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Abstract

Colloidal nanocrystals are characterized by a strong relation between surface chem-

istry and opto-electronic properties, a point that is best elucidated by well-defined

model systems. Here, we present a study on core/crown CdSe/CdS nanoplatelets

(NPLs) synthesized with an atomically precise thickness and terminated by cadmium

oleate (Cd(Ol)2) covered (100) facets. While such CdSe/CdS NPL ensembles can have

a photoluminescence quantum yield of 92%, transmission electron microscopy imaging

still gives evidence of sample heterogeneity, where CdSe core NPLs are either deco-

rated with complete or partial CdS crowns. Using solution nuclear magnetic resonance

spectroscopy, we show that addition of butylamine to a NPL dispersion displaces up

to ∼ 40% of the surface-bound Cd(Ol)2. Opposite from CdSe core NPLs, dispersions

of CdSe/CdS core crown NPLs with such incomplete ligand coverage can retain up to

45% of their initial photoluminescence efficiency. Moreover, the luminescent decay of

such dispersions remains dominated by radiative exciton recombination. By means of

density functional theory simulations, we argue that butylamine preferentially displaces

Cd(Ol)2 bound to (near)-edge surface sites. Accordingly, we assign the persistent ra-

diative exciton recombination to the fraction of NPLs having a complete CdS crown,

which prevents near-edge surface sites from trapping the exciton in the CdSe core. We

conclude from these observations that Z-type ligands such as cadmium carboxylates

provide sufficient electronic passivation of plain (100) facets, yet are prone to displace-

ment from (near)-edge surface sites. This point highlights that strategies aimed at

separating charge carriers from (near)-edge sites – such as crown growth rather than

full shelling – can suffice to obtain colloidal semiconductor nanocrystals with a highly

efficient and robust photoluminescence.
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Colloidal semiconductor nanocrystals (NCs) are a new class of opto-electronic materials

that offer a combination of size-tunable optical properties and a suitability for solution-based

processing.1,2 NC research involves parallel efforts to establish new and improved synthesis

protocols, understand light-matter interaction and explore the use of NCs in, for example,

solar energy conversion, photodetection, and lighting and displays.3–5 Applications such as

lighting and displays typically rely on luminescent color conversion, for which the stability

and efficiency of the NC photoluminescence is key.6 From this perspective, the high fraction

of surface atoms in NCs is a drawback.7,8 Undercoordinated surface atoms can have dangling

bonds that lead to localized electronic states within the band gap, thereby providing efficient

pathways for non-radiative recombination of electron-hole pairs. Established strategies to

avoid the formation of such trap states include the chemisorption of molecular ligands9–13

and the epitaxial overgrowth of an original core NC with a shell made of a wide bandgap

semiconductor.14–17 Both approaches rely on the chemical passivation of undercoordinated

surface atoms, an often made point that was recently confirmed in the case of CdSe NCs

by theoretical studies on realistic model systems.18,19 Here, it was found that in particu-

lar the desorption of Cd salts as Z-type ligands from the CdSe surface can leave behind

di-coordinated surface Se atoms, which induce a localized, mid-gap state. The recent con-

firmation that saturating the NC surface with Z-type ligands can effectively lead to near

unity photoluminescence quantum yields (PLQY) further highlights the underlying relation

between the surface termination and the photoluminescence efficiency of NCs.10,20

Colloidal nanoplatelets (NPLs) are a unique class of NCs. Especially in the case of

cadmium chalcogenides, NPLs with the zinc blende structure can be obtained as atomi-

cally flat, two-dimensional NCs featuring exactly the same atomically precise layer thickness

across the entire ensemble.21–27 Since the NPL thickness determines the exciton energy,

macroscopic ensembles of CdSe NPLs are characterized by a spectrally narrow photolu-

minescence,28 which can have a PLQY of 50%. Moreover, synthesis methods have been

developed for the formation of heterostructures, which exhibit even higher PLQYs.29–34
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Here, a second material is epitaxially grown as a shell that encompasses the initial core in

a layered stack or as a crown that gives a lateral extension to the initial core. Not unlike

quasi-spherical CdSe NCs, as-synthesized NPLs have top and side surfaces terminated by

