line). For the 
IQR contour plots (Figure 3.13c), again the biggest contrast is between the C8B-C8A 
and C8Bb-C8Ab data sets, with the branched ligands showing constant IQR in all 
conditions, but the linear ligands allowing a large range of IQRs reflective of the varied 
reaction products as discussed above. The most striking shift in IQR is seen for the 
C8Bb-C8A as a function of temperature (Figure 3.13d), with the C8B-C8A set also 
showing a pronounced reduction with increasing temperature. Overall, the scatter 
plots indicate that changing the temperature has a more pronounced effect on the 
median and IQR than changing the base:acid ratio.  
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Figure 3.13. Comparison between the four ligand sets. (a) The median emission contour plots, 
plotted with the same colour scale. (b) Scatter plots comparing the median emission 
wavelengths of the four ligand sets at a constant base:acid ratio (1.0) and a constant 
temperature (140°C). (c) The interquartile range contour plots, plotted against the same colour 
range. (d) Scatter plots comparing the interquartile ranges of the four ligand sets at a constant 
base:acid ratio (1.0) and a constant temperature (140°C). The dashed white lines on the contour 
plots correspond to the series extracted for the scatter plots.  
 

3.4 Discussion 

In this work we have demonstrated how a microfluidic platform can be used to 
investigate the effect of input variables, including ligand structure, ligand base–acid 
ratio and temperature, on the nature of the reaction products in the synthesis of 
cesium lead bromide nanocrystals, with a view to accelerating the search for reaction 
conditions that yield bright and narrow emission from quantum confined 
nanostructures. We have observed a variety of nanostructures, predominantly 
nanosheets and nanowires. Such anisotropic growth of CsPbBr3 nanocrystals is 
common with alkylammonium ligands as they preferentially bind to the basal plane 
of the structure, restricting growth in the vertical axis and more readily permitting 
lateral growth.178 Further, reaction solutions rich in aliphatic ammonium ions 
encourage anisotropic growth due to competition between the RNH3+ and Cs+ ions.140  
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Additionally, we have observed that, in the case of the linear ligand set C8B-C8A, there 
are two distinct regions in the reaction parameter space that yield high intensity 
emission and low emission width. The regions correspond to distinct products 
emitting at two different wavelengths, both in the quantum confined regime (i.e. 
dimensional confinement below the exciton Bohr diameter of 7 nm for CsPbBr3). 
Synthesis at 100°C with lower base:acid ratio yields nanosheets with intense 
emission at 460 nm with FWHM = 25 nm, and synthesis 140°C at higher base:acid 
ratio yields nanowires with intense emission at 497 nm with FWHM = 17 nm (Figure 
3.6a). In contrast, we have observed that when either the organic acid or amine ligand 
possesses a branched alkyl chain, emission is on average significantly shifted towards 
the red, with weaker and wider peaks in the strong quantum confinement regime 
(emission <500 nm), indicating less control over growth and the production of larger 
nanostructures. In the case where both ligands are branched, very weak or no 
quantum confinement is observed, indicating that the branched ligands are less 
suited to controlling growth or stabilizing smaller nanostructures in the conditions 
studied (Figure 3.2).  

The rate of addition of monomers to growing LHP nanocrystals, and therefore the 
final size of the reaction products and extent of quantum confinement, is known to 
depend strongly on both the packing of the monolayer of ligand molecules on the 
crystal surface, and the dynamic equilibrium of surface-bound and free ligands in 
solution.178,179 These, in turn, depend on the ligand structure, ligand concentration 
and reaction temperature. Ligand shells with less regular packing and/or lower 
packing densities, allow faster monomer addition, resulting in the growth of larger 
nanostructures. In our study, the use of relatively short C8 alkyl ligands likely leads to 
well-ordered ligand monolayers,180 but the relatively short chain length provides less 
inhibition of monomer diffusion versus longer chain ligands.178 With increasing 
temperature, increased kinetic energy of monomers then facilitates faster diffusion 
and addition of material to the growing nanocrystals, leading to an increased particle 
size with increasing temperature under all conditions. This is in accord with previous 
observations that LHP nanostructure thickness increases with increasing growth 
temperature regardless of the alkyl chain length of the alkylammonium ligand.178 

Although introducing branched ligands can offer a steric effect to hinder monomer 
diffusion, our studies demonstrate the opposite effect, yielding larger nanostructures 
with more red-shifted emission. We suggest that the disruptive effect of the branched 
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ligands on ligand packing dominates over steric hindrance of monomer diffusion, 
allowing increased monomer addition, increased growth rates and larger final 
structures. This is likely a consequence of the short alkyl chain lengths used in this 
study. Interestingly, introducing the branched acid (C8B-C8Ab) yielded a greater red 
shift with fewer blue emitting species compared to introducing the branched amine 
(C8Bb-C8A). This is somewhat counterintuitive given the common presumption that 
the dominant surface ligand is alkylammonium. However, several studies have 
suggested that carboxylic acid and carboxylate ligands are in fact present in 
significant amounts on the surface of CsPbBr3 nanocrystals,137–139 with the amine and 
carboxylic acids showing facet-dependent binding.148 Further, the multiple states and 
roles of each ligand before, during and after the reaction,138,181 make this effect hard 
to disentangle in the context of the current study. However, we note that the effects 
of ligand branching are evidently not restricted to sterics, but also have implications 
in the diffusion of ligands in solution, and of ligand stabilized monomers (e.g. 
alkylammonium bromide and cesium carboxylate) in solution and, critically, through 
the ligand shell. For example, previous studies have observed that organic acid 
concentration has a strong effect on particle growth rate, which was ascribed to 
chain-length-dependent protonation rates (with the carboxylic acid protonating the 
amine),140 an effect that is exacerbated by the rapid nucleation and growth kinetics of 
LHP nanocrystals. 

The acid–base chemistry of a binary aliphatic amine–acid ligand system is critical in 
determining the morphology and optical properties of cesium lead bromide 
nanocrystals both during and after synthesis.140,181 Which ligand species are binding 
the surface, and by what mechanism, is highly dependent not just on the nature of the 
surface, but also on the interactions between the ligands and precursors in 
solution.137 In our system, by scanning the molar ligand concentration range 0.7 to 
1.2 base:acid, we move from a regime of excess acid to excess amine, which should 
have a distinct effect upon the ratio of the different specifies present (amine versus 
ammonium, carboxylic acid versus carboxylate). NMR studies have demonstrated 
that oleic acid protonates oleylamine in aprotic solvents, leading to the formation of 
ammonium carboxylate salts.138,140 The equilibrium of this reaction is affected by 
temperature, with higher temperatures pushing the equilibrium towards the 
reactants.140 Further, an increased concentration of carboxylic acid leads to an 
increased concentration of ammonium ions, and a lower temperature also leads to an 
increased ammonium ion concentration.140 Our results have shown that, within the 
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bounds of ligand ratios and combinations that we have studied, the dominant peak 
position and median emission show a much stronger dependence on reaction 
temperature versus base:acid ratio (Figure 3.3). The peak emission intensity shows 
a stronger dependence on base:acid ratio, though with no clear relationship across 
the data set. For example, the peak intensity for C8B-C8Ab occurs at a low base:acid 
ratio (<0.9), whilst for C8Bb-C8A it occurs at higher base:acid ratios (>1.0). This again 
suggest that the ligand branching, affecting surface packing and ligand diffusion in 
solution and through the ligand monolayer, is a critical factor. Further, as it is known 
that surface trap states in LHP nanocrystals,173 and the crystal phase,182 both strongly 
affect PL brightness, it seems that the changing base:acid ratio in our study is having 
a significant effect on surface structure, passivation and/or crystal structure, but a 
lesser effect on the overall size of the nanocrystals.  

It is also important to note that a limitation of fluorescence spectra is that little 
information can be discerned for nanoparticles above the quantum confinement 
regime (7 nm here, with emission around 525 nm), as changes in size and shape do 
not yield changes in emission, therefore structural characteristics outside the 
quantum confinement regime cannot be discerned. Accordingly, it would be highly 
beneficial to include also in-line absorption spectroscopy in future studies, as such 
analyses reveal additional information, for example on crystal structure, which are 
not discernible from the PL spectra alone. An important reaction variable that was 
not studied in the current work, but could readily be integrated, is the reaction time. 
For example, it was previously shown that by extending the reaction time under the 
conditions previously used for CsPbBr3 nanocube synthesis, nanowires with 
diameters below 12 nm and lengths up to 5 μm were obtained.183 It is evident that the 
more the reaction parameter space can be expanded (including further input 
variables and output variables), the more powerful this data driven approach to 
product optimization will be. This will be the focus of future work.  

We note that there are some mechanistic differences in how the synthesis of LHP 
nanocrystals proceeds in our microreactor versus the flask-based hot-injection 
approach. Following the hot-injection approach developed by the Kovalenko 
group,126 CsPbX3 nanocrystals form after the injection of a Cs-oleate solution into a 
hot octadecene solution of PbX2 (from 140–200°C), followed by rapid quenching in 
an ice bath after five seconds. In contrast, in our microfluidic reactor precursors are 
mixed at room temperature in a microfluidic manifold, and then conveyed to a heating 
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rod which heats the reaction solution to the desired reaction temperature (90–190°C 
herein), with a residence time of 45 seconds before cooling to room temperature. 
Despite these differences, our previous studies have demonstrated excellent 
agreement in results obtained using equivalent reaction conditions in the 
microfluidic and bulk approaches.167 This is important as it makes comparisons 
between literature results on the hot-injection approach and our results by the 
microfluidic approach meaningful. However, the microfluidic approach has some 
inherent advantages (e.g. rapid mixing and heat transfer leading to lower 
polydispersity,155 excellent batch-to-batch reproducibility154 and potential for 
industrial scale-up184) that make it stand out as a desirable synthesis methodology in 
itself, and not solely as a means of performing high-throughput screening. 

3.5 Conclusions  

Herein, we have demonstrated how an automated microfluidic reactor with in situ PL 
characterisation can be used to map a two dimensional parameter space (scanning 
base:acid ligand ratio and reaction temperature), in search of reaction conditions that 
yield quantum confined nanostructures with bright and narrow emission properties. 
Our results demonstrate the time and material efficiency of automated 
multidimensional parameter screening versus a one-factor-at-a-time optimization 
approach normally undertaken in conventional synthesis routes. 

We feel this approach shows potential for impact in some areas of study that are 
pertinent to the advancement of the LHP nanocrystal field. First, it is desirable to 
discover and employ reaction conditions that yield inherently low polydispersity, 
rather than relying on post-hoc product purification to isolate specific products, 
which is both involved and inefficient. We have demonstrated this by identifying two 
reaction parameters sets in the C8B-C8A experiment that both yield bright and 
narrow emission. Second, it evident from the literature that the binary organic 
amine–acid ligand system has some disadvantages (e.g. poor surface binding137) that 
inherently limit the product stability. Our study herein has demonstrated the 
complexity of the parameter space for even a relatively simple binary ligand system, 
with a strong dependence on reaction temperature and ligand ratio. The discovery 
and optimization of new ligands, and formulations in multinary ligands systems, will 
likely require such advanced experimental approaches to aid new discoveries. Third, 
as we enter a data-driven era of nanomaterials discovery and optimization,172,185 we 
feel approaches such as the one presented herein may yield extraordinary gains when 
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combined with advanced tools such as machine learning and directed evolution.186–

188



 

81 
 

 

Chapter 4 

Synthesis of Monodisperse Pure 
CsPbBr3 Perovskite Nanocrystals with 
Natural Lecithin Using a High-
resolution In-line Absorbance 
Microfluidic Platform 

Shangkun Li, Franziska Krieg, Julia Nette, Andres Rocha Tapia, Nicola Carrara, 
Maksym Kovalenko, Philip D. Howes and Andrew J. deMello 
 
In this chapter, we introduce a high-resolution absorbance integrated microfluidic 
platform for targeting the synthesis inherently monodispersed CsPbBr3 NCs with an 
effective capping ligand, soy lecithin. High-throughput microfluidic synthesis 
provides us with a large quantity of useful information, which helps to explore and 
understand the parameter space for the different phases of the produced NCs (CsBr, 
PbBr2, Cs4PbBr6, CsPb2Br5, Ruddlesden–Popper phase, and CsPbBr3), and has 
potential to build a model for crystal growth mechanism. 
 
Shangkun Li and Franziska Krieg equal contribute to the project for the 
conceptualization. Shangkun Li carried out most of the experiments parts while 
Franziska Krieg is building up a theoretical model.  Julia Nette, Andres Rocha Tapia, 
and Nicola Carrara did the data analysis and visualization. Philip Howes supervised 
the project and reviewed the draft. Andrew deMello and Maksym Kovalenko funding 
supported and supervised the project.
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4.1 Introduction 

Ligand-assisted synthesis of all-inorganic perovskite CsPbX3 (X = Cl, Br, I) 
nanocrystals has attracted tremendous research interest due to their remarkable 
photovoltaic performance and potential applications in solar cells, photodetectors, 
and light-emitting diodes.189–194 Specific challenges, including long-term stability and 
high-yield monodisperse nanocrystal synthesis, greatly limit their further 
applications. Due to the finite solubility and loose binding of the surface-capping 
ligands, perovskite CsPbX3 are susceptible to polar solvent and moisture, resulting 
the decomposition to PbX2.195,196 During the colloidal synthesis process, post 
purification is commonly applied to obtain monodispersed nanocrystals. However, 
this process causes significant loss of product and results in low synthesis yields of 
monodisperse nanocrystals. In order to maximize the potential value of CsPbX3, it is 
urgent to overcome these shortcomings. 

Recently, Franziska et al. reported a new ligand, soy lecithin, for CsPbX3 NC 
synthesis.197 With this natural ligand, the synthesized CsPbX3 perovskite nanocrystals 
can be stabilized in ultradilute or ultraconcentrated solution due to the tight ligand 
binding and high grafting density of the lecithin. Inspired by this effective capping 
ligand, we were motivated to develop an efficient method to explore the synthetic 
strategy for inherently monodisperse CsPbBr3 perovskite nanocrystals, rather than 
by post purification.  

