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ABSTRACT 

 Hot charge carrier generation and extraction from semiconducting and metal nanoparticle 

materials have been heavily researched from their potential to preform chemistry that regular 

electrons are not capable of. One major hurdle that inhibits the practical use of hot electrons is the 

need for high energy photons or high photon fluxes for their generation in most semiconductors, 

which is not readily available through solar radiation. Noble metal nanoparticles are able to 

generate hot electrons under visible radiation but due to the low relative energy of the hot electrons 

their use for jumping over energetic barriers and photocatalysis is limited.  

 Colloidal semiconductor nanocrystals have been at the forefront of nanoscience research 

from the wide range of interesting properties that are imparted on them from quantum confinement 

effects that result in new physical processes when compared to their bulk counterparts. The 

promising optical properties of these materials with high quantum yields and photostability has 

made them useful in biological, photovoltaic, photocatalytic, and optoelectronic applications. In 

3-dimensional confined quantum dots, the excitonic wavefunction can extend throughout the 

volume of the structure yielding greater sensitivity to the addition of dopants, further increasing 

the ability to manipulate the optical properties.  

 Doping Mn in II-VI quantum dots has been of interest from the many optical and magnetic 

properties that it imparts on the host structure. The 4T1 – 6A1 transition has a low probability to 

occur from its small cross section due to its spin forbidden nature, relying on energy transfer from 

the host structure. The forbidden nature of this transition results in long millisecond 

photoluminescence lifetimes. The long lifetime of the Mn excited state is able to facilitate hot 

electron generation under low intensity cw excitation via two photon upconversion. This process 

occurs as follows: the first photon creates an exciton that has energy transfer to the Mn followed 
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by another exciton being formed which the Mn undergoes back energy transfer excited state 

electron 2 eV further into the conduction band. The hot electrons generated in this have the ability 

to outcompete regular electrons in photocatalysis, the ability to be photoemitted from the quantum 

dot, and pass through an insulating barrier. While these results show the capability of hot electrons, 

the hot electron generation efficiency is still low which creates the need to explore new material 

systems that have higher inherent quantum yields to better facilitate this process.  

 To circumvent this issue, cesium lead halide perovskite nanocrystals, which have 

photoluminescence quantum yields near unity, were explored as new material system for hot 

electron generation. The synthetic background for Mn doping in CsPbCl3 and CsPbBr3 was 

developed which will allow for the verification and study of the hot electron generation for this 

material. A new photoinduced anion exchange method was also developed which can allow for 

greater tunability of the perovskite optical properties. To further push the boundaries and 

capabilities of hot electrons, the photocatalytic reduction of CO2 was studied using a hybrid 

quantum dot/metal catalyst system that showed the long-range electron transfer to the catalyst from 

the quantum dot via hot electrons.  
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NOMENCLATURE 

ODE    1-Octadecene 

OAm    Oleylamine 

OA    Oleic acid 

ITO    Indium tin oxide 

MPA    3-Mercaptopropionic acid 

XRD    X-ray diffraction 

TEM    Transmission electron microscopy 

EDS    Energy dispersive X-ray spectroscopy 

cw    continuous wave 

ICP-MS   Inductively coupled plasma mass spectroscopy 

QD    Quantum Dot 

NC    Nanocrystal 

SEM    Scanning electron microscope 

EPR    Electron paramagnetic resonance 

MNP    Metal nanoparticle 

SCE    Saturated calomel electrode 

CsPbX3   Cesium lead halide  

PLQY    Photoluminescence quantum yield 
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CHAPTER I 

INTRODUCTION 

 

 Hot electron generation has been widely studied in MNP and semiconductor systems as 

the excess energy in hot electrons can drive catalysis and photovoltaics that normal electrons 

cannot. A limiting factor in the design of semiconductor solar cells is that the excess energy from 

electrons excited with energy above the materials bandgap is converted into heat before the 

electrons are extracted. If this excess energy could be utilized before the electrons relaxed, then 

the power conversion efficiency in a single junction solar cell could increase from 33% to 66%.1 

This has led to many ultrafast optical studies to identify hot electron relaxation pathways to 

develop efficient extraction methods.2-4 For photocatalytic applications, a hurdle for using hot 

electrons from semiconductor QDs is that either high intensity or high energy light is required, 

which is not readily available via solar radiation. To circumvent this problem, plasmonic 

MNP/semiconductor heterostructures were designed, capable of generating hot electrons without 

intense light sources. These hot electrons generated are able to overcome barriers that normal 

electrons would not be able to, which was shown in TiO2/Au heterostructures and gold tipped CdS 

nanorods.5, 6 The hot electrons are also able to promote photocatalytic reactions that could not 

typically occur under normal conditions. In gold MNPs, H2 dissociation on its surface can occur 

from the hot electron transfer to the antibonding state of the H2.
7 These systems are limited though 

by the fermi level position of the MNP being ~ 4 eV below vacuum with their hot electrons only 

having excess energy of 100 meV. This limits the use of the hot electrons generated with MNP 

since they would still lack the energy to reduce chemically expensive species. 

 Transition metal doped semiconductor QDs have shown themselves as a promising 

material that can generate hot electrons under low intensity cw visible excitation. Mn doping in II-
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VI QDs results in energy transfer from the exciton of the host to the Mn dopant putting it in an 

excited state. Due to the spin forbidden nature of this transition, the lifetime of the Mn in its excited 

state can last for several milliseconds. This allows for another exciton to form in the host creating 

the chance for back energy transfer from the Mn excited state to the conduction band electron, 

resulting in a hot electron. The conduction band of CdS QDs is located 3 eV below the vacuum 

level, placing the location of the hot electrons generated around 1 eV with a small distribution 

possibly being above the vacuum level. In multiple experiments it was shown that Mn-doped QDs 

were able to outperform undoped QDs under similar reaction conditions. An example of this is 

when Mn-doped CdSSe/ZnS QDs catalytic ability were compared to their undoped counterpart 

under photoexcitation. Even though the hot electron generation process requires double the number 

of photons for their generation, the increase in available energy offset this with the doped QDs 

having a much higher efficiency of H2 generation. The doped QDs were also capable of penetrating 

a 7 nm insulating barrier as well as being emitted from the QD under vacuum. This shows some 

of the capabilities that hot electrons have and further demonstrates their potential applicability in 

chemical reaction that require a large reduction potential.  

 While the past experiments have shown the capability of hot electrons, the efficiency of 

generating them is still low (< 1%). Two possible ways to improve this efficiency would be to add 

another dopant into the system to enhance the probability of back energy transfer or to explore 

new host systems for Mn doping. All inorganic CsPbX3 perovskite NCs have become a popular 

new type of NC from their easy synthesis and their inherently high PLQYs (> 80%). Their labile 

crystal structure allows for the ability to tune the bandgap of the host throughout the visible 

spectrum by exchanging the halide ion. It is even possible to perform cation exchange to switch 
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out the A site or B site cation. These possibilities provide a new system that can easily be modified 

while still having optical properties that rival that of the II-VI QD system.  

 While the exploration of new platforms for hot electron generation materials is crucial, it 

is necessary to still explore proof of concept reactions to learn the capabilities of hot electrons. The 

direct reduction of CO2 is ~1.5 V vs NHE greater than the reduction potential of H+ which makes 

this process highly improbable to occur from a semiconductor without the aid of a cocatalyst. The 

use of a molecular catalyst coupled with a QD photosensitizer has shown to greatly enhance 

selectivity and reduction capabilities. The molecular catalyst must be linked to the QD to have 

efficient electron transfer which increases the complexity of the system since the ligand must be 

tailored specifically. From the high energy of hot electrons, it could be possible to directly reduce 

CO2 to CO as well as being capable of having long range electron transfer to a metal catalyst, 

removing the need for a linker molecule. 

 This dissertation is organized as follows. Chapter III will introduce Mn doping in CsPbCl3 

perovskite and highlight the synthesis and structural characterization of the doped NC. This 

synthetic method is the starting point for doping Mn in CsPbX3 perovskite NCs. In Chapter IV a 

variation of the synthesis in Chapter III is presented to dope Mn in CsPbBr3 NCs. It was initially 

thought Mn could not be doped into CsPbBr3 but through first creating a monolayer intermediate 

species coordinated with Mn we were able to synthesize Mn doped CsPbBr3 nanocubes and 

nanoplatelets. In Chapter V photoinduced anion exchange of the CsPbX3 is described as a new 

method to exchange the halide in the NC by using a halogenated solvent and photoexcitation. This 

method provides fine control since the reaction only occurs under photoexcitation. In Chapter VI, 

the use of the Mn doped QDs for the photocatalytic reduction of CO2 to CO is displayed as an 

application of the Mn doped QD. In the experiment the QD is also paired with a metal catalyst to 
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determine if this will increase the efficiency of the system for generating CO. The dissertation will 

conclude with Chapter VII summarizing the experiments as well as discussing some of the next 

steps for future works with the perovskite and II-VI QD.  
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CHAPTER II 

BACKGROUND AND LITERATURE OVERVIEW 

2.1 Hot Electrons in Semiconductors and Noble Metals 

 Hot electrons in semiconductors and noble metal nanoparticles have been studied heavily 

over the past few decades from the potential benefits they have over band edge electrons in 

photovoltaic and photocatalytic applications. In semiconductor materials, one of the main goals 

has been to extend the hot electron lifetime long enough to harvest it before relaxation. It was 

theoretically predicted that if hot electrons, generated from photons with more energy than the 

band gap, could be captured before they lose their energy through phonon modes then the 

efficiency of a solar cell could be increased from 33% to 66%.1 This remains a challenge still today 

due to the fast cooling process that is typically only 100s of femtoseconds.  

 

Figure 1. Representation of hot carrier cooling in a semiconductor. Ev is the valence band, Ec is 

the conduction band, Eg is the band gap, hν is photon energy, ΔEe is the excess electron kinetic 

energy, and ΔEh is the excess hole kinetic energy. Reprinted with permission from Nozik, A. J. 

Annu. Rev. Phys. Chem. 2001. 52, 193–231. Copyright 2001 Annual Reviews.  



 

6 

 

 Figure 1 gives a schematic representation of the hot carrier generation and cooling process. 

Initially a photon (hν) with energy greater than Eg is absorbed which creates an electron and hole 

population that have excess kinetic energy. These populations reach thermal equilibrium through 

carrier-carrier scattering which leaves them with a thermal distribution with a temperature greater 

than that of the lattice. The hot carrier populations then equilibrate with the lattice temperature 

through the loss of their energy to the longitudinal optical phonons.8 The relaxation of the hot 

carrier populations will depend on the quantity generated as well as the available phonons in the 

lattice. The hole population will relax faster than the electron population due to its larger effective 

mass as well as the greater density of states in the valence band. It was originally hypothesized 

that a “phonon bottleneck” could occur in confined materials from the larger spacing between the 

quantized energy levels where phonons have insufficient energy to bridge the gap.  

   While the “phonon bottleneck” was predicted for quantum confined structures it was 

never actually observed due to additional cooling pathways created from the coupling of the 

electron and hole. The relaxation of the hot electron in  a CdSe QD was observed to be 300 fs with 

the potential pathways being through electron-electron or electron-hole Auger relaxation.3, 9 A way 

to work around this was created by synthesizing CdSe/ZnS/ZnSe/CdSe QD with different shells 

that were capable of decoupling the electron and hole with hot electron lifetimes of 1 ns.4 The 

effective coupling of the QD with an electron acceptor can also facilitate the extraction of the hot 

electrons which was shown with a PbS-TiO2 heterostructure having 50 fs electron transfer times.10 

Perovskite nanocrystals have shown great promise for long lived hot electron lifetimes (100s of 

ps) from the large polarons that form under excitation due to the rotations of the A site cation in 

the lattice.11 These results show the progress made for the ability to extract hot electrons from 
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semiconductor materials and the potential they can have to boost photovoltaic and photocatalytic 

applications.  

 

Figure 2. Hot electron generation process in MNP. (a) Photoexcitation of the localized plasmonic 

mode of the MNP (b) The absorbed light can either be emitted as a photon or transferred into an 

electron and hole pair through a process known as Landau damping. (c) The initial hot carrier 

population undergoes carrier-carrier scattering that results in the hot Fermi-Dirac distribution. (d) 

The carriers undergo thermal dissipation through the lattice and with the surrounding area 

generating heat. Reprinted with permission from Brongersma, M. L.; et al. Nat. Nanotech. 2015, 

10, 25. Copyright 2015 Springer Nature. 

 

 While the generation of hot electrons are promising it can be limited by the energy 

requirements necessary for their generation since it can require either pulsed laser excitation or 

high energy UV photons. This limitation in semiconductors is not seen in MNP which can generate 

hot electrons with visible light excitation. The hot electron generation process in MNP has some 

slight differences compared to the semiconductor case (Figure 2). Upon excitation the plasmon 

can be quenched either by emitting a photon or through Landau Damping which results in the 
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creation of an electron-hole pair on the order of 1 to 100 fs. Then the electron-hole pair will 

redistribute their energy through carrier-carrier scattering creating a Fermi-Dirac distribution in 

about 100 fs to 1 ps. The electrons will interact with phonon modes and equilibrate with the lattice 

which can be described by a Two Temperature Model accounting for the electron temperature and 

lattice temperature. The final step is for the heat transfer to the surrounding area which occurs from 

100 ps to 10 ns.12 The hot electron generation in MNP has found its uses in photocatalytic H2 

splitting,13 cancer treatments from photothermalization,14 and electron transfer over high energetic 

barriers into semiconductors.6 

2.2.1 CsPbX3 Perovskite Nanocrystals 

 CsPbX3 perovskite NCs have been at the forefront of colloidal semiconductor nanocrystal 

research since their inception in 2015.15 They have gathered a large amount of attention due to 

their superb optical properties with PLQY greater than 90% after synthesis and some reports of 

unity PLQY with post synthesis modification.16 They also exhibit very labile structures which 

allow for anion17, 18 and cation exchange,19 creating new optical properties in the host NC. There 

have also been multiple reports with methods to create anisotropic structures of the perovskite NCs 

being either 1D20 and 2D21, 22 confined as well as a reported method for 0D confined QD.23 The 

fast development of optimized synthetic methods for the perovskite NCs has led to many 

photophysical studies to determine the properties of this new material for their eventual use in 

photovoltaic or optoelectronic applications.  
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Figure 3. Representation of the crystal structure of perovskite. Reprinted with permission from 
Jena, A. K.; et al. Chem. Rev., 2019, 119, 3036-3103. Copyright 2019 American Chemical Society. 

 The term perovskite was typically used to describe metal oxide materials that have uses in 

ferroelectrics or piezoelectric applications. It describes the position of the constituent ABX3 atoms 

in the unit cell. The A+ cation is located at the cube corner where the B2+ cation is at the body 

center and the X- is at the face center. This forms the octahedral shell of anions around the B site 

cation with the A site cation located in the voids (Figure 3).24 The crystal structure of the perovskite 

can be predicted based on the radius of the constituent atoms by calculating the Goldschmidt 

tolerance factor which should be between 0.8 and 1 for a 3-D cubic structure.25 There were very 

few example of semiconducting perovskite materials until metal halides started to find their use in 

solar cell applications.  

 One of the first successful displays of a perovskite in solar applications was using a 

methylammonium lead iodide/chloride (CH3NH3PbI3-xClx) thin film with efficiencies at 10.9% 

back in 2012.26 This number has risen to over 23% recently which is why there has been such a 

push and increase in activity involving research with halide perovskites.27 These high efficiencies 

arise from the large carrier mobilities in the perovskite and due to the band structure of the material 

hinders recombination from defect states. A large hurdle to overcome though with this material is 

the instability it has towards water and polar solvents which can result in the dissolution of the 

crystal structure. This has led to the inclusion of mixed cation and anion structures within the 

perovskite24 and to the eventual synthesis of the CsPbX3 perovskite NCs.  
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Figure 4. (a) Representation of increasing formation energy for varying defects in the perovskite 

lattice. (b) Example of differences in midgap states for covalent defect intolerant (left) and ionic 

defect tolerant (right) nanocrystals. (c) Illustration of formation of polaron formation in the 

perovskite nanocrystals for screening defects. Reprinted with permission from Quinten A. A.; et 

al, Nat. Mater. 2018 17, 394–405. Copyright 2018 Springer Nature.  

 

 The larger formation energy of the CsPbX3 NCs allows for the greater stability compared 

to the CH3NH3PbX3 NCs which has allowed for the study of their optical properties for potential 

use in photovoltaic applications. The high inherent PLQY exhibited by CsPbX3 perovskite NCs 

gives them great promise and sets them apart from II-VI QDs which have very low PLQY without 

surface treatment. The origin of the high PLQY in the perovskite NCs comes from their unique 

band structure and the high formation energy of defects (Figure 4). The band structure of the 

perovskite is unique from its lack of interaction between the bonding and antibonding orbitals. The 

valence band consists of the Pb s and Br p orbitals while the conduction band is made up of the Pb 

p orbitals.28 The p orbitals of the Br are below the valence band maximum from the strong s-p 

interaction between the Pb and Br while the empty Pb p orbitals are located above the conduction 

band minimum. Br and Cs type vacancies have the lowest defect formation energy, compared to 

interstitial or antisite defects, making them the predominate defect. Defects associated with 

vacancies are typically shallow traps which do cause nonradiative carrier trapping. From the 

location of the Br orbitals in the valence band this results in the lack of midgap trap states. This 
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can account for the inherently high PLQY but there are still contributions from defects that result 

in less than unity PLQY which has resulted in post synthesis modification to achieve these values.  

 There have been many reports of synthetic methods or post synthesis modifications that 

can yield near unity PLQY for CsPbX3 perovskite NCs. One of the first successful methods was 

developed by Koscher et al. who utilized sodium thiocyanate to remove undercoordinated Pb that 

was on the surface of the NC. This method worked for both fresh and aged NC samples achieving 

unity PLQY and monoexponential lifetimes in both cases but was limited to CsPbBr3.
16  Liu et al. 

developed a synthetic method using TOP-PbI2 to generate CsPbI3 that exhibited enhanced stability 

and unity PLQY.29 Another method developed by Dutta et al. was able to create unity PLQY for 

Cl, Br and I containing halide perovskite by using an equimolar amount of Pb and Cs precursor 

and injecting oleylammonium halide salt at temperatures greater than 200 °C.30 These are just a 

few examples of methodologies that are able to produce CsPbX3 perovskite NCs with PLQYs 

approaching unity, enhancing their use in photovoltaic applications.  

   The structural tunability of the perovskite, allowing for the easy replacement of its halide 

anions, is another interesting feature of this material since it allows for a post synthesis method to 

vary its PL wavelength across the visible spectrum. This has led to many studies developing 

methods and trying to understand the mechanism of this process. The first anion exchange methods 

were developed not long after the initial perovskite synthesis was published. They involved using 

oleylammonium halide precursors among other halide containing salts to exchange between Cl, 

Br, and I.17, 18 The study of the mechanism for this process was done by Koscher et al. who used a 

microfluidic setup to monitor the PL of the exchange of CsPbX3 NCs. They described two different 

mechanism of exchange for Cl to Br and Br to I. In the first case with the smaller Cl anions they 

claimed the exchange was diffusion limited resulting in clusters of Cl forming in the lattice as the 
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exchange occurred while from Br to I it is surface limited resulting in a homogeneous exchange.31  

Zhang et al. just recently published a work monitoring the exchange of CsPbBr3 nanoplatelets via 

optical microscopy allowing them to map different areas. Their results showed that there is an 

initial surface reaction that is followed by solid state diffusion limiting the speed of the process.32 

From the difficulties of making quantum confined NCs this was the only method that allowed for 

the tunability of the PL across the visible spectrum.  

 

Figure 5. Absorption and TEM of CsPbBr3 NCs made by (a) varying the ratio of oleic acid and 

oleylamine. Reprinted with permission from Almeida, G.; et al. ACS Nano 2018, 12, 2, 1704-1711. 

Copyright 2018 American Chemical Society (b) varying the amount of oleylammonium bromide 

salt. Reprinted with permission from Dutta, A.; et al. ACS Energy Lett. 2018, 3, 2, 329-334 

Copyright 2018 American Chemical Society (c) controlling the size via thermodynamic 

equilibrium. Reprinted with permission from Dong, Y.; et al. Nano Lett. 2018, 18, 6, 3716-3722 

Copyright 2018 American Chemical Society. 
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The synthesis of highly monodisperse quantum confined samples of the perovskite was a 

difficult challenge from the fast nature of the reaction once the cesium was injected. This resulted 

in groups using lower reaction temperatures to obtain smaller sizes, but the sample distribution 

was not homogeneous.33 Others had attempted to change the ratio of ligands in the reaction system 

claiming this will reduce the amount of ripening which causes the large size distribution (Figure 

5).34, 35 It was not until a different approach was taken which did not focus on the kinetics of the 

reaction but altered the thermodynamic equilibrium in the system. Dong et al. was able to achieve 

highly monodisperse and quantum confined CsPbX3 QDs by providing an excess of halide in the 

system which would result in the smaller size of the nanocrystal formed (Figure 5).23 The capability 

for synthesizing optically pure and quantum confined CsPbX3 opens the door to discover the 

unique photophysical properties of these materials.  

 2.2.2 Review of Mn-doping in CsPbX3 Perovskite Nanocrystals* 

Manipulating the electronic structure of semiconducting materials through the inclusion of 

dopant ions is a valuable field of study from the new properties imparted on the material36-40. 