Cd salts, which upon removal lead to the formation of localized trap states.35 Opposite from

quasi-spherical NCs, however, NPLs have a well-defined crystallography with top and side

surfaces consisting of (100) facets.36 This makes them unique model systems to test surface

chemistry/photoluminescence efficiency relations, where a recent experimental and theoret-

ical study on ligand stripping suggests that the weakest binding sites for Cd salts are found

near the NPL edges.35 If correct, one would expect that a mere edge passivation suffices to

form CdSe-based NPLs with a highly efficient and stable photoluminescence.

In this work, we address the conjecture that Cd salts most easily desorb from edge or

near-edge adsorption sites by analyzing the stripping of cadmium oleate from CdSe/CdS

core/crown heteronanoplatelets. Using scanning transmission electron microscopy (STEM)

imaging in combination with elemental analysis, we confirm that CdS crown growth leads in

most cases to the lateral extension of CdSe core NPLs by CdS. Similar to CdSe NPLs, we

introduce a purification method that results in CdSe/CdS core/crown NPLs capped almost

exclusively by cadmium oleate (Cd(Ol)2) as Z-type ligands. By means of nuclear magnetic

resonance (NMR) spectroscopy, we demonstrate that butylamine (BuNH2) strips Cd(Ol)2

from the core/crown surface, in line with the displacement of Z-type ligands by Lewis bases

as described previously in the literature.35,37,38 Not unlike CdSe NPLs, BuNH2 only strips a

part of the Cd(Ol)2 terminating the CdSe/CdS core/crown NPLs. Moreover, we show that

an ensemble of CdSe/CdS core/crown NPLs can preserve up to 45% of its initial PLQY even

at BuNH2 concentrations where 40% of the cadmium oleate initially present has been dis-

placed. In addition, we find that the rate of radiative exciton recombination still dominates

the luminescent decay of such an ensemble of stripped NPLs. By means of density functional

theory (DFT) calculations for CdS NPLs, we argue that these observations reflect the pref-

erential displacement of Cd(Ol)2 from (near)-edge binding sites, which exhibit significantly
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Figure 1: (a) Absorption spectrum of initial CdSe core and final CdSe/CdS core/crown
nanoplatelets, normalised at the maximum of the heavy hole absorption line. Inset: photo-
luminescence spectra of core and core/crown nanoplatelets, with the surface area normalised
to the respective PLQY. (b) Histograms of (top) width and (bottom) length of (red) the
initial core and (green) the final core/crown nanoplatelets. Inset: scheme representing the
average heterostructure to scale. (c) Overview bright-field TEM image of initial CdSe crown
nanoplatelets. (d) The same for the final CdSe/CdS core/crown nanoplatelets.

weaker binding energies than sites in the center of a facet. Under such conditions, the local-

ized trap states created by Cd(Ol)2 displacement will not affect the PLQY nor the radiative

recombination rate of CdSe/CdS core/crown NPLs with a sufficiently thick and homoge-

neous CdS crown. We thus conclude that protecting vulnerable edge sites is imperative to

create colloidal semiconductor nanocrystals with an efficient and robust photoluminescence,

a point that is well exemplified by the effects of CdS crown growth around core CdSe NPLs.

Core/crown CdSe/CdS NPLs were synthesised by means of a continuous injection ap-

proach, similar to what was reported in the literature.33,34 As described in detail in Sup-

porting Information S1, 4.5 ML CdSe NPLs were first prepared and purified according to

known methods.25 Next, these core NPLs were dispersed in 1-octadecene (ODE) together
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with Cd-acetate. After heating this mixture to 200°C under inert atmosphere, a transparent

solution of Cd-octanoate and elemental S was slowly added at a rate of 15 mL/hour to grow

the CdS crown. The absorption spectra of the thus obtained core and core/crown NPLs

are represented in Figure 1a. Most importantly, the absorption spectrum of the core/crown