Droplet-based microfluidics offers a great number of opportunities in quantitative 
studies, due to their extremely small volumes and high-throughput characteristic.198–

200 PL detection systems integrated into microfluidics have been widely used in 
quantum dot research.201–204 However, the PL bands of CsPbBr3 at large size are 
limited by the homogeneous line width, which makes it difficult to characterize large-
sized particles from the PL data.205 Absorbance spectra are often less subject to 
homogeneous broadening and hence render a better estimate for the size 
polydispersity of the colloids.197 Therefore, we developed an in-line high-resolution 
absorbance integrated microfluidics for fast exploration of the parameter space of 
pure CsPbBr3, targeting products without impurities and with narrow size dispersity. 
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4.2 Materials & Methods 

4.2.1 Materials 

Cesium hydroxide hydrate (CsOH•H2O, Aldrich, >90%), lead oxide (PbO, Aldrich, 
99.9%), 1-octadecene (ODE, Sigma-Aldrich, 90%), soy-lecithin (Roth, >97%, 
biochemistry grade), Na2SO4, bromine (99.9%), trioctylphosphine (TOP, 
Strem, >97%), acetone (HPLC grade), acetonitrile (HPLC grade), trifluoroacetic acid 
(Acros Organics, 99%), trifluoroacetic anhydride (Sigma-Aldrich, >99%), isopropanol, 
mesitylene (Acros Organics, 99%) were used as received. 

4.2.2 Preparation of Precursor Solutions 

Cesium oleate in mesitylene 
Cesium hydroxide hydrate (0.83 g, 5 mmol) was dissolved in 50 mL ethanol and 5 
mmol oleic acid were added. The solution was dried over with Na2SO4 for 1 hour. 
Then the ethanol was evaporated under vacuum and the powder was dried under 
high vacuum at elevated temperatures over-night. Cs-oleate in mesitylene was 
prepared at two concentrations (0.05 mol/L and 0.1 mol/L). Cs-oleate powder (2.016 
g or 1.008 g) was added to 60 mL mesitylene and heated to 120 °C until all the solid 
dissolved. Then the Cs-oleate in mesitylene precursor was loaded in a 10 mL 
Hamilton glass syringe. 
 
Lead (II)-oleate in mesitylene 
Lead (II) oxide (10.00 g, 44.8 mmol) and acetonitrile (20 mL) are added to a 100 mL 
round bottom flask. The suspension was stirred while being cooled in an ice bath for 
10 minutes, after which trifluoroacetic acid (0.7 mL, 8.96 mmol) and trifluoroacetic 
anhydride (6.2 mL, 44.8 mmol) were added. After 15 minutes the yellow lead oxide 
had dissolved, resulting in a clear and colorless solution that was then allowed to 
warm to room temperature. To a 500 mL Erlenmeyer flask, oleic acid (25.437 g, 90.05 
mmol), isopropanol (180 mL), and triethylamine (10.246 g, 101.25 mmol) was added. 
The lead trifluoroacetate solution was then added to the oleic acid solution with 
stirring, resulting in the formation of a white precipitate. The mixture was heated to 
reflux in order to dissolve the precipitate, whereupon a clear and colorless solution 
was obtained. After cooled to room temperature, the product was further cooled to -
20°C in freezer. The resulting white powder is isolated by suction filtration and  
washed with methanol (3 x 300 mL), and then dried under vacuum for > 6 hours. 206 
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The Pb-oleate (3.275 g) was added into 85 mL mesitylene. The mixture was heated to 
120 °C until all the solid dissolved. Then the Pb-oleate in mesitylene (0.05 mol/L) 
precursor was cooled to room temperature and loaded in a 10 mL Hamilton glass 
syringe. 

 
TOP-Br2 in mesitylene 
TOP (3.34 g) and mesitylene (55.6 mL) were added into a flask. Then, bromine (0.46 
mL) was injected into the mixture solution by a syringe. The mixture was heated until 
all the solid dissolved, and TOP-Br2 solution with 0.15 mol/L concentration was 
formed. The homogeneous solution was cooled to room temperature, and the 
amounts of soy lecithin ligand was added to the above solution to get a TOP-Br2 in 
mesitylene with the required lecithin concentration. Once the lecithin ligand was 
completely dissolved in the solution, the TOP-Br2 in mesitylene with lecithin was 
ready to be loaded into a 10 mL glass tight syringe for microfluidic synthesis. 
 

4.2.3 Microfluidic Synthesis of Nanocrystals 

Syringes loaded with precursors were mounted on precision neMESYS syringe pumps 
(Cetoni GmbH). Cs-oleate, Pb-oleate, and TOP-Br2 were loaded into three different 
syringes to allow flexible adjustment of the ratio of Cs-Pb-Br. One syringe was used 
to inject the carrier fluid (Galden Fluorinated Fluid, Blaser Swisslube AG, Germany). 
The precursors and oil were all conveyed separately through polytetrafluoroethylene 
(PTFE) tubing (1/16″ OD, 0.5 mm ID, IDEX Health & Science, USA) into a polyether 
ether ketone (PEEK) 7-port manifold (0.5 mm thru-hole, IDEX Health & Science, USA), 
where they combined to form a segmented flow. The ratio of carrier phase (oil) to 
dispersed phase (mesitylene) could be controlled precisely, along with the exact Cs-
Pb-Br ratio within the dispersed phase, by varying the pump rates of the four separate 
syringes. Moreover, with the fifth syringe loaded with different concentrations of 
ligand in TOP-Br2 precursor, the ligand concentration was also can be varied for 
studying the ligand concentration effect.  Droplets were conveyed through the tubing 
onto a heating module, where the tubing was wrapped around a copper rod heated 
to a user-defined reaction temperature. After the reaction, the droplets were diluted 
with toluene in 1:12 (droplet: toluene) by pumping solvent with a HPLC pump into a 
T junction (0.5 mm thru-hole, IDEX Health & Science, USA) to mix with droplets. In 
this way, the nanocrystal concentration was reduced to a level with reduced light 
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scattering for better absorbance measurement. After exiting the T junction, in-line 
fluorescence measurements were performed on the diluted droplets using a 365 nm 
LED light source (M365LP1, Thorlabs, Germany) and a fiber-coupled spectrometer 
(QE 65 Pro, Ocean Optics, USA) for detection, with an integration time of 30 
milliseconds. Subsequently, in-line absorbance measurements were performed to 
monitor the diluted droplets using a UV-Vis light source (DH2000, 190-2500 nm, 
Ocean Optics, UK) and a fiber optic-coupled CCD spectrometer (AvaSpec-ULS4096CL-
EVO, AVANTES, Netherlands). In order to lower the noise of absorbance, the PTFE 
tubing was replaced by a square glass capillary (1.00 x 1.00 mm, CMScientific Ltd, UK), 
with parallel outer and inner walls. All PL spectra and absorbance spectra were 
measured in-line without any product purification.  
 

4.3 Results & Discussion 

4.3.1 Experimental Design 

Obtaining the photoluminescent spectra is one of the most important measurements 
for LHP nanocrystals. From the PL spectrum, we can get the emission information of 
the NCs with the PL intensity and the peak position, the size information of the 
particles concerning the degree of quantum confinement (by the emission 
wavelength), and the polydispersity of the colloids with the full width at half 
maximum (FWHM). However, the PL bands of CsPbBr3 at large size are limited by the 
homogeneous line width,205 which makes it difficult to characterize large-sized 
particles using the PL data. Absorbance spectra are often less affected by 
homogeneous broadening and hence render a better estimate for the spectral 
polydispersity of the colloids.197 Moreover, the absorbance spectra can also 
distinguish impurities such as CsBr, PbBr2, Cs4PbBr6, CsPb2Br5, the Ruddlesden–
Popper (RP) phase of LHP, and zig-zag-1D LHP, during the CsPbBr3 synthesis. 
Therefore, developing an in-line high-resolution measurement of absorbance for 
CsPbBr3 synthesis with high-throughput microfluidics is urgent and necessary to 
facilitate exploration of the parameter space, targeting pure CsPbBr3 without 
impurities and with narrow size dispersity. Furthermore, with high-throughput 
microfluidics, we are promising to collect enough data to build a growth model of 
CsPbBr3 perovskite nanocrystals. 
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4.3.2 High-resolution absorbance for cesium lead bromide 

synthesis 

Figure 4.1 shows the optical information of the reactions with varying stoichiometry 
of Cs+, Pb2+, and Br- in the stock solution. In this study, we keep the Br- concentration 
and total volume of the reaction solution the same, and vary the amount of Cs+ and 
Pb2+. In this way, the stoichiometry of Cs-Pb-Br is varied from Cs0Pb1.5Br3 (PbBr2) to 
Cs3Pb0Br3 (CsBr), passing by Cs0.6Pb1.2Br3 (CsPb2Br5), CsPbBr3, Cs2Pb0.5Br3 
(Cs4PbBr6). The reference solution for the absorbance was a Cs-Pb solution, due to 
the inertness of Cs+ and Pb2+ cations mixtures. As shown in Figure 4.1a, the PbBr2 
shows an absorbance peak at 335 nm, which agrees with previous literature.207 With 
increasing Cs+ and decreasing Pb2+, the absorbance peaks at ca. 510 nm and 365 nm 
begin to emerge and grow, and the peak at 335 nm disappears. The peak at 510 nm 
indicates that the CsPbBr3 perovskite phase is formed with the Cs+ introduced into 
the reaction system. The peak at 365 nm indicates that the CsPb2Br5 phase is formed 
together with the CsPbBr3, even though quite a small proportion of Cs+ introduced.208 
The absorbance peaks for CsPbBr3 are maximized when the stoichiometry of Cs+, Pb2+, 
and Br- is at Cs0.8Pb1.1Br3, however, the impurity peak at 365 nm also arrives to a 
maximum at this ratio. Further increasing the Cs+, the absorbance peaks at 510 nm 
and 365 nm begin to decrease and the peak at 310 nm appears when the 
stoichiometry of Cs+, Pb2+, and Br- at Cs1.2Pb0.9Br3. Until the stoichiometry of Cs+, Pb2+, 
and Br- arrives to Cs2.0Pb0.5Br3, the peaks at 510 nm and 365 nm decrease to almost 
the baseline and the obvious peak at 310 nm indicates the Cs4PbBr6 phase. With a 
continuing increase in the proportion of Cs+, the peak for Cs4PbBr6 phase (310 nm) 
reduces to almost baseline. During this process, the PL intensity (Figure 4.1b) firstly 
increases to a maximum (Cs1.2Pb0.9Br3) and decreases to almost zero when the 
stoichiometry of Cs+, Pb2+, and Br- at Cs2.0Pb0.5Br3. The peak position of PL (Figure 
4.1c) also experiences a similar trend, first with a red shift from 518 nm to 522 nm, 
then dropping back to 516 nm.  
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Figure 4.1. Absorbance (a), PL (b), and normalized PL (c) of CsxPbyBr3 (x from 0 to 3.0, y from 
1.5 to 0). The inset plot in (b) is the result of PL intensity vs R1 (Cs-Pb), while the plot in (c) is 
the result of peak wavelength vs R1. In this way, stoichiometry of Cs-Pb-Br is varied from 
Cs0Pb1.5Br3 (PbBr2) to Cs3Pb0Br3 (CsBr), passing by Cs0.6Pb1.2Br3 (CsPb2Br5), CsPbBr3, Cs2Pb0.5Br3 
(Cs4PbBr6). 
 
To better understand how this process influences the synthesis of CsPbBr3 phase, we 
extracted the optical information of the CsPbBr3 phase separate from the other 
impurities, and performed a deeper analysis (Figure 4.2). We used a Gauss function 
to fit the absorbance peak of the CsPbBr3 perovskite phase, and then compared the 
peak position, intensity, and FWHM. Moreover, P1 (absorbance peak of Cs4PbBr6 
phase divided by absorbance peak of CsPbBr3 phase, Figure 4.2d) and P2 
(absorbance peak of Cs4PbBr6 phase divided by absorbance peak at 335 nm, Figure 
4.2e) were used to quantify the main impurity of Cs4PbBr6 during the synthesis of 
CsPbBr3 perovskite nanocrystals. The relative PL quantum yield (QY) was also 
calculated as the integral of the PL divided by the absorbance at the excitation 
wavelength (365 nm) (Figure 4.2f). The narrowest (lowest FWHM value) and highest 
excitonic peak for CsPbBr3 phase was generated by the stoichiometry of Cs+, Pb2+, and 
Br- at Cs0.8Pb1.1Br3. With this stoichiometry, the P1 and P2 also arrived at the lowest 
value, meaning that the Cs4PbBr6 phase was at its lowest level. However, the relative 
QY (Figure 4.2f) was at its lowest at this point, which made it no longer suitable as a 
guide parameter for further study. Therefore, we combined all of the results and 
chose the stoichiometry of Cs+, Pb2+, and Br- at Cs1Pb1Br3 for further experiments.  
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Figure 4.2. Optical characterization data for CsxPbyBr3 (x from 0 to 3.0, y from 1.5 to 0). (a) 
Center wavelength of the Gauss fit of the absorbance peak for CsPbBr3 phase. (b) Absorbance 
intensity of CsPbBr3 phase. (c) FWHM of the Gauss fit of the absorbance peak for CsPbBr3 phase. 
(d) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance peak of CsPbBr3 phase. 
(e) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance peak at 335 nm. (f) 
Relative QY, integral of PL/absorbance at 365 nm.  

 

4.3.3 Parameter space mapping for pure CsPbBr3 nanocrystals with 

optimization ratio of Cs-Pb-Br 

 
Optimization of Cs-Pb ratio 
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Figure 4.3. Absorbance and PL of the reacted solution for synthesis CsxPb2-xBr3 (x from 0.8 to 
1.2) with different temperatures. The inset plots in PL data are the result of PL intensity vs Cs-
Pb. 
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A microfluidic reactor integrated with high-resolution absorbance spectroscopy has 
been shown allow the detection and delineation of different materials formed in the 
crude reaction solution during the synthesis of CsPbBr3 NCs. By leveraging the 
advantages of this method, we performed the rapid investigation of the chemical 
parameter space of CsPbBr3 NCs, to define the reaction space for pure CsPbBr3 
synthesis with no or minimal impurities. Moreover, our method has the ability to 
discover and employ reaction conditions that yield inherently low polydispersity NCs, 
rather than relying on post-synthesis purification, which reduces the yield of the 
products. 
 
Figure 4.3 shows the absorbance and PL of the crude solution with varying 
stoichiometry from Cs0.8Pb1.2Br3 to Cs1.2Pb0.8Br3, with different reaction temperatures. 
To have a more direct comparison between different temperatures, the key features 
from the absorbance and PL were extracted, fitted, and plotted in Figure 4.4. The PL 
brightness of the CsPbBr3 NCs synthesized at lower temperature (Figure 4.3b) was 
brighter than that at high temperature (Figure 4.3j). With the same temperature 
(Figure 4.3b and d), the brightest PL was generated with the stoichiometry of Cs+, 
Pb2+, and Br- at Cs0.95Pb1.05Br3 (marked as a red line Figure 4.4b). The absorbance 
peak at 310 nm for Cs4PbBr6 phase appeared when the stoichiometry of Cs+ higher 
than 1.1 (Figure 4.3 and Figure 4.4g and h). The relative QY (Figure 4.4i) shows 
the temperature dependence trend, specifically, the lower reaction temperature (70-
90 °C) gave advantage to synthesis high QY perovskite nanocrystals. With all these 
results, the stoichiometry of Cs+ and Pb2+at 0.95 and 1.05 (red line marked) were 
chosen for the optimized parameter, due to the bright PL, high QY, low amount of 
impurities, and relative narrow FWHM.  
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Figure 4.4. Optical information for synthesis CsxPb2-xBr3 (x from 0.8 to 1.2) with different 
temperatures. (a) Peak wavelength of PL. (b) PL intensity of CsPbBr3. (c) FWHM of the PL peak 
for CsPbBr3 phase. (d) Center wavelength of the Gauss fit of the absorbance peak for CsPbBr3 
phase. (e) Absorbance intensity of CsPbBr3 phase. (f) FWHM of the Gauss fit of the absorbance 
peak for CsPbBr3 phase. (g) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance 
peak of CsPbBr3 phase. (h) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance 
peak at 335 nm. (i) Relative QY, integral of PL/absorbance at 365 nm. 
 