Modern day electronics heavily rely on the development of either p- or n- type doped 

semiconductors from their uses in diodes and transistors. From the advent of semiconductor 

nanocrystals in the early 90’s it did not take long before doping methods were developed to study 

the effects of impurities on the host structure in a quantum confined system. Mn doping in II-VI 

quantum dots has been under development since the 90’s and since then has had many decades for 

 
* Reprinted with permission from Dong, Yitong.; Parobek, David.; Son, Dong Hee. Review: 

Controlling Quantum Confinement and Magnetic Doping of Cesium Lead Halide Perovskite 

Nanocrystals" J. Kor. Cer. Soc., 2018. 55(6), 515-516. Copyright 2018 Korean Ceramic Society.  
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the synthetic methods to be well understood and used as a model system for doping other families 

of semiconductor nanocrystals41-47.  

Mn doped semiconductor nanocrystal display unique optical and magnetic properties, 

typically replacing an atom with the same charge causing it to isovalently dope the host structure. 

Mn doped nanocrystals usually display a broad photoluminescence peak around 2 eV which is 

sensitized by the host structure via energy transfer48. The characteristic orange Mn emission 

originates from the spin forbidden 4T1 to 6A1 d-d transition resulting in its long lifetime ranging 

from μs to ms time scales. The d5 nature of the Mn also gives it interesting magnetic properties 

making it possible to synthesize dilute magnetic semiconductors exhibiting giant Zeeman 

splitting49. 

 All inorganic CsPbX3 perovskite have made their way to the forefront of colloidal 

semiconductors with their superb optical properties resulting in an explosion of research as a 

promising new optoelectronic material. The host perovskite structure displays high quantum yields 

with a robust nature towards midgap trap states making them an ideal structure for incorporation 

of dopants to take advantage of these properties. Since the initial synthesis of the inorganic 

perovskite nanocrystals multiple reports have already shown the incorporation of many different 

impurity ions (Mn2+, Bi3+, Al3+, Cd2+, Zn2+, Au3+/1+
,  Ln3+, Yb3+) with varying properties to the host 

structure19, 50-58. This section will primarily focus on the synthesis of Mn doping CsPbX3 perovskite 

with discussion on the different doping methods, the study of doping Mn in CsPbBr3, as well as 

some of the applications of Mn doped NCs to improve the stability and capabilities of 

photovoltaics. There are earlier perspectives on doping Mn and other metals into the Pb B site 

providing an overview of some of the initial works that provide useful information.59, 60  
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 The first successful synthesis of Mn doped perovskite was a hot injection method for 

CsPbCl3 perovskite nanocrystals50, 51. The synthesis followed a similar protocol to what was 

developed by Kovalenko with the addition of MnCl2 to the reaction mixture. The use of other Mn 

salts (Mn(ac)2, Mn(acac)2, and Mn(oleate)2) had proven ineffective doping precursors where 

MnCl2 already possessed coordination to the Cl anion helping its incorporation into the lattice51. 

The resulting product was Mn doped CsPbCl3 nanocubes with minimal changes in the host 

structure (Figure 6a). The particles exhibited strong Mn PL at 600 nm while also showing enhanced 

exciton emission shown in figure 6b, which will be discussed later. From the monoexponential 

lifetime decay (Figure 6c) and the consistent PL peak position from single particle spectra it was 

believed that the Mn was homogeneously doped throughout the perovskite nanocube. A major 

difficulty in characterizing the doping concentration in the perovskite nanocrystals was the lack of 

an efficient cleaning method. Polar solvents result in the destruction of the nanocrystal so cleaning 

methods from II-VI system cannot be applied. This resulted in the use of a gel permeation 

chromatography (GPC) cleaning method developed by Shen et al to thoroughly clean the 

nanocrystal and show the decrease in Mn doping concentration with each successive run through 

the column61. The presence of contaminants even after running the sample through the column 

twice shows the difficulties and importance of properly cleaning the particle.  
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Figure 6. (a) and (b) Absorption and PL spectra of Mn doped CsPbCl3 nanocrystals with their 

undoped control samples. (c) Time dependence PL decay of Mn phosphorescence. Reprinted with 

permission from Parobek, D.; et al. Nano Lett. 2016, 16, 12, 7376-7380. Copyright 2016 American 

Chemical Society.  

 

 The hot injection synthesis protocol has been further optimized and enhanced to increase 

the doping concentration of the Mn in the nanocrystal as well as enhance the efficiency of the 

dopant entering the structure.  Liu et al systematically increased the amount of Mn precursor being 

used increasing the Pb:Mn ratio from 1:1.5 in previous reported literature the whole way to 1:10 

obtaining particles that had 46% Mn content as well as reaching quantum yields up to 56% (Figure 

7a,b)62. They also varied the temperature of the reaction from 170 °C to 210 °C showing that the 

Mn content increased with temperature. Adhikari et al took another approach to efficiently dope 

Mn into the particle by incorporating oleylammonium chloride into the reaction mixture showing 

the increasing Mn PL intensity with increasing amounts of oleylammonium chloride (Figure 7c-

e)63. They found that for just 5% of Mn to Pb in the reaction mixture strong Mn emission with 

minimal exciton emission was obtained whereas without the oleylammonium chloride even at 

100% of Mn to Pb there was still a considerable contribution of the exciton present with the Mn 

emission. They attribute the efficient Mn doping to the greater concentration of nanocrystals 

forming thus creating a higher probability for Mn to enter the lattice. This method greatly reduces 
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the amount of excess Mn precursor needed to use in the synthesis making the purification much 

simpler. 

 

 

Figure 7. (a) Absorption and PL spectra of CsPbCl3 sample with high Mn doping concentration 

(~ 46 %). (b) TEM images of CsPbCl3 NCs with high Mn doping concentration. Reprinted with 

permission from Liu, H.; et al. ACS Nano 2017, 11, 2, 2239-2247. Copyright 2017 American 

Chemical Society (c) Photograph of Mn doped CsPbCl3 NCs under UV excitation. (d) Method 

involving ammonium chloride mixture to dope Mn in CsPbCl3 NCs. (e) the PL spectra of CsPbCl3 

NCs made with increasing amount of ammonium chloride mixture. Reprinted with permission 

from Das Adhikari, S.; et al. Ang. Chem. Int. Ed. 2017. 56, 30, 8746-8750. Copyright 2017 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim 

 

     The synthesis of the Mn doped CsPbCl3 has not been limited to hot injection methods or the 

generation of nanocubes. Meijerink showed two different examples of room temperature methods 

for doping the nanocrystals with non-halide Mn precursors64, 65. In their first work they used metal 
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acetate salts which were converted to metal oleate complexes in the presence of ligands. Then 

upon the addition of HCl the carboxylate groups were protonated increasing the amount of 

monomer initiating the formation of the nanocubes. The acid also created a Cl- rich surface 

supplying binding sites for the Mn. They later coated the particle with a CsPbCl3 shell passivating 

the Mn ligand field resulting with an increase in the PLQY and Mn lifetime. In their other method 

they synthesized CsPbCl3 nanocrystals with a Mn stearate precursor that resulted in the nanocubes 

being undoped but upon the addition of SiCl4 the particles began to exhibit Mn emission. They 

reasoned that the SiCl4 hydrolyzed into HCl in the presence of water displacing the Mn stearate 

leftover in the solution causing the doping of the nanocrystal while also having a silica shell around 

the particle. This not only provided an alternative pathway to dope the particles but also includes 

the formation of a silica shell that increased the stability of the nanocrystals. 

There have also been several reports showing methods for synthesizing CsPbCl3 

nanoplatelets, providing the opportunity to study a Mn doped perovskite exhibiting quantum 

confinement. In the first work Mir et al used a room temperature antisolvent method to generate 

doped nanoplatelets of CsPbCl3 having a thickness of 2.2 nm with a length of 32 nm and width of 

9 nm66. They were also able to control the doping range from 0.2% to 2% displayed by the decrease 

in resolution of the EPR spectra from low concentration to high as well as the increasing of the 

Mn emission as the concentration increased. Adhikari et al provided another method of generating 

nanoplatelets through first synthesizing Mn doped monolayer CsPbCl3 that could be converted to 

nanoplatelets upon the addition of Cs-oleate with heating of the solution67. They generated 

nanoplatelets with 5 nm of thickness and varying edge length from 120 nm to 20 nm depending 

on the amount of Cs and Mn in the reaction system. The nanoplatelet size was affected by the 

amount of Mn incorporated into the nanocrystal since, compared to Pb it is energetically less 
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favorable, suppressing the growth of the nanoplatelet. In only a short period of time there has been 

much progress in developing and understanding different ways to dope CsPbCl3 nanocubes and 

nanoplatelets further pushing the opportunity of studying the properties of these materials and 

utilizing them in a wide range of photovoltaic and magneto-optical applications.  

 While many of the synthetic methods have focused on the development of Mn doped 

CsPbCl3 NCs there have been few attempts to incorporate Mn into a CsPbBr3 lattice. CsPbBr3 

would be the ideal host structure for Mn doping from its greater absorption cross section in the 

visible spectrum as well as its intrinsically higher PLQY.  Liu et al hypothesized that the direct 

synthesis of CsPbBr3 with MnBr2 was energetically unfavorable from the large difference in bond 

energy between the Pb-Br (249 kJ/mol) and Mn-Br (314 kJ/mol) compared to Pb-Cl (301 kJ/mol) 

and Mn-Cl (338 kJ/mol)50. This results in the MnBr2 being unable to dissociate into Mn2+ 

prohibiting its incorporated into the nanocrystal lattice. There were multiple works attempting 

anion exchange from CsPbCl3 to CsPbBr3 resulting in a large decrease in the Mn emission as more 

Br- entered the structure68. Others attempted cation exchange with the Pb in CsPbBr3 using MnCl2 

but this also resulted in anion exchange with Mn emission only appearing after Cl- was the 

dominant anion present69. Zou et al showed that they had doped Mn into CsPbBr3 and that it 

increased the stability of the particle but there was no Mn emission present70. Some explanations 

for the lack of Mn emission in Br containing perovskite is not due to the difficulty from synthesis 

but the back-energy transfer from the Mn to the exciton effectively quenching its PL, similar to 

what is seen in II-VI QDs71, 72.  

This theory was disputed by Gamelin and coworkers who developed a method to perform 

anion exchange of Mn doped CsPbCl3 perovskite with TMS-Br as the precursor while retaining 

the Mn emission when it is exchanged to CsPbBr3.
73 They note that the Mn emission is still present 
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even at high Br content but the EPR signal is gone (Figure 8a,b). From this result they suggest that 

due to the disappearance of the EPR signal but retention of the Mn emission the Mn ions are 

clustering in the structure as more Br is exchanged with Cl. This causes an exchange effect in the 

lattice between Mn which accounts for the lack of EPR signal. To argue against the theory of 

thermally assisted back energy transfer they conduct low temperature PL measurements that show 

the presence of excitonic emission even at room temperature. This is different from previous 

studies using Mn doped CdSe since at low temperatures the thermally assisted back energy transfer 

should not occur and instead unidirectional energy transfer to Mn should dominate.  

 

Figure 8. (a) PL spectra of Mn-doped CsPbCl3 NCs in EPR tube during anion exchange. (b) X-

band EPR spectra collected during the course of anion exchange. Reprinted with permission from 

De Siena, C. M.; et al. Chem. Mater. 2019, 31, 18, 7711-7722. Copyright 2019 American Chemical 

Society.  

 
 The first synthesis to successfully result in Mn doped CsPbBr3 with Mn emission utilized 

a hot injection method with the addition of HBr52. The synthesis relied on the creation of the 

monolayer perovskite (L2[PbxMn1-xBr4]) as an intermediate, which have been synthesized by 

others in a microcrystal to bulk size scale(references here), that acted as a way to coordinate Pb 

and Mn eventually leading to its inclusion in the nanocubes (Figure 9a). The Mn emission was 

directly correlated to the amount of HBr used in the synthesis correlating between the monolayer 

and nanocubes that were created. The monolayer species had an absorption maximum at 395 nm 
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with sensitized Mn emission at 620 nm with a 120 μs lifetime verified through photoluminescence 

excitation measurement. The monolayer species was also characterized by a series of small angle 

diffraction peaks appearing in the x-ray diffraction with equal spacing of 2.2° correlating to 4.1 

nm spacing between stacked layers separated by the ligand. The synthesized nanocubes displayed 

Mn emission centered at 590 nm with PLQY ranging from 1 to 30% and lifetime decays from 24 

μs to 271 μs with increasing amounts of HBr (Figure 9b-d). There was also a blueshift in the 

absorption spectra with the increasing amount of HBr. We believed the blueshift in the spectra was 

not from quantum confinement as the size of the particle did not change from 0 μL to 100 μL of 

HBr but instead from the increase in Mn entering the lattice. Previous works showed through cation 

exchange of Zn that the absorption spectra of the CsPbBr3 blueshifted as more of the smaller metal 

cations entered the structure.19 This was a result from the shortening of the Pb-Br bond length 

resulting in higher energy transition of the absorption spectra. As we increased the HBr to 200 μL 

we did observe the particle size decrease from 8.5 nm to 6.5 nm as a result from the increased 

amount Br- in the system following a mechanism describe earlier. The synthesis was also able to 

produce nanoplatelets that could be separated from the nanocubes due to the inability to dissolve 

in hexanes from their large lateral dimensions.  
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Figure 9. (a) Scheme of doping Mn into CsPbBr3 NCs. (b) and (c) absorption and PL spectra of 

Mn doped CsPbBr3 NCs made with different amount of HBr. (d) Time dependent PL intensity of 

Mn phosphorescence for sample made with different amount of HBr. Reprinted with permission 

from Parobek, D.; et al. Chem. Mater. 2018, 30, 9, 2939-2944. Copyright 2018 American 

Chemical Society. 

 

 Due to the lack of synthetic methods for doping CsPbBr3 most of the spectroscopic as well 

as device fabrication was done on the Mn doped CsPbCl3 system. From the presence of the exciton 

peak even after Mn doping it was crucial to determine the energy transfer rate in this system. It 

was hypothesized that since the particles were weakly confined and the exciton emission increased 

upon the addition of Mn that the energy transfer process was much slower than in the II-VI QD 

system. Through a transient absorption study done by Rossi et al, it was shown that the energy 

transfer rate was 380 ps which is about 2-5 times slower than the CdS/ZnS Mn doped QD (Figure 

10a).74 Considering the nanocrystals under study were not quantum confined, reducing the 

wavefunction overlap, this leaves room to develop synthetic methods to create confined systems 

that could potentially exhibit a fast energy transfer rate. This study also investigated the origin of 

the increasing exciton emission upon Mn doping by performing self-anion exchange on undoped 

nanocrystals passivating Cl vacancies increasing the PLQY. From the dynamics of the fast time 
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decay, attributed to electron trapping from surface defects, in the undoped phototreated sample 

there was an increase from 4.8 ps to 6.6 ps like the fast time decay between the undoped and Mn 

doped CsPbCl3 nanocrystal. This helps confirm that the stability and raise in quantum yield could 

be occurring from the passivation of defects from the halide rich synthesis conditions.  

 The Mn doped CsPbCl3 perovskite nanocrystal also displayed interesting behavior when 

cooled to low temperatures. Yuan et al showed that with decreasing temperature the Mn emission 

decreased while the exciton emission increased being attributed to the fast decay of the exciton 

which could compete with the slow energy transfer to the Mn75. It was also observed that the Mn 

PL decay time increased with the decreasing temperature, opposite to what is seen in II-VI systems. 

They predicted this occurred from the pseudo-octahedral symmetry of the Mn resulting in the 

transition being parity and spin forbidden. For allowed transitions to occur, they need to couple to 

symmetry breaking vibrations which activate at higher temperatures giving faster lifetimes as the 

temperature in the system increases (Figure 10b).  

 

Figure 10. (a) Scheme of exciton-to-dopant energy transfer in Mn doped CsPbCl3 NCs and 

Transient absorption data for doped and undoped CsPbCl3 NCs. Reprinted with permission from 
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Rossi, D.; et al. J. Phys. Chem. C 2017, 121, 32, 17143-17149. Copyright 2017 American 

Chemical Society (b) Temperature dependent PL intensity of Mn doped CsPbCl3 NCs. Reprinted 

with permission from Yuan, X.; et al. Chem. Mater. 2017, 29, 18, 8003-8011 Copyright 2017 

American Chemical Society. 

 

Mn doped CsPbCl3 perovskite have also been used in multiple devices including solar 

concentrators or LEDs70, 76-78. Multiple works have used this to make a WLED with higher color 

temperatures arising from the intense Mn emission (Figure 11a)79, 80. The perovskite also has a 

large absorption cross section in the UV enabling it to act as a down converter, transferring the 

energy to Mn which can then reemit the light in a more visible region that a Si solar cell can 

absorb77. Two works showed a similar 3-5% increase in the power conversion efficiency and 

short circuit current when a layer of Mn doped CsPbCl3 nanocrystals were placed on a Si solar 

cell (Figure 11b)81. The Mn doped CsPbCl3 nanocrystals demonstrated sensing capabilities 

through detecting the amount of oxygen present in an environment based on the quenching of the 

Mn PL82. As shown in the II-VI QD systems the Mn doped perovskite nanocrystals could be 

potential candidates for hot electron generation pushing their capabilities for photocatalysis. 

Preliminary studies have already shown Mn doped CsPbCl3 under low intensity visible light can 

generate a photocurrent from photoemitted hot electrons under vacuum. 

 

Figure 11. (a) Scheme of WLED made of Mn CsPbCl3 NCs. Reprinted with permission from He, 

M.; et al. App. Surf. Sci. 2018, 448, 400-406. Copyright 2018 Elsevier B. V. (b) Solar concentrators 

made of Mn doped CsPbCl3 NCs. Reprinted with permission from Meinardi, F.; et al. ACS Energy 

Lett. 2017, 2, 10, 2368-2377. Copyright 2017 American Chemical Society.  
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There has been a considerable amount of progress over the past few years for Mn doping 

as well as including other dopants into the perovskite structure. With this progress there are still 

discrepancies in the reported literature and further goals to achieve. A major issue when doping 

CsPbX3 perovskite is completing proper cleaning procedures to receive accurate doping 

concentrations. If not done properly, this can lead to overestimations in the doping concentration 

leading to misguided conclusions about the properties of the doped nanocrystal. Another major 

hurdle is doping the Mn into a 0-dimensional QD structure to learn the full extent of the interaction 

between the exciton and dopant wavefunction. From further optimization and understanding of the 

synthesis of perovskite this is an obtainable goal to achieve.  

2.3.1 Optical Properties of Mn doped II-VI QDs 

When an electron-hole pair or exciton is created in a semiconductor QDs there are several 

possible relaxation pathways (Figure 12). There is fast electron (2) and hole traps (3) that will 

outcompete band edge luminescence (1), quenching it. The addition of dopants creates new 

photophysical pathways through charge or energy transfer (4) that are capable of outcompeting 

electron and hole trapping. The transition metal doping of Mn has been a heavily researched topic 

from the new optical and magnetic properties that it imparts on the host structure. Mn2+ is a d5 high 

spin transition metal which results in its excitation from its ground state (6A1) to an excited state 

(4T1) to be a forbidden transition from the change in total spin.  This results in its extinction 

coefficient to be several orders of magnitude lower than its host83 causing the direct excitation of 

this transition to be highly improbable. 
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Figure 12. Potential relaxation pathways for exciton. (1) Radiative recombination of electron and 

hole, (2) electron trap, (3) hole trap, and (4) energy transfer to dopant impurity.  

 

The excitation of Mn from its 6A1 to 4T1 state occurs via energy transfer from the host 

which is then followed by its long lived (μs to ms) phosphorescence (4T1 → 6A1) which is located 

around 600 nm. The peak position of the Mn phosphorescence is dependent on the ligand field 

splitting and is not affected greatly by the host structure84 but it has been shown to redshift with 

increasing pressure from the distortions that occur in the crystal lattice.85 The lifetime of the Mn 

excited state is dependent on the ligand field surrounding the Mn where ZnSe and ZnS show 

lifetimes of 100 μs and 1 ms respectively which a similar effect was seen in Br and Cl perovskite.51, 

52, 86 This is a result of the heavier anions resulting in greater spin orbit coupling which relaxes the 

forbidden nature of the transition. When the doping concentration is high the Mn dopants have a 

probability of being in clusters which will result in mixing of their d orbitals and also reduce the 

lifetime and QY of the Mn phosphorescence.48  

In some host QD the Mn PLQY can reach near unity from the fast energy transfer rate of 

the exciton that can outcompete nonradiative relaxation that would typically result in a decrease 

of radiative relaxation. To determine the actual rate though there was some difficulty in 

determining this number accurately.87 It can theoretically be calculated through the lifetime and 

Mn QY through the following equation (1).  
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                                                          𝑄𝑌𝑀𝑛 = 
(𝜏𝐸𝑇)−1

(𝜏𝐸𝑋)−1+(𝜏𝐸𝑇)−1
                                                       (1)                                       

Where 𝑄𝑌𝑀𝑛 is the Mn luminescence, 𝜏𝐸𝑇  is the energy transfer rate, and 𝜏𝐸𝑋 is the exciton 

relaxation rate. This method is not entirely accurate since it does not consider the contributions of 

nonradiative relaxation and other pathways that are created from this. Pump-probe transient 

absorption is a technique that can be used to measure the energy transfer rate from monitoring the 

decay rates of intraband absorption of the exciton. Olano found that this showed energy transfer 

rates of 10s of ps but this did not take into account the interference from other factors that can 

result in fast relaxation.88 A more accurate way to determine the energy transfer rate is from the 

comparative analysis of the undoped QD and doped QD. They should be spectroscopically similar 

so the fast process that are not from energy transfer can be accounted for which would be seen in 

the undoped QD.  