NPLs features both the absorption lines of the heavy and light-hole exciton of 4.5 ML CdSe

NPLs at 514 nm and 480 nm and the exciton line at 406 nm that is characteristic of 4.5

ML CdS NPLs. On the other hand, the PL spectrum of CdSe/CdS NPLs recorded after

photo-excitation at 370 nm only exhibits a slightly red-shifted emission from CdSe excitons,

not from CdS excitons, see inset of Figure 1a and Supporting Information S2. Finally, us-

ing the crown growth as described in Supporting Information S1, CdS growth increases the

PLQY of the initial CdSe NPLs from 40% to 92%. Rather than a separate mixture of CdSe

and CdS NPLs, these results point towards the formation of core/crown structures in which

excitons formed in the CdS crown are rapidly transferred to the CdSe core, and where the

CdS crown effectively passivates the remaining trap states at the CdSe NPL surface.

We evaluated the sizes as well as the morphology of the core-only and core/crown NPLs

by means of bright-field transmission electron microscopy (TEM) images. Starting from the

NPL projections in TEM images, we determined the distribution of the length and width for

core and core/crown NPLs. As can be seen in Figure 1b, crown growth extends the length

and width of the average NPL from 15.0 × 6.5 nm to 48.5 × 10.1 nm, suggesting that each

CdSe edge is covered by 1.8 nm (long edges) to 9.8 nm (short edges) of CdS on average. The

top view projection of multiple core/crown NPLs in Figure 1d indicates that the rectangular

shape of the initial core NPLs in Figure 1c is largely conserved upon crown growth. We found

that using rather small core CdSe NPLs as initial seeds, Cd-octanoate as the precursor for

CdS overgrowth, and rather high addition rates of the Cd and S precursors was essential

to achieve this level of homogeneity in the core/crown dimensions and turn the reaction

mixture into a purified dispersion of core/crown NPLs with long term colloidal stability and

a PLQY of 92%. The average core and core/crown dimensions have been used to represent
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Figure 2: STEM-EDX shows the distribution of Se and S in different NPLs. From left to
right are depicted a HAADF image of the analysed NPL, the corresponding extracted EDX
line-profile along that NPL and a schematic of its 2D morphology and the chalcogenide distri-
bution. In the individual horizontal panels we depict: a) A rectangular NPL corresponding
to the majority of the analysed NPLs where Se is embedded by S on both sides, b) a defect
riddled core/crown structure with uneven S encapsulation and a large indent, c) a NPL with
uneven width and d) a NPL with an indent in the crown at the height of the core CdSe.

the morphology of an average core/crown NPL to scale in Figure 1b. Note that this average

representation is most likely an idealized picture that may conceal a wide variety of side and

edge thicknesses of the CdS crown.

To investigate the homogeneity of the core/crown morphology across an ensemble of

NPLs, we imaged different NPLs using high angle annular dark field scanning STEM (HAADF-

STEM), while simultaneously analyzing the local composition by energy dispersive x-ray

spectroscopy (EDX). Due to the presence of residual ligands around the NPLs and the sen-

sitivity of the NPLs to the electron beam, we restricted this STEM-EDX mapping to line

profiles of Se and S along the long axis of a given NPL. In this way, a reasonable signal-to-

noise ratio could be obtained despite the carbon contamination, whilst also avoiding sample

damage. Out of a set of 19 NPLs, we found that 17 NPLs exhibited a CdS crown on both

sides of the CdSe core, suggesting a complete lateral encapsulation of the core by the crown.
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A representative example of this NPL subset is shown in Figure 2a. Here, the line profile of S

extends along the full NPL length, whereas the Se signal is restricted to a region that covers

only part of the NPL. Note that the core Se is found closer to one of the NPL edges rather

than in the NPL center and that the S signal does not vanish when the core is imaged. In line

with the HAADF-STEM image of this NPL, such a line scan suggests a morphology as shown

in Figure 2a, where an off-center CdSe core is embedded within a rectangular CdS crown.

Figure 2b provides an example of a NPL not following this dominant picture. In this case, S

is only detected at one side of the core Se, which indicates the formation of a partial crown.