Optimization M-Br 
With the optimized Cs+ and Pb2+ ratio at 0.95: 1.05, we continued to study the M (Cs 
+ Pb) and Br ratio for CsPbBr3 synthesis. As shown in Figure 4.5b, the bright PL area 
was between M1.8Br3.2 and M2.0Br3.0 with reaction temperature blow 130 °C. The 
FWHM of PL (Figure 4.5c) did not show obvious different and trend with varying of 
M-Br ratio and reaction temperature. The absorbance peak of CsPbBr3 phase kept 
relative narrow FWHM (Figure 4.5f) at 20 nm for most parameters, except the 



Shangkun Li   Chapter 4 
 

92 
 

condition with high reaction temperature at range of M1.8Br3.2 and M2.2Br2.8. The 
relative QY (Figure 4.5i) shows a temperature depend rend, the best reaction 
temperature for high QY was between 90 and 110 °C. The Cs4PbBr6 phase appears at 
the high reaction temperature with quite high ratio of M2.5Br2.5 or quite low ratio of 
M1.5Br3.5 (Figure 4.5g and h).  

 
Figure 4.5. Optical information for synthesis M2-XBr3-X (M = Cs+Pb, x from -0.5 to 0.5) with 
different temperatures. (a) Peak wavelength of PL. (b) PL intensity of CsPbBr3. (c) FWHM of the 
PL peak for CsPbBr3 phase. (d) Center wavelength of the Gauss fit of the absorbance peak for 
CsPbBr3 phase. (e) Absorbance intensity of CsPbBr3 phase. (f) FWHM of the Gauss fit of the 
absorbance peak for CsPbBr3 phase. (g) Absorbance peak of Cs4PbBr6 phase (310 nm) divided 
by absorbance peak of CsPbBr3 phase. (h) Absorbance peak of Cs4PbBr6 phase (310 nm) divided 
by absorbance peak at 335 nm. (i) Relative QY, integral of PL/absorbance at 365 nm. 
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4.3.4 Ligand concentration of soy lecithin to monodispersed 

CsPbBr3 

After optimization the Cs-Pb and M-Br ratio, we further studied how the ligand 
concentration influence the synthesis of CsPbBr3. Soy lecithin ligand has been used 
for CsPbBr3 synthesis by Krieg et al. recently.197  This surface capping ligand suited 
for a high-reaction yield synthesis of CsPbX3 NCs and allowing for long-term stabilize 
the colloidal and structural integrity of CsPbX3 NCs in ultradilute or ultraconcentrated 
solution. Here, we applied the soy lecithlin as the capping ligand for CsPbBr3, and 
varied the ligand concentration from 0 to 0.05 mol/L. With low reaction temperature 
(Figure 4.6a), the solution with high concentration ligand (0.05 mol/L) exhibited an 
absorbance peak at 400 nm, which should from the structure of [PbBr4]2-.209 
Interestingly, the absorbance intensity at 510 nm was close zero, which means the 
CsPbBr3 perovskite was not formed with such ligand concentration. We assume that 
the structure of the products can be described as SL2(CsPbBr3)n-1PbBr4 (SL = soy 
lecithin), which is dominated by ligand concentration and thermal dynamic. With the 
high ligand concentration, the [PbBr4]2- structure can be stabilized quite well and 
prevented the formation of CsPbBr3.  Decreasing the ligand concentration to 0.037 
mol/L (Figure 4.6a), the absorbance peak for CsPbBr3 appeared while the peak at 
400 nm was reduced. Until the ligand concentration decreased to 0.016 mol/L, the 
[PbBr4]2- absorbance peak at 400 nm disappeared completely. With high reaction 
temperature 150°C (Figure 4.6b), the [PbBr4]2- absorbance peak at 400 nm did not 
show up with any ligand concentration, instead, a broad absorbance peak at 320 nm, 
which is close to the feature of PbBr2. Therefore, the high temperature lead [PbBr4]2- 
unstable, and high ligand concentration lead no CsPbBr3 forming.  

 
Figure 4.6. The absorbance of the reacted crude solution with the stoichiometry of Cs+, Pb2+, 
and Br- at Cs0.855Pb0.945Br3.2 with different ligand concentration. (a) Reaction temperature 70°C. 
(b) Reaction temperature 150°C. 
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Figure 4.7. Optical information for synthesis CsPbBr3 with different ligand concentration. (a) 
Peak wavelength of PL. (b) PL intensity of CsPbBr3. (c) FWHM of the PL peak for CsPbBr3 phase. 
(d) Center wavelength of the Gauss fit of the absorbance peak for CsPbBr3 phase. (e) Absorbance 
intensity of CsPbBr3 phase. (f) FWHM of the Gauss fit of the absorbance peak for CsPbBr3 phase. 
(g) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance peak of CsPbBr3 phase. 
(h) Absorbance peak of Cs4PbBr6 phase (310 nm) divided by absorbance peak at 335 nm. (i) 
Relative QY, integral of PL/absorbance at 365 nm. 
 
Figure 4.7 shows the extracted information from the optical spectrums of the crude 
reaction solution. The most brightness area of PL (Figure 4.7b) was with the ligand 
concentration between 5 mM and 20 mM while the reaction temperature lower than 
130°C. Considering the size distribution of the particles, the FWHM of  Gauss fitted 



Shangkun Li   Chapter 4 
 
 

95 
 

absorbance (Figure 4.7f) showed relative low value when the ligand concentration 
was blow 10 mM.  The relative QY (Figure 4.7i) of CsPbBr3 phase also had higher 
value with the ligand concentration around 10 mM.  Therefore, the optimized ligand 
concentration is 8 mM with reaction temperature lower than 130°C. 

4.4 Conclusions  

In this work, we developed a high-resolution in-line absorbance integrated 
microfluidic platform, which can distinguish different impurities (CsBr, PbBr2, 
Cs4PbBr6, CsPb2Br5, Ruddlesden–Popper (RP) phase of CsPbBr3, and zig-zag- 1D-
chain) during the CsPbBr3 synthesis with the effective capping ligand- soy lecithin. By 
leverage the inherent advantage of droplet-base microfluidics, high-throughput 
screening the parameter with absorbance and PL information were processed. The 
Cs-Pb ratio was optimized to Cs0.95-Pb1.05, while the M-Br ratio was optimized to M1.8-
Br3.2. The ligand concentration was investigated as well. We found that the high ligand 
concentration resulting the stabilized [PbBr4]2- with low reaction temperature, while 
forming PbBr2 with high reaction temperature. However, low ligand concentration (< 
4 mM) lead to poor PL brightness and low QY of CsPbBr3. The final optimized ligand 
concentration was 10 mM, according to the high QY, narrow FWHM, less impurities, 
and high PL brightness of synthesized products. Furthermore, with a large quantity 
of useful information got from microfluidic reactors, we are going to build a growth 
mechanism model for CsPbBr3 nanocrystal forming, which can guide future 
perovskite crystalline synthesis.  



 

96 
 

 

Chapter 5 

Long-armed Hexapod Nanocrystals of 
Cesium Lead Bromide 

 
 
 
 
Shangkun Li, Julie Probst, Philip D. Howes and Andrew J. deMello 
 
In this chapter, we report a novel long-armed hexapod structure of cesium lead 
bromide nanocrystals. These branched structures evolve from quantum-confined 
CsPbBr3 nanosheets to Cs4PbBr6 hexapods over a period of 24 hours. Time-resolved 
optical and structural characterization reveals a post-synthesis mechanism of phase 
transformation, oriented attachment, and branch elongation. 
 
 
 
 
 
This chapter is adapted from the paper entitled "Long-armed hexapod nanocrystals 
of cesium lead bromide", authored by Shangkun Li, Julie Probst, Philip D. Howes and 
Andrew J. deMello, published in Nanoscale. 2020, 12, 14808-14817. Shangkun Li 
designed and carried out all the experiments. Julie Probst did the PL lifetime 
measurement. Philip Howes supervised the project and reviewed the draft. Andrew 
deMello funding supported and supervised the project. 
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5.1 Introduction 

The photophysical properties of colloidal nanocrystals (NCs) can be tuned as a 
function of shape, size, composition, crystalline phase, and surface character,210–212 
with structures in the quantum-confined regime showing a particularly strong 
dependence on crystal morphology. The ability to control these physical parameters 
is critical for applications in multifunctional nanodevices.213–215 This is particularly 
prescient in the case of lead halide perovskite (LHP) NCs, which whilst showing 
tremendous promise as solar energy converters, light emitters, and in other 
optoelectronic applications, still present many mysteries, not least regarding how to 
stabilize them for long-term applications.216  

To date, a large number of different NC morphologies have been reported, with 
researchers being able to exert exquisite control over both growth and post-synthetic 
evolution of crystalline nanostructures.217 The motivation for these investigations 
comes from, on the one hand trying to understand how and why anisotropic 
structures form, and on the other trying to create novel structures with new or 
enhanced properties. Important examples include the widely tuneable plasmonic and 
catalytic character of anisotropic noble metal nanoparticles,218 controlled long-range 
assembly of anisotropic NCs into superlattices,219,220 inorganic nanowires as charge 
transporters in flexible electronics,221 and the combined strong confinement and free 
carrier transport in low-dimensional lead halide perovskite nanostructures.222  

Branched NCs are an important and diverse class of anisotropic structure.223 Addition 
of branches onto a central core allows complex structures, with tuneable 
characteristics, to be synthesized.224–226 Branching is an important approach to 
controlling the morphology of noble metal nanostructures, for example imparting 
control over catalytic activity by exposure of specific facets,223 or for tuning 
absorption into the near-infrared for photothermal therapy.227 Additionally, 
branched hexapod metal-organic framework colloids have been shown to exhibit 
increased catalytic activity in a model Knoevenagel reaction.228 For fluorescent 
inorganic semiconductors, branched tetrapod NCs have found an important 
application as strain gauges in flexible materials, as the force applied to the CdS arms 
transmits to the CdSe core, resulting in widening of CdSe bands and a proportional 
red-shift in PL.229 Furthermore, there is great interest in the construction of ordered 
mesostructures (superlattices) from branched NCs, since such structures have been 
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shown to have tuneable photonic, plasmonic, electronic, magnetic and catalytic 
properties.230–232  

Several phases of cesium lead halide NCs have been reported, including CsPbX3 (X = 
Cl, Br, or I) and Cs4PbX6, with each possessing distinct properties. Although control 
over phase can be exerted by modulating the ratio of Cs:Pb in the precursors, the 
phase can still be readily transformed by post-synthesis treatments; for example 
through addition of metal and/or halides sources,233,234 or by modulating surface 
ligands in solution. For example, the transition between cubic phase CsPbX3 NCs and 
rhombohedral phase Cs4PbX6 NCs can be controlled through variations in surface 
ligand concentration and ratio,235,236 and it has been revealed that the ligand shells of 
CsPbBr3 and Cs4PbBr6 have completely different characters.236 Moreover, there has 
been some debate over the optical properties of the Cs4PbBr6 phase, with some 
parties claiming it has intrinsic green fluorescence,237–239 while others attributing this 
to CsPbBr3 impurities in the Cs4PbBr6 structure.233,240–242 There have also been some 
key observations of cesium lead halide NCs undergoing slow crystal reformation 
processes over extended time periods. For example, Mehetor et al. observed slow 
crystal reformation (over 3–5 days) of purified ultrathin CsPbBr3 nanowires into 
wide-area 2D self-assemblies of monodisperse quantum rods, which they ascribed to 
a self-digestive conversion, whilst noting that the Pb-rich precursor nanowires and 
solvents with higher dielectric constants drive crystal transformation.243 Further, 
Chen and co-workers have reported the solvothermal synthesis of CsPbBr3 
dodecapods, whilst Peng et al. recently reported halide-controlled facet growth 
leading to dimension-tunable multipod nanostructures for perovskite NCs.244,245 
However, both the arm length and arm-core ratio using this method are low, with 10 
nm arms on 50 nm cores yielding an arm:core ratio of 0.2. To facilitate further 
applications, for example in self-assembled mesostructures, it is imperative to exert 
control over arm growth, and to achieve extended arm growth of branched colloidal 
NCs.230 

In this chapter, we report a new class of long-armed multipod NCs — hexapod 
Cs4PbBr6 NCs — formed by slow post-synthesis phase and morphological 
transformation. Synthesis proceeds over ca. 24 hours, where as-synthesized CsPbBr3 
nanosheets undergo phase transformation (towards Cs4PbBr6) and oriented 
attachment, yielding hexapods with highly elongated arms and arm:core ratios up to 
6.0. We are not aware of any previous reports of post-synthesis transformation of 
LHP NCs into long-arm branched nanostructures. As a result of the complex evolution 



Shangkun Li   Chapter 5 
 

99 
 

process, the exact reaction mechanism for full shape transformation was hard to 
clarify. Nevertheless, this work paves the way for improved understanding and 
engineering of size, shape, composition, and crystalline phase in anisotropic LHP NCs, 
and strengthens the understanding of phase-dependent optical properties. 

5.2 Materials & Methods 

5.2.1 Materials 

Cesium carbonate (Cs2CO3, Aldrich, 99.9%), lead bromide (PbBr2, ABCR, 98%), 1-
octadecene (ODE, Sigma-Aldrich, 90%), oleylamine (OLA, Acros, ≥ 96%), and octanoic 
acid (Sigma-Aldrich, ≥99%) were used as received.  

5.2.2 Preparation of precursor solutions 

Cesium precursor: Cs2CO3 (0.156 mmol) was loaded into a 20 mL Schlenk flask 
together with 10 mL of ODE and 0.8 mL of octanoic acid, dried for 1 h at 120 °C, and 
then cooled to room temperature under N2 before being loaded into a 10 mL Hamilton 
glass syringe. 