This was probed by Chen et al by preparing core shell CdS/ZnS QD with Mn doped at 

different distances and concentrations from the core.48 This allowed for understanding how the 

distance and concentration of Mn would affect the energy transfer from the exciton. In this study 

it showed that the rate of energy transfer decreased as the Mn was moved further away from the 

core. The energy transfer mechanism is thought to be Dexter due to its spin forbidden nature so it 

will be exponentially dependent on distance of the exciton and Mn wavefunction overlap. This can 

explain the decreased efficiency of the energy transfer rate as the Mn is moved further away from 

the core decreasing the overlap since the exciton wavefunction is localized to the core. The amount 

of Mn will also increase the efficiency of energy transfer since there are more acceptors, but this 

will affect the lifetime and QY. From this it is important to balance the amount of Mn and its 

location to have an optimal energy transfer rate as well as maintain the long lifetime and high QY. 
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This study also showed that the major competing pathway with Mn energy transfer is from hole 

trapping.  

2.3.2 Copper Doping in II-VI QDs† 

Another avenue producing new luminescence in doped QDs is by introducing dopants that 

function as the charge carrier recombination center, where one of the charge carriers localized on 

or near the dopant radiatively recombines with the remaining charge carrier.89 Among the doped 

QDs that can exhibit the luminescence via dopant-centered charge carrier recombination, Cu-

doped II-VI QDs were the most extensively studied. The dopants that can produce the 

luminescence via similar mechanism includes Ag+, Cr3+ and Ni2+, while they have not been 

explored as extensively as Cu dopant.90 In contrast to Mn luminescence, the energy of Cu 

luminescence varies widely depending on the host QDs, e.g., 3 eV in Cu-doped ZnS QD and 0.9 

eV in Cu2ZnSn(S1-xSex)4 QD.91, 92 The Cu luminescence decays on μs time scale, because it 

involves the recombination of the localized charge carrier exhibiting much lower oscillator 

strength than the delocalized exciton.93   

 Earlier literature discussing the luminescence from Cu-doped QDs had two different views 

on the oxidation state of the dopant between Cu+ 94-97 and Cu2+,98-100 which fueled many detailed 

studies to identify the oxidation state of the dopant. Various optical,97, 101 electron spin 

resonance,102, 103 X-ray absorption spectroscopic95, 104-106 and computational studies107 were 

performed to clarify this issue. The full scope of the discussion of this issue can be found in a 

recent review93, the  highlights of the key arguments supporting each view are described here.  

 
† Reproduced from Qiao, Tian.; Parobek, David.; Son, Dong Hee. Photons and charges from 

colloidal doped semiconductor quantum dots J. Mat. Chem. C 2019. 7, 14788-14797 with 

permission from the Royal Society of Chemistry 
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 Studies by Gamelin and coworkers described the Cu luminescence as coming from QDs 

doped with Cu+, where the rapid localization of the hole by Cu+ after the photoexcitation of exciton 

results in the radiative recombination of the localized hole with the remaining electron.97 (Figure 

13a) In this picture, the initial hole localization on Cu+ produces Cu2+ like state, which returns back 

to Cu+ through the recombination with the electron giving rise to Cu luminescence.97 The authors 

supported Cu+ state of the dopant in Cu-doped QDs by comparing the calculated absorption spectra 

of Cu+- and Cu2+-doped CdSe clusters (Cu+:Cd33Se34 and Cu2+:Cd33Se34).
107 In their work, they 

argued that only Cu2+:Cd33Se34 exhibit distinct valence band-to-metal electron transfer transition 

extending into the near infrared (NIR) region at < 1eV, which has been experimentally observed 

in bulk ZnS doped with Cu2+ but not in Cu-doped ZnS QDs. The authors also reported the 

observation of valence band-to-metal electron transfer in the transient absorption studies of Cu-

doped CdSe/CdS core/shell QDs as a weak photoinduced absorption, fortifying the mechanism of 

forming a Cu2+ state through hole localization at Cu+ after photoexcitation.101 In addition, the 

absorption peak at 2.7 eV in the calculated absorption spectrum of Cu+:Cd33Se34, attributed to the 

transition of the electron in Cu+ to the conduction band of the host. was observed experimentally 

below the band to band transition in Cu-doped CdSe QDs.97 These results were taken as a strong 

support for the argument that the oxidation state is Cu+ in Cu-doped QDs.  

On the other hand, studies by Klimov and coworkers suggested that the dopant exists as 

Cu2+ in the QDs and acts as a permanent hole in the QD that recombines with the electron in the 

conduction band to produce the dopant luminescence and Cu+. (Figure 13b) 108 In their study, they 

reported magnetic circular dichroism (MCD) data of Cu-doped ZnSe/CdSe QDs showing an 

enhanced Zeeman splitting of 2.5 meV indicative of magnetic activity associated with Cu2+ with 

d9 as opposed to Cu+ with d10 configuration of d electrons. On the other hand, this has been disputed 
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by another study that reported the absence of electron paramagnetic resonance (EPR) signal and 

MCD from Cu-doped CdSe, InP and CuInS2 QD, leaving room for further clarification.97 The 

authors also observed the increase of Cu luminescence intensity when dodecanethiol was 

introduced to the Cu-doped ZnSe/CdSe QD surface, which acts as the hole trap that removes the 

hole produced in the valence band of the host after the photoexcitation.108 This observation was 

interpreted as the result of the competition between the permanent hole on Cu2+ and the 

photogenerated hole in the valence band in the recombination with the electron in the conduction 

band, supporting Cu2+ dopant state. However, the absence of the channel regenerating Cu2+ state 

from Cu+ after charge carrier recombination that is required to sustain Cu luminescence under 

continued photoexcitation was pointed out as a weakness of Cu2+ scenario.97  

 

Figure 13. (a) Copper dopant exists in the QDs as Cu+ that rapidly localizes a hole after the 

photoexcitation. The localized hole recombines with the electron to emit a photon. Reprinted with 

permission from Knowles, E. K.; et al. J. Am. Chem. Soc. 2015, 137, 40, 13138-13147 Copyright 

2015 American Chemical Society. (b) Copper dopant exists in the QDs as Cu2+ that acts as a 

permanent hole, which recombines with the electron to emit a photon. Reprinted with permission 

from Viswanatha, R.; et al. Nano Lett. 2011, 11, 11, 4753-4758 Copyright 2011 American 

Chemical Society. 
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2.3.3 Theory of Energy Transfer 

 

 

Figure 14. Representation of energy transfer process. 𝜑𝐷, 𝜑𝐴, 𝜑𝐷∗, 𝜑𝐴∗ represent the ground and 

excited donor and acceptor states respectively. E0, E1, and E2 represents the excitation energy, 

donor relaxation energy, and acceptor relaxation energy respectively.  

 

 When studying the photophysical properties of a material it is important to understand the 

potential transitions that can occur. One such process, is that of energy transfer from a donor ion 

(D) to an acceptor ion (A).109 This can occur either through coulombic interaction (FRET) or 

exchange interaction (Dexter) between D and A. This process can be described to occur in five 

stages as shown in Figure 14. The first is step is the absorption of a photon (Eo) by D which is then 

followed by the relaxation of the lattice around D so the available radiative transition is E1 < Eo. 

This step occurs in the order of 10-13 s and is associated with the Stokes shift. The third step is the 

transfer of the energy to A. The fourth step is the relaxation of the lattice around D so the available 

electronic energy is E2 < E1. The final step is the emission of E2 from A. From the difference in 

energy between E2 and Eo back energy transfer is typically not considered. The energy transfer rate 

in step 3 is dependent the distance between D and A as well as the concentration of A. The 

probability (PDA) for this process can be represented as shown in equation (2). 

                                   𝑃𝐷𝐴 =
2𝜋

ħ
|〈𝜓𝐷∗𝐴|Ĥ|𝜓𝐷𝐴∗〉|

2
∫𝑔𝐷(𝐸)𝑔𝐴(𝐸) 𝑑𝐸                                (2) 
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Where ψD*A is the wavefunction that represents the initial step where D is in an excited state and 

A is in the ground state and ψDA* is the wavefunction that represents the final step where D is in 

its ground state and A is in an excited state. The gD(E) term is the donor emission spectral profile 

while gA(E) is the acceptor absorption spectral profile, which when integrated accounts for the 

spectral overlap between D and A.  

 The transition probability  |〈𝜓𝐷∗𝐴|Ĥ|𝜓𝐷𝐴∗〉|
2
 is represented by equation (3).  

                〈𝜑𝐷∗(𝑟1)𝜑𝐴(𝑟2)|Ĥ|𝜑𝐷(𝑟1)𝜑𝐴∗(𝑟2)〉  ×  〈𝜒𝐷∗(𝜎1)𝜒𝐴(𝜎2)|Ĥ|𝜒𝐷(𝜎1)𝜒𝐴∗(𝜎2)〉 −

                   〈𝜑𝐷∗(𝑟1)𝜑𝐴(𝑟2)|Ĥ|𝜑𝐴∗(𝑟1)𝜑𝐷(𝑟2)〉  ×  〈𝜒𝐷∗(𝜎1)𝜒𝐴(𝜎2)|Ĥ|𝜒𝐴∗(𝜎1)𝜒𝐷(𝜎2)〉        (3) 

The terms 𝜑𝐷, 𝜑𝐴, 𝜑𝐷∗, 𝜑𝐴∗ represent the donor state, acceptor state, excited donor state, and 

excited acceptor state respectively. 𝜒(𝜎) represents the spin state and r1 and r2 represent the 

position of the electrons involved.  The first term in equation (3) represents the Coulombic 

interactions and the second term is representative of Exchange interactions. Whenever the 

transition occurring preserves the spin (𝜒𝐷 = 𝜒𝐷∗ and 𝜒𝐴 = 𝜒𝐴∗)  and is not forbidden then the 

coulombic term dominates and the exchange interactions can be ignored.  

 To compute the energy transfer probability the Hamiltonian Ĥ must be determined which 

represents the interaction between D and A. For the case where the transition is allowed then Ĥ is 

expressed as the sums of Coulombic interactions of the outer and core electrons of D and A. This 

interaction is reduced by the dielectric medium of the lattice and expanded as a Taylor series. This 

can be represented by equation (4). 

                                                                 Ĥ =  
1

4𝜋𝜀
∑

𝑒2

𝑅⃗ +𝑟𝐴𝑗⃗⃗ ⃗⃗ ⃗⃗  ⃗+𝑟𝐷𝑖⃗⃗ ⃗⃗ ⃗⃗  𝑖𝑗            (4) 
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Where 𝜀 is the dielectric constant 𝑅⃗  is the vector between D and A, 𝑟𝐷𝑖⃗⃗⃗⃗  ⃗ and 𝑟𝐴𝑗⃗⃗⃗⃗  ⃗ are the vectors of 

the electrons from the D state and A state respectively. When this is expanded it gives dipole-

dipole, dipole-quadruple, and higher order interactions but these are omitted since when there is 

an allowed transition the dipole-dipole term dominates. From the application of the Hamiltonian 

the probability for energy transfer in a dipole-dipole system is shown in equation (5).  

                               𝑃𝐷𝐴
𝑑𝑑 = 

4𝜋

3ħ
(

1

4𝜋𝜀
)
2 1

𝑅6
|〈𝜇𝐷〉|2|〈𝜇𝐴〉|

2 ∫𝑔𝐷(𝐸)𝑔𝐴(𝐸) 𝑑𝐸           (5) 

The |〈𝜇𝐷〉|2, |〈𝜇𝐴〉|
2 terms are the matrix element of the electric dipole for D and A respectively 

and are proportional to the oscillator strength of the transition. The (1/R6) is the distance 

dependence for the energy transfer to occur and is iconic of the FRET process.  

 If spin is not conserved the |〈𝜇𝐴〉|
2 would be zero which would result in the probability for 

the energy transfer to occur through dipole-dipole interactions go to zero. This would result in a 

spin forbidden transition and rely on the exchange interaction from the second term in equation 

(3). The Hamiltonian for this process represents the electrostatic interaction between D and A 

which is shown in equation (6).  

                                                                       Ĥ =  ∑
𝑒2

𝜀𝑟𝑖𝑗⃗⃗⃗⃗  ⃗𝑖𝑗                                                             (6)                                                                                                 

This then gives the following probability for energy transfer to occur through exchange interaction 

shown in equation (7).   

                       𝑃𝐷𝐴
𝑒𝑥 = 

2𝜋𝑒4

ħ𝜀2 |〈𝜑𝐷∗(𝑟𝑖)𝜑𝐴(𝑟𝑗) |𝛴𝑖𝑗
𝑒2

𝜀𝑟𝑖𝑗⃗⃗⃗⃗  ⃗
| 𝜑𝐴∗(𝑟𝑖)𝜑𝐷(𝑟𝑗)〉|

2

∫𝑔𝐷(𝐸) 𝑔𝐴(𝐸)𝑑𝐸         (7)  
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This is representative of Dexter energy transfer. The distance dependence of the energy transfer 

probability is represented by the exponential function exp(-2R/L), where L is the Bohr radius for 

the excited and unexcited states of D and A.  

2.3.4 Hot Electron Generation in II-VI QDs‡ 

As described earlier an electron is considered hot when it is at a higher temperature than the 

lattice and it possess excess energy. In semiconductors, this can be achieved either by exciting the 

electron into the conduction band before it relaxes through multi-photon excitation or via high 

energy photons. This is a limiting factor of hot electron generation since the access for these routes  

of excitation are not typical of solar radiation. The benefit of using Mn-doped QDs is from the 

long-lived Mn excited state due to its spin forbidden nature that can facilitate two photon 

upconversion generating hot electrons as shown in figure 15. First a photon is absorbed by the host 

creating an electron hole pair. Then when the exciton relaxes it can transfer its energy to Mn2+ 

putting it into an excited state. From the long millisecond lifetimes, the Mn2+ can stay in its excited 

state while the host absorbs a second photon creating an exciton. If all of the Mn is in an excited 

state then back energy transfer can occur from the Mn to the conduction band electron, resulting 

in a hot electron.  

 
‡ Reprinted with permission from Parobek, David.; Qiao, Tian.; Son, Dong Hee. erspective: 

Energetic hot electrons from exciton-to-hot electron upconversion in Mn-Doped semiconductor 

nanocrystals J. Chem. Phys. 2019. 151, 120901  
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Figure 15.  Mechanism for two photon up-conversion for Mn doped QDs. (1) A photon is absorbed 

by a material followed by the creation of an electron hole pair. (2) Energy transfer from the 

relaxation of the exciton to the Mn2+ putting it in an excited state. (3) A second photon creates 

another electron-hole pair while the Mn2+ is still in an excited state. (4) Back energy transfer can 

occur to the conduction band electron resulting in a hot electron.  

 

Multiple works by our group and others have shown prototype devices utilizing hot electrons 

to overcome energetic barriers producing a photocurrent with experimental conditions that directly 

rely on the photophysical properties received from Mn dopants. In the first iteration of these 

devices, Son and coworkers utilized an electrochemical cell with an ITO/Al2O3/QD electrode in a 

polysulfide solution with a Pt counter electrode (Figure 16a).110 The Al2O3 layer acted as an energy 

barrier with a conduction band level ~2 eV above the conduction band of the CdS host QD. Under 

low intensity cw excitation conditions undoped CdS/ZnS QDs did not possess enough energy to 

hop or tunnel through the Al2O3 insulating layer resulting in no signal being received above the 

noise level of the detector. Following the same conditions, Mn-doped QDs are capable of 

overcoming the energy barrier of the insulating Al2O3 layer producing a photocurrent which 

follows a superlinear excitation dependence exhibiting a biphotonic process. In the experiment, 

the Mn-doped QDs were capable of producing a photocurrent through Al2O3 layers with 

thicknesses of 5.4 and 7.5 nm producing a current density of 400 nA/cm2 and 50 nA/cm2 

respectively under an excitation intensity of 1.5 W/cm2 (Figure 16b). This provides evidence that 
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under low intensity cw excitation conditions Mn-doped QDs are capable of producing high energy 

hot electrons that can hop over energetic barriers in excess of 2 eV of energy as well as penetrate 

through layers as thick as 7.5 nm.  

Gamelin and coworkers also designed a device which used Mn doped QDs to generate hot 

electrons that were capable of overcoming an energetic barrier producing a photocurrent.111 Their 

device used a 4 layer scheme with an aluminum contact, 175 nm layer of Cd1-xMnxS, 50 nm ZnS 

layer, and ITO (Figure 16c). In their study, they changed the direction and magnitude of the applied 

bias to see how it affected the Mn PL intensity and in turn the received photocurrent. Interestingly, 

under a + 15V bias the Mn PL intensity had decreased by 75% with the photocurrent signal 

increasing beyond the point of 1 photon per electron showing a gain value of 175 from hot electron 

impact ionization throughout the QD and ZnS layer. This effect was not seen under negative biases 

or with undoped QDs which both showed minimal PL quenching under with these conditions. 

They explored further into the effect the gain had on the systems signal and when they performed 

the same experiment with a 20Hz lock in frequency the signal dropped considerably from incident 

photon to current value of 17500% to 30% also indicating a large time constant decay for the gain 

mechanism(Figure 16d). This shows the potential importance of the gain received from the impact 

ionization from the hot electrons generated in detecting the photocurrent. The previous works were 

using devices similar to a metal insulator metal scheme which provides an insulating barrier 

requiring the QDs to overcome an energy barrier or tunnel through the layer. This requires the hot 

electrons to provide excess kinetic energy to overcome the barrier.  
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Figure 16. Hot electron photocurrent measurement. (a) Photoelectrochemical cell that detects hot 

electron photocurrent from Mn-doped QDs, (b) Comparison of photocurrent measured with anodes 

deposited with Mn-doped and undoped QDs, (c) Structure of the photodiode detecting hot electron 

photocurrent, (d) Bias-dependent Mn PL intensity and responsivity of photodiode. Reproduced 

with permission from Dong, Y.; et al. ChemPhysChem, 2016. 17, 660 Copyright 2016 from the 

Royal Chemistry Society. (a,b) and with permission from Barrows, C. J.; et al. J. Phys. Chem. Lett. 

2016, 8, 126. Copyright 2016 American Chemical Society. 

 

 To further test the limits of the hot electrons Son and coworkers creating a device that 

requires the hot electrons to possess enough energy to be emitted into vacuum.112 The conduction 

band level of the CdS QD is ~ to 3 eV below vacuum level and can receive ~ to 2 eV of energy 

from back energy transfer from the Mn excited state. From the large bandwidth of Mn ( 300 meV) 

from the large vibronic coupling, this provides the potential for a portion of the hot electrons to be 

above the vacuum level. In this scheme the Mn-doped QDs were attached to an ITO glass slide 

which was then placed parallel to a copper electrode with a 1.5 mm spacer separating them and 

kept under vacuum (Figure 17a,b). In this experiment, they studied the location and concentration 

of Mn in the QD to see how it affected the photocurrent from the ejected electrons. As described 
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previously the hot electron generation rate is related to the efficiency of the energy transfer to the 

Mn dopants in the QD. The greater the overlap between the wavefunction between the Mn dopants 

and the exciton of the core QD will result in a faster energy transfer time. This can be done by 

moving the manganese dopants closer to the QD core as well as increasing the concentration. This 

has its drawbacks though typically resulting in shorter Mn lifetimes which would then require 

higher a higher photon flux to saturate the Mn dopants and sustain hot electron generation. Three 

types of doping conditions were tested in the experiment with the Mn being on the 2nd layer with 

high and low doping concentration and Mn on the core with a high doping concentration. The hot 

electron photocurrent intensity followed as expected with the highest signal coming from the 

sample with Mn on the core and a higher doping concentration (Figure 17c). The energy of the hot 

electron could not be completely mapped from the experiment, but its upper limits could be 

determined by applying a negative bias to the electrodes. This could act as an energy barrier 

stopping electrons that did not possess enough kinetic energy to overcome the applied bias. The 

hot electrons generated showed to have an excess of 0.4 eV of energy above the vacuum level with 

the signal decreasing to the noise level and higher negative biases (Figure 17d). This provides a 

basis for the capabilities hot electrons possess and how this long-range electron transfer could be 

applied to other applications such as photocatalysis which will be discussed later.  
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Figure 17. Photoelectron emission of hot electrons. (a) Diagram of electrodes for detecting 

photoelectron emission from hot electrons, (b) Comparison of the current density from 

photoelectrons between Mn-doped QD, undoped QD and plasmonic Ag NC, (c) Comparison of 

the current density from three different Mn-doped QDs (Sample A, B, C) with different exciton-

to-Mn energy transfer times (A>B>C), (d) Bias-dependent current density at 29 W/cm2 of 

excitation intensity.  Reproduced with permission from Dong, Y.; et al. Nano Lett. 2016. 16, 7270. 

Copyright 2016 American Chemical Society. 