Furthermore, the STEM image even shows a split top surface on the other end of this NPL.

Next to the completeness of the CdS crown, the HAADF-STEM images also enabled us to

evaluate smaller deviations from the ideal core/crown morphology as depicted in Figure 1b.

Figure 2c, for example, shows a NPL for which the combination of the STEM-EDX map

and the HAADF-STEM image suggests a morphology in which a narrow, CdSe-rich side is

combined by a wider, one-sided CdS crown. The NPL depicted in Figure 2d, on the other

hand, features an indent at the height of the CdSe core, possibly exposing the CdSe edge to

the surroundings. Additional examples of NPLs featuring crowns such minor defects, such as

bends and indents, are given in Supporting Information S2. Based on this TEM analysis, we

conclude that the core/crown synthesis leads on average to the formation of a sizeable CdS

crown on each CdSe edge. However, notwithstanding this average core/crown morphology,

it appears that an entire ensemble still contains a significant fraction of defective core/crown

NPLs with partially exposed CdSe edges.

We analyzed the surface chemistry of CdSe/CdS core/crown NPLs by means of solution

1H nuclear magnetic resonance (NMR) spectroscopy, a most powerful approach to study

ligand binding and ligand exchange reactions for colloidal nanocrystals.39 Figure 3a depicts

the 1H spectrum of a purified dispersion of core/crown NPLs in cyclohexane-d12. Similar

to the case of CdSe NPLs,35 the spectrum features the characteristic resonances of bound

oleate moieties, for which well-resolved resonances are retrieved on top of a broad pedestal.
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Figure 3: (a) 1H-NMR spectrum of a well-purified dispersion of core/crown CdSe/CdS NPLs.
The proton resonances are annotated according to the numbering on the oleate moiety
depicted. Inset: zoom on the methyl resonance 1 used in parallel with the alkene resonance
to quantify the total ligand concentration. (b) Overlay of the 1H-NMR spectra recorded at
different steps during the amine titration around (left) the alkene resonance 4 and (right)
the α−CH2 resonance 1. In both cases, sharper resonances develop, an evolution indicative
of Cd(Ol)2 displacement. (c) The displacement isotherm of Cd(Ol)2 depicting the bound
fraction θ as a function of the concentration of BuNH2 added. The markers indicated data
retrieved from NMR spectra, whereas the line represents a simulated isotherm based on the
two-site binding model with parameters K1, K2 and α as summarized in Table 1.

In line with existing literature, the resonances in Figure 3a were assigned to the different

oleate protons as indicated in the inset of Figure 3a.40 Note that these resonances are all

broadened and shifted relative to the resonances of neat oleic acid in cyclohexane, a typical

characteristic of surface bound ligands.39 Integrating the CH3 resonances 5 at 0.92 ppm

and the alkene proton resonance 4 at 5.37 ppm yields an integrated intensity ratio I5/I4 of

1.63. Being close to the expected 3:2 ratio of both resonance intensities for oleic acid, we

can conclude that the synthesis and purification protocol implemented here results in nearly

exclusively oleate capped NPLs, despite the use of cadmium octanoate during the synthesis.

The oleate moieties found on the surface of core/crown NPLs are introduced as cadmium
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oleate in the final step of the synthesis. In accordance with literature studies on CdSe QDs

and CdSe NPLs,35,40 we therefore assume that the actual ligand binding to the core/crown

NPL surface is best seen as cadmium oleate (Cd(Ol)2). It is well-known that such so-called

Z-type ligands or Lewis acids can be stripped from a metal chalcogenide surface by addition

of L-type ligands or Lewis bases, such as aliphatic primary amines.37 By adding butylamine

(BuNH2) to a dispersion of CdSe NCs, this L-type driven Z-type stripping has been used to

probe the Cd(Ol)2 binding sites by means of the following equilibrium reaction where amines

coordinate the desorbing Cd(Ol)2 complex and leave behind an empty surface site:38