Lead bromide precursor: PbBr2 (0.188 mmol) was loaded into a 20 mL Schlenk flask 
along with 5.25 mL of ODE. The cloudy mixture was heated to 120 °C under vacuum, 
and then 0.25 mL octanoic acid and 1 mL oleylamine were added under N2 
atmosphere. After the PbBr2 dissolved completely, the solution was cooled to room 
temperature under N2 before being loaded into a 10 mL Hamilton glass syringe. 

5.2.3 Microfluidic synthesis of cesium lead bromide nanosheets  

Syringes (10 mL) loaded with precursors were mounted on precision syringe pumps 
(neMESYS, Cetoni GmbH, Germany). Typically, two syringes were filled with PbBr2 
precursor and Cs precursor, respectively, while another syringe was used to inject the 
carrier fluid (Galden fluorinated fluid, Blaser Swisslube AG, Germany). Precurs ors 
and oil were mixed and segmented into droplets at a polyether ether ketone (PEEK) 
7-port manifold (0.5 mm thru-hole, IDEX Health & Science, USA). Such a geometry 
allows precise control of the ratio of carrier phase to dispersed phase. In the final 
reaction, the volumetric ratio of oil to precursor solution was 1:1, and the molar ratio 
of Pb to Cs was 1.2:1. Formed droplets subsequently travel through a heating module, 
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where the PTFE tubing is wrapped around a heated copper rod, at 180 °C for 30 s to 
trigger the reaction. 

 

Figure 5.1. Schematic of the droplet-based microfluidic setup for CsPbBr3 nanosheet synthesis. 

5.2.4 Time-dependent growth of Cs4PbBr6 hexapods  

The reactor was run for 100 minutes, with the crude reaction solution being collected 
and separated from the carrier fluid. The solution containing CsPbBr3 nanosheets was 
stirred at room temperature for up to 36 hours.  

5.2.5 Growth mechanism study  

The crude reaction solution was collected and divided into 4 vials (1.7 mL in each). 
Then 0.1 mL octanoic acid, 0.2 mL OLA, 0.5 mL Cs precursor and 1.2 mL PbBr2 
precursor were separately added each. After stirring for 36 hours, TEM samples were 
prepared with the reaction solution without further purification. 

5.2.6 Characterization 

TEM was performed on a HT7700 Hitachi TEM at an accelerating voltage of 100 kV. 
HRTEM was carried on FEI Tecnai F30 FEG at an accelerating voltage of 300 kV. SEM 
was performed on a Zeiss ULTRA 55. STEM-EDS element spectra and mapping was 
measured using an FEI Talos F200X at an accelerating voltage of 200 kV. STEM was 
carried on an FEI Tecnai F30 FEG at an accelerating voltage of 300 kV. XRD 
measurements were performed on a PANalytical Empyrean diffractometer equipped 
with a Cu Kα X‐ray tube (45 kV, 40 mA). Absorption and PL spectra were acquired 
using a custom-built setup, consisting of a broadband light source HL-2000-FHSA 
(Ocean Optics, Amersham, United Kingdom) for absorption, an LED light source 
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M365LP1 (Thorlabs, Munich, Germany) with 365 nm wavelength as an excitation 
source for PL, and a fiber-coupled spectrometer USB2000+ (Ocean Optics, Amersham, 
United Kingdom) for signal detection. PL decays were measured on a custom confocal 
time-correlated single photon counting (TCSPC) set-up. Excitation from a 405 nm 
picosecond-pulsed diode laser QuixX® 405-120 PS (Omicron, Rodgau, Germany) was 
coupled by a fiber delivery system and focused on the sample through a 40x 
magnification microscope objective 40x CFI S Plan Fluor ELWD ADM 40XC, 0.60 NA 
(Nikon, Zürich, Switzerland). PL from the sample was collected through the same 
objective and reflected by a dichroic mirror Laser Beamsplitter HC BS R405 (Semrock, 
Rochester, USA). Residual excitation light was filtered by an appropriate long-pass 
filter 405 LP Edge Basic Longpass Filter (Semrock, Rochester, USA) and reflected by 
a mirror to the detection path. PL light was then focused onto a 30 μm pinhole P30S 
Mounted Precision Pinhole (Thorlabs, Munich, Germany) to reject out-of-focus light, 
and focused onto a single photon detecting avalanche photodiode MPD PDM Series 
50 μm (Micro Photon Devices, Bolzano, Italy). The TCSPC electronics are based on the 
TimeHarp 260 stand-alone module (PicoQuant GmbH, Berlin, Germany). 

5.2.7 Crystal model of CsPbBr3 and Cs4PbBr6 

According to the XRD results, the CsPbBr3 lattice is the orthorhombic phase (Pnam) 
and Cs4PbBr6 shows the hexagonal phase (R3c). All crystal models are based on the 
experimental lattice parameters of CsPbBr3 (a = 8.24 Å, b = 11.74 Å, and c =8.20 Å)246 
and Cs4PbBr6 (a = b = 13.73 Å and c = 17.30 Å).247 

5.3 Results 

CsPbBr3 nanosheets were synthesized in a segmented-flow microfluidic reactor 
(Figure 5.1) as described previously,248 with oleylamine and octanoic acid surface 
ligands (molar ratio 1.2:1). After mixing the reagents and ligands in flow, in 
octadecene, the reaction mixture was heated to 180°C for 30 seconds, before 
collecting the product. The crude solution (separated from the carrier oil) was then 
stirred at room temperature for 36 hours.  

5.3.1 Morphology and Elemental Composition 
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Figure 5.2. Characterization of the final hexapod-branched NCs prepared by a two-step 
reaction. (a, b) TEM images of the hexapod-branched NCs with different magnification. (c) SEM 
and (d) STEM images of the NCs. (e-g) STEM-EDS elemental mappings of a single hexapod NC. 
(h) The EDS spectrum of the NCs and the tabulated Cs, Pb, Br contents. All scale bars are 200 
nm.  

 

Transmission electron microscopy (TEM) revealed that the final NCs took the form of 
long-armed multipods after 24 hours of incubation. Common among these were 
hexapods, possessing a core with six arms distributed around it. These hexapods 
exhibited an arm length 360±76 nm (Figure 5.2a and b), with an average arm:core 
ratio of 6. Scanning electron microscopy (SEM) (Figure 5.2c and Figure 5.3) and 
scanning transmission electron microscopy (STEM) (Figure 5.2d) images suggest the 
hexapods adopt a three-dimensional branch distribution. The angles between the 
arms are difficult to confirm from the images obtained, however the varied angles 
seen in the branched structures lying flat on the substrate offer some clues. Branching 
angles of ca. 60° and 120° are seen throughout the different electron microscopy 
images (Figure 5.2c and Figure 5.3). Further, Figure 5.4 shows TEM images of 
multi-armed structures found in the same reaction product, where 90° branching is 
clearly visible. Combining these observations, we surmise that the arms of hexapods 
grow with a good correspondence to the rhombohedral Cs4PbBr6 phase (Figure 
5.5p), which has the angle γ = 120° (the angle between positive a and positive b) and 
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the angle α = β = 90° (the angle between positive b and c, and the angle between 
positive a and c).        

 

Figure 5.3. SEM images of the multipod with different magnification. 

 

Elemental analysis by STEM-EDS (energy dispersive spectrometry) mapping (Figure 
5.2e-g) confirmed that Cs, Pb and Br were homogeneously distributed throughout 
the structure. From the EDS spectrum (Figure 5.2h), we extracted an atomic ratio of 
Cs:Pb:Br = 3.95:1:5.3, which is close to that of Cs4PbBr6. The discrepancy between the 
measured and expected ratios for Cs4PbBr6 is likely due to a small amount of residual 
CsPbBr3, with the copper signal originating from the TEM grid. 
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Figure 5.4. TEM images of multipod structures presenting 90° angles between arms, 
synthesised under the standard hexapod reaction condition. Scale bar 100 nm. 

 

5.3.2 Crystal Structure 

High-resolution transmission electron microscopy (HRTEM) was used to determine 
the crystal structure at various points within the hexapod structure (Figure 5.5a). 
Four zones from arms and core were selected for a detailed examination of the 
structure based on high magnification HRTEM imaging (Figure 5.5f-i), and their 
corresponding fast Fourier transform (FFT) (Figure 5.5b-e). The FFT data were used 
to calculate both lattice spacing and crystal structure. 

FFT pattern analysis 

FFT patterns from four different areas were used to determine the crystal faces. As 
the FFT patterns were obtained from the HRTEM image via fast Fourier transform, 
the reciprocating space ruler of the image is 1/nm. Therefore, the lattice distance d 
can be calculated by reciprocal of the length L from diffraction point to centre spot. 
Then comparing with the PDF card, we can find the similar value of the distance and 
it corresponds to a specific crystal face. Two diffraction points (not in the same line 
crossing the centre spot) were used to determine the crystal faces h1k1l1 and h2k2l2 
with the d-spacing of d1 and d2. According to the equation S1, we can get the angle (∅) 
of these two crystal faces  



Shangkun Li   Chapter 5 
 

105 
 

𝑐𝑐𝑐𝑐𝑐𝑐∅ =
ℎ1ℎ2+ 𝑘𝑘1𝑘𝑘2+

1
2

(ℎ1𝑘𝑘2+ℎ2𝑘𝑘1)+3𝑎𝑎
2

4𝑐𝑐2
𝑙𝑙1𝑙𝑙2 

�(ℎ12+ 𝑘𝑘12+ ℎ1𝑘𝑘1+ 3𝑎𝑎
2

4𝑐𝑐2
𝑙𝑙12)(ℎ22+ 𝑘𝑘22+ ℎ2𝑘𝑘2+ 3𝑎𝑎

2

4𝑐𝑐2
𝑙𝑙22)

     Equation 1 

Then, we can confirm the diffraction point by the angle of two crystal faces. Taking 
Figure 5.5d as an example, two crystal faces were determined by the value of d-
spacing, h1k1l1 (110) and h2k2l2 (300). The angle of these two faces is 30 degrees, 
which agrees with the result measured from the FFT pattern.  

Four zones from the arms and core were selected for high-resolution transmission 
electron microscopy (HRTEM) examination (Figure 5.5a–e in the main text). FFTs 
revealed the lattice spacing and crystalline structures (Figure 5.5b-e). In zone 1 from 
arm I, the observed planes with d-spacing of 0.71 nm (Figure 5.5f) corresponded to 
the (012) planes of Cs4PbBr6.249 Zones 2 and 3, which were within the core (Figure 
5.5g and h), showed lattice fringes of 0.69 nm and 0.40 nm and could be indexed to 
the (110) and (300) planes of Cs4PbBr6. The strong signal from the (110) plane 
(Figure 5.5c and d) implied that the core was facing towards us in the [001] direction. 
In zone 4, d-spacings of 0.32 nm and 0.44 nm (Figure 5.5i) were indexed to the (-3-
11) and (113) planes of Cs4PbBr6, as seen in the FFT (Figure 5.5e).  

In zone 1 from arm I, the observed planes with a d-spacing of 0.71 nm (Figure 5.5f) 
correspond to the (012) planes of Cs4PbBr6.247 For zones 2 and 3, within the core area 
(Figure 5.5g and h), the observed lattice fringes of 0.69 nm and 0.40 nm can be 
indexed to the (110) and (300) planes. The (110) plane shows a strong FFT signal 
(Figure 5.5c and d) in both areas, which implies that the core faces the [001] 
direction. For zone 4, the d-spacing of 0.32 nm and 0.44 nm (Figure 5.5i) matches 
well with the (-3-11) and (113) planes of Cs4PbBr6. The corresponding FFT pattern is 
shown in Figure 5.5e. For all investigated areas, HRTEM measurements are in good 
agreement with the rhombohedral phase (R 3c) crystal model as depicted in Figure 
5.5j-m. Importantly, the CsPbBr3 phase was not detected, suggesting that any 
CsPbBr3 phase is either in the interior of the crystal, or not present at all.  
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Figure 5.5. Crystal structure analysis of the hexapod NCs. (a) HRTEM image of a hexapod NC, 
highlighting the four selected areas 1, 2, 3, and 4 with their corresponding FFT images (b–e); 10 
nm scale bars. (f-i) High magnification HRTEM images of the selected areas in image (a). (j–m) 
The crystal model of the selected areas. (n) Time-resolved XRD patterns of the NCs. Crystal 
structure of orthorhombic CsPbBr3 (o) and Cs4PbBr6 (p). Dark green = Cs1, light green = Cs2, 
purple = Pb, brown = Br. 

 

Time-resolved XRD was subsequently used to determine the phase proportions 
during hexapod growth (Figure 5.5n). The XRD pattern of the product obtained 
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directly after synthesis (red trace, time 0 hours) matches well with the pattern of 
orthorhombic CsPbBr3 perovskite. The peaks at 15.21, 21.50, 30.38, 30.70, 34.33, 
37.89, 43.81 and 49.38˚ can be indexed to the (101), (121), (040), (202), (222), (321), 
(242), and (204) lattice planes, respectively, of the orthorhombic CsPbBr3 phase 
(Powder Diffraction File Card - 00-018-0364). After 4 hours of post-synthesis 
incubation, peaks at 22.41, 27.50, 28.60 and 38.98˚ with small amplitudes can be 
observed in the XRD pattern. As the incubation time increases between 8 and 24 
hours, these peaks become more prominent, while peaks associated with the CsPbBr3 
phase decrease until they disappear from the XRD pattern. Peaks at 12.63, 12.88, 
20.07, 22.41, 25.42, 27.50, 28.60, 30.26, 30.94, 34.53, 38.98 and 45.74˚ correspond to 
diffractions from (012), (110), (113), (030), (204), (131), (214), (223), (006), (140), 
(324) and (600) lattice planes of the Cs4PbBr6 phase (PDF Card -04-015-9683). This 
demonstrates that the product experiences a slow phase transformation spanning 
several hours, specifically, from the orthorhombic CsPbBr3 phase (Figure 5.5o) to the 
rhombohedral Cs4PbBr6 phase (Figure 5.5p). The Cs4PbBr6 phase is not present in 
the initial product, but originates solely from the phase transformation. 

5.3.3 Optical Property Evolution 

Absorbance and PL measurements were performed over a period of 34 hours during 
incubation. Evolution of the absorption spectra is shown in Figure 5.6a. CsPbBr3 
exhibits two excitonic peaks at 473 and 486 nm (Figure 5.6b). The absorbance of 
both excitonic peaks gradually decrease, reaching parity at 16 hours  and background 
by 26 hours; reflecting a progressive reduction in the concentration of CsPbBr3.250 
The PL spectra contain two primary peaks, at 491 nm and 522 nm, which map to 5 
unit cell quantum-confined CsPbBr3 and bulk CsPbBr3.251 As shown in Figure 5.6c 
and 5.6d, PL remains stable over the first 4 hours, and then shows a slow decrease 
between 4 to 8 hours before declining to near zero by 26 hours.  