 

2.4 Photocatalysis 

 Finding alternative sources of energy to fossil fuels has been a highly active area of 

research due to the limited quantity of fossil fuels and their negative environmental impact. In 

today’s global society the total energy consumption of the world is 16.3 TW which is only 

predicted to rise. The concentration of CO2 is also predicted to increase to 590 ppm by 2100 will 

result in rising global temperatures and sea levels. The energy that hits the Earth from the sun is 

around 1.3 x 105 TW, which is 10000 times the amount of energy needed per year. This has led 

scientists to try and discover ways to utilize this source of free energy as a way to create new fuel 

sources through water splitting or energy storage via chemical bonds.113  
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 In 1979 one of the first examples of photocatalysis was published by Fujishima, who 

utilized TiO2 semiconductor powders to produce carbon feedstocks from CO2.114 TiO2 is a heavily 

researched wide band gap semiconductor used in photocatalysis due to its higher stability 

compared to narrow band gap systems.115 An inherent issue of TiO2 is its wide band gap which 

only absorbs UV light which only accounts for 5% of the total energy from the sun. This has led 

to coupling TiO2 with photosensitizers (i.e. dyes) that can absorb the light and then transfer an 

electron to the conduction band of TiO2. The use of molecular photosensitizers has their limitations 

from low absorption cross sections to instability over long periods of light exposure. The use of 

semiconductor QDs has gained attention since they are not limited by these issues and also possess 

a wide range of tunability from quantum confinement effects.116 

 The large absorption cross section and the tunability of absorption throughout the visible 

has made QDs popular photosensitizers for photocatalysis. H2 is an energy rich fuel source which 

has made it a target product for photocatalysis reactions. There are many examples of QD systems 

effectively reducing H2 but the efficiency suffers due to the fast electron-hole recombination.116 

One strategy that has been successful at separating the electron from the hole is attaching a noble 

metal to the QD. One example that has become a model system for this is use CdS nanorods with 

a platinum tip.117 In this system, with a CdSe seed in the CdS nanorod with only one Pt tip had 

efficiencies up to 27% and stable for over 12 hours of excitation (Figure 18a).118 The high stability 

originates from the effective separation of the hole from the CdS nanorod which prevents it from 

oxidizing and Pt is a common co-catalyst which can effectively generate H2.  The use of molecular 

catalysts instead of noble metals has also reported highly efficient systems. Krauss and coworkers 

showed that with a CdSe QD and a Ni-dihydrolipoic acid complex they could achieve over 600000 

turnovers which was stable over 360 hrs of excitation (Figure 18b).119   
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Figure 18. (a) Illustration of photocatalytic hydrogen production process using Pt-tipped 

CdSe@CdS nanorods. Reprinted with permission from Kalisman, P.; et al. Nano Lett. 2016, 16, 

3, 1776-1781. Copyright 2016 American Chemical Society (b) Diagram showing the 

photocatalytic hydrogen production using CdSe QDs and Ni-DHLA cocatalyst. Reprinted with 

permission from Han, Z.; et al. Science 2012. 228, 6112, 1321-1324. Copyright 2012 American 

Association for the Advancement of Science. 

 

 While H2 can provide an energy dense fuel source to replace oil and gas, a large amount of 

consumer products and chemicals are derived from the oil industry. CO2 is a stable compound that 

can be used to create other carbon feedstocks (i.e. CO, CH4, HCO2H) (Table 1) that are used in 

chemical industry. Its accumulation in our atmosphere is a major cause for global warming so 

having the capability to remove and turn it into a useful resource would be promising. The 

downside of CO2 being chemically stable is that reduction it to other products is difficult. CO2 is 

a linear molecule and when electron transfer occurs to the LUMO, the C-O bond length increases 

causing a geometric distortion. This results in a high reduction potential to facilitate the 

reorganization energy of this distortion making outer sphere uncoupled electron transfer not very 

probable.120 The cost of this reaction is reduced through inner sphere multielectron transfer when 

CO2 binds to a substrate. The selectivity of a specific reduction product (i.e. CH4, CO, HCOOH) 
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can be difficult though from the similar reduction potentials and in aqueous phase H2 generation 

can also dominate complicating the reaction further.  

Table 1. Reduction potential for CO2 and H2O in aqueous condition at pH 7 vs SHE113 

Reaction Voltage (SHE) 

CO2 + e- → CO2
*-  -1.850 

CO2 + H2O + 2e- → HCOO- + 2OH- -0.665 

CO2 + H2O + 2e- → CO + 2OH- -0.521 

CO2 + 5H2O + 6e- → CH3OH + 6OH- -0.399  

CO2 + 5H2O + 6e- → CH4 + 8OH- -0.246 

H2O + 2e- → H2 + 2OH- -0.414 

 

 Transition metal complexes composed of Ni, Mn, Fe, and Co have been heavily studied as 

substrates to bind CO2 from their multiple redox states that can facilitate the multielectron process 

for its reduction.  Ni is an abundant transition metal that will undergo a reduction from square 

planar Ni2+ to a tetrahedral Ni+ which results in its ligand typically being tetradentate.120 A highly 

studied Ni metal catalyst is 1,4,8,11-tetraazacyclotetradecane (cyclam) from its high selectivity 

and turnover frequency for CO generation in aqueous solutions (Scheme 1).121 While metal 

complexes are efficient at reducing chemical species they need a supply of electron which are 

typically received through electrochemical means. In photocatalytic reactions the metal catalyst 

needs to be attached to a photosensitizer with a linker molecule to ensure electron transfer.  
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Scheme 1. Proposed CO2 reduction catalytic cycle for [Ni(cyclam)]2+ 

For the effective generation of CO from CO2 most QD systems require the usage of a metal 

catalyst due to the inability of the CO2 to outcompete proton binding at the surface.122-125 The 

catalyst can be bound to the QD through either electrostatic interactions with the capping ligand123 

or through the covalent attachment of the catalyst to the QD.124, 125 In either case it is necessary to 

have the catalyst in the vicinity of the QD to have efficient charge transfer to the catalyst before 

exciton recombination occurs. The metal catalyst is also necessary since they are designed 

specifically to bind to the CO2 instead of hydrogen, resulting in the generation of CO. In most of 

these systems though there is still competition with H2 generation since there are multiple binding 

sites on the QD surface and the catalyst loading can vary based on the ligand used. For example 

Kuehnel et al. showed that when an additional capping ligand was used in their ZnSe-

[Ni(cyclam)P] system the amount of H2 production was decreased from the lack of binding sites 

available for the proton.125 They also showed that the CO generation is directly dependent on the 

catalyst loading by changing the binding ligand on the metal catalyst. In a CdS-Ni(terpy) they 

varied the binding molecule (thiol, phosphoric acid, carboxylic acid) and showed that with the 

higher amount of metal catalyst the CO increased while the H2 generation decreased while the 

lowest loading had predominately H2 (Figure 19a,b).124 This increases the difficulties of these 
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systems since they are directly dependent on the ability of the metal catalyst to find binding sites 

on the QDs.  

 

Figure 19. (a) Generation of CO and H2 with respect to the type of anchor group on the 

Ni(terpy) catalyst. (b) The amount of Ni(terpy) bound to the QD surface for each anchor group 

used. Reprinted with permission from Kuehnel, M. F.; et al. J. Am. Chem. Soc. 2017, 139, 21, 

7217-7223. Copyright 2017 American Chemical Society. 

 

  There are only a few examples of using solvated electrons generated from semiconductors 

for photocatalysis due to the difficulty in generating them. A solvated electron is made when a 

material can emit an electron that can then be solvated in a cavity in the liquid. While the solvated 

electrons possess a great deal of reduction capability it takes high energy UV photons to create 

them. Hamers et al. were able to generate solvated electrons from H2 terminated diamond with a 

UV laser excitation source for the production of ammonia from N2.
126 The conduction band of 

diamond is located above the vacuum level so each electron created has a chance to be emitted and 

solvated in the solvent. They believed that the solvated electrons were able to destabilize the 

hydrazine that forms during the multi electron reaction to form ammonia.127 They also showed that 

the solvated electrons were able to selectively reduce CO2 into CO even in an aqueous solution 

due to the faster kinetics of the CO2 to CO compared to H2 generation.128 While the limiting factor 

of using solvated electrons is its reliance on UV excitation, the usage of hot electrons in 

photocatalysis has been displayed for Mn-doped II-VI QDs. Dong et al. showed that hot electrons 
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are more efficient than band edge electrons at generating H2 under visible light excitation.33 This 

provides a potential platform to utilize high energy hot electrons that have the chance of becoming 

solvated without the restrictions of UV excitation.  
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CHAPTER III 

EXCITON-TO-DOPANT ENERGY TRANSFER IN MN-DOPED CESIUM LEAD HALIDE 

PEROVSKITE NANOCRYSTALS§ 

3.1 Introduction 

Colloidal nanocrystals of semiconducting perovskites have become a subject of intense 

research in recent years due to their superb luminescence properties and facile chemical tunability 

of the bandgap, which is attractive in many applications where colloidal quantum dots have been 

very successful as a source for photons or charge carriers15, 17, 18, 20, 129. In particular, all-inorganic 

cesium lead halide (CsPbX3) nanocrystals have shown great potential for outperforming 

commonly used II-VI metal chalcogenide quantum dots from their capability to harvest photons, 

create charge carriers, and generate photons from the recombination of charge carriers efficiently, 

even in the absence of a passivating shell15. The facile modification of the bandgap via post-

synthesis anion-exchange is also a unique attribute of perovskite nanocrystals for chemical tuning 

of their properties17, 18.  

 In II-VI semiconductor quantum dots, doping with transition metal ions has been 

extensively explored as a way to introduce new optical, electronic and magnetic properties, making 

them much more functional than their undoped counterparts36. For instance, substitutional 

isoelectronic doping of MX (M=Cd, Zn, X=S, Se) quantum dots with paramagnetic transition 

metal ions such as Mn2+ can generate intense sensitized dopant luminescence46, 130 and create a 

magnetically-coupled exciton state enabling optical control of magnetism131 or production of 

energetic hot electrons via exciton-to-hot carrier upconversion33, 132. These new properties of Mn-

 
§ Reprinted with permission from Parobek, David.; Roman, Benjamin.; Dong, Yitong.; Jin, Ho.; 

Lee, Elbert.; Sheldon, Matthew.; Son, Dong Hee. Exciton-to-Dopant Energy Transfer in Mn-

Doped Cesium Lead Halide Perovskite Nanocrystals Nano Lett., 2016 16(12) 7376. 
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doped quantum dots result from the exchange coupling between the charge carriers of the host 

semiconductor and d electrons of the dopant, which opens new pathways of energy exchange or 

forms new coupled electronic states between the exciton and dopant87, 133. One may anticipate new 

optical, electronic and magnetic properties also in CsPbX3 perovskite semiconductor nanocrystals, 

similar to Mn-doped II-VI quantum dots, if Mn2+ ions can be doped in CsPbX3 nanocrystals stably 

with sufficiently strong exchange coupling between the charge carriers.     

 Here, we successfully synthesized Mn-doped CsPbCl3 and CsPb(Cl/Br)3 nanocrystals 

exhibiting a strong sensitized Mn luminescence, indicative of the presence of the exchange 

coupling between the exciton and Mn sufficiently strong to mediate efficient energy transfer 

between them. This suggests that one may expand the range of the host semiconductor nanocrystal 

materials to include CsPbX3 perovskites to obtain new properties originating from the exchange 

coupling between the charge carriers and magnetic dopant ions, beyond the extensively studied II-

VI quantum dots. The common difficulties faced with the synthesis of Mn-doped colloidal 

semiconductor nanocrystals, in general, arise from the fact that the incorporation of Mn2+ ions in 

the lattice of small nanocrystals is usually kinetically unfavorable134. For this reason, many 

strategies to synthesize Mn-doped quantum dots rely on the delicate kinetic control of the growth 

and doping process during synthesis46, 49, 130, 135. In the case of doping CsPbX3 nanocrystals, almost 

instantaneous formation of CsPbX3 nanocrystals during the solution-phase synthesis, and the 

quaternary elemental composition of the doped nanocrystals make identification of the optimum 

combination of precursors and synthetic conditions more challenging than the case of ternary 

systems.  

 



 

48 

 

3.2 Experimental Section 

3.2.1 Synthesis of Mn-doped and undoped CsPbCl3 and CsPb(Cl/Br)3 NCs 

 The Cs-oleate solution was made in a similar way for all the following synthesis. Cs2CO3 

(0.402 g), OA (1.74 mL), and ODE (18 mL) were added to a 50-mL 3-neck round bottomed flask 

and evacuated and refilled with nitrogen 3 times then heated to 150 °C for at least 10 minutes 

before use. The CsPbCl3 (CsPb(Cl/Br)3) was synthesized by adding PbCl2 (0.0661 g) (PbCl2 

(0.0857 g) and PbBr2 (0.0755 g)) , OAm (0.8 mL), OA (0.8 mL), and ODE (5 mL) to a 25-mL 3 

neck round bottom flask and were evacuated and refilled with N2 followed by heating the solution 

to 120 °C for 30 minutes. The solution was then increased to 165 °C and then 200 °C for 10 minutes 

each. At 200 °C, dried OAm (0.8 mL) and dried OA (0.8 mL) were subsequently injected to 

solubilize the solution. Then the Cs-oleate (0.4 mL) was swiftly injected and after 1 minute the 

solution was cooled with an ice bath. The NCs were precipitated with acetone and the centrifuged 

followed by dissolving in hexanes. The Mn-doped CsPbCl3 (CsPb(Cl/Br)3) was synthesized 

following the same procedure as above but had PbCl2 (0.0615 g) (PbBr2 (0.0775 g)), MnCl2·(H2O)4 

(0.0615 g), OAm (0.8 mL), OA (0.8 mL), and ODE (5 mL) added to a 25-mL 3 neck round bottom 

flask.  

3.2.2 Purification and elemental analysis of Mn-doped CsPbCl3 and CsPb(Cl/Br)3 NCs 

 To purify the nanocrystals, gel permeation chromatography (GPC) was used following a 

similar method by Shen et al.61  Prior to use, 4 g of poly(styrene-divinylbenzene) gel was soaked 

in toluene overnight and then packed into a column with toluene as the mobile phase. The 

perovskite samples were then loaded into the column and run through multiple times to ensure the 

removal of excess Mn-oleate or Mn-oleylamine complexes. The first 2 mL of the eluent 
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nanocrystals were collected for each run followed by the measurement of the absorption, emission, 

and Mn doping concentration. The optical properties of the NC show little change after being put 

through the column multiple times (Figure 20a,b) while the elemental analysis (Figure 20c) also 

confirms that the excess Mn was removed giving a final doping concentration that converges at 

0.2%.   

 

Figure 20. (a) Absorption spectra of unwashed Mn-doped CsPb(Cl/Br)3 and after being washed 

multiple times. (b) Emission spectra of of unwashed Mn-doped CsPb(Cl/Br)3 and after being 

washed multiple times. (c) Elemental analysis of %Mn doping concentration correlated to the 

amount of times run through the GPC column.  

 The doping concentration and elemental composition was determined by using both 

inductively coupled plasma mass spectrometry (ICP-MS) (NexIon 300D) and scanning electron 

microscopy energy dispersive x-ray spectroscopy (SEM-EDS) (FEI Quanta 600 FE-SEM). For the 

ICP-MS the samples were digested in concentrated nitric acid followed by sonication. The 

standard solutions were made through a serial dilution and measured gravimetrically to construct 

the calibration curve to quantify the amount of Cs, Pb, and Mn. The doping concentration <nmn> 

was calculated in the following way.  

                                                                    [𝑁𝐶𝑠] =  
[𝐶𝑠+]

1000
                                                           (8) 
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Where [Cs+] is the concentration of Cs in the solution and [NCs] is the amount of NCs present.  

                                                                               < 𝑛𝑀𝑛 ≥
[𝑀𝑛2+]

[𝑁𝐶𝑠]
                                                       (9) 

 The halide composition for the mixed halide system was determined from the SEM-EDS. The 

samples were prepared by drying them under vacuum overnight and placing them on a carbon 

substrate where multiple locations were scanned (Figure 21a, b).  

 

Figure 21. (a) SEM scan of Mn-doped CsPb(Cl/Br)3 perovskite nanocrystals. (b) SEM/EDS 

atomic composition of Mn-doped CsPb(Cl/Br)3 perovskite nanocrystals.  

3.3 Results and Discussion  

In this study, Mn-doped CsPbX3 nanocrystals were prepared via a one-pot synthesis 

method using MnCl2 as the precursor, employing a modified version of the reported synthesis 

method15 for CsPbX3 nanocrystals as shown in Scheme 2. Further details of the synthesis are in 

the experimental section. Among the various organometallic and halide Mn precursors tested, 

MnCl2 resulted in the most consistent production of Mn-doped nanocrystals. Briefly, PbCl2 (0.22 

mmol) and MnCl2(H2O)4 (0.31 mmol) were added into a mixture of oleylamine (0.8 ml), oleic 

acid (0.8 ml), and 1-octadecene (5 ml). After heating the mixture to 120-200 °C, additional 

oleylamine and oleic acid was injected to dissolve the metal salts. Subsequently, 0.4 ml of a 

cesium-oleate solution in 1-octadecene (64 mM) was swiftly injected into the heated metal salt 
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solution, which immediately formed Mn-doped CsPbCl3 nanocrystals in seconds. The reaction 

mixture was quenched with an ice bath after the completion of the reaction, and the nanocrystals 

were precipitated with acetone then suspended in hexanes. When PbBr2 was used as the precursor 

instead of PbCl2, the resulting Mn-doped perovskite nanocrystals had mixed halide composition, 

i.e. CsPb(Cl/Br)3,  and the exciton PL redshifted from that of CsPbCl3.
17, 18 The ratio of Cl/Br in 

CsPb(Cl/Br)3 was determined to be 4.4:1 according to the energy dispersive X-ray spectroscopy 

(EDS) performed on a scanning electron microscope. The control, undoped CsPbX3 nanocrystals 

were also synthesized under similar experimental condition.  

Scheme 2. Schematic representation of synthetic procedure for Mn-doped CsPbCl3. 

 

 Because of the large excess amount of Mn precursors and low doping efficiency in the host 

nanocrystal, thorough purification of Mn-doped CsPbX3 nanocrystals is important for the reliable 

determination of the doping concentration. The usual precipitation/resuspension cycles, which is 

effective for purifying other semiconductor nanocrystals such as II-VI metal chalcogenides, could 

not completely remove the unreacted Mn source from the reaction product. This is likely due to 

the insufficient difference in the solubility of Mn-doped CsPbX3 nanocrystals and Mn2+ complexes 

(e.g., Mn-oleate) in the solvents used for the purification. For this reason, gel permeation 

chromatography (GPC) was used for further purification of the nanocrystals.61 Separation of the 

nanocrystals from the remaining contaminants that are trapped in the pores of the gel with (<3nm 

pore size) was very effective enabling more reliable measurement of doping concentration via 
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elemental analysis. The details of the GPC purification procedure and the robustness of optical 

spectra of Mn-doped CsPbX3 nanocrystals after many cycles of GPC are described in section 3.2.2.   

 

Figure 22. (a) Absorption spectra of Mn-doped and undoped CsPbCl3 and CsPb(Cl/Br)3 

nanocrystals. (b) Photoluminescence of Mn-doped and undoped CsPbCl3 and CsPb(Cl/Br)3 

nanocrystals.  Insets are photographs of the sample under UV excitation. (c) Time-dependent Mn 

luminescence intensity from Mn-doped CsPbCl3 and CsPb(Cl/Br)3 nanocrystals. Solid lines are 

the fit to a single-exponential function. 

Figure 22a compares the absorption spectra of Mn-doped CsPbCl3 and Mn-doped 

CsPb(Cl/Br)3 nanocrystals with those of the undoped nanocrystals. The Mn-doping concentrations 

determined from elemental analysis are ~0.2% for CsPbCl3 and CsPb(Cl/Br)3.  The absorption 

spectra of the host perovskite nanocrystals show minor changes at these doping concentrations, 

indicating the relatively weak effect of the doped Mn2+ ions on the electronic structure of the host 

nanocrystals. While a weak absorption from the lowest-energy ligand field transitions of Mn2+ 

(6A1→
4T1) was observed at 500-550 nm in bulk CsMnX3 crystal136, it is virtually absent in the 

absorption spectra of Mn-doped CsPbX3 nanocrystals shown in Figure 22a due to the spin 

forbidden nature of the transition.  Figure 22b compares the photoluminescence spectra of Mn-

doped and undoped nanocrystals upon excitation at 365 nm above the band-edge absorption of the 

host perovskite nanocrystals. While undoped nanocrystals exhibit the narrow exciton 

luminescence only, Mn-doped nanocrystals exhibit a broad luminescence attributed to the ligand 
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field transition (4T1-
6A1) of Mn2+ ions at ~600 nm, in addition to the exciton luminescence of the 

host. The insets are the photographs comparing the luminescence of undoped (left) and Mn-doped 

(right) nanocrystals dispersed in hexanes. A long lifetime of the 600 nm luminescence (1-2 ms), 

shown in Figure 22c, further supports that it originates from the spin forbidden ligand field 

transition of the doped Mn2+ ions. For both undoped CsPbCl3 and CsPb(Cl/Br)3 nanocrystals, the 

exciton luminescence quantum yield is relatively low (<5%), unlike in CsPbBr3 nanocrystals that 

exhibited much higher quantum yield (> ~60%) in separate experiments and in a previous report18. 

However, doping these nanocrystals with Mn2+ ions produces much more intense Mn 

luminescence compared to the exciton luminescence of the undoped nanocrystals as shown in 

Figure 22b. Exciton luminescence in Mn-doped CsPbCl3 and CsPb(Cl/Br)3 nanocrystals also 

increased substantially compared to their undoped nanocrystals, reaching the overall luminescence 

quantum yields of 30-60%. Table 2 summarizes the quantum yield of undoped and Mn-doped 

CsPbX3 nanocrystals.  