[CdSe](Cd(Ol)2) + 2BuNH2 ⇀↽ [CdSe](◦) + Cd(Ol)2 − (BuNH2)2 (1)

Here, [CdSe] refers to the stoichiometric CdSe NCs, (Cd(Ol)2) is a surface-bound cadmium

oleate and (◦) is an empty surface site. Note that the displacement equilibrium as expressed

by Eq. 1 neglects the back adsorption of BuNH2.
38

Here, we used a BuNH2 titration to quantify the binding of Cd(Ol)2 to the surface of

CdSe/CdS core/crown NPLs. Figure 3b illustrates the evolution of the α−CH2 resonance 1

and the alkene resonance 4 of Cd(Ol)2 during such a titration. In both cases, the appearance

of a more narrow resonance is indicative of the formation of desorbed oleate moieties, where

in particular the narrow α − CH2 resonance 1 enables the concentration of desorbed cad-

mium oleate to be quantified.35 We confirmed the co-removal of Cd during ligand stripping

by elemental analysis of the supernatant, in which only Cd and no Se is detected by x-ray

fluorescence after ligand stripping, see Supporting Information S2. The resulting isotherm

from the titration, showing the relative surface coverage θ of cadmium oleate at each step, is

represented in Figure 3c. A detailed account of the spectra and fitting procedures underlying

the isotherm determination is provided in Supporting Information S3. We retrieve a surface

coverage that quickly drops in the initial stage of the titration between a BuNH2 concen-

tration of 0 and 0.3 mol/L; the latter concentration corresponding to a BuNH2 : Cd(Ol)2
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Table 1: Parameters of the two site binding model for CdSe NPLs as reported
by Singh et al.35 and CdSe/CdS core/crown NPLs investigated here.

K1 K2 α
CdSe NPLs 3.0 2 10−3 0.375
CdSe/CdS NPLs 0.3 7 10−5 0.400

equivalence of 20. At higher BuNH2 concentrations, the relative surface coverage of Cd(Ol)2

is largely constant, at about 60% of the initial surface coverage. In line with previous studies

on CdSe nanocrystals and CdSe NPLs, we assign these two regimes to binding site hetero-

geneity,35,38 where loosely bound ligands are displaced in the initial stage of the titration,

while strongly bound ligands remain on the NPL surface also at high BuNH2 concentrations.

Following the idea of binding site heterogeneity, we described the adsorption isotherm

by means of a two-site binding model that distinguishes weak binding sites 1 from strong

binding sites 2:

[CdX](Cd(Ol)2)1 + 2BuNH2 ⇀↽ [CdX](◦)1 + Cd(Ol)2 − (BuNH2)2 (2)

[CdX](Cd(Ol)2)2 + 2BuNH2 ⇀↽ [CdX](◦)2 + Cd(Ol)2 − (BuNH2)2 (3)

Describing the underlying nanocrystal as CdX highlights that we do not distinguish at this

stage of the analysis between cadmium oleate binding to undercoordinated S or Se at the

core/crown surface; we will come back to this point later. Translating the set of coupled

equilibrium equations into an expression for the relative surface coverage as a function of

the BuNH2 concentration, see Supporting Information S3, we can simulate the measured

isotherms taking the respective equilibrium constants K1 and K2 and the fraction α of weak

binding sites as adjustable parameters. The full line in Figure 3c represents the result of

such a simulation, which was obtained by taking K1, K2 and α as summarized in Table 1.

Similar to CdSe QDs and NPLs, Figure 3c shows that the 2-site model describes the main

features of the adsorption isotherm, in this case by taking K1 = 0.3, K2 = 7.0 10−5, and

α = 0.4.
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Figure 4: (a) Histograms representing the desorption energy in kJ/mol for the displacement
of CdCl2 from a model CdSe NPL by complexation with BuNH2 from (top) (near)-edge
sites and (bottom) facet sites. (b) The same for displacement from a model CdS NPL. (c)
Schematic representation of the average desorption energies for the relevant binding sites of
a CdSe/CdS core/crown NPL.