The decrease in absorbance during the first 4 hours suggests that the decline of the 
CsPbBr3 phase commences immediately,252 which is in good agreement with the XRD 
results (Figure 5.5n). However, as CsPbBr3 decreases one might expect a concurrent 
PL reduction, but this was not observed. This phenomenon has been observed 
previously, where a small amount of Cs4PbBr6 phase exhibited a photobrightening 
effect due to its effective passivation of the CsPbBr3 surface.250,253 Beyond 4 hours 
however, the continuing decline of CsPbBr3 and growth of Cs4PbBr6 led to a drastic 
reduction in PL, reaching near zero at 26 hours.  
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Figure 5.6. Optical monitoring of the transformation of CsPbBr3 nanosheets to Cs4PbBr6 
hexapods NCs over time (2 hour intervals). (a) Time-resolved absorption spectra. (b) Temporal 
evolution of the absorbance at two spectral features: 473 nm and 486 nm. (c) Time-resolved PL 
spectra, with excitation at 365 nm. (d) Temporal evolution of PL intensity at 491 nm. 

 

To further monitor the emission properties of the evolving species, we performed 
time-resolved PL measurements by TCSPC measurements. In the current context, 
evaluation of the PL lifetime increases the contrast of time-integrated PL 
measurements by revealing whether a change in PL intensity is due to a change in the 
PL quantum efficiency or to a change in concentration, since the latter does not affect 
the average lifetime. Evolution of the PL decays over time is shown in Fig. S2a. A 
triexponential model (black lines) was used to fit the experimental data: 

 

𝑦𝑦(𝑡𝑡)  = ∑ 𝑎𝑎𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡/𝜏𝜏𝑖𝑖)𝑛𝑛
𝑖𝑖=1                 𝒊𝒊 = 𝟏𝟏,𝟐𝟐,𝟑𝟑     Equation 2  
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where 𝑎𝑎𝑖𝑖  is the pre-exponential factor and 𝜏𝜏𝑖𝑖  is the decaytime component. The 
amplitude-weighted average lifetime can the be recovered from the 𝑎𝑎𝑖𝑖and 𝜏𝜏𝑖𝑖 values 
according to the following equation:  

𝜏𝜏𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 = ∑ (𝑎𝑎𝑖𝑖𝜏𝜏𝑖𝑖2)𝑛𝑛
𝑖𝑖=1
∑ 𝑎𝑎𝑖𝑖𝜏𝜏𝑖𝑖𝑛𝑛
𝑖𝑖=1

                                                Equation 3 

To obtain adequate fits showing randomly distributed residuals and chi-squared 
values close to unity, a triexponential model was required, revealing the 
superposition of fast, medium and slow components.  

Time-resolved PL measurements (Figure 5.7a) showed that average PL lifetime 
(Figure 5.7b) remained relatively stable over 24 hours.  This observation is 
consistent with those of Quan et al.,253 who reported that the passivation effect of a 
Cs4PbBr6 matrix has no influence on the total fluorescence lifetime of CsPbBr3 due to 
the quantum yield increasing concurrently with the non-radiative lifetime. 

 

 

Figure 5.7.  (a) Normalized PL time-decay (open circles) measured over time with 405 nm 
excitation. A triexponential decay function was used to fit the data (black lines) and obtain the 
average lifetime values as shown in (b), where each data point is the average of 5 measurements.  
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Table 5.1. Lifetime data at different reaction times. The lifetime components τi are reported 
with their corresponding pre-exponential factor Ai.  

time 
(h) 

τ1 (ns) τ2 (ns) τ3 (ns) A1 A2 A3 τav (ns) 

0 14.60 1.97 3.96 0.10 0.47 0.43 3.93 
2 13.90 1.21 4.73 0.10 0.43 0.47 4.13 
4 13.40 1.72 3.70 0.08 0.49 0.43 3.52 
6 14.22 1.81 3.88 0.09 0.46 0.45 3.85 
8 15.78 1.46 5.15 0.12 0.34 0.54 5.21 
10 15.80 2.83 3.54 0.12 0.42 0.46 4.89 
12 16.00 2.16 4.29 0.11 0.39 0.50 4.96 
24 14.40 0.87 3.98 0.12 0.47 0.41 3.74 
 

As Cs4PbBr6 NCs have potential applications in deep ultraviolet detectors,254 we 
isolated the product after 36 hours and compared its deep ultraviolet absorption to 
the as-synthesized CsPbBr3 nanosheets. Figure 5.8 shows that the final Cs4PbBr6 

product developed a distinct peak at 309 nm, while CsPbBr3 is without a peak at that 
position. 

 

Figure 5.8.  Absorbance spectra of 0 h CsPbBr3 nanosheets (black line) and 36 h Cs4PbBr6 (red 
line) from deep ultraviolet range. 
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5.3.4 Shape Evolution 

 

Figure 5.9. Shape evolution and phase transformation of cesium lead bromide NCs. TEM images 
show (a) as-synthesised CsPbBr3 nanosheets, (b) mixed nanosheets and rhombic prism NCs after 
4 hours, (c) multipods forming by oriented attachment, (d) necking between the multipod 
nucleus and arms, and (e) the final hexapod nanostructure. (f) Schematic illustration of the 
proposed growth mechanism from CsPbBr3 nanosheets to Cs4PbBr6 hexapods. All the TEM 
images have a scale bar of 200 nm. 

 

TEM imaging of aliquots taken from an incubating reaction solution over 24 hours 
revealed the distinct morphology changes that occur during hexapod formation. The 
as-synthesized NCs take the form of nanosheets (48.5±14 nm, Figure 5.9a). After 4 
hours, a mixed population of sheets and rhombic prism NCs were observed (with 
sides lengths of 40.7±25 nm, Figure 5.9b). This rhombic prism morphology is 
consistent with previous studies on Cs4PbBr6 NCs.255 After 8 hours, large (413±110 
nm) short-armed multipod structures were visible (Figure 5.9c), formed by rhombic 
NCs with an average side length of 144±42 nm (Figure 5.10a). At 12 hours visible 
necking and extension of the arms has occurred (Figure 5.9d), before the final long-
armed hexapod structure is formed at 24 hours (Figure 5.9e). The evolving 
nanostructures would gradually sediment during incubation, which necessitated 
stirring of the reaction solution. We observed that this agitation had a distinct effect 
on NC transformation. In a static solution, growth proceeded up to the formation of 
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hexapods, but without arm elongation after oriented attachment (Figure 5.11a). 
However, with stirring, the final product exhibited high aspect ratio arms (Figure 
5.11b).  

 

Figure 5.10 HRTEM images of a) early multipod formation by oriented attachment of rhombic 
nanocrystal components, and b) two nanocrystals coalescing together under complete 
crystallographic alignment. 

 

 

Figure 5.11. TEM images of hexapod-branched perovskite NCs with different arm lengths. (a) 
Synthesized without stirring. (b) Synthesized with stirring.  

 

Next, we sought to probe the growth mechanism by performing purification, dilution, 
and reagent additions to the fresh reaction solutions, and studying the resultant NC 
morphology post-incubation. Purified CsPbBr3 nanosheets (Figure 5.12) were stored 
in toluene for 108 hours total, and they did not undergo shape evolution or phase 
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transformation. Next, a crude reaction solution was diluted using ODE to four 
different degrees of dilution (0.5/1, 1/1, 5/1, and 10/1, Figure 5.13). In the 0.5/1 
diluted sample (i.e. ODE:crude solution = 0.5:1), multipod structures were still visible 
in the sample after 24 hours (Figure 5.13a), but most of the products were still 
nanosheets without transformation. With further incubation to 108 hours (Figure 
5.13i), shape evolution proceeded and more multipods were formed. Thus, with this 
degree of dilution, the rate of shape evolution and phase transformation was reduced, 
but the formation of hexapods was still possible with a longer incubation. The 
nanosheets in the 1/1 diluted solution were without obvious change in the initial 24 
hours (Figure 5.13b), and exhibited some rhombic NCs after 48 hours (Figure 5.13f). 
Finally, at 108 hours, hexapod structures had formed and coexisted with a population 
of nanosheets (Figure 5.13j). When the dilution degree was increased to 5/1 (Figure 
5.13c,g,k) and 10/1 (Figure 5.13d,h,l), the phase transformation and shape 
evolution were even slower, with rhombic nanocrystals only appearing after 108 h. 

 

 

Figure 5.12. The TEM images of nanosheets dispersing in toluene after purification for 0 h (a), 
24 h (b), 48 h (c), and 108 h (d).  
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Figure 5.13. TEM images products formed after different degrees of dilution (in columns 
labelled in blue). (a-d) after 24 h incubation; (e-h) after 48 h incubation; (i-l) after 108 h 
incubation. 

Finally, octanoic acid, oleylamine, Cs precursor and PbBr2 precursor were all added 
separately into crude CsPbBr3 nanosheet solutions, and then stirred for 36 hours 
(Figure 5.14a–d). All samples were non-fluorescent by the end of the incubation 
period. Addition of excess octanoic acid (Figure 5.14a) and oleylamine (Figure 
5.14b) prevented the formation of multipods and elongation of the rhombic 
nanostructures. Addition of either the cesium precursor (Figure 5.14c) or lead 
bromide precursor (Figure 5.14d) allowed the formation of varied branched 
structures; however, these lacked the symmetry of the hexapods of the standard 
reaction, instead showing random branching and elongation. 
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Figure 5.14. TEM images of the products obtained after different reaction components were 
added into crude CsPbBr3 nanosheets solution and stirred for 36 hours. All scale bars are 200 
nm. 

 

5.4 Discussion 

The structural and optical characterization performed herein revealed a slow 
transformation of as-synthesized CsPbBr3 nanosheets into Cs4PbBr6 long-armed 
hexapods, over the course of 24 hours. The initial formation of the CsPbBr3 
nanosheets proceeds according to 

2Cs(OOC8) + 3PbBr2 → 2CsPbBr3 + Pb(OOC8)2 

Besides containing CsPbBr3 nanosheets, the crude reaction solution comprises excess 
lead octanoate, oleylammonium bromide, octanoic acid and oleylamine, all of which 
can undergo extensive and dynamic interactions with the NCs in solution.255 
Extended incubation of such mixtures gives ample time for the reaction to move 
towards thermodynamic equilibrium, plus the dynamic ligand binding and release 
typical of the binary organic acid and amines ligand system likely allows significant 
material diffusion and transfer.255 Therefore, we would expect the nanoparticles to 
undergo significant morphological changes as a result. 

Optical measurements (Figure 5.6) revealed a steady decrease of excitonic 
absorbance and emission throughout incubation, reaching background by 26 hours. 
This suggests a steady loss of CsPbBr3. XRD results revealed the same loss of CsPbBr3, 
with a concurrent increase in Cs4PbBr6 (Figure 5.5n). Accordingly, we have observed 
a direct conversion of CsPbBr3 to Cs4PbBr6, or dissolution of the CsPbBr3 followed by 
recrystallization in the Cs4PbBr6 phase, or both. Since the reaction was carried out in 
a slight excess of oleylamine (1.2:1 versus octanoic acid), it is possible that PbBr2 
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could be slowly extracted from CsPbBr3 leading to the formation of the Cs4PbBr6 
phase,256,257 according to 

4 CsPbBr3 → Cs4PbBr6 + 3PbBr2 

However, the fact that the subsequent rhombic Cs4PbBr6 NCs (Figure 5.9b and 5.9c) 
were larger (by mass) than the parent nanosheets suggests that extraction of PbBr2 
did not lead directly to Cs4PbBr6 without the addition of new material. The growth of 
larger NCs without an injection of additional monomers necessitates that the total 
number of NCs must reduce. Previous studies have suggested that CsPbBr3 
nanostructures can undergo a complete dissolution–recrystallization process giving 
rise to new Cs4PbBr6 nanostructures,235,256,257 however this phenomenon alone does 
not explain the photo-brightening effect observed during the first 4 hours, which we 
ascribe to the passivation of CsPbBr3 crystals by Cs4PbBr6.250 We believe it more likely 
that Ostwald ripening occurs in this system, whereby smaller CsPbBr3 nanosheets 
completely dissolve and larger nanosheets grow, with Cs4PbBr6 phase forming over 
CsPbBr3 sheets. Hybrid structures of these two phases of cesium lead bromide have 
been previously reported.241 Over the course of the incubation, PL reduces to 
background levels, suggesting that the CsPbBr3 phase is almost completely lost due 
to the dissolution of free nanosheets and the conversion of CsPbBr3 material to 
Cs4PbBr6 phase inside the hybrid structures. The fact that the position of the PL peak 
does not (blue) shift with nanosheet etching suggests that material is lost from the 
side faces and not from the top and bottom, which is consistent with the observation 
that alkylammonium ligands bind more strongly to the basal planes than the side 
faces of CsPbBr3 nanosheets.258 

During the slow dissolution of CsPbBr3 nanosheets the reaction is unable to reach 
equilibrium, but is kept under thermodynamic control, i.e. there is ample time for 
monomers/ions to diffuse into their equilibrium positions to yield a minimum Gibbs 
free energy of the entire system.259 This process is assisted by the soft and dynamic 
nature (high ion mobility and dynamic surface ligand binding) of the perovskite 
lattice, which favours ionic rearrangement.216 But the question remains whether 
crystallographic rearrangement is sufficient to allow the large rhombic Cs4PbBr6 NCs 
to evolve into multipods and eventually into long-armed hexapods. Besides ionic 
diffusion and crystallographic transformation, another way for the system to 
minimize Gibbs free energy is via fusion of nanostructures. Although nanoparticle 
surface ligands generally inhibit this, it can happen that the differences in ligand 
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binding between different facets leads to preferential fusion of specific facets, whilst 
avoiding uncontrolled aggregation. Such oriented attachment is a well-established 
mechanism in the formation of anisotropic NCs,260–263 for example in PbSe,264 PbS,265 
ZnS,266 CdSe,267 and MnO261 nanostructures, and it has also been observed numerous 
times with LHP NCs.268–270 TEM images obtained at the 8 hour timepoint (Figure 5.9c, 
Figure 5.10) suggest the formation of large (413±110 nm) multipod structures by 
the coalescence of parent rhombic NCs, which indicates that the multipods form by 
oriented attachment. Importantly, the oriented attachment appears to show the 
parent NCs fusing at their six faces. Subsequent growth outwards from this starting 
point could yield branching angles of 90° and 60/120° due to the rhombic Cs4PbBr6 
NCs possessing both angles, as observed in the full hexapod structure (Figure 5.9f). 
When additional octanoic acid (Figure 5.14a) or oleylamine (Figure 5.14b) were 
added to the incubation solution (post-heating), oriented attachment was no longer 
observed, with rhombic structures persisting to the end of the incubation period. This 
suggests that the ligand ratio and/or concentration is an important factor in inducing 
oriented attachment. As the 0.5/1 (Figure 5.13a,e,i) and 1/1 (Figure 5.13b,f,j) 
diluted crude reaction solutions still achieve hexapod formation, but only after 
extended incubation times, we see that the ligand ratio is more influential on the final 
nanostructure, while the concentration in more influential on the rate.  