Table 2. Quantum yields of doped and undoped CsPbX3 perovskite 

Sample Exciton QY (%) Mn QY (%) Total (%) 

CsPbCl3 1.1 - 1.1 

Mn:CsPbCl3 1.3-3.5 22-58 26-60 

CsPb(Cl/Br)3 1.8 - 1.8 

Mn:CsPb(Cl/Br)3 15 16 31 

 

 The intense Mn luminescence upon the excitation of the host nanocrystals indicates that 

Mn2+ ions doped in CsPbX3 host serve as an efficient energy acceptor, competing favorably with 

the nonradiative relaxation pathways. The efficient energy transfer from exciton to Mn2+ ions 

possessing very weak transition dipole relies on the exchange coupling between the donor and 
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acceptor, similar to the case of Mn-doped II-VI quantum dots87. Therefore, the appearance of 

strong sensitized Mn luminescence indicates the presence of sufficiently strong exchange coupling 

between the charge carriers of CsPbX3 nanocrystals and d electrons of Mn2+ ions, which is also 

capable of introducing new optical and magnetic properties originating from it. On the other hand, 

it is intriguing to observe the increase of exciton luminescence after Mn doping, although the 

reason is unclear requiring further investigations. This suggests that the competitive kinetics 

between radiative and nonradiative relaxation is altered by Mn doping. It is unlikely to have an 

increased exciton luminescence via reversible energy exchange between exciton and Mn 

transitions, similarly to Mn-doped CdSe72, due to the large differences in the transition energies 

between the two. Considering the low quantum yield of exciton luminescence in undoped CsPbX3 

nanocrystals containing Cl as halide, doping may remove some of the preexisting structural defects 

responsible for the low quantum yield. Compared to Mn-doped II-VI nanocrystals, where the 

energy transfer can occur on a several picosecond time scale at Mn doping concentration of <1%48 

leaving no residual exciton emission, the exciton luminescence of the host perovskite nanocrystals 

still persists suggesting a weaker coupling of the exciton and Mn dopant in CsPbX3 nanocrystals 

compared with II-VI host nanocrystals, further studies are needed to gain additional insights into 

the strength of this coupling. Direct time-resolved measurement of the energy transfer rate in Mn-

doped perovskite nanocrystals is under way for a quantitative understanding of the energy transfer 

dynamics in this system. Nevertheless, we attempted to estimate an approximate energy transfer 

time (ET) under the assumption that quantum yield of Mn luminescence (QYMn) can be expressed 

as follows137, despite the limitation of this simple analysis.  
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                                                             𝑄𝑌𝑀𝑛 = (

1

𝜏𝐸𝑇
1

𝜏𝑒𝑥
+

1

𝜏𝐸𝑇

)                                                       (10) 

Here, ET and ex are the energy transfer time and the exciton relaxation time respectively. For 

CsPbCl3 nanocrystals with QYMn=0.58 and ex= ~5ns, the calculated energy transfer time is ET 

=3.6 ns.  

 

Figure 23. (a) XRD patterns of Mn-doped and undoped CsPbCl3 and CsPb(Cl/Br)3 nanocrystals.  

X-ray =1.54056 Å. Miller indices of the orthorhombic CsPbX3 structure are indicated at the top 

of the figure. (b,c) TEM images of Mn-doped CsPb(Cl/Br)3 nanocrystals. Scale bar is 20 nm and 

5 nm respectively 
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Table 3. X-ray diffraction angle (2θ) of perovskite nanocrystals. 

Sample\hkl 121/002 040/202 042/123 

Mn:CsPbCl3 22.5° 32.0° 39.6° 

CsPbCl3 22.5° 32.0° 39.6° 

Mn:CsPb(Cl/Br)3 22.2° 31.7° 39.1° 

CsPb(Cl/Br)3 22.2° 31.7° 39.1° 

 

 In order to obtain structural information of Mn-doped CsPbX3 nanocrystals, transmission 

electron microscopy (TEM), X-ray diffraction (XRD) and electron paramagnetic resonance (EPR) 

measurements were made. Figure 23a compares the XRD patterns of Mn-doped CsPbCl3 and Mn-

doped CsPb(Cl/Br)3 nanocrystals with those of the undoped nanocrystals obtained using Cu K- 

emission line. Although bulk CsMnX3 crystallizes in a hexagonal lattice structure, distinct from 

the orthorhombic structure of CsPbX3, XRD patterns of Mn-doped CsPbX3 nanocrystals show the 

peaks of only the orthorhombic phase, which is nearly identical to that of undoped host 

nanocrystals. Rietveld refinement analysis of the XRD patterns138 were used to confirm that both 

the doped and undoped nanocrystals adopted an orthorhombic phase of space group Pnma(62), 

consistent with recent results by Cottingham and Brutchey on CsPbBr3
139. This indicates that there 

is no detectable phase separation between CsPbX3 and CsMnX3 in the doped nanocrystals at the 

doping concentrations of this study. The comparison of the diffraction angles (2) of several planes 

in undoped and Mn-doped nanocrystals listed in Table 3 shows that Mn2+ ions can be 

accommodated, likely substituting the sites of Pb2+ ions as in bulk Mn-doped CsPbX3 crystals140, 

with little change in the lattice parameters.  TEM images of the Mn-doped nanocrystal shown in 

Figure 23b and 23c, also indicate that the size control and high crystallinity of the host structure 

are preserved in the synthesis of Mn-doped perovskite nanocrystals. 
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 At ambient temperature Mn-doped CsPbCl3 and Mn-doped CsPb(Cl/Br)3 nanocrystals 

display a single-exponential decay of Mn luminescence with a lifetime of 1.75 ms and 1.12 ms 

respectively. In contrast, the luminescence lifetimes of Mn2+ ions in bulk CsMnCl3 and CsMnBr3 

crystals from direct excitation of the weak ligand field transition, where Mn2+ ions are 

antiferromagnetically coupled, are 110 s and 10 s respectively141.  More than an order of 

magnitude longer lifetime in Mn-doped perovskite nanocrystals is consistent with larger spatial 

separation between Mn2+ ions that suppresses the antiferromagnetic coupling responsible for the 

short Mn luminescence lifetime142. Figure 24a,b compares the normalized exciton and Mn 

luminescence spectra of several single particles and solution ensemble of Mn-doped CsPb(Cl/Br)3 

nanocrystals. In contrast to the exciton luminescence varying from particle to particle due to the 

size heterogeneity in the ensemble and quantum confinement effect, Mn luminescence spectra 

from different particles are indistinguishable from each other and from the ensemble spectrum. In 

fact, the energy and bandwidth of Mn luminescence and its lifetime are generally sensitive to the 

local lattice structure at the doping site that determines the structure and strength of the ligand field 

on Mn2+ ions as well as the vibronic coupling. In the case of the extensively studied Mn-doped II-

VI core/shell quantum dots, with radially varying local ligand fields at the doping sites due to 

lattice strain, Mn luminescence spectra exhibited a strong dependence on the doping location 

within the quantum dot and often display multi-exponential decay due to the heterogeneity of the 

local environment at the doping sites 48, 143. In principle, the local environment of Mn2+ ions in 

CsPbX3 nanocrystal host can be heterogeneous due to the large surface/volume ratio, such that a 

significant portion of Mn2+ ions may reside on the surface. However, the highly homogeneous 

spectral characteristics and single exponential decay of Mn luminescence suggest the relatively 

uniform local lattice environment at the Mn doping sites in near-cubic (orthorhombic) host lattice 
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at least for those Mn2+ ions contributing to the observed sensitized luminescence. An X-band EPR 

spectrum of Mn-doped CsPbCl3 nanocrystals at room temperature shown in Figure 24c exhibits 

the hyperfine structure and splitting (86 Gauss) very close to those of bulk Mn-doped CsPbCl3 

crystals grown in a furnace at high temperature reported in an earlier study140, where Mn2+ ions 

occupy Pb2+ sites with an octahedral ligand field. This observation further corroborates the relative 

uniformity of the doping sites resulting in highly homogeneous spectral characteristics of the 

dopant luminescence in the perovskite nanocrystal host. 

 

Figure 24. (a,b) Spectra taken from several single particles comparing the normalized exciton (a) 

and Mn luminescence (b) of each one (dot) with the ensemble measurement of Mn-doped 

CsPb(Cl/Br)3 nanocrystals (line). (c)  X-band EPR spectrum of Mn-doped CsPbCl3 nanocrystal at 

room temperature. 

3.4 Conclusion  

In conclusion, we report a colloidal synthetic approach for the doping of Mn2+ ions into 

CsPbCl3 and CsPb(Cl/Br)3 perovskite nanocrystals. Both species exhibited strong dopant 

luminescence characteristic of d-d transition of Mn2+ ions resulting from exciton-to-Mn energy 

transfer, similar to the case of Mn-doped II-VI quantum dots. XRD, EPR and luminescence 

lifetime data indicate that the host nanocrystal structure is nearly intact after doping and that Mn2+ 

ions are located in the lattice, likely substituting Pb2+. The successful synthesis of Mn-doped 
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perovskite nanocrystals and the observation of intense sensitized Mn luminescence show the 

potential of CsPbX3 nanocrystals as the host of the magnetically doped quantum dots that can take 

advantage of the coupling between excitons and the d electrons of paramagnetic dopants for 

expanded functionality. 
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CHAPTER IV 

DIRECT HOT-INJECTION SYNTHESIS OF Mn-DOPED CsPbBr3 NANOCRYSTALS** 

4.1 Introduction 

The promising capabilities of cesium lead halide nanocrystals (CsPbX3 NCs) for 

photovoltaic144 and optoelectronic145 applications have driven immense interest in expanding the 

range of their useful properties via further chemical and structural modification. For example, 

recent works have demonstrated relatively facile tuning of the bandgap and electronic structure via 

chemical or photochemical anion/cation-exchange17-19, 146 and achieving extremely high 

luminescence quantum yield via simple surface modification.16 Similarly to other semiconductor 

NCs,36, 93 doping has also been explored extensively as a major way to modify the material 

properties in CsPbX3 NCs expanding their functionality.19, 54, 58, 69 Among these, doping of Mn2+, 

which is well known to introduce many interesting optical, electronic and magnetooptic properties 

resulting from the exchange coupling of exciton and Mn2+ seen in II-VI semiconductor NCs,33, 48, 

56, 131, 147 is being actively pursued in anticipation of the same benefits in CsPbX3 NCs. The first 

successful doping of Mn2+ ions in CsPbX3 NC host was demonstrated in CsPbCl3
51, 148, which was 

achieved by a simple modification of the usual hot-injection synthesis method for the undoped 

NCs, i.e., adding MnCl2 as an additional reactant. Subsequently, various other methods were 

developed to synthesize Mn-doped CsPbCl3 NCs in a wider range of doping levels.62, 149, 150 While 

CsPbCl3 has less desirable characteristics compared to CsPbBr3 or CsPbI3 as the host NCs, such 

as poor luminescence quantum yield and a high bandgap limiting the visible light absorption, it is 

 
** Reprinted with permission from Parobek, David.; Dong, Yitong.; Qiao, Tian.; Son, Dong Hee. 

Direct Hot-injection Synthesis of Mn-doped CsPbBr3 Nanocrystals, Chem. Mat., 2018. 30(9), 

2939 



 

61 

 

the most explored system due to the relative ease of doping. On the other hand, doping Mn2+ ions 

in CsPbBr3 NCs could not be achieved readily by using the same hot-injection method for the 

synthesis of Mn-doped CsPbCl3 NCs. A recent study suggested that the difficulty of doping Mn2+ 

ions in CsPbBr3, in contrast to the case of CsPbCl3, is due to the larger disparity of M-Br (M=Pb, 

Mn) bond dissociation energies between PbBr2 (249 kJ/mol) and MnBr2 (314 kJ/mol) compared to 

PbCl2 (301 kJ/mol) and MnCl2 (338 kJ/mol) precursors.148 It was argued that the higher stability 

of Mn-Br bond compared to Pb-Br bond impeded the incorporation of Mn2+ in CsPbBr3 lattice. 

While still not clearly understood yet, the difference in the thermochemistry can certainly be a 

factor affecting the ability to dope Mn2+ in different CsPbX3 NCs. To circumvent the difficulty of 

doping Mn2+ directly into CsPbBr3 NCs via hot-injection method, anion exchange reactions were 

attempted on Mn-doped CsPbCl3 NCs. While Mn-doped CsPb(Cl1-xBrx)3 (x<0.63) exhibiting Mn 

luminescence could be obtained,151 full conversion of the host from CsPbCl3 to CsPbBr3 could not 

be achieved without entirely losing Mn2+ ions during the anion exchange process.  

Here, we report the successful direct hot-injection synthesis of Mn-doped CsPbBr3 NCs. 

The key to doping is the formation of Mn-doped monolayer structure (L2[Pb1-xMnx]Br4, L: ligand) 

exhibiting intense Mn luminescence as the intermediate structure before injecting the Cs precursor. 

A strong correlation was observed between the Mn luminescence intensities of the intermediate 

L2[Pb1-xMnx]Br4 structure and the final Mn-doped CsPbBr3 NCs for a given amount of Mn 

precursor used. This suggests that the formation of L2[Pb1-xMnx]Br4, which contains the same Mn-

Br coordination present in Mn-doped CsPbBr3 NCs, is crucial to enabling the synthesis of Mn-

doped CsPbBr3 NCs under a hot-injection condition. The successful Mn-doping in CsPbBr3 NCs 

demonstrated here will expand the utility of Mn-doped CsPbX3 NCs in their future applications.     
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4.2 Experimental Section 

4.2.1 Synthesis of Mn-doped CsPbBr3 Nanocrystals and L2[Pb1-xMnx]Br4 

 The cesium-oleate was synthesized by adding Cs2CO3 (0.125 g), OA (0.400 g) and ODE 

(3.500 g) were to a 25-mL three-neck round-bottom flask under N2 environment in a glovebox. 

Subsequently, it was transferred to a Schlenk line and heated up to 150 °C for 10 min and lowered 

to 110 °C until further use. The Mn-doped CsPbBr3 nanocrystals were synthesized by adding PbBr2 

(0.16 mmol) and MnBr2 (0.79 mmol) into a mixture of ODE (5 mL), OA (0.7 mL), Olam (0.7 mL) 

and HBr (0-200 μL of) in a three-neck round-bottom flask. After the evacuation of the flask on a 

Schlenk line, the reactant mixture was heated to 120 °C under vacuum for 30 mins. At this stage, 

the intermediate monolayer L2[Pb1-xMnx]Br4 that exhibit Mn luminescence under UV excitation 

was formed. To produce Mn-doped CsPbBr3 NCs, the intermediate product in the flask was further 

heated to 200 °C and additional OA (0.7 mL) and Olam (0.7 mL) were injected. After 10 min, 0.4 

mL of Cs-oleate was swiftly injected in to the flask, which resulted in the formation of CsPbBr3 

NCs in < 1s. After the immediate quenching of the reaction by lowering the temperature using an 

ice bath, the crude product was precipitated with acetone and centrifuged at 3500 rpm for 10 min. 

The recovered crude product, which contains both Mn-doped nanocubes and nanoplatelets, was 

redispersed in hexane for the additional centrifugation to separate each species. After 5 mins of 

centrifuging at 3500 rpm, Mn-doped CsPbBr3 nanocubes remained in the supernatant and Mn-

doped CsPbBr3 nanoplatelets precipitated at the bottom, enabling clean separation of the two 

species. To isolate L2[Pb1-xMnx]Br4 formed as the intermediate structure, the flask was cooled to 

room temperature without injecting Cs-oleate. After centrifuging the intermediate product at 3500 

rpm for 10 min, the precipitate was dispersed in hexane for the characterization.     
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4.3 Results and Discussion 

 Scheme 3 shows the overall synthesis procedure for Mn-doped CsPbBr3 NCs via hot-

injection method. The details of the synthesis are in the Experimental Section. The first step 

involves the formation of the intermediate monolayer L2[Pb1-xMnx]Br4 structure that incorporates 

Mn2+ ions within the structure, which exhibits strong Mn luminescence. Briefly, two precursor 

compounds (PbBr2 and MnBr2) in the mixture of 1-octadecene (ODE), oleylamine (Olam), oleic 

acid (OA) and HBr were prepared in a three-neck round-bottom flask and heated to 120C under 

vacuum. The intermediate structure produced at this first step showed strong Mn luminescence 

under UV (370 nm) excitation even at ~160C. The second step is the injection of Cs-oleate after 

further heating the flask to 200C. Right after the injection of Cs-oleate, the flask was rapidly 

cooled to room temperature and Mn-doped CsPbBr3 NCs were obtained as the final product. Mn-

doped CsPbBr3 NCs obtained in this synthesis consists of a mixture of nanocubes and thin 

nanoplatelets. However, each species is readily separated via simple centrifugation, giving not 

only the usual nanocubes but also nanoplatelets with potentially stronger exciton-Mn exchange 

coupling due to the quantum confinement along the thickness direction.  

Scheme 3. Synthesis procedure for Mn-doped CsPbBr3 nanocrystals 
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 In the first step, L2[Pb1-xMnx]Br4 formed readily when the relative amount of each 

ingredient (PbBr2, MnBr2, OA, Olam and HBr) was kept close to the condition described in the 

Experimental section. However, when the relative amount of the organic ligands exceeded 

significantly from the condition reported here, L2[Pb1-xMnx]Br4 did not form and impeded the 

ability to obtain Mn-doped CsPbBr3 NCs in the subsequent step. As will be discussed later, the 

Mn luminescence intensities of L2[Pb1-xMnx]Br4 and Mn-doped CsPbBr3 NCs are strongly 

correlated, where the Mn luminescence intensity depends on the amount of HBr that controls x in 

L2[Pb1-xMnx]Br4. It is worth mentioning that several recent studies on the synthesis of Mn-doped 

CsPbCl3 NCs reported that HCl in the reactant promotes Mn doping in CsPbCl3 host.65,152 Pradhan 

et al. proposed that alkyl amine chloride produced by HCl in hot-injection synthesis increases the 

density of the NCs at the expense of the NC size, increasing the overall chances of Mn doping in 

CsPbCl3 NCs.152 Xu et al. proposed that HCl plays two roles in the room-temperature synthesis of 

Mn-doped CsPbCl3 NCs; increasing the amount of metal monomers facilitating the generation of 

CsPbCl3 NCs and providing excess Cl- to the NC surface, therefore increasing the number of 

potential binding sites for Mn2+.65 Seemingly, the effect of HBr in this study is similar to that of 

HCl in the hot-injection synthesis of Mn-doped CsPbCl3 NCs. However, the key role of HBr in 

the present study is considered increasing x in L2[Pb1-xMnx]Br4 formed in the first step that 

ultimately leads to the formation of Mn-doped CsPbBr3 NCs.  



 

65 

 

 

Figure 25. (a) Absorption and PLE spectra and (b) PL spectrum of monolayer L2[Pb1-xMnx]Br4 

intermediate structure. (c) XRD patterns of L2[Pb1-xMnx]Br4 (red) and L2PbBr4 (black) showing 

the stacking of multiple layers. In the inset, the orange sphere represents Mn2+ replacing Pb2+. (d) 

Mn luminescence intensity of L2[Pb1-xMnx]Br4 vs the amount of HBr used in the synthesis.   

The identity of the intermediate structure exhibiting Mn luminescence as L2[Pb1-xMnx]Br4 

and the effect of varying the amount of HBr were examined by optical spectroscopy and X-ray 

diffraction (XRD). Figure 25a shows the absorption and photoluminescence excitation (PLE) 

spectra of the intermediate structure formed at the first step when the following amount of the 

reactants was used: PbBr2 (0.16 mmol), MnBr2 (0.79 mmol), Olam (0.7 mL), OA (0.7 mL), and 

HBr (200 L). Figure 25b shows the photoluminescence (PL) spectrum from the intermediate 

structure in-situ at 120C under 370 nm excitation and the photograph of the flask the reaction is 

taking place in. The absorption and PLE spectra in Figure 25a were obtained after cooling the 

intermediate structure to room temperature.  
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Figure 26. (a) Time-dependent Mn luminescence intensity of L2[Pb1-xMnx]Br4. (b) Absorption and 

(c) PL spectra of L2PbBr4 synthesized with 200 μL of acid. 

The absorption spectrum with a prominent peak at 395 nm is very similar to what was previously 

reported for the monolayer L2PbBr4 synthesized through a recrystallization method.153 However, 

there is a strong luminescence centered at 620 nm with a lifetime of ~120 s (Figure 26a) attributed 

to Mn2+ under the appropriate ligand environment, in contrast to L2PbBr4 with negligible 

luminescence (Figure 26b,c). While the observation of Mn luminescence alone does not rule out 

the possibility of forming L2PbBr4 and other Mn-luminescing species separately, the PLE spectrum 

showing the peak at 395 nm indicates that the observed Mn luminescence is sensitized. This 

suggests that Mn2+ is doped within L2PbBr4 host enabling the sensitization of the host excitation 

to Mn2+ ions likely replacing Pb2+.   

XRD pattern of the intermediate structure in figure 25c (red) shows the signature of 

multiple stacked monolayers, similarly to the case of L2PbBr4 in the previous study.153 A series of 

small angle diffraction peaks (2=5-15) with the equal spacing of 2.2, corresponding to 4.1 nm 

for the interlayer distance, is consistent with ~3.5 nm gap between the layers created by the two 

oleyl carbon chains in the ligands.154 For comparison, XRD pattern of the stacked monolayer 

L2PbBr4 synthesized in the absence of MnBr2 is also shown in figure 25c (black). Both structures 

exhibit the same 2.2 spacing between the adjacent diffraction peaks, while the Mn-doped structure 
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shows a more apparent doublet feature that may reflect the structural distortion of the host due to 

the incorporation of Mn2+. The above observations suggest that Mn-luminescing intermediate 

structure is L2[Pb1-xMnx]Br4 with Mn2+ ions occupying Pb2+ site as illustrated in the inset of figure 

25c. 