To evaluate the fraction of weak binding sites 1, we start from the consideration that

CdSe/CdS core/crown NPLs have an average morphology as outlined in Figure 1b. Assuming

the edges are homogeneous, we can then partition the total surface area into edge or vertex

sites and facet sites. In agreement with CdSe NPLs, we identify the former with all sites

localized within 2 lattice planes of an edge. Given the core/crown dimensions, this approach

predicts that 34% of the binding sites of a core/crown NPL are edge sites and 66% facet

sites, see Supporting Information S3. Such an edge-site fraction closely agrees with the

fraction α=0.40 of weak binding sites 1 retrieved from the two-site binding model. Possibly,

the difference is related to the observed deviations from the presumed rectangular shape,

which will all enhance the fraction of (near)-edge sites. Even so, the agreement supports the

tentative conclusion that in the first stage of the isotherm, BuNH2 displaces cadmium oleate

near the edges of the core/crown NPLs. In that case, the significantly lower equilibrium

constant K1 for the binding sites 1 of CdSe/CdS core/crown NPLs as compared to CdSe

core NPLs (see Table 1) would mean that cadmium oleate binds more strongly to the CdS

crown edge than to the CdSe edge of core-only NPLs.

To validate the consistency of the interpretation that BuNH2 initially displaces cadmium

oleate from the CdS edge, which features binding sites with a higher binding energy than
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CdSe edges, we calculated the desorption energies of cadmium oleate from CdSe and CdS

model NPLs using density functional theory (DFT). For computational advantage, we re-

placed cadmium oleate by cadmium chloride as indicated in Equation 4 and compared the

total energy of the system before and after displacement:

[CdS](Cd(Cl)2) + 2BuNH2 ⇀↽ [CdS](◦) + Cd(Cl)2 − (BuNH2)2 (4)

Note that after ligand displacement, we allowed for the full structural relaxation of the

remaining NPL before calculating the displacement energy. Figure 4 represents the thus

obtained desorption energy for sites across CdSe and CdS NPLs in terms of histograms

for the centrally located sites and near-edge sites. While the results for CdSe NPLs are

identical to what was published previously, we indeed find that CdS NPLs systematically

show larger displacement energies than CdSe NPLs. Moreover, the center of the facets feature

largely site-independent displacement energies as can be seen by the narrow distribution

of desorption energies, whereas the first and second row of binding sites near the edge

exhibit a broader range of displacement energies. The desorption energies per surface site

are represented in Supporting Information ??. Importantly, with an average displacement

energy of 43.8kJ/mol, the CdS edge sites are significantly weaker than the facet sites of CdS

(102.3 kJ/mol) and CdSe (74.3 kJ/mol) NPLs (see Figure 4c). Hence, we conclude that for

the average core/crown NPL, the weaker binding sites 1 effectively correspond to the CdS

edge sites.

In Figure 5, we present photoluminescence (PL) spectra of two dispersions of core/crown

NPLs during a titration with BuNH2, where intensities were normalized relative to the ini-

tial, purified dispersion. For these measurements, we used an excitation wavelength of 460

nm to ensure that excitons are exclusively formed within the CdSe core. In the case of

an unoptimized core/crown NPLs sample, in which most NPLs have an incomplete crown

(see Supporting Information S2), the addition of small amounts of BuNH2 leads to a rapid
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Figure 5: (a) Photoluminescence spectra of CdSe/CdS core/crown NPLs at different steps
during a BuNH2 titration including (left) incomplete core/crown and (right) optimised
core/crown NPLs. For both samples, PL spectra have been normalized relative to the initial
spectrum, i.e., before BuNH2 addition. (b) Evolution of the relative PLQY during BuNH2

titration for (squares) NPLs with an incomplete crown and (diamonds, triangles) two differ-
ent samples synthesized following the optimized procedure. (c) PL spectrum of CdSe/CdS
core/crown NPLs recorded before BuNH2 addition and for a BuNH2 concentration of 1 M,
i.e., well inside the displacement plateau.