Having formed the hexapods from rhombic components, further incubation saw 
progressive necking of the arms from 12 hours (Figure 5.9d), followed by elongation 
and thinning to form the final long-armed extended hexapod structure at 24 hours 
(Figure 5.9e). This suggests that the nanostructure is moving towards its equilibrium 
morphology by maximizing the prevalence of certain facets over others. Although it 
is difficult to conclude the exact mechanism from our data, the fact that once the 
CsPbBr3 dissolution stops (at ca. 26 hours, Figure 5.9) so does the growth of the 
hexapods, suggests that monomer availability is required to stimulate arm extension, 
and that we are not simply observing reformation of the crystal without material 
exchange with the surrounding medium. Further, as the incubating solution must be 
stirred to stimulate arm growth (Figure 5.11), it appears that diffusion of material 
between the surface and the surrounding solution is critical. The unstirred reaction 
products in Figure 5.11a show rounding of the vertices but not arm extension. Such 
rounded Cs4PbBr6 structures (after crystallographic transformation from CsPbBr3) 
have been observed previously.256 This suggests that the unstirred structures 
undergo crystal reorganization, but that arm growth does not proceed due to slow 
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kinetics in the static solution. An explanation for the observed thinning and 
elongation is that the facets on the sides of the hybrid CsPbBr3/Cs4PbBr6 arms are 
etched, possibly with extraction of PbBr2, followed by both crystal reformation and 
direct growth of Cs4PbBr6 material on the arm ends. The limiting factor in the direct 
growth of cesium-rich Cs4PbBr6 on the arm ends would be the availability of cesium; 
therefore we see that once the dissolution of the CsPbBr3 material is complete, the 
arms stop growing.  

After incubation, we observed that although the product sediments, the hexapod 
structures are stable in the crude reaction solution for several weeks (data not 
shown), indicating the reaction had indeed attained equilibrium. Since nanostructure 
thinning and elongation was seen after post-synthesis additions of Cs precursor 
(Figure 5.14c) and PbBr2 precursor (Figure 5.14d), it seems that this process is 
insensitive to the absolute balance between precursor and ligand concentration. 
However, the fact they had not formed symmetric multipods suggests that the 
oriented attachment process was perturbed. This again points to a dependence of 
oriented attachment on ligand ratio and concentration. 

5.5 Conclusions  

We have reported the synthesis and characterization of a new class of anisotropic 
cesium lead bromide NC, namely Cs4PbBr6 crystalline hexapods. The arm length of 
hexapods extends up to 360 nm, with arm:core ratios up to 6.0 (i.e. 360 nm arms 
around a 60 nm cores). Hexapod structures form with slow kinetics (24 hours) during 
a post-synthetic incubation of nanosheets. These first develop into rhombic NCs and 
then form hexapods by oriented attachment. This is followed by necking, elongation 
and thinning of the six arms. Due to the slow reaction kinetics, the reaction could in 
theory be stopped at any point during the shape evolution and phase transformation 
by separation of the NCs from the crude solution, making all of the intermediate-state 
nanostructures available for further characterization and application. Ultimately, the 
complex equilibrium between the molecular precursors (lead octanoate, cesium 
octanoate, oleylammonium bromide), the molecular ligands (octanoic acid, octanoate, 
oleylamine, oleylammonium), in both solution and on the NC surfaces, and between 
the different crystal phases of the NCs, and even between the different facets of these 
NCs, makes the exact reaction mechanism hard to elucidate. Nevertheless, such a 
growth process shows the possible utility of slow reaction kinetics in obtaining novel 
NC structures, which could find significant applications in creating complex 
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functional LHP nanostructures as components in superlattices, or as deep ultraviolet 
detectors.
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Chapter 6 

Precision Tuning of NaYF4:Yb,Er,Tm 
Upconversion Nanoparticles via 
Droplet-based Microfluidic Screening 

 
 
 
Shangkun Li, Yingchao Meng, Yujia Guo, Tian Liu, Stavros Stavrakis, Philip D. Howes and 
Andrew J. deMello 
 
In this chapter, we present a new time-efficient synthetic route to NaYF4:Yb,Er,Tm 
UCNPs and a high-throughput microfluidic reactor to synthesise and precisely tune 
the emission characteristics of the forming particles in situ and in real time. Finally, 
we demonstrate the efficacy of these materials in a thin film format through the 
fabrication of an anti-counterfeit device. 
 
This chapter is adapted from the paper entitled " Precision tuning of NaYF4:Yb,Er,Tm 
upconversion nanoparticles via droplet-based microfluidic screening", authored by 
Shangkun Li, Yingchao Meng, Yujia Guo, Tian Liu, Stavros Stavrakis, Philip D. Howes 
and Andrew J. deMello, under review. Shangkun Li designed and carried out most of 
the experiments. Yingchao Meng made the anti-counterfeit device. Yujia Guo did the 
COMSOL simulation for heat transfer. Tian Liu did the XRD measurement. Stavros 
Stavrakis helped with the microfluidic setup.  Philip Howes supervised the project 
and reviewed the draft. Andrew deMello funding supported and supervised the 
project.
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6.1 Introduction 

White light-emitting materials have attracted enormous attention for the 
development of energy efficient and high performance lighting and displays.271–273 

Materials of interest include polymers, small molecules, quantum dots and rare-
earth-doped upconversion nanoparticles (UCNPs).274–278 Whilst white light emission 
is relatively easy to achieve by mixing different colors of emitter in a heterogeneous 
system, such an approach suffers from problems associated with phase separation of 
the different emitting bodies, unwanted energy transfer, low stability and/or the 
need for multiple excitation wavelengths.279,280 Accordingly, new materials that can 
emit red-green-blue (RGB) colors from a single entity are highly sought after. 

Rare-earth (RE) UCNPs, typically co-doped with sensitizer ions of ytterbium (Yb3+) 
and activator ions of X3+ (X = Er, Tm, and/or Ho) in the same nanocrystal host, can 
yield non-linear anti-Stokes luminescence via sequential absorption of two or more 
low energy near-infrared (NIR) photons.281,282 UCNPs are free of reabsorption, emit 
with narrow peaks and are photostable, with tunable lifetimes and low toxicity.283,284 
Long-wavelength NIR excitation leads to less scatter, minimizes photodamage and 
autofluorescence of biological samples and allows deep tissue penetration.285 
Standout applications of UCNPs include biological imaging and therapy,286 photonic 
devices,287 luminescence thermometry,288 biosensing289 and security tags and inks.290 
Regarding white light emission, it is possible to tune rare-earth UCNPs to act as single 
entity white light emitters, overcoming the previously noted problems encountered 
in heterogenous populations. For example, Sivakumar et al. demonstrated a white 
light thin film made from RE3+ doped LaF3 nanoparticles, which could be excited using 
a single NIR source.4 Subsequantly, Wang et al. reported a white upconversion rare-
earth oxide material Tm2O3 and Yb2O3, which achieved pure white light emission 
using single excitation.291 More recently, Zhang et al. designed a core–shell–shell 
nanostructure incorporating several RE3+ within a single nanocrystal, and whose 
emission colors could be tuned by changing the excitation power density for white 
light.279 Additionally, Wang and co-workers have reported a Yb3+/Er3+/Tm3+ tridoped 
hexagonal β-NaYF4 microrod for white-light lasing at room temperature.292 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. Indeed, white emitting UCNPs may potentially replace 
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traditional emitters, relying on a combination of multi-components, as white 
backlights in displays and as light sources. 

During the last decade, several UCNP synthesis methods have been proposed,293 
including hydrothermal, thermal decomposition, and thermal co-precipitation 
reactions.294–296 However, these require harsh reaction conditions (i.e. high 
temperatures and/or high pressures), and extended reaction times. Further, thermal 
decomposition and hydrothermal methods usually lack the flexibility of varying the 
reaction element ratios, since multicomponent precursors are used (e.g. NaF and 
Na(CF3COO), as Na and F sources297,298). These time and material constraints restrict 
the amount of experiments that can be feasibly performed when mapping and 
exploring the associated 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 comprehensive characterization and optimization. Moreover, 
bulk reaction approaches to nanocrystal synthesis typically necessitate large 
investments of time and materials to effectively map the inherently complex reaction 
parameter space. To this end, 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. 
Although droplet-based microfluidic reactors have engendered such an 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,299 rare-earth UCNPs have 
not benefitted from the approach due to their restrictively long reaction times and 
lack of mono-elemental reaction precursors. Herein, 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. Focussing on Yb-Er-Tm tri-doped 
NaYF4 UCNPs, we first develop a novel reaction formulation that provides for a 
significant reduction in reaction time when compared to previous approaches, and 
allows each component element to be delivered in a separate precursor for precise 
screening of elemental ratios (in terms of F- and Na+ for the host matrix, Yb3+ as a 
sensitizer, and Er3+ and Tm3+ as the activators). Second, and to achieve rapid and 
efficient parameter mapping and product optimization, we show for the first time the 
use of a high-throughput droplet-based microfluidic reactor with in-line 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 



Shangkun Li   Chapter 6 

123 
 

NaYF4: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 excitation. 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. 

6.2 Materials & Methods 

6.2.2 Chemicals 

Yttrium acetate hydrate (99.9%), ytterbium acetate hydrate (99.9%), erbium acetate 
hydrate (99.9%), and thulium acetate tetrahydrate (99.9%) were obtained from 
ABCR. Cesium fluoride anhydrous (99.9%) was procured from Apollo Scientific Ltd. 
Sodium 2-ethylhexanoate (>98.0%) and 2-ethylhexanoic acid (>99.0%) were 
obtained from Tokyo Chemical Industry. Tetraethylene glycol dimethyl ether 
(TEGDME, 99%) was obtained from Acros Organics. Dioctylamine (98%) was 
procured from Aldrich-Fine Chemicals. Galden fluorinated fluid (HT 270) was 
obtained from Blaser Swisslube AG. All the chemicals were used as received and 
without further purification. Sylgard 184 polydimethylsiloxane (PDMS) base and 
curing agent were purchased from Dow Corning. GM 1070 SU-8 was purchased from 
Gersteltec. 

6.2.3 Preparation of precursors 

Na+ Precursor: Sodium 2-ethylhexanoate (1.875 mmol) was loaded into a 20 mL 
Schlenk flask together with 5 mL of TEGDME, dried for 10 minutes at room 
temperature before being loaded into a 10 mL Hamilton glass syringe. 

RE3+ Precursors: Y3+, Yb3+, Er3+ and Tm3+ precursors were prepared separately in four 
different flasks by the same method. RE acetate hydrate (1.25 mmol) was loaded into 
a 20 mL Schlenk flask along with 3.5 mL of TEGDME, 0.7 mL of 2-ethylhexanoic acid 
and 0.8 mL dioctylamine. The cloudy mixture was heated to 100°C and maintained 
for 30 minutes until the solid dissolved. Subsequently, the clear solution was cooled 
to room temperature and dried for 10 minutes. Y3+ and Yb3+ precursors were loaded 
into 10 mL and 1 mL Hamilton glass syringes, respectively, while Er3+ and Tm3+ 
precursors were loaded into 0.1 mL glass syringes. 
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F- Precursor: Cesium fluoride (5 mmol) was loaded into a 20 mL Schlenk flask together 
with 2 mL of TEGDME and 3 mL 2-ethylhexanoic acid. The mixture was heated to 
100°C and maintained for 30 minutes until the solid dissolved. Subsequently, the 
clear solution was cooled to room temperature and dried for 10 minutes before being 
loaded into a 10 mL Hamilton glass syringe. 

6.2.4 Microfluidic synthesis of NaYF4:Yb,Er,Tm 

Syringes loaded with precursors were mounted on precision neMESYS syringe pumps 
(Cetoni GmbH). Seven syringes were used in total, including four syringes filled with 
Re precursors with the same molar concentration, two syringes loaded with Na+ and 
F- precursors, and another syringe used to inject the carrier Galden fluorinated fluid. 
The four Re3+ precursors were initially mixed using a polyether ether ketone (PEEK) 
7-port manifold (0.5 mm thru-hole, IDEX Health & Science). Then the RE3+ precursors 
were mixed with Na+ and F- precursors as well as oil and segmented into droplets (65 
nL volume at a frequency of 7.6 s-1) at second PEEK 7-port manifold. Such a geometry 
allows for precise control of the ratios between RE3+, as well as the ratios of Na+ to 
RE3+ and RE3+ to F-. Formed droplets subsequently 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 in-line PL system (see 
below). The minimum time required per parameter to collect in-line PL data was 3 
minutes. 

6.2.5 Sample collection and purification for microfluidics 

When sample collection was required, the reactor was run with fixed reaction 
parameters for 60 minutes and the crude reaction solution collected. The reaction 
solution was then separated from the carrier fluid, and the final product obtained 
after centrifugation at 8000 rpm and two washes in ethanol.  

6.2.6 Device fabrication and operation 

A solid-state device was made within a PDMS chip, fabricated using standard soft 
lithographic methods. Briefly, patterns were designed using AutoCAD 2018 
(Autodesk) and printed onto a high-resolution film photomask (Micro Lithography 
Services Ltd). This photomask was then used to fabricate master structures on an SU-
8-coated silicon wafer. Subsequently, a 10:1 wt/wt mixture of PDMS base to curing 
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agent were poured over the master and cured overnight at 70°C. The cured PDMS 
structure was peeled off the master, and inlet and outlet ports punched using a hole-
puncher (Technical Innovations). The structured PDMS substrate was then bonded 
to a 24×75 mm glass slide (ThermoScientific) after treatment in a Zepto air plasma 
chamber (Diener Electronic) for 60 seconds. Finally, the assembled device was placed 
on a hot plate at 120°C for at least 2 hours to ensure complete bonding. All channels 
were 55 μm in height. To prepare the device, NaYF4:Yb,Er,Tm (20% Yb) UCNPs 
dispersed in ethanol were injected into separated letter patterns (‘E’, ‘T’, and ‘H’) with 
R5 at 0%, 70% and 100%, respectively. After heating the device for 20 minutes at 
120°C, the ethanol was completely removed, leaving a solid layer of UCNPs. The 
device was illuminated using a 980 nm laser at 4 W/cm-2 power density, to excite the 
UCNPs. Emitted light was collected by a 4× 0.1 NA objective lens (AmScope), passed 
through a FESH0750↓ filter (Thorlabs) and finally imaged using a Mi 9 smartphone 
(Xiaomi). 