 While the microscopic role of HBr in the formation of L2[Pb1-xMnx]Br4 is not entirely clear, 

its presence increases Mn luminescence intensity of L2[Pb1-xMnx]Br4. When the amount of HBr 

was varied (0, 100, 200 L) while keeping the amount of other reactants the same, Mn 

luminescence intensity of L2[Pb1-xMnx]Br4 increased with the amount of HBr as shown in figure 

25d. On the other hand, the absorption spectrum of L2[Pb1-xMnx]Br4 shown in figure 25a did not 

change significantly with the amount of HBr. These suggest the increase of x in L2[Pb1-xMnx]Br4 

with increasing HBr, while retaining the general structure of L2[Pb1-xMnx]Br4. Quantitative 

determination of x in L2[Pb1-xMnx]Br4 from the elemental analysis, however, could not be 

performed reliably because of the difficulty in removing all the unreacted Mn2+ species.    
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Figure 27. Comparison (a) absorption and (b) PL spectra, and (c) time-dependent Mn 

luminescence intensity of varying Mn-doped CsPbBr3 nanocubes synthesized at different 

temperatures. (d) Absorption and e) PL spectra of L2[Pb1-xMnx]Br4 synthesized at 160 °C 

Once the intermediate L2[Pb1-xMnx]Br4 structure with strong Mn luminescence is formed 

in the first step, Mn-doped CsPbBr3 NCs were obtained by injecting Cs-oleate after further heating 

the reaction mixture to 200 C. It is important to mention that the relatively high stability of L2[Pb1-

xMnx]Br4 exhibiting strong Mn luminescence up to 160 C required that Cs-oleate be injected at a 

relatively narrow range of temperatures near 200 C to obtain Mn-doped CsPbBr3 NCs. Below 

160 C, the majority of the final product after Cs-oleate injection was still Mn-luminescing L2[Pb1-

xMnx]Br4 (Fig. 27d,e). At the temperatures significantly above 200 C, the doping level in the final 

product decreased drastically (Fig. 27a,b,c).  
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Figure 28. (a) Absorption spectra, (b) PL spectra, (c) Time-dependent Mn luminescence intensity 

of Mn-doped CsPbBr3 nanocubes synthesized with varying amount of HBr.   

 

 

Figure 29. TEM image of Mn-doped CsPbBr3 nanocubes synthesized with (a) 0 μL (b) 100 μL, 

(c) 200 μL of HBr, (d) XRD patterns of the corresponding Mn-doped CsPbBr3 nanocubes. For 

comparison, the XRD pattern of undoped CsPbBr3 nanocubes is also shown.  Scale bar in (a), (b), 

(c) is 50 nm. Scale bar of inset in (a) and (b) is 5 nm. 
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Table 4. Wavelength of the bandedge absorption (BE), average NC size, total and Mn 

luminescence quantum yields (QYtot and QYMn), and Mn luminescence lifetime (Mn) of Mn-doped 

CsPbBr3 nanocubes. 

HBr BE (nm) Size (nm) QYtot (%) QYMn (%) Mn (μs) 

0 μL 480 8.2 0.7 40 1.6 24 

100 μL 460 8.4 1.0 41 20 271 

200 μL 455 6.5 0.9 38 27 266 

 

Figure 28a-c show the absorption and PL spectra and the time-dependent Mn luminescence 

intensity of Mn-doped CsPbBr3 nanocubes produced using varying amounts of HBr (0, 100 and 

200 l). As mentioned earlier, while the product is the mixture of nanocubes and nanoplatelets, 

nanocubes were cleanly isolated by precipitating nanoplatelets via gentle centrifugation. The 

corresponding TEM images and X-ray diffraction patterns are shown in figure 29. Table 4 

summarizes the wavelength of the bandedge absorption (BE), average NC size, total luminescence 

quantum yield (QYtot), Mn luminescence quantum yield (QYMn) and Mn luminescence lifetime 

(Mn) of the three different Mn-doped CsPbBr3 nanocubes. The blueshift of BE in the absorption 

spectra by 20 nm between 0 and 100 L of HBr results from the relatively high doping 

concentration that can modify the bandgap of the host via lattice distortion not from the quantum 

confinement, which has also been recently observed in the cation-exchanged CsPbBr3 NCs19. 

Upon further increasing the amount of HBr to 200 μL, a small additional blueshift of BE is 

observed possibly due to the combination of the further increase in Mn doping and weak quantum 

confinement from the reduction in the NC size to 6.5 nm.15  

In figure 28b, the Mn luminescence at 595 nm in Mn-doped CsPbBr3 nanocubes occurs 

through the energy transfer from the exciton to Mn2+ ions doped within the lattice of the perovskite 
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host.51, 74 As the amount of HBr increases, the intensity of Mn luminescence increases at the 

expense of the intensity of bandedge luminescence of the host. The nearly constant total 

luminescence quantum yields (QYtot) and increasing Mn luminescence quantum yield (QYMn) with 

increasing HBr indicates the more efficient energy transfer from the exciton to Mn2+ reflecting the 

higher doping concentration. The Mn doping concentration determined from the elemental 

analysis employing inductively coupled plasma mass spectrometry (ICP-MS) and TEM EDX was 

in 3-15 % range, while there is several % of uncertainty due to the common issue of the incomplete 

removal of all the unreacted Mn2+ during the purification of CsPbX3 NCs.51 Figure 28c shows the 

time-dependent Mn luminescence intensity, from which the average Mn luminescence lifetime 

(Mn) was obtained. While Mn is comparable for 100 and 200 μL HBr, it is much shorter for 0 μL 

HBr. This may be due to the doping on the surface rather than the interior of the nanocrystals.65 

Compared to the case of Mn-doped CsPbCl3 with Mn of up to 1.8 ms,155 Mn is significantly shorter 

in CsPbBr3 host (~270 μs), likely due to the stronger spin-orbit coupling with the heaver anion 

analogous to the case of Mn-doped II-VI NCs156. The same trend was also observed in bulk 

CsMnCl3 and CsMnBr3 exhibiting Mn of 110 μs and 10 μs respectively.141 The XRD patterns of 

Mn-doped CsPbBr3 nanocubes in figure 29d show some changes in the crystal structure upon 

doping of Mn2+ ions in CsPbBr3 host. In particular, the intensities of the peaks at 15.3, 30.8 and 

34.7 decreased significantly compared to undoped CsPbBr3 NCs. This may be due to the 

relatively high doping concentration that may have distorted the lattice of the host nanocubes. 

Further structural characterization at the atomic detail will be needed to obtain the deeper 

understanding of the effect of Mn doping on the crystal structure at this relatively high doping 

level in CsPbBr3 host.   
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As mentioned earlier, the Mn luminescence intensity of Mn-doped CsPbBr3 reflecting the 

doping level strongly correlates with that of L2[Pb1-xMnx]Br4 produced as the intermediate 

structure, despite the fact that the same amount of MnBr2 is used in all syntheses. This suggests 

the possibility of L2[Pb1-xMnx]Br4 playing the role of the ‘structural precursor’, which already 

contains Mn2+ coordinated by six Br- ions that is necessary to form Mn-doped CsPbBr3 NCs. It is 

interesting that the formation of the monolayer intermediate structure is distinctly different from 

the case of Mn-doped CsPbCl3 NCs. In hot-injection synthesis of Mn-doped CsPbCl3 NCs under 

the condition similar to Mn-doped CsPbBr3 NCs, the equivalent intermediate monolayer structure 

(i.e., L2[Pb1-xMnx]Cl4) was neither identified (Figure 30) nor necessary for obtaining Mn-doped 

CsPbCl3 NCs.  

 

Figure 30. Comparison of the optical spectra of the intermediate product before the injection of 

Cs-oleate for the synthesis of Mn-doped CsPbCl3 and CsPbBr3 nanocrystals. (a) Absorption and 

(b) PL spectra under 320 nm excitation from Xe lamp. If L2[Pb1-xMnx]Cl4 is formed as an 

intermediate species, we anticipate the absorption peak appear near 334 nm153 and luminescence 

from Mn, which are completely absent in the case of the synthesis of Mn-doped CsPbCl3 

nanocrystals.  
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Figure 31. (a) Absorption and PLE spectra, (b) PL spectrum, (c) XRD pattern, (d) TEM image of 

Mn-doped CsPbBr3 nanoplatelets. Scale bar in (d) is 100 nm. XRD pattern of undoped nanocubes 

is shown for comparison in (c).  

Figure 31a,b show the absorption, PLE and PL spectra of the Mn-doped nanoplatelets 

recovered from the precipitates in the mixture of Mn-doped CsPbBr3 NCs obtained as the final 

product when 200 L of HBr was used. The XRD pattern and TEM of the Mn-doped nanoplatelets 

are shown in figure 31c,d respectively. The absorption spectrum has a prominent peak at ~430 nm, 

which is similar to the previously reported absorption spectrum of undoped CsPbBr3 nanoplatelets 

containing three units of PbBr6 octahedra in the thickness corresponding to ~2 nm.22, 33 The 

significantly more blushifted BE compared to the nanocubes is due to the 1-dimensional quantum 

confinement in nanoplatelets. A smaller peak near 395 nm is from the remaining monolayer 

intermediate structure. PL spectrum shown in figure 31b is dominated by Mn luminescence 

appearing at 610 nm, while the bandedge luminescence from the host appearing at ~440 nm is 

much weaker than in Mn-doped nanocubes. The Mn luminescence lifetime obtained from the time-
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dependent PL measurement (inset of Figure 31b) is 200 μs. The PLE spectrum detected at 610 nm, 

while somewhat distorted due to the turbidity of the sample solution, also shows the peak near the 

absorption peak of the nanoplatelets. This indicates that Mn luminescence in nanoplatelets also 

results from the exciton-to-Mn energy transfer as in Mn-doped nanocubes. The dominant Mn 

luminescence in nanoplatelets, in contrast to the nanocubes with significant bandedge 

luminescence of the host, may be partially due to the strong quantum confinement of exciton that 

enhances the rate of the energy transfer by increasing the exchange coupling mediating the energy 

transfer.74 Considering that many useful properties of Mn-doped semiconductor NCs results from 

the exchange coupling of the exciton and d electrons of the doped Mn2+ ions, thin nanoplatelets 

can potentially be the superior host to nanocubes in providing the stronger coupling between 

exciton and dopant ions.    

4.4 Conclusion 

We report the direct hot-injection synthesis method for effectively doping Mn2+ ions in 

CsPbBr3 NCs, which has been difficult to achieve in contrast to Mn doping in CsPbCl3 NCs. In 

the new approach reported here, the formation of monolayer L2[Pb1-xMnx]Br4 exhibiting strong 

Mn luminescence before injecting Cs precursor is considered to be the crucial intermediate species 

leading to the production of the final Mn-doped CsPbBr3 NCs. A strong correlation was observed 

between the Mn luminescence intensities of L2[Pb1-xMnx]Br4 and the final Mn-doped CsPbBr3 

NCs indicating the importance of L2[Pb1-xMnx]Br4 for the successful doping of Mn2+ in CsPbBr3 

NC host. This suggests that L2[Pb1-xMnx]Br4 already containing the same Mn-Br coordination in 

Mn-doped CsPbBr3 NCs may have facilitated the formation of Mn-doped CsPbBr3 NCs by 

providing the structural precursor. This strongly contrasts to the case of Mn-doped CsPbCl3 NCs, 

where the intermediate structure was neither observed nor necessary for the successful Mn doping. 
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It is also notable that not only usual nanocubes but also thin nanoplatelets of Mn-doped CsPbBr3 

NCs with significantly different quantum confinement can be obtained, offering an opportunity to 

explore the varying exciton-Mn coupling affected by the quantum confinement in future studies.    
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CHAPTER V 

PHOTOINDUCED ANION EXCHANGE IN CESIUM LEAD HALIDE PEROVSKITE 

NANOCRYSTALS†† 

5.1 Introduction 

     The ability of colloidal CsPbX3 perovskite NCs to undergo rapid anion exchange reactions 

in solution phase has opened the doors to many interesting applications of these materials. A broad 

range of tunable photoluminescence (PL) from CsPbX3 NCs could be obtained via a simple post-

synthesis procedure, where mixing the solution of NCs with the reactive anion precursors results 

in the formation of the anion-exchanged NCs with tunable bandgap15, 17, 18 for perovskite 

nanostructures of various morphologies.22, 33, 157 The labile nature of the halide anions in the 

perovskite system is generally accepted responsible for their facile exchange in perovskite NCs 

and other processes involving ion transport, such as long-range anion diffusion under weak 

perturbation158, 159 and the phase segregation in the methylammonium lead mixed halide system.160 

Several recent studies investigated methylammonium lead iodide/bromide films and CsPbX3 

colloidal solutions to understand the nature of anion transport and exchange of halide ions in 

perovskites of various phases.31, 161 Due to the simple and wide tunability of the photophysical 

properties of perovskite NCs, anion exchange has been extensively explored using various sources 

of anions for different applications. 132, 162 In most of these cases, the precursors possessed high 

 
†† Reprinted with permission from Parobek, David.; Dong, Yitong.; Qiao, Tian.; Rossi, Daniel.; 

Son, Dong Hee. hotoinduced Anion Exchange in Cesium Lead Halide Perovskite 

Nanocrystals" J. Am. Chem. Soc., 2017. 139(12), 4358. 
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reactivity to undergo spontaneous anion exchange reaction upon contact with the NCs and the 

extent of reaction was usually controlled by stoichiometrically limiting the reactant.   

      In this work, we report the photoinduced anion exchange in solution of CsPbX3 (X=Cl, Br) 

NCs suspended in dihalomethane, where the extent of the anion exchange reaction and its rate are 

controlled by the intensity or wavelength of light without using any reactive sources of halide. In 

our study, dihalomethane molecules that normally function as the unreactive solvent produce 

halide ions via photoinduced electron transfer from CsPbX3 NCs resulting in reductive dissociation 

of the solvent molecules. The halide ions generated in-situ near the surface of NCs drive the anion 

exchange reaction efficiently, as long as the CsPbX3 NCs are photoexcited above the bandgap. 

The proposed mechanism of the photoinduced anion exchange in CsPbX3 NCs is illustrated in 

Scheme 4.  The photoinduced anion exchange in CsPbX3 NCs can give a unique capability not 

available from the earlier anion exchange reactions, such as spatial patterning with controllable 

stoichiometry.  

Scheme 4. Illustration of the proposed mechanism for photoinduced anion exchange of perovskite 

nanocrystals.  
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5.2. Experimental Section 

5.2.1 Synthesis of CsPbCl3 and CsPbBr3 Perovskite Nanocrystals 

Cs-oleate was synthesized by adding Cs2CO3 (0.234 g), OA (0.75 g), and ODE (7.04 g) to 

a 50-mL 3 neck round bottom flask and was evacuated and refilled with N2 3 times before being 

heated to 150 °C for at least 10 minutes before using. The CsPbCl3 and CsPbBr3 were synthesized 

in the following way. PbCl2 (0.0661 g) or PbBr2 (0.0741 g), OAm (0.8 mL), OA (0.8 mL), and 

ODE (5 mL) were added to a 25-mL 3 neck round bottom flask. The solution was evacuated and 

refilled with N2 followed by heating to 120 °C for 30 minutes. The solution was then increased to 

165 °C and then 200 °C for 10 minutes each where at 200 °C, dried OAm (0.8 mL) and dried OA 

(0.8 mL) were consecutively injected to solubilize the solution. Then the Cs-oleate (0.4 mL) was 

injected and after 1 minute the solution was cooled with an ice bath. The NCs were precipitated 

with acetone and then centrifuged followed by dissolving in hexanes. 

5.2.2 Synthesis of CdSSe/ZnS Quantum Dot 

The core shell quantum dot nanocrystals were synthesized following a previously reported 

method.48 The CdSSe core was synthesized by first injecting a TBP-selenium solution (0.3 mL, 29 

M) into an ODE-sulfur solution (0.25 M). Then 2 mL of the mixture was injected into a solution 

of CdO (128 mg), ODE (12 mL) and OA (2.02g) at 250 °C under N2 protection where the reaction 

proceeded at 240 °C for 1 minute until it was quenched. The nanocrystals were precipitated with 

acetone, centrifuged, and dispersed in toluene followed by additional cleaning with methanol 

precipitation. The ZnS shell was deposited on the prepared core following the SILAR method. The 

CdSSe QD was dissolved in an ODE (6 mL) and OAm (2 mL) solution and heated to 220 °C under 

N2 protection. Then in successive 10 minute intervals solutions of ODE-sulfur (0.25 M) and ODE-
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zinc stearate (0.25 M, ~5% octylamine) were added dropwise. The solution was then quenched 

and precipitated with acetone and dispersed in toluene followed by further precipitation with 

methanol.  

5.2.3 Anion Exchange Reactions 

The anion exchange reactions were conducted with a home built optical setup using a 405 

nm diode laser and a 445 nm diode laser with intensities of 21 mW/cm2.  For CsPbBr3 anion 

exchange a mixture of DCM/hexane (2:1) with 25 μL was used and for CsPbCl3 anion exchange 

a mixture of DBM/hexane (1:1) with 25 μL of oleylamine was used. All reactions were done under 

ambient conditions without stirring. Photoluminescence measurements were taken with a 

fiberoptic-coupled CCD spectrometer (Ocean Optics, QE65pro) with a 365 nm LED excitation 

source. The absorption measurements were taken with an Ocean Optics USB2000 spectrometer. 

Control experiments were conducted for CsPbCl3 (Figure 32a) and CsPbBr3 (Figure 32b).  

 

Figure 32. Absence of the anion exchange under dark condition. (a) CsPbCl3 NCs in DBM/hexane, 

(b) CsPbBr3 NCs in DCM/hexane.   

 

5.2.4 TEM and XRD Before and After Anion Exchange 

All TEM images of CsPbX3 NCs were collected using a FEI Tecnai G2 F20 ST FE-TEM 

microscope operated at 4100 kV.  
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Figure 33. TEM image of NCs before (a) and after (b) the photoinduced anion exchange in 

DBM/hexane solution under 405 nm excitation.  

 

Figure 34. TEM images of CsPbBr3 NCs before a) and after b) the photoinduced anion exchange 

in DCM/hexane solution under 405 nm excitation.  
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Figure 35. XRD patterns of CsPbCl3 before (blue) and after (red) anion exchange in DBM/hexane 

solution. XRD pattern of the freshly synthesized CsPbBr3 is shown in green.  XRD patterns were 

obtained using a Bruker-AXS GADDS MWPC diffractometer equipped with Cu K-α x-ray 

radiation and a multi-wire proportional counter.  

 

5.2.5 Photoinduced Anion Exchange Substrate Patterning 

 The photopatterning of a substrate was done by first placing CsPbCl3 NCs in a mixture of 

DBM (5 mL) and polymethylmethacrylate (20 mg) and then dropcasting the solution onto a glass 

slide. Another slide was used to sandwich the polymer to keep it in place. A 405 nm laser was used 

to excite the CsPbCl3 and complete the anion exchange in the localized area of the light spot in the 

viscous reaction medium (Figure 36). The same reaction can be completed starting with CsPbBr3 

and using DCM as the solvent for the polymer.  
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Figure 36. Photoinduced anion exchange of a thin film of CsPbCl3 in a DBM/PMMA matrix to 

CsPbBr3 with spatial patterning. Three bright dots are the locations where the beam was focused 

on.  

 

5.3 Results and Discussion 

 

Figure 37. Photoinduced anion exchange of CsPbX3 NCs in dihalomethane solvent. (a,b,c) Time 

dependence of absorption spectrum (a), PL emission spectrum b), and PL emission peak (c) for 

CsPbBr3 → CsPbCl3 in DCM/hexane.  (d,e,f) Time dependence of absorption spectrum (d), PL 

emission spectrum (e), and PL emission peak (f) for CsPbCl3 → CsPbBr3 in DBM/hexane. 

 We demonstrate the photoinduced anion exchange using dichloromethane (DCM) and 

dibromomethane (DBM) as the inert solvent that also functions as the locally photoactivatable 
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source of halide anions in the immediate vicinity of the perovskite NCs. CsPbBr3 and CsPbCl3 

NCs used in this study were synthesized following a previously reported method15 with minor 

modifications. The detailed procedures of CsPbX3 NC synthesis and photoinduced anion exchange 

reaction, TEM images and X-ray diffraction patterns of the NCs before and after the anion 

exchange are in the experimental section. Figure 37 summarizes the continuous changes of the 

absorption and emission spectra during the process of photoinduced anion exchange in CsPbBr3 

NCs dispersed in mixed solvent of DCM/hexane (Figure 37 a,b) and CsPbCl3 NCs in DBM/hexane 

(Figure 37 d,e). The time-trace of the PL emission peak and the PL quantum yield correlated with 

PL emission peak are also shown for both reactions (Figure 37 c,f). The mixture of hexane and 

dihalomethane was used as the solvent instead of pure dihalomethane for better solubility of the 

NCs facilitating more accurate measurement of the optical spectra, while the same photoinduced 

chemistry can be performed in pure dihalomethane. The entire volume of the solution sample 

contained in a 1 cm-thick cuvette was illuminated with weak 405 nm light (~20 mW/cm2) to excite 

the NCs without stirring the solution.  

     In the absence of photoexcitation in the dark, the absorption and emission spectra were 

constant over time, indicating that no anion exchange occurs in the solution of CsPbCl3 and 

CsPbBr3 NCs in their respective dihalomethane/hexane solvent (Figure 37). Upon illumination 

with 405 nm light, CsPbBr3 NCs in DCM/hexane showed a blueshift of both absorption and 

emission spectra indicating the exchange of bromide with chloride. Similarly, CsPbCl3 NCs in 

DBM/hexane showed a redshift of the spectra from the exchange of chloride with bromide. This 

indicates that the exchange of anions can occur in both directions and that the direction of the 

reaction can be varied by changing the solvent composition. The PL quantum yield, shown as 

insets in Figure 37 c,f, generally decreases with increasing Cl content in CsPb(Cl/Br)3 mixed halide 
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NCs for the anion exchange reaction in both directions, consistent with earlier observations.17, 18 

In order to confirm that the exchange between the two different halide ions is the direct result of 

light absorption by perovskite NCs, the progress of the reaction was monitored by changing both 

the intensity and wavelength of the excitation light. Figure 38a shows the shift of the PL emission 

peak with alternating ‘on’ and ‘off’ periods of the photoexcitation for the anion exchange reaction 

of CsPbBr3 NCs in DCM/hexane. The shift of the PL emission peak occurs only during the ‘on’ 

period, indicating that the extent of reaction can be precisely controlled with photon dose. In 

addition, the rate of reaction could also be controlled by varying the intensity of light (Fig. 38c), 

indicating that the rate of production of halide ions via photoexcitation is the main rate limiting 

step for the overall exchange reaction. 

 

Figure 38. PL emission peak shift for CsPbBr3 in DCM/hexane (a) under ‘on’ and ‘off’ period of 

excitation light (b) under two different excitation wavelengths, 405 and 445 nm. (c) PL emission 

peak shift from anion exchange of CsPbCl3 in DBM/hexane at two different 405 nm excitation 

intensities.   

     The essential role of photoexcitation of the perovskite NCs in anion exchange is further 

demonstrated in the ‘self-limiting’ behavior of the reaction when the excitation light becomes off-

resonance with the absorption of the perovskite NCs during the exchange process.  Figure 38b 

compares the PL emission peak shift from the anion exchange of CsPbBr3 in DCM/hexane under 

excitation at 405 and 445 nm. When 445 nm light is used, the reaction stops near the PL emission 

peak of 440 nm due to the inability of the NCs to absorb light, in contrast to the case of 405 nm 
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excitation that results in a nearly complete anion exchange. This demonstrates that the extent of 

reaction can be controlled also with the wavelength of the excitation light in addition to the photon 

dose. Furthermore, two-photon excitation of the perovskite NCs at 800 nm, where there is no linear 

absorption in solution, could induce the anion exchange (Figure 39), suggesting an interesting 

possibility of photo patterning even in 3-dimensions, with an appropriate medium that limits the 

diffusion of the NCs and solvent. The above observations demonstrate the unique benefits of the 

photoinduced anion exchange reaction in gaining precise post-synthesis control of the perovskite 

NCs bandgap.  

 

Figure 39. (a) PL emission peak shift from anion exchange of CsPbCl3 in DBM/hexane mixture 

induced by two-photon excitation at 800 nm from Titanium Sapphire laser. (b) Photoinduced anion 

exchange from CsPbBr3 to CsPbI3 in diiodomethane/toluene mixture using two-photon excitation. 

     The possible mechanism for the photoinduced anion exchange reaction is the dissociation of 

the reduced solvent molecules via interfacial electron transfer from the photoexcited perovskite 

NCs. Most alkyl halides are known to undergo concerted reductive dissociation into halide ion and 

alkyl radical under both heterogeneous (e.g., electrochemical) and homogeneous reduction 

conditions.163, 164 The reduction potential of various alkyl halides are less negative than -1V vs 

SCE (saturated calomel electrode) in common organic solvents.165  
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Figure 40. Energy level diagram with respect to vacuum of CsPbCl3 and CsPbBr3 
166

 compared to 

the reduction potential of common halogenated solvents165. 

 Therefore, the reduction can be achieved via interfacial electron transfer from the 

conduction band of CsPbX3 NCs that are energetically located above the reduction potential. For 

instance, the conduction band edge of CsPbBr3 measured electrochemically166 and from ultraviolet 

photoelectron spectroscopy,167 is 3.35 eV below vacuum level, which is sufficient to reduce DCM 

that has a reduction potential of -1.04 V vs SCE corresponding to 3.7 eV below vacuum level 

(Figure 40). From the interfacial electron transfer to solvent molecules, halide ions should be 

produced in the immediate vicinity of the NCs creating a relatively high local concentration which 

should facilitate the exchange reaction. This scenario is also corroborated by the observation of 

the slower reaction rate when the solution is rapidly stirred, which can be attributed to the reduced 

local concentration of the photogenerated halide ions near the surface of NCs. The holes remaining 

on NCs should ultimately be removed to continue the reaction and this may involve back electron 

transfer from remaining halide ions.   

 For the two anion exchange reactions shown in Figure 37, the absorbance of CsPbX3 NCs 

at the excitation wavelength and light intensities are comparable. However, the rate of reaction is 

an order of magnitude faster for CsPbCl3 to CsPbBr3 in DBM/hexane than CsPbBr3 to CsPbCl3 in 
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DCM/hexane. This may be explained from the combination of the differences in the reduction 

potential of the solvent molecules and conduction band edge of CsPbX3 NCs rather than photon 

absorption rate per each NC dictated by the absorption cross section. For alkyl halide molecules, 

the reduction potential of bromide is less negative than chloride.165 Furthermore, the conduction 

band edge of CsPbCl3 is higher than that of CsPbBr3. Therefore, one would expect more facile 

electron transfer from CsPbCl3 to DBM than from CsPbBr3 to DCM, resulting in a large difference 

in the rate of halide ion production. In the case of chloromethane series, teterachloromethane 

showed a faster photoinduced anion exchange reaction than DCM. This may be partially due to 

the lower reduction potential promoting the faster electron transfer. It is worth to mention that 

photoinduced anion exchange is less controllable in trihalomethane because of the potentially 

higher concentration of the reactive contaminants that can be produced under light exposure, 

resulting in the partial anion exchange even in the absence of light. 

 

Figure 41. (a,b) Absorption and PL emission spectra before and after excitation of CsPbCl3 NCs 

in DCM/hexane. (c,d) Absorption and PL emission spectra before and after excitation of CsPbBr3 

NCs in DBM/hexane.  
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 When CsPbBr3 and CsPbCl3 NCs are photoexcited in solvent containing their respective 

halide, i.e., DBM and DCM, there is no net exchange of halides. However, a significant 

enhancement of PL quantum yield was observed especially in CsPbCl3, typically exhibiting low 

PL quantum yield (~1%) when freshly synthesized.18 The absorption and PL emission spectra 

before and after the photoinduced exchange of the same anion are shown in Figure 41.  In the case 

of CsPbCl3 NCs, the PL quantum yield increases by an order of magnitude (~1%→~10%) 

accompanied by a substantial increase of the absorption intensity (Figure 41 a,b). In the case of 

CsPbBr3 NCs that already exhibit 60-80% PL quantum yield when freshly synthesized, the 

increase of PL quantum yield is ~10% with negligible change in the absorption intensity (Figure 

41 c,d). This observation suggests one possible origin of particularly low PL quantum yield in 

CsPbCl3 NCs and the potential role of photoinduced ‘self-anion exchange’. The lower PL quantum 

yield of CsPbCl3 compared to CsPbBr3 could occur from the relatively high concentration of halide 

vacancies which could be removed through photoinduced self-anion exchange.  The increase of 

the absorption intensity may reflect the filling of vacancies that increases the density of states 

involved in the optical absorption. Further confirmation of the above hypothesis will require 

additional work on the measurement of the optical absorption cross section and accurate elemental 

analysis.  

     In a separate experiment, we tested whether the anion exchange reaction can be performed 

without directly exciting the perovskite NCs by using a separate species that can transfer the 

electron to the solvent molecules. For this purpose, we examined the anion exchange reaction in 

the mixture of CsPbCl3 NCs and CdSSe/ZnS core/shell quantum dots dispersed in DBM/hexane 

under 445 nm excitation, where only CdSSe/ZnS quantum dots absorb light. Figure 42 compares 

the result from this measurement with that from the reaction of CsPbCl3 NCs under 405 nm 
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excitation, where the average photon absorption rates in the two sample solutions were kept 

similar. As expected, the mixture of CsPbCl3 NCs and CdSSe/ZnS can also undergo anion 

exchange reaction, although the rate is slower likely due to the lower local anion concentration 

near the surface of the perovskite NCs.     

 

Figure 42. Comparison of the photoinduced anion exchange reactions occurring from the 

excitation of CsPbCl3 NCs (orange curve) and excitation of CdSSe/ZnS quantum dots (blue curve) 

in the mixture of CsPbCl3 NCs and CdSSe/ZnS quantum dots. 

 

5.4 Conclusion 

     In summary, we have shown a highly controllable method of anion exchange using light as 

the triggering mechanism in the solution of CsPbX3 NCs dispersed in dihalomethane. In-situ 

production of halide anions via reductive dissociation of the solvent molecules following the 

interfacial electron transfer from the photoexcited CsPbX3 NCs is considered as the mechanism 

for the photoinduced anion exchange. We were able to control the extent of anion exchange 

reaction precisely by controlling either photon dose or wavelength of the excitation light. 

Multiphoton excitation was also able to induce the anion exchange, creating the potential use for 

photo patterning in a viscous medium. The self-exchange of the same anions, particularly in 

CsPbCl3 NCs, resulted in an order of magnitude increase of the PL quantum yield, which may 

have resulted from the removal of the anion vacancy. The high level of control of the rate and 
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extent of anion exchange reaction and the potential to spatially pattern the chemical transformation 

with light will be valuable for the post-synthesis modification of perovskite NCs for various 

applications.   
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CHAPTER VI 

BREAKING THE SHORT-RANGE PROXIMITY REQUIRENTS IN QUANUTUM 

DOT/MOLECULAR CATALYST HYBRIDS FOR CO2 REDUCTION VIA LONG-RANGE 

HOT ELECTRON SENSITIZATION‡‡ 

6.1 Introduction 

 Hybrid photocatalytic systems, constructed from a photosensitizing unit (PU) and a 

catalyst, have been extensively studied for homogeneous photocatalytic conversions of energy 

relevant small molecules to generate hydrogen (H2) and reduction products of carbon dioxide 

(CO2).
120 For the homogeneous light-driven reduction of CO2, hybrid systems employing 

molecular catalysts, such as Ni(cyclam) and Fe(porphyrin),125, 168, 169 have been studied in 

combination with either molecular photosensitizers, like Ru(bpy)3
2+ and Ir(ppy)3,

170 as well as 

semiconductor quantum dots (QDs).116, 122, 124, 125, 171 

 In contrast to utilizing molecular photosensitizers, QD/molecular catalyst hybrid systems 

take advantage of the comparatively higher photostability and larger absorption cross section of 

QDs for photosensitization, thereby “powering” the molecular catalyst for precise and selective 

catalytic reactions more effectively. However, all two-component photocatalytic systems require, 

at least temporarily, proximity between the PU (in its excited or reduced state) and the catalysts 

molecules (pre-catalysts and all catalyst intermediates) for productive electron transfer to be 

possible. One route to overcoming this inherent limitation, is the use of synthetic chemistry to link 

 
‡‡ Reprinted with permission from Parobek, David.; Meeder, Jeremy.; Pounthenpurayil, Joseph.; 

Nippe, Michael.; Son, Dong Hee. Breaking the Short-Range Proximity Requirement in Quantum 

Dot/Molecular Catalyst Hybrids for CO2 Reduction via Long-Range Hot Electron 

Sensitization 2020. 
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both components together. Examples of this approach include the covalent attachment of catalysts 

to the PU,172 as well as the utilization of supramolecular interactions, such as van der Waals 

interaction,173  hydrogen bonding,174 and ion pairing.123  For example, in a report by Weiss et al. it 

was shown that ion pairing between anionically terminated II-VI QDs and synthetically modified, 

highly cationic Fe(porphyrin) catalysts, allowed for a significant increase in CO2 conversion to 

carbon monoxide (CO).123  

Scheme 5. Potential CO generation pathways for doped (left) and undoped (right) QDs in 

QD/catalyst systems.  

 

Although these approaches are certainly promising, they add complexity, require additional 

synthetic steps, may not be applicable to a large variety of catalysts, and given the sensitivity of 

molecular catalysts performance to ligand design, may not allow to tune catalyst and PU 

independently from each other. We propose that the burden of linking QDs and molecular catalyst 

can potentially be alleviated by using hot electrons which would enable long-range electron 

transfer for sensitization of molecular catalysts that are separated far from the QDs. Since hot 

electrons can transfer across a thick and high-energy barrier, QD sensitizer and molecular catalyst 

do not necessarily need to be linked as tightly in space. Recently, the generation of hot electrons 

with excess kinetic energies of more than 2 eV above the conduction bandedge was demonstrated 
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via exciton-to-hot electron ‘upconversion’ under weak visible excitation conditions in Mn-doped 

II-VI QDs.175-177 The exciton-to-hot electron upconversion is achieved through a sequential two-

photon process, mediated by the long-lived excited ligand field state of Mn2+ as the intermediate 

state that adds excess energy to the electrons in the conduction band. These hot electrons can 

transfer across a 7 nm-thick insulating Al2O3 layer in an electrochemical cell platform,110 and even 

create photoelectron emission current under vacuum condition,112 demonstrating their ability to 

travel long distances over the high energy barrier. Therefore, hot electrons generated in Mn-doped 

QDs are expected to overcome the shortcomings of short-range interfacial electron transfer of 

bandedge electrons that limits the spatial extent of catalytic reactions to the immediate proximity 

of the QD surface. Compared to plasmonic hot electrons in metal nanostructures, the absolute 

energy of hot electrons from upconversion is several eV higher.112 The advantage of these hot 

electrons in QD-based photocatalysis was recently demonstrated for photocatalytic H2 production 

with Mn-doped QDs in the absence of a molecular catalyst or other cocatalyst.33  

Building on these results, the present study establishes the feasibility of using hot electrons 

for long-range sensitization of molecular catalysts in “non-linked” QD/molecular catalyst hybrid 

systems. We show that for simple QD/molecular catalyst (precatalyst is [Ni(cyclam)]2+) mixtures, 

both CO2 to CO conversion (under a CO2 atmosphere) and H2 production (under an Ar atmosphere) 

are strongly enhanced if Mn-doped QDs are employed as the PUs as compared to those using 

undoped QDs (Scheme 5). The comparison of CO production rates of Mn-doped 

QD/[Ni(cyclam)]2+ and undoped QD/[Ni(cyclam)]2+ systems strongly suggests that long-range hot 

electron sensitization is indeed possible, resulting in a 6-fold increase in the production of CO 

from CO2 of the former under otherwise identical conditions. The results from this study clearly 

demonstrate the benefits of hot electron sensitization in non-linked hybrid systems, which will 
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greatly simplify the design and construction of hybrid photocatalysts by eliminating the need for 

linkages between PUs and molecular catalysts.  

6.2 Experimental Section 

6.2.1 Synthesis of [Ni(cyclam)](BF4)2 

 The [Ni(cyclam)](BF4)2 was synthesized following a previously reported method.178 

Ni(II) tetrafluoroborate hexahydrate(0.8306 g) was dissolved in 40 mL of 30 °C ethanol. This 

solution was then added to a solution of cyclam (0.5000 g) dissolved in 20 mL of 30 °C ethanol. 

The resulting orange solid was filtered off, washed with cold ethanol, and allowed to dry overnight. 

6.2.2 QD Synthesis 

 Mn-doped and undoped CdSSe/ZnS core/shell quantum dots (QDs) were synthesized 

following procedures published previously.179, 180 The sulfur/selenium (S/Se) precursor was 

prepared by adding 0.5 mL of a 1 M tributylphosphine (TBP) solution of selenium to a mixture of 

10 mL of heated octadecene (ODE) and sulfur (0.081 g). Subsequently, 2 mL of S/Se precursor 

solution was swiftly injected to a solution of ODE (12 mL) with CdO (0.128 g) and oleic acid (2.1 

mL) heated to 250 °C. After the injection, the reaction temperature was reduced to 240 °C and 

allowed to proceed for 70 seconds, which produced CdSSe core QDs. After quenching the reaction 

by rapid cooling of the reactant mixture, the produced QDs were precipitated by adding acetone 

and centrifugation. The precipitated CdSSe core QDs were recovered and dispersed in toluene. 

Three more cycles of precipitation/redispersion were applied to further purify the QDs before 

coating ZnS shell.    
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 Shell coating and Mn doping were performed following the previously reported procedure 

employing successive ionic layer adsorption and reaction (SILAR) method. The core QDs were 

initially dissolved in a mixture of ODE (6 mL) and oleylamine (2 mL) and heated up to 220 °C 

under N2. Subsequently, the mixture of ODE-sulfur (0.25 M) and the zinc precursor solution (0.25 

M zinc stearate in toluene with 5 % octylamine) were added dropwise to the core QD solution over 

10 minutes. After adding two layers of ZnS shell, the ‘intermediate’ core/shell QDs were 

precipitated and purified following the same procedure of purifying the core QDs.  

 The purified ‘intermediate’ core/shell QDs were dispersed in the mixture of ODE (6 mL) 

and oleylamine (2 mL) and heated up to 260 °C for Mn-doping. Mn-doping was performed by 

adding ODE-sulfur solution and a solution of Mn(OAc)2 (0.029 g) in oleylamine (6 mL) dropwise 

then cooling after 20 minutes. Subsequently, the Mn-doped QDs were purified using the same 

procedure described above and 4 additional ZnS shell layers were coated. The final Mn-doped 

CdSSe/Zn core/shell QDs were recovered and purified by applying multiple 

precipitation/redispersion cycles using methanol and toluene as anti-solvent and solvent. The final 

doping concentration calculated from ICP elemental analysis was 4.7%. For the undoped QDs the 

same procedure was followed excluding the Mn-doping step.  

 The resulting QDs (both Mn-doped and undoped core/shell QDs), initially passivated with 

oleylamine and dispersible in nonpolar solvent underwent ligand exchange with 4-

mercaptopropionic acid (MPA) to make them water soluble. To the QDs dispersed in chloroform 

the mixture of water (0.200 mL), methanol (0.800 mL) and MPA (0.100 mL) was added. The pH 

of solution was maintained at >8 by adding small amount of NaOH. After stirring the mixture for 

3 hours, the ligand-exchanged QDs in the organic phase had transferred to the aqueous phase. 
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After separating the aqueous phase, the QDs were isolated by precipitating with acetone to remove 

any unbound MPA. The recovered QDs were dispersed in water before use. 

6.2.3 Calculation of Extinction Coefficient and QD Concentration 

 The extinction coefficient of the QDs and concentration of QDs in the solution were 

obtained in the following ways from the size of the QDs estimated from the TEM images and total 

metal ion concentration of the QDs solution sample determined from the elemental analysis. The 

total concentration of metal ions (Cd2+ and Zn2+) in the acid-digested QD samples were 

determined from employing inductively coupled plasma mass spectrometry (NexIon 300D). The 

sample for the elemental analysis was prepared by first drying 1 mL of QD solution with 

absorbance of 0.1 at 460 nm and then digesting the dried QD sample in concentrated nitric acid. 

The calibration curve for the elemental analysis was built by measuring the various diluted element 

standard ICP solutions (Aldrich). The concentration of Cd2+ and Mn2+ ([Cd2+] and [Mn2+]) of 

each sample could be calculated to determine the absorption coefficient. The molar extinction 

coefficient (𝜀) was calculated using Beer’s law: 

                                                                𝜀 =
𝐴

(𝑏∗[𝑄𝐷])
                                                       (11) 

 Where A is the absorbance of the sample, b is 1 cm, and [QD] is the molar concentration 

of the QDs. [QD] is calculated from [Cd2+]/<nCd>, where <nCd> is the average number of 

cadmium ions per QD. The number of Cd2+ ions was calculated from the radius of the CdSSe core 

in the TEM images then used to determine the number of Cd2+ ions per QD (~420). [QD] is then 

calculated by: 

                                                              [𝑄𝐷] =  
[𝐶𝑑2+]

420
                                                    (12) 

Resulting in 𝜀 = 1.93 ×  105 𝑀−1 𝑐𝑚−1 at 460 nm. 
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6.2.4 Quantification of the Photocatalytic Reduction Product (CO and H2) 

 The quantification of the gaseous photocatalytic reduction products (CO and H2) were 

performed using a custom-built reactor and gas chromatography (GC) for detection. The 

cylindrically shaped reactor has the inner diameter of 5 cm with total internal volume of 150 cm3. 

The total volume of the reactant mixture is 60 mL (54 mL of DI water + 6 mL of triethylamine as 

the sacrificial hole scavenger). At the concentration of QDs of this study (~20 M), the absorbance 

of the QDs at the excitation wavelength (450 nm) is 0.04 in a 1 cm pathlength cuvette. The 

concentration of [Ni(cyclam)](BF4)2 dissolved in the solution is 3 mM. 

 The sealed reactor containing all the reactant mixture, as described above, was bubbled 

with either CO2 (for CO2 reduction) or Ar (for control experiment) for 40 min then placed in a 

circulated water bath to keep the temperature of the reactor constant at 25 C. A blue 450 nm LED 

was used as the excitation source. A 200 μL aliquot of the headspace was taken every 2 hrs (2, 4, 

6 and 8 hrs) with a gas tight syringe (Gas Syringe Series A-2 Luer Lock 500 µL RN, VICI precision 

sampling) for the analysis of the concentration of the product gas. The analysis was performed on 

a GC with a thermal conductivity detector (for H2 detection) and flame ionization detector 

equipped with a methanizer (for CO detection). CH4 was used as an internal standard to check the 

potential variation during the sampling and injection of the aliquots.   

 The calibration of the detectors for the quantification of CO and H2 was done in the 

following way after the completion of each experiment. The reactor was first purged with CO2 for 

30 minutes to remove all CO, H2, and CH4. This was confirmed by taking a 200 µL aliquot of the 

headspace and injecting it into the GC for the analysis. The reactor was injected with the internal 

standard (200 µL CH4) and known amount of CO and H2, and allowed to equilibrate with the 
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reactant mixture for 15 minutes. Subsequently, a 200 µL aliquot of the headspace was sampled 

and injected into the GC for the analysis. After adding additional known amount of CO and H2 

into the reactor, the sampling of headspace and analysis with GC was continued to complete the 

full calibration curve. The calibration curve was created from taking the ratio of the integrated 

areas between the internal standard and generated gases (CO:CH4 and H2:CH4).  

6.2.5 Quantum Efficiency Calculation for CO Generation 

The quantum efficiency of the CO generation (QE) was calculated from the ratio of the 

number of CO molecules produced (nCO) and the number of photons absorbed by the quantum dots 

(nph). The factor of 2 comes from the number of electrons needed to produce one CO molecule via 

reduction.  

                                                                       𝑄𝐸 =  2
𝑛𝐶𝑂

𝑛𝑝ℎ
                                                          (13) 

𝑛𝑝ℎ for a given illumination time (t) was calculated from the average fraction of photons absorbed 

by the QDs across the reactor (f = 0.20), the area of illumination (A=15 cm2) for a given excitation 

intensity (I =0.1W/cm2) and photon energy (Eph = 4.41 10-19 J).  