6.2.7 Characterization 

Transmission electron microscopy (TEM) was performed on a HT7700 Hitachi TEM 
at an accelerating voltage of 100 kV. XRD measurements were performed on a 
PANalytical Empyrean diffractometer equipped with a Cu Kα X‐ray tube (45 kV, 40 
mA). In-line PL was accomplished using a 980 nm laser source (Changchun New 
Industries Optoelectronics Technology) with a 10 W/cm2 power density. The 
emission signal was filtered by an FESH0750↓ filter (Thorlabs) to remove the laser 
light. Finally, the PL emission originating from NaYF4:Yb,Er,Tm UCNPs was collected 
by an optical fiber (placed in a 90° orientation with respect to the excitation beam) 
and detected by a fiber-coupled Ocean FX spectrometer (Ocean Optics). The laser 
power densities were measured with a PM100D compact power and energy meter 
console (Thorlabs). 

6.2.8 COMSOL simulation 

COMSOL Multiphysics 5.4 was used for the CFD simulation. The physics used in the 
simulation are heat transfer in solids and fluids mode and creeping flow mode. Due 
to the complexity of the simulation, only the continuous flow was considered in the 
modes programed by COMSOL Multiphysics 5.4. The equations, which used in heat 
transfer in solids and fluids mode and creeping flow mode, are showed in equations 
1 to 5. 
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ρcp u·▽T+▽·q=Q   (1) 

q=-k▽T    (2) 

0=▽·[-pI+k]+F   (3) 

▽·(ρu)=0                             (4) 

k=µ(▽u+(▽u)T )-2/3µ(▽·u)I (5) 

Here, u is the velocity vector, ρ is the solution density, cp is the heat capacity at 
constant pressure, q is the thermal flux, k is the heat conductivity, p is the pressure, F 
is mass force distribution density, µ is the dynamic viscosity. First, we built a 3D 
geometric model, then added the corresponding materials to the model. The physics 
field was then set to the initial temperature, boundary conditions, and fluid velocity. 
In Figure 6.1, the heating speed of the reactor with different flow rate was simulated. 
In general, the heating distance is reduced with the decreasing of flow rate. 

 

Figure 6.1. Temperature distribution of the flow at the beginning of the heater changes with 
the different flow rate. 
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6.2.9 Conversion to CIE 

To convert spectra to a representation of a color, a calculation based on the CIE colour 
matching functions (Figure 6.2), 𝑒𝑒(𝜆𝜆) , 𝑦𝑦(𝜆𝜆)and 𝑧𝑧(𝜆𝜆)  was used. These model the 
chromatic response of a "standard observer" by mapping a spectrum, P(λ), to a set of 
tristimulus values, X, Y and Z, analogous to the actual response of the three types of 
cone cell in the human eye. 

X = �𝑃𝑃(𝜆𝜆)𝑒𝑒 (𝜆𝜆)𝑑𝑑𝜆𝜆, 

Y = �𝑃𝑃(𝜆𝜆)𝑦𝑦 (𝜆𝜆)𝑑𝑑𝜆𝜆, 

Z = �𝑃𝑃(𝜆𝜆)𝑧𝑧 (𝜆𝜆)𝑑𝑑𝜆𝜆, 

Then, X, Y and Z can be normalized by dividing by their sum as following: 

𝑒𝑒 = X
X+Y+Z

,  𝑦𝑦 = Y
X+Y+Z

,  𝑧𝑧 = Z
X+Y+Z

= 1 − 𝑒𝑒 − 𝑦𝑦 

Finally, x and y are used to describe the color of the light in CIE standard chromaticity 
diagram. 

Further conversion of X, Y, Z to RGB values for output by a display device requires 
transformation by the appropriate chromaticity matrix.  

�
𝑅𝑅
𝐺𝐺
𝐵𝐵
� = �

0.41847 −0.15866 −0.082835
−0.091169 0.25243 0.015708
0.00092090 −0.0025498 0.17860

��
𝑋𝑋
𝑌𝑌
𝑍𝑍
� 
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Figure 6.2. The CIE XYZ standard observer color matching functions. 

 

6.3 Results and Discussion 

6.3.1 Experimental Design 

We developed a droplet-based microfluidic platform (see Figure 6.3a) for reaction 
parameter screening of NaYF4:Yb,Er,Tm UCNPs using integrated real-time in-line 
infrared laser (980 nm) excitation and spectral reading. The ability to rapidly scan 
precursor ratios allows for fast, accurate, reproducible and efficient parameter 
screening.300 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.301 To assess the temperature 
equilibration time in our reactor, we conducted computational fluid dynamic (CFD) 
simulations of the heat transfer from the heating rod (Figure 6.3b) into the reaction 
solution (Figure 6.3c and Figure 6.1). At a total flow rate 80 µL/min, the reaction 
solution reaches the target temperature (i.e. room temperature to 220°C) after 3 mm 
of travel, and within 500 ms (Figure 6.3d). 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 Electronic 
Supplementary Information. 
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Figure 6.3. a) Schematic of the droplet-based microfluidic platform with in-line 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 as the surrounding 
temperatures of heater and air are 220°C and 25°C, respectively. d) Variation of the 
temperature of the reaction solution as a function of heating time. 

To tune or optimize the properties of NaYF4:Yb,Er,Tm UCNPs by reaction parameter 
screening, the precursor ratios between each constituent element must be 
controllable, meaning that each element must to be delivered in a separate precursor. 
This is not typically the case in bulk reactions, where Na+, RE3+, and F- are combined 
within a single precursor.294–296 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 RE3+. Finally, it should be noted that 
modulation of droplet residence times in the heated zone allows for control over the 
total reaction time. 
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6.3.2 Parameter Optimization and Color Tuning for NaYF4:Yb,Er 

In NaYF4:Yb,Er nanocrystals, NaYF4 is the host lattice for lanthanide ions, Yb3+ acts as 
a sensitizer to absorb the near-infrared laser light, whilst Er3+ is the activator for 
green and red emission. Optimization of brightness and tuning of emission spectral 
profile (i.e. colour) can be achieved by varying the precursor ratios for host lattice, 
sensitizer and activators, along with the reaction temperature. Accordingly, we 
assessed the following ratios in this work: R1 = Na/RE; R2 = F/RE; R3 = Yb/RE and R4 
= Er/RE. R1 (Na/RE) and R2 (F/RE), which are the critical ratios for the host lattice 
NaYF4. 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).302,303 As shown in Figure 6.4a and b, the PL intensity of the formed NaYF4:Yb,Er 
nanocrystals was relatively weak when R1 was lower than 1.2, but rapidly increased 
to a maximum at R1 = 1.8.  

To better compare the green and red emission from NaYF4:Yb,Er, the PL peaks at 652 
nm (4F9/2→4I15/2) and 543 nm (4S3/2→4I15/2) were chosen as indices (see Figure 6.7c 
for the excitation diagram). The optimized PL intensity occurs when R1 lies between 
1.5 and 2.5 (peak at 1.8), where both the green and red light obtain their maximum 
brightness, with the intensity at 652 nm always being higher than at 543 nm. 
However, when R1 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 (R1).  
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Figure 6.4. Optimization of reagent molar ratios R1–R4 for NaYF4:Yb,Er nanocrystals. a,b) Effect 
of the Na/RE molar ratio (R1) on PL. c,d) Effect of the F/RE molar ratio (R2) on PL. e,f) Effect of 
the Yb/RE molar ratio (R3) on PL. g,h) Effect of Er/RE molar ratio (R4) on the PL of UCNPs. All 
reactions were performed at 230°C for 48 seconds. To index the green and red color, peaks at 
543 nm and 652 nm were chosen, respectively. 
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The PL intensity of UCNPs was then optimized using an R2 (F/RE) scan, from 2.4 to 
6.0, uncovering an optimal range of 3.2–3.6 (Figure 6.4c and d). Interestingly this 
ratio is less than the 4:1 stoichiometry of NaYF4. Indeed, the most popular methods 
for NaYF4:Yb,Er synthesis (Table 6.1) all use a stoichiometry of 4 or higher.   

Table 6.1. Reaction parameters of different methods for synthesis of NaYF4:Yb,Er UCNPs (R1 = 
Na/RE; R2 = F/RE; R3 = Yb/RE; R4 = Er/RE). 
 

Precursors Solvent 
R1 

Na/RE 
R2 

F/RE 
R3 

Yb/RE 
R4 

Er/RE 
T  
(°C) 

Time 
(min) 

Phase Ref. 

Na(CF3COO) 
RE(CF3COO)3 

ODE/OA/OM 1 4 20% 2% 250 45 cubic 
296 

ODE/OA/OM 1.8 4.8 20% 2% 330 30 hexagonal 

OM 2 5 20% 2% 330 60 hexagonal 298 

NaF, 
RE-oleate 

ODE 
4.8 4.8 17% 3% 260 360 hexagonal 

297 
4.8 4.8 17% 3% 210 360 cubic 

RE-oleate 
NaOH 
NH4F 

ODE/OA 9.5 4 18% 2% 300 30 hexagonal 
303 

ODE/OA 2.5 4 18% 2% 280 30 cubic 

ODE/OA 2.5 4 18% 2% 
115-155 8-9 cubic 

302 
300 30 hexagonal 

RE(CO3)3 
Na2CO3 
NH4F 

OM 17.6 4.4 11.5% 2.2% 280 120 
cubic 
/hexagonal/
NaF 

304 

RE(III)-2-ethylhexanoate 
Na-2-ethylhexanoate 
CsF 

TEGDME 1.5-2.1 3.2-3.6 15% 1.5% 200-240 0.1-4 
cubic/ 
hexagonal 

This 
work 

 

Ratios R3 (Yb/RE) and R4 (Er/RE) control the rare-earth element doping. (i.e. 
percentage versus total RE content) for NaYF4:Yb,Er. From the R3 scan we observed 
divergent behaviour for the red and green PL peaks (Figure 6.4 e and f). The PL from 
both red and green increased 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 brightness 
ratio may be adjusted via control of Yb content, R3. After normalizing the PL at 543 
nm (Figure 6.5a), it is evident that the red emission increases with Yb3+ doping 
concentration (from 5% to 90%) due to the influence of the cross-relaxation 
process.292,305 To achieve bright emission UCNPs, the activator doping ratio of Er3+ 
was optimized in Figure 6.4g,h, where the optimum value of R4 was found to be 1.5%. 
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Figure 6.5. Emission color of NaYF4:Yb,Er UCNPs was tuned by changing the Yb doping degree.  
a) Normalized spectra of NaYF4:Yb,Er UCNPs with Yb doping degree (R3) ranging from 5% to 
90%. b) Plot of the CIE1931 color coordinates of the NaYF4:Yb,Er UCNPs with different values of 
R3. c) The RGB tristimulus values of the NaYF4:Yb,Er with different Yb molar ratios (R3). c) The 
RGB percentage of UCNPs with different Yb molar ratios (R3). 
 

Figure 6.5c presents a CIE chromaticity diagram, where the CIE chromaticity 
coordinates vary from x = 0.3332, y = 0.6503 (green) to x = 0.5020, y = 0.4710 (orange) 
by increasing the doping ratio of Yb3+ from 5 to 90%. To obtain a better understanding 
of color evolution, spectra were converted into RGB tristimulus values (Figure 6.5b) 
based on the CIE colour matching functions.306 The RGB percentages are shown in 
Figure 6.5d. With increasing Yb3+ content, the percentage of red emission smoothly 
increases from 21 to 65%. In contrast, the percentage of green emission decreases 
from 79 to 34%. The blue emission is near zero across the whole range. Overall, we 
see that the emission color from NaYF4:Yb,Er UCNPs can be tuned from green to 
orange by changing the doping ratio of Yb3+ in RE.  
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Figure 6.6. Temperature and residence time optimization for NaYF4:Yb,Er nanocrystals. a,b) 
Effect of the reaction temperature on PL. c,d) Effect of residence time on PL. All reactions were 
performed with R1= 1.8, R2=3.2, R3= 14%, and R4 = 10%. To index the green and red color, peaks 
at 543 nm and 652 nm were chosen, respectively. 
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After scanning precursor ratios for emission color tuning, we conducted a study of 
the impact of reaction temperature and residence time, with a view to further 
optimizing reaction parameters and understanding the influence of these factors on 
UCNP properties (Figure 6.6). For temperature optimization, we used the optimal 
ratios established previously, i.e. R1=1.8, R2=3.2, R3=15%, and R4=1.5%, respectively, 
with a total reaction time of 48 seconds. In the range of 160 to 240°C, there was a 
continual increase in PL brightness from effectively zero at 160°C (Figure 6.6b). It is 
evident that the PL has not reached a global maximum by 240°C, however this was 
the highest accessible temperature using the current reactor set-up, since 
temperatures higher than this led to gas evolution from the reaction solution (the b.p. 
of TEGDME is 275°C). For the reaction time study, the temperature was set at 230°C 
(to ensure sufficient PL brightness, whilst prohibiting gas evolution). As shown in 
Figure 6.6c and d, the PL of the formed UCNPs increases with an extension of 
residence time prior to 240 seconds, and rapidly plateaus after this point. Accordingly, 
we chose 4 minutes as our optimal reaction time. This is a significant reduction 
compared to standard approaches, which typically require between 30 minutes and 
6 hours (Table 6.1). With an increasing reaction time (from 0 to 480 seconds), the 
ratio of red to green emission was not significantly different (1.28±0.21, calculated at 
each time point in Figure 6.6d), suggesting that the residence time primarily affects 
reaction efficiency rather than product properties. We therefore conclude that, 
importantly in the context of this research, it is possible to use shorter reaction times 
for rapid parameter screening.  

In Table 6.1 we provide a direct comparison between the synthesis method 
developed herein and other approaches from the literature. Overall, we find a Na-rich 
and F-deficient reaction formulation (versus the stoichiometry of NaYF4:Yb,Er) 
benefits the brightness, while color can be adjusted by tuning the doping degree of 
Yb3+. This is an important observation, and worthy of further study in future work. 
Most importantly, the reaction time in our method is reduced to 4 minutes or less. 
Moreover, results highlight the powerful capabilities of high-throughput microfluidic 
screening platforms in understanding complex synthetic systems. Indeed, in an 
experiment with N synthetic variables (multiple precursors ratios, residence time, 
temperature, etc.), each having M levels (defining the selected range of each factor), 
the overall number of required experimental iterations scales as MN. The time needed 
for these iterations is then given by MN*t, where t is the time for one iteration. In the 
case of NaYF4:Yb,Er UCNPs, a reaction time of at least 60 minutes is typical for one 
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bulk synthesis. Thus, conducting comprehensive parameter space mapping using 
standard flask-based approaches would rapidly become unmanageable due to the 
excessive time required, whereas it remains easily accessible using our modified 
synthesis route and screening approach. 

 
Figure 6.7. Synthesis of color-tunable emission from NaYF4:Yb,Er,Tm UCNPs. a) Effect of the Tm 
molar ratio (R5) on the PL of UCNPs. b) The RGB tristimulus values of the UCNPs with different 
Tm molar ratio of R5. c) The RGB percentage of UCNPs with different Tm molar ratio of R5. d) 
Multiphoton transfer pathways and color origins in upconversion. e) Luminescence of 
nanocrystals in ethanol. Images were captured separately in the dark, with laser excitation at 
980 nm (power density of 4 W/cm2).   
 

6.3.3 Synthesis and optimization of NaYF4:Yb,Er,Tm 

As has been shown, tuning of R1–R4, residence time and temperature for NaYF4:Yb,Er 
enables reaction optimization with respect to PL intensities and color tunability 
between green and orange. However, to obtain white-light-emitting UCNPs, another 
lanthanide ion is required for blue emission, whilst Er3+ contributes to green and red 
emission. Tm3+ ions are the typical blue source in upconversion, and are commonly 
co-doped into NaYF4 with Er3+ ions.298 White light emission is achieved by 
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optimization of RGB emission to a quite specific doping ratio.279 Accordingly, we 
introduced a new variable, R5 (Tm/(Tm+Er)) to extract the optimal Tm:Er ratio. 
Specifically, we used the previously optimized parameters for NaYF4:Yb,Er, except 
that R1 was varied to control the red-green balance. Figure 6.7a shows spectra 
originating from NaYF4:Yb,Er,Tm (20% Yb) with different degrees of Tm doping (R5). 
The blue region (with peaks at 478 nm and 453 nm) arises from the 1G4→3H6 and 
1D2→3F4 transitions of Tm3+, while green (543 and 524 nm) and red (652 nm) 
emission regions arise from the 4S3/2→4I15/2, 2H11/2→4I15/2, and 4F9/2→4I15/2 transitions 
of Er3+ (Figure 6.7d). To better understand the color evolution, spectra were 
converted into RGB tristimulus values based on the CIE colour matching functions.306 
As Tm3+ increases, the blue value exhibits a continuous increase (Figure 6.7b), and 
the red value a continuous decrease, across the entire range. The value of green 
emission was not significantly affected before an R5 of ca. 80%, but experienced a 
sharp decrease with any further increase in Tm3+ ratio. The percentage of the red and 
green emission (Figure 6.7c) decreased with increasing R5 (decreasing Er3+). The 
percentage of blue color increased from 0 to 95%, as R5 increased from 0 to 100%. As 
a result of the low percentage of red color across the whole range of R5, UCNP 
emission gradually changed from green to cold white and to blue with the different 
degrees of doping, as shown in Figure 6.7e. The cold white light emitting 
NaYF4:Yb,Er,Tm nanocrystals were obtained for R5 values between 70 and 80%. The 
photo-transfer pathways provide a mechanistic explanation for these emission colors 
(Figure 6.7d). The Yb3+ is initially excited at 980 nm from its ground state 2F7/2 level 
to the 2F5/2 level, which best matches the 4I11/2 level of Er3+. Consequently, energy 
transfers more easily from Yb3+ to Er3+ compared with Tm3+. Because of this, a lower 
doping concentration of Er3+ benefits the energy transfer from Yb3+ to Tm3+. On the 
other hand, green and red transitions from Er3+ are two-photon absorption processes, 
while the blue transition from Tm3+ is a three-photon absorption process.292 In order 
to obtain white-light emission at a high excitation power, Tm3+ rich doping is required 
to ensure a high blue emission intensity. Figure 6.8 shows the CIE chromaticity 
diagram for NaYF4:Yb,Er,Tm UCNPs (20% Yb) with varying values of R5. The CIE 
chromaticity coordinates change from x = 0.3776, y = 0.6091 (green) to x = 0.2292, y 
= 0.3585 (cold white), ending at x = 0.1475, y = 0.1121 (blue), when increasing the 
doping ratio of Tm3+ from 0 to 100%. With 20% Yb3+, we achieve ‘cold’ white light 
rather than ‘true’ white due to a lack of red. However, by increasing the doping degree 
of Yb3+ to 60%, we can increase the red light content (Figure 6.9), thereby achieving 
true white light emission. The emission spectra of NaYF4:Yb,Er,Tm nanocrystals with 
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60% Yb and variable Tm doping (R5) are shown in Figure 6.9a. The red emission and 
green emission were similar across the entire range of R5 (Figure 6.9c,d), which 
benefits targeting of true white light emission. The corresponding CIE chromaticity 
diagram (Figure 6.9b) shows an R5 of 60–70%, yielding white light under 980 nm 
excitation. Overall, the emission colors of the products display a wide variation from 
orange to blue, and pass through the white emission zone.  

 

 

Figure 6.8. Plot of CIE1931 color coordinates of the NaYF4:Yb,Er,Tm UCNPs (20% Yb) with 
different values of R5. 
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Figure 6.9. Color of NaYF4:Yb,Er,Tm (60% Yb) UCNPs was tuned by changing the Tm doping 
degree (R5).  a) Spectra of NaYF4:Yb,Er UCNPs with Tm doping degree (R5) ranging from 0% to 
100%. b) Plot of CIE1931 color coordinates of the NaYF4:Yb,Er,Tm UCNPs with different value 
of R5. c) The RGB tristimulus values of the NaYF4:Yb,Er with different values of R5. c) The RGB 
percentage of UCNPs with varying R5. 

 

The above results powerfully demonstrate the merits of rapid reaction tuning for 
NaYF4:Yb,Er,Tm UCNPs in obtaining precise multicolor emission in the visible region 
when exited by a single wavelength light source. Figure 6.11a reports that the 
emission color of NaYF4:Yb,Er,Tm can be adjusted in two dimensions, by varying the 
Yb percentage to tune the green–red ratio, and varying the Tm percentage to tune the 
green–blue ratio. Figure 6b shows the XRD pattern of three samples, with R5 equal to 
0, 70 and 100%, yielding NaYF4:Yb,Tm, NaYF4:Yb,Er,Tm, and NaYF4:Yb,Er, 
respectively. All three samples exhibit peaks from both the cubic (α-) and hexagonal 
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(β-) phases. The diffraction peaks from the β-phase of the 0% sample (NaYF4:Yb,Er) 
were weaker than those for the 70% (NaYF4:Yb,Er,Tm) or 100% (NaYF4:Yb,Tm) 
samples. This implies that the β-phase ratio in the absence of Tm is less than in the 
Tm-doped UCNPs. TEM images (Figure 6.10) show that ‘popcorn-like’ NaYF4:Yb,Er 
nanocrystals were obtained. The sizes of the nanocrystals (Figure 6.11c–e) 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 NaYF4:Yb,Er,Tm UCNPs primarily depends on the NaYF4:Yb 
matrix rather than the doping degree of the activators. 

 

Figure 6.10. TEM images of the NaYF4:Yb,Er,Tm UCNPs under different magnification. 
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Figure 6.11. a) Plot of CIE1931 color coordinates of the NaYF4:Yb,Er,Tm UCNPs with different 
value of R5 at Yb doping degree at 20% and 60%. b) XRD patterns of NaYF4:Yb,Er,Tm UCNPs 
with R5 at 0% (black), 70% (red), and 100% (blue). c-e) TEM images of the nanocrystals with 
R5 at 0%, 70%, and 100%. Scale bar is 500 nm. 
 

6.3.4 Application of NaYF4: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, the ETH 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, NaYF4:Yb,Er,Tm (20% Yb) UCNPs in ethanol 
(with R5 at 0, 70 and 100%, representing three different emission colour profiles, see 
Figure 6.12) 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 (Figure 6.13a). Without the 980 nm 
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excitation, all three characters appear identical (Figure 6.13b). However, once 
excited, the three different colors (green, cold white, and blue in Figure 6.13c), can 
clearly be observed and imaged with the smartphone camera. 

 

Figure 6.12. Spectra of NaYF4:Yb,Er UCNPs with Tm doping degree (R5) at 0%, 70%, and 100% 
for ETH logo anti-countering. 

 

 
 
Figure 6.13. Color-tunable NaYF4:Yb,Er,Tm nanocrystals applied for anti-countering. a) 
Concept for anti-counterfeiting with imaging by a smartphone camera. b) ETH logo captured 
without excitation. c) Three different colors emerging under the 980 nm excitation. Scale bar 1 
mm. 
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6.4 Conclusions  

In summary, we have developed an entirely new synthesis strategy, in term of 
reagents, solvent and ligands, for the preparation of precursors with isolated 
elements, and facile color tuning of NaYF4:Yb,Er,Tm UCNPs. By taking advantage of 
the time and materials efficiency associated with droplet-based microfluidic reactors, 
R1 to R5, as well as the residence time and reaction temperature could be optimized 
via in-line PL analysis. Significantly, our approach has drastically reduced required 
reaction times from hours/days down to a few minutes, with products not requiring 
any further Ostwald ripening (typically high temperature treatment for hours). Using 
such a guided optimization of reaction parameters, highly bright and color-tunable 
UCNPs have been synthesized 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 NaYF4:Yb,Er,Tm nanocrystals have been synthesized. As 
evidenced by the fabrication and testing of an anti-counterfeit device, formed 
nanocrystals still exhibit excellent PL 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.
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Chapter 7 

Conclusion 
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During the last two decades, microfluidic synthesis of PNs has made enormous 
progress, from continues-flow to segmented-flow, high temperature and high 
pressure, automation, high-throughput screening, and novel integrated optical 
detection systems. The primary reason why microfluidic systems provide 
advantageous environments for performing synthesis is the dependency of fluid flow 
characteristics on scale. The atypical fluid behavior in small-volume environments 
directly leads to a number of key features. These include the ability to process 
miniscule volumes of sample and reagents, efficient mass and thermal transport, 
precise and dynamic control of reaction parameters (such as temperature, reaction 
time and reagent concentrations), and the ability to integrate a range of optical tools 
to probe reactions in a sensitive and real-time manner. All of these features provide 
the experimentalist with a unique opportunity to perform a synthetic process in a 
rapid, high-throughput, efficient and controllable manner. The aim of this thesis was 
to further develop innovative segmented flow microfluidic platforms and use the 
advantages of microfluidics to optimize reaction conditions, and to pursue ‘big data’ 
analysis to understand the underlying mechanisms of PNs synthesis, and to promote 
microfluidic reactors as a possible standard technology for chemical synthesis. 

In the first part of this work, we used an automated droplet-based microfluidic 
reactor with in situ PL characterization to map a two-dimensional parameter space 
(scanning base:acid ligand ratio and reaction temperature) for CsPbBr3 nanocrystals, 
in search of reaction conditions that yield quantum confined nanostructures with 
bright and narrow emission properties. Our results demonstrated the time and 
material efficiency of automated multidimensional parameter screening versus a 
one-factor-at-a-time optimization approach normally undertaken in conventional 
synthesis routes. This approach shows potential for impact in some areas of study 
that are pertinent to the advancement of the LHP nanocrystal field. This approach is 
desirable to discover and employ reaction conditions that yield inherently low 
polydispersity, rather than relying on post-hoc product purification to isolate specific 
products, which is both involved and inefficient. We have demonstrated this by 
identifying two reaction parameters sets in the C8B-C8A experiment that both yield 
bright and narrow emission. Moreover, it evident from the literature that the binary 
organic amine–acid ligand system has some disadvantages (e.g. poor surface binding) 
that inherently limit the product stability. Our study herein has demonstrated the 
complexity of the parameter space for even a relatively simple binary ligand system, 
with a strong dependence on reaction temperature and ligand ratio.  
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Driven by the results from previous work, and the new ligands discovered for CsPbBr3, 
we were intrigued to develop a microfluidic platform that could distinguish different 
species of molecules or nanocrystals in the reaction solution with high resolution 
absorbance spectroscopy. The limitation of the previously developed platform201 in 
obtaining high resolution absorbance was overcome by replacing the round PTFE 
tubing to square glass capillary. The newly developed system provided accurate and 
quantitative absorbance information of the reaction solution for CsPbBr3. By analysis 
the PL and absorbance data, the parameter space mapping for pure CsPbBr3 phase 
was confirmed and inherently low polydispersity nanocrystals were also synthesized.  

Furthermore, a new class of anisotropic cesium lead bromide NCs, namely Cs4PbBr6 
crystalline hexapods, was synthesized and studied. The arm length of hexapods 
extended up to 360 nm, with arm:core ratios up to 6.0 (i.e. 360 nm arms around a 60 
nm cores). Hexapod structures formed with slow kinetics during a post-synthetic 
incubation of nanosheets. These first developed into rhombic NCs and then formed 
hexapods by oriented attachment. This was followed by necking, elongation and 
thinning of the six arms. Due to the slow reaction kinetics, the reaction could in theory 
be stopped at any point during the shape evolution and phase transformation by 
separation of the NCs from the crude solution, making all of the intermediate-state 
nanostructures available for further characterization and application. Ultimately, the 
complex equilibrium between the molecular precursors (lead octanoate, cesium 
octanoate, oleylammonium bromide), the molecular ligands (octanoic acid, octanoate, 
oleylamine, oleylammonium), in both solution and on the NC surfaces, and between 
the different crystal phases of the NCs, and even between the different facets of these 
NCs, made the exact reaction mechanism hard to elucidate. Nevertheless, such a 
growth process shows the possible utility of slow reaction kinetics in obtaining novel 
NC structures, which could find significant applications in creating complex 
functional LHP nanostructures as components in superlattices, or as deep ultraviolet 
detectors. 

Finally, we extended our microfluidic synthesis approach to upconversion 
nanoparticles (UCNPs). The typical synthesis of UCNPs in bulk requires harsh 
reaction conditions (i.e. high temperatures, high pressures, and long reaction time), 
which limit the translation to microfluidic synthesis. Therefore, we have developed 
an entirely new synthesis strategy, in term of reagents, solvent and ligands, for the 
preparation of precursors with isolated elements, and facile color tuning of 
NaYF4:Yb,Er,Tm UCNPs. By taking advantage of the time and materials efficiency 
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associated with droplet-based microfluidic reactors, a broad parameter space could 
be optimized via in-line PL analysis. Significantly, our approach drastically reduced 
required reaction times from hours/days down to a few minutes, with products not 
requiring any further Ostwald ripening (typically high temperature treatment for 
hours). Using such a guided optimization of reaction parameters, highly bright and 
color-tunable UCNPs were synthesized 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 NaYF4:Yb,Er,Tm nanocrystals were 
synthesized. As evidenced by the fabrication and testing of an anti-counterfeit device, 
formed nanocrystals still exhibit excellent PL 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.
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