                                                          𝑛𝑝ℎ = (𝐼 × 𝑓 × 𝐴 × 𝑡)/𝐸𝑝ℎ                                              (14) 

For t =8 hrs (28800 s) and 𝑛𝐶𝑂= 6.5M × 6.021023, we get QE of 0.04 % 

 

6.3 Results and Discussion 

In this work, we used Mn-doped and undoped CdSSe/ZnS core/shell QDs of the same size 

and host structure as the source of hot electrons and bandedge electrons,181 respectively, to examine 

the capability of hot electrons to perform long-range sensitization of [Ni(cyclam)]2+ in a non-linked 

hybrid photocatalyst system. We chose [Ni(cyclam)]2+ as a molecular catalyst as Ni(cyclam)-based 

catalysts are well known to display good selectivity for CO2 to CO conversion under electro-182 
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and photocatalytic125 conditions while also being able to catalyse H2 production in the absence of 

CO2.
183 Figure 43 shows the absorption and photoluminescence (PL) spectra of Mn-doped and 

undoped QDs as well as their TEM images. Both Mn-doped and undoped QDs have nearly 

identical absorption spectra and extinction coefficient, ascertaining the same amount of light 

absorption for a given concentration of QDs in solution (see experimental for details). Exciton PL 

is centred at 487 nm for both Mn-doped and undoped QDs, while only Mn-doped QDs show PL 

near 600 nm from 4T1 → 6A1 ligand field transitions from Mn excited states. Both, Mn-doped and 

undoped QDs, exhibit comparable total PL quantum yields of 50-60%. 

 

Figure 43 Absorption (a) and PL (b) spectra of Mn-doped (red) and undoped (purple) CdSSe/ZnS 

QDs before adding TEA and [Ni(cyclam)]2+. TEM of Mn-doped (c) and undoped (d) QDs. 

In order to assess the capability of hot electrons to perform long-range sensitization of 

[Ni(cyclam)]2+ for CO2 reduction, we compared the catalytic activity for CO production for four 

different catalyst systems in CO2-saturated aqueous media: (i) undoped QD only, (ii) undoped 

QD/[Ni(cyclam)]2+, (iii) Mn-doped QD only, (iv) Mn-doped QD/[Ni(cyclam)]2+. For all four 

systems, the molar concentration of QDs were 20M and 0.77M triethylamine (TEA) was used 
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as the sacrificial hole scavenger (see experimental for details). Solutions in the photocatalytic 

reactor were illuminated using an LED (450 nm, 0.1 W/cm2) to excite the QDs near the bandgap 

(Figure 44a). While [Ni(cyclam)]2+ has an absorption at 450 nm (Figure 44b), it does not affect 

the comparison of the sensitization of non-linked [Ni(cyclam)]2+ by hot electrons from Mn-doped 

QDs and bandedge electrons from undoped QDs.  

 

Figure 44. (a) Overlap of excitation light source (450 nm LED) and QD absorption. (b) Absorption 

of QD and [Ni(cyclam)]2+. (c) Time dependent luminescence lifetime of Mn-doped CdSSe/ZnS 

QD. 

 

Figure 45 shows the amounts of CO and H2 produced for the four different photocatalyst 

systems as a function of irradiation time up to 8 hours. Table 5 summarizes the total amount of 

CO and H2 produced after 8hrs of reaction and their ratio. In the absence of [Ni(cyclam)]2+, 

undoped QDs did not result in detectable gaseous products with CO and H2 being below the 

detection limit. The undoped QD/[Ni(cyclam)]2+ system display an increase in the production of 

both, CO and H2, with a CO:H2 ratio of 0.76:1. Given the absence of appreciable amounts of CO 

in the absence of [Ni(cyclam)]2+, CO was likely produced via the short-range sensitization of 

[Ni(cyclam)]n+ by bandedge electrons. In this case, the sensitization can only occur for those 

[Ni(cyclam)]n+ molecules sufficiently close to the surface of the QDs. In contrast to undoped QDs, 

Mn-doped QDs are able to produce CO even in the absence of [Ni(cyclam)]2+ with an activity 

comparable to that of the undoped QDs/[Ni(cyclam)]2+ system. However, the major product under 

these conditions is H2, yielding a CO:H2 product selectivity of 0.07:1.  
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Figure 45. Comparison of photocatalytic CO (a) and H2 (b) production under a CO2 atmosphere, 

using Mn-doped (left) or undoped QDs (right) in the presence or absence of [Ni(cyclam)]2+.  

Importantly, the efficiency and selectivity for CO production are greatly improved in Mn-

doped QD/[Ni(cyclam)]2+ system. A 6-fold enhancement for CO production is observed when 

compared to either undoped QD/[Ni(cyclam)]2+ system or Mn-doped QD only. The CO:H2 ratio 

of 1.05:1 is favoring the production of CO. These improvements suggest that sensitization of 

[Ni(cyclam)]2+ by hot electrons is ~6 times more efficient than by bandedge electrons if the small 

contribution from the direct reduction of CO2 to CO by Mn-doped QDs is ignored. The increase 

in efficiency of the sensitization by hot electrons is the combined result of the enhanced electron 

transfer rate to [Ni(cyclam)]2+ at a given distance and the longer electron transfer distance of hot 

electrons. In a simplified picture, one may view the enhancement of sensitization as the larger 

spatial extent of sensitization by hot electrons giving access to more remotely located molecular 

catalysts. Several control experiments were carried out to validate our interpretations: (1) 

saturating post-CO2 reduction solutions with Ar and continuing irradiation did not result in any 

CO formation for either test system, and confirms that CO production originates solely from the 
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reduction of CO2. (2) Addition of the nickel salt Ni(BF4)26H2O instead of [Ni(cyclam)]2+ rapidly 

resulted in a grey precipitate (likely colloidal Ni particles) under irradiation with no detectable 

formation of CO and H2, which strongly suggests that the molecular nature of [Ni(cyclam)]n+ 

remains intact during catalysis and it is acting as the active catalyst. (3) Irradiation of 

[Ni(cyclam)]2+ in the absence of either QD did not result in H2 or CO production. 

Table 5. CO and H2 production by four different catalyst combinations under CO2 atmosphere 

after 8 hrs of reaction. a below detection limit. 

 

 

 

 

Quantitative estimations of the enhancement of sensitization by each hot electron is 

difficult, because of the uncertainty in the quantum efficiency (QE) of hot electron generation from 

exciton-to-hot electron upconversion. In our earlier study that used Mn-doped QDs for hot 

electron-driven H2 production, the upper limit to the QE of generating hot electron was estimated 

~20 % for that particular QD structure. This suggests that each hot electron from Mn-doped QDs 

can be an order of magnitude more efficient in sensitizing unbound [Ni(cyclam)]2+ than the 

bandedge electrons from undoped QDs. In this study, we focus on firm experimental verification 

of the effectiveness of hot electron sensitization in non-linked hybrid catalyst systems for 

photocatalytic reduction. Detailed quantitative assessment and optimization of the overall 

efficiency of photocatalytic reduction via hot electron sensitization, dictated by the hot electron 

Catalyst combination CO (mol) H2 (mol)  CO:H2 ratio 

undoped QD only 0 a 0 a - 

undoped QD/[Ni(cyclam)]2+ 1.0 1.3 0.76:1 

Mn-doped QD only  1.0 14.6 0.07:1 

Mn-doped QD/[Ni(cyclam)]2+ 6.3 6.0 1.05:1 
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generation efficiency of the QD itself and other environmental variables will be addressed in future 

studies. 

Although the presented results are obtained for not vigorously optimized conditions, we 

estimate the QE of CO and H2 production by hot electrons in Mn-doped QD/[Ni(cyclam)]2+ (see 

experimental for details).  Assuming that the majority of reaction products are formed through hot 

electrons, we estimate a QE for CO production to be approximately 0.04 %, with nearly the same 

QE for H2 production for the Mn-doped QD/[Ni(cyclam)]2+ system under our experimental 

conditions. This QE is on the same order of magnitude as those for non-linked two component 

Ru(bpy)3
2+/[Ni(cyclam)]2+ hybrid systems (0.06%) studied earlier.184 However, since it is often 

difficult to make meaningful direct comparisons of QE values between different photocatalytic 

systems from different studies, we will not put much emphasis on this comparison. Nevertheless, 

it is informative to compare the enhancement factor (6-fold) of CO production gained by hot 

electron sensitization in non-linked QD/[Ni(cyclam)]2+ system in this study with the reported 

enhancement factor of CO production obtained by ‘linking’ undoped QDs and [Ni(cyclam)]2+. In 

a study by Reisner et al., it was shown that the covalent attachment of phosphonic acid-

functionalized [Ni(cyclam)]2+-derived catalysts to the surface of ZnSe QDs allowed for a 3-fold 

increase in photocatalytic CO production, as compared  “non-linked” ZnSe QD/[Ni(cyclam)]2+ 

mixtures.125 Although detailed reaction conditions are different between the two hybrid catalyst 

systems, our results indicate that the net effect of hot electron sensitization in non-linked hybrid 

catalyst system is similar to that of forming chemical linkage between the sensitizer and molecular 

catalysts.  

Scheme 5 illustrates the differences in the pathways of [Ni(cyclam)]2+ sensitization and 

CO2 to CO conversion by bandedge electron and hot electrons from undoped and Mn-doped QDs 
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respectively. Several pathways for CO generation in Mn-doped QD/[Ni(cyclam)]2+ systems can 

be envisioned: (i) The direct reduction of CO2 to CO by hot electrons without involving the 

molecular catalyst, (ii) reduction via long-range sensitization of remote [Ni(cyclam)]2+, (iii) 

reduction via interfacial sensitization of [Ni(cyclam)]2+ near the QD surface. Pathway (i) accounts 

for the production of CO from Mn-doped QDs in the absence of [Ni(cyclam)]2+. While no detailed 

mechanism is available, the involvement of solvated electrons, similar to those reported by Hamers 

et al.,185 is a possibility, since hot electrons from upconversion possessing >2eV excess energy 

above the bandedge could be injected into the solvent forming solvated electron. Considering the 

6-fold increase in CO production in the presence of [Ni(cyclam)]2+, this direct reduction pathway 

likely has only a minor contribution to the product formation in the hybrid catalyst system. Since 

non-linked [Ni(cyclam)]2+ molecules are distributed with varying distances from the QD surface, 

both long-range and interfacial sensitization are operating when Mn-doped QDs are used, whereas 

only interfacial sensitization is possible with undoped QDs. Since undoped QD/[Ni(cyclam)]2+ 

systems are 6 times less active than Mn-doped QD/[Ni(cyclam)]2+ for CO production, pathway 

(iii) should also have minor contributions. Therefore, we conclude that long-range hot electron 

sensitization is the major pathway accounting for the enhanced CO production in Mn-doped 

QD/[Ni(cyclam)]2+ system.   

 

Figure 46. Comparison of photocatalytic activity for H2 generation under Ar atmosphere using 

Mn-doped (left) or undoped QDs (right) in the presence or absence of [Ni(cyclam)]2+.    
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To further support our conclusion, we also tested the photocatalytic H2 production ability 

of [Ni(cyclam)]2+ in the presence of either Mn-doped QDs or undoped QDs under Ar atmosphere. 

Although [Ni(cyclam)]2+ displays good selectivity for CO2 reduction in various media, it is also 

known to be a competent catalyst for H2 evolution in the absence of CO2.
183 Figure 46 and table 6 

compares the amount of H2 produced for four different QD/catalyst combinations. In agreement 

with the above results for CO2 reduction, Mn-doped QD/[Ni(cyclam)]2+ system is superior to both 

Mn-doped QDs in the absence of catalyst and undoped QD/[Ni(cyclam)]2+ systems, displaying a 

3-5-fold enhancement of producing H2. This result also indicates that the benefits of long-range 

hot electron sensitization can be universal and applicable to a wide range of photocatalytic 

reductions facilitated by non-linked hybrid catalyst systems.     

Table 6. H2 production by four different catalyst combinations under Ar atmosphere after 8hrs of 

reaction.  

 

 

 

 

 

6.4 Conclusion 

In this work we showed that hot electron sensitization can be utilized to produce CO from 

CO2 with QD/molecular catalyst hybrid systems without requiring a linkage between QDs and 

molecular catalysts. Mn-doped QDs generating energetic hot electrons could sensitize 

[Ni(cyclam)]2+ in solution via long-range electron transfer, enabling CO2 reduction. The results 

reveal a new avenue for the design of hybrid catalyst systems by removing the necessity of linkage 

and spatial proximity between photosensitizer and molecular catalysts. 

Catalyst CO (mol @ 8hrs) H2 (mol @ 8hrs) 

Undoped QD   below detection limit 7.6 

Undoped QD/[Ni(cyclam)]2+ below detection limit 123 

Mn-doped QD   below detection limit 75 

Mn-doped QD/[Ni(cyclam)]2+ below detection limit 368 
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CHAPTER VII 

SUMMARY 

7.1 Mn-doping in CsPbCl3 Perovskite Nanocrystals 

 Perovskite nanocrystals have provided a new material platform in colloidal semiconductors 

that show promise in many photovoltaic and optoelectronic applications from their intrinsically 

high quantum yields. The ionic nature and structure lability also grant easy tunability of the optical 

properties through exchanging the constituent atoms further increasing the possibility to post 

synthetically tailor the nanocrystal for a specific application. Transition metal doping of 

semiconductors nanocrystals has been done for decades to impart new properties from the 

interaction between the exciton and the metal dopant.  

 Mn2+ ions are heavily studied in II-VI QDs from the interesting new photoluminescent and 

magnetic properties that it creates in the host structure. In CsPbCl3 and CsPb(BrxCl1-x)3 Mn2+ is 

isoelectronically doped in the B site location of the perovskite replacing Pb2+. The Mn doped 

CsPbCl3 exhibits bright orange photoluminescence at 600 nm that is sensitized through energy 

transfer from the host structure. The Mn photoluminescence exhibits lifetimes greater than 1 ms 

that can fit to a monoexponential function indicating its homogeneous distribution throughout the 

lattice. Through gel permeation chromatography the nanocrystals were isolated from the crude 

solution to receive an accurate doping concentration of 0.2% which is corroborated through the 

well-defined hyperfine splitting seen via electron paramagnetic resonance. The Mn doped 

nanocubes also show an increase in excitonic emission when Mn is incorporated most likely 

arising from the inefficient energy transfer to Mn from the weakly confined nature of the host as 
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well as the increased concentration of Cl- anion during synthesis, filling defect sites and decreasing 

nonradiative emission.  

7.2 Direct Hot Injection Synthesis of Mn-doped CsPbBr3 Nanocubes and Nanoplatelets  

 CsPbBr3 nanocrystals are the hallmark system of the halide perovskites with intrinsic 

quantum yields greater than 80% and multiple post synthetic methods to achieve unity. They also 

have greater absorption cross sections in the visible absorbing up to 510 nm where CsPbCl3 only 

absorbs up to 400 nm. This gives it a greater potential for uses in applications that rely on solar 

energy. Mn doping in CsPbBr3 had eluded researchers for years after the method for synthesizing 

CsPbCl3 was developed due to the unfavorable thermodynamic disparity between MnBr2 and 

PbBr2 bond strength. The incorporation of hydrobromic acid resulted in a Mn doped monolayer 

intermediate forming which facilitated the generation of CsPbBr3 nanocubes and nanoplatelets.  

 The formation of L2[PbxMn1-x]Br4 (L=oleylamine) was verified through the appearance of 

periodic peaks in the XRD pattern from the stacking of monolayers as well as the observation of a 

sharp excitonic absorption which the Mn emission at 600 nm was sensitized to.  The Mn emission 

in the CsPbBr3 nanocubes increased from 1% to 30% with the increasing amount of hydrobromic 

acid (0-200 μL). The absorption showed a 20 nm blueshift which is from a combination of 

confinement effects from the decreasing size of the nanocrystal (8.2 nm to 6.5 nm) and the 

incorporation of Mn which results in the shortening of Pb-Br bond length form the decreased size 

in ionic radius. The contraction of the lattice is also shown from the increase in 2θ from the XRD 

pattern. Mn doped nanoplatelets were also generated and separated from the nanocubes from their 

large lateral dimensions (> 100 nm) making them insoluble. They also exhibited strong Mn 
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luminescence sensitized to the host with the excitonic emission being quenched due to the greater 

extent of the confinement.  

7.3 Photoinduced Anion Exchange of CsPbX3 Perovskite Nanocrystals 

 Anion exchange in CsPbX3 perovskite nanocrystals creates the opportunity to tune the 

photoluminescence throughout the visible from 400 nm for Cl containing perovskite to 700 nm for 

I. Most methods consisted of injecting a halide containing salt that will result in the fast exchange 

causing an immediate color change. This can be difficult to control if a certain wavelength is the 

target since the amount of the halide would have to been tuned each time. We developed an 

alternative method that relies on the use of light as the trigger to initiate the anion exchange of the 

perovskite in a halogenated solvent.  

 Photoinduced anion exchange was shown for CsPbCl3 to CsPbBr3 (CsPbBr3 to CsPbCl3) 

in a dibromomethane:hexane (dichloromethane:hexane) mixture under weak laser excitation. It 

was also possible to exchange CsPbBr3 to CsPbI3 under two photon excitation that selectively 

excited the nanocrystal instead of the light sensitive diiodomethane. The anion exchange occurred 

through the interaction of the nanocube with the solvent which resulted in a large local halide 

content facilitating the exchange. The fine control of the anion exchange could be controlled by 

the light exposure, laser power and excitation wavelength. This provides a method to easily select 

a desired wavelength when performing anion exchange. The self-anion exchange was also 

discovered by placing the nanocrystal in its respective halogenated solvent and illuminating it 

resulting in an increase of an order of magnitude in PLQY for CsPbCl3 and an increase of 10% in 

CsPbBr3.  
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7.4 Long Range Hot Electron Transfer from Mn-doped II-VI QDs to a Metal Catalyst for CO2 

Reduction 

 Hot electrons generated from Mn-doped II-VI QDs have already shown they have great 

capabilities from transferring through thick 7 nm barriers or being photoemitted in vacuum while 

being generated from cw visible light. This shows that the range of hot electron transfer can extend 

beyond the QD surface and the amount of energy available is above vacuum energy levels giving 

it enough energy to reduce chemically inert species. In typical photocatalytic systems where CO2 

is being reduced to CO, the photosensitizer must be linked to the catalyst to have efficient electron 

transfer. This results in complicated chemistries where the photosensitizers must be tailored to the 

catalyst with a specific linker. We were able to create a hybrid QD/metal catalyst system that was 

able to utilize the long-range transfer capability of the hot electrons to effectively generate CO 

from CO2.  

 In our system we compared Mn doped and undoped QD with and without a [Ni(cyclam)]2+ 

metal catalyst in an aqueous solution bubbled with CO2. We observed that the Mn doped QD on 

its own was able to generate CO, which typically requires a catalyst, and performed at a similar 

efficiency to the undoped/catalyst system. The Mn doped QD/catalyst system had an increase of 6 

times for CO generation while also having an increase in selectivity towards CO increase from 7% 

to 50%. When the solution was bubbled with Ar the catalyst was also able to increase the H2 

production by 5 times. This shows the versatility of the system and how it can be used as a catalyst 

for a range of different chemical species without having to make drastic changes to the reaction 

setup.  
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7.5 Future Works and Outlook 

 We were able to create the synthetic foundation for Mn-doping in CsPbCl3 and CsPbBr3 

providing a new material for the study of hot electron generation. Quantum confined CsPbBr3 

perovskite has shown many interesting optical properties from light induced forbidden transition 

to large splitting of the bright and dark excitonic state. The dark exciton has μs decay lifetimes 

which could result in a greater chance of hot electron generation since bright exciton relaxation is 

on the order of 10s of ns. This can be studied by performing photoemission measurements of the 

Mn-doped CsPbBr3 nanoplatelets at low temperature and seeing if the hot electron photocurrent 

increases under those conditions. While the inherent stability of the perovskite is still a major 

hurdle there have been several examples of photocatalytic reactions in organic phase with 

CsPbBr3. Utilization of the Mn-doped CsPbBr3 can possibly improve the photocatalytic ability of 

the perovskite as has been shown in II-VI QDs for H2 and CO production.  

 The II-VI QDs remain the model system for testing proof of concept experiments for hot 

electron generation due to the well-developed system protocols in place. The reduction potential 

of the hot electron should theoretically have enough energy to directly reduce N2 to N2
- which 

provides it with the ability to reduce most chemical species. There are a multitude of photocatalytic 

reactions and metal catalyst combinations that can be mapped out to determine the effectiveness 

of the hot electron. Currently when the carbon source is switched from CO2 to formic acid there is 

over two orders of magnitude in the total efficiency of the system for generating CO and H2 without 

the presence of a hole scavenger making the system self-contained. This is a promising new result 

showing that there are a large amount of possibilities for utilizing hot electrons in a photocatalytic 

application.  
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 The study and observation of the solvated electron in ammonia from II-VI QDs will also 

be an interesting experiment. Typically, solvated electrons are generated from either alkali metals 

or flash photolysis and is stabilized in a cavity of solvent molecules. The lifetime of the solvated 

electron depends on the solvent and can range from 0.5 ms in water to days in liquid ammonia. 

Since the hot electrons generated in II-VI QDs happen over the lifetime of the Mn emission (5 ms) 

it would difficult to accumulate a high enough concentration to measure their absorption in water. 

In ammonia they are stable for days and after long photoexcitation enough could be accumulated 

to measure the absorption of the solvated electron, which would be the first example of their 

generation from Mn-doped QDs. This result would be very interesting but has several difficult 

steps such as working at -30 °C, solubilizing the QD in ammonia and keeping them stable over 

long periods of photoexcitation.  
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