loss of the PL. Complete quenching is attained at a BuNH2 concentration of 0.4 M, which

corresponds to the onset of the isotherm plateau. Interestingly, this evolution of the PL

closely agrees with the loss of PL upon BuNH2 addition to core CdSe NPLs.35 On the other

hand, upon addition of BuNH2 to CdSe/CdS core/crown dispersions synthesized with the

optimized procedure, the initial rapid drop of the PL efficiency gives way to a plateau where

the PLQY levels off at a sample-dependent level of 30% or even 45% of the initial value. As

shown in Figure 5, the photoluminescence spectrum under these conditions remains char-

acteristic of CdSe exciton recombination. Moreover, comparing normalized spectra before

the titration and well within the titration plateau, one sees that the emission line is slightly

more narrow and red shifted after BuNH2 addition; an evolution that reflects a preferential

quenching of the blue side of the emission line.

The loss of PLQY upon BuNH2 addition can either reflect a gradual reduction of the

emission efficiency for each NPL, or the progressive formation of a dark fraction within the

ensemble. In order to distinguish both possibilities, Figure 6 represents the results of a time-

resolved photoluminescence study on a CdSe/CdS core/crown sample synthesized using the
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Figure 6: (a) Transient photoluminescence recorded on the initial core/crown sample, in-
cluding (markers) measured data and (full line) 3-exponential fit. (inset) Zoom on the first
15 ns of the decay. The reference line represents a single exponential decay with an emission
rate of 0.27 ns−1. (b) Transient photoluminescence of the (light red) initial sample, (red)
after addition of 55 mM of BuNH2 and (dark red) 1285 mM of BuNH2. The traces have been
normalized such that the integrated intensity is proportional to the PLQY of the respective
samples. (inset) Zoom on the first 15 ns of the decay. The reference line represents a single
exponential decay with an emission rate of 0.27ns−1. (c) Different rate constants obtained by
fitting a 3-exponential decay to the transient photoluminescence as a function of the BuNH2

concentration.

optimized procedure. Here, all samples were excited by pulsed excitation with a 0.5 MHz

repetition rate at 460 nm. As a starting point, Figure 6a displays the PL decay of the initial

sample, which had a 90% PLQY. We find that the intensity transient I(t) is dominated by

a single exponential decay component that gives way to a minor tail of delayed emission. As

can be seen in the inset of Figure 6a, the decay rate k1 of the dominant component amounts

to 0.27 ns−1, a typical number for radiative exciton recombination in NPLs.41 Starting from

this assignment, we attribute the delayed emission to carrier capture-and-release processes

that slow down exciton recombination without inducing additional emission bands in the PL

spectrum. In Figure 6b, we reproduce the original PL transient in combination with two

transients recorded after addition of 55 mM and 1285 mM of BuNH2; concentrations that

correspond to the region of the initial PL drop and the PL plateau, respectively. Here, all

transients have been scaled such that the integrated intensity is proportional to the PLQY

of the sample. For the three transients, we observe the same initial single-exponential decay
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followed by a tail of delayed emission that exhibits, by-and-large, the same decay profile.

Given this similar time-dependence, we analyzed all decay traces in more detail by a fit

to the same sum of three exponentials and a constant background component matched to

the remaining signal intensity prior to excitation:

I(t) = A0 + A1e
−k1t + A2e

−k2t + A3e
−k3t (5)

For the initial PL decay, the fit result has been added to Figure 6a. For all other samples,

the recorded decay traces and the fits can be found in Supporting Information S3. Figure 6c

represents the thus obtained rate constants. In line with the initial observation, we find

that the rate of the fastest component (k1), which we assigned to direct radiative exciton

recombination, is independent of the BuNH2 concentration while the rate of the slower

components drops by no more than a factor of 2. Importantly, none of these rate constants

speeds up, which suggests that for the NPLs that keep emitting throughout the titration,

competition with non-radiative decay components remains absent. More quantitatively, the

combination of amplitudes and rates obtained through the fit indicates that for the initial

sample, 95% of the emitted photons are contained in the direct radiative exciton component.

For samples in the PL plateau, this fraction is still at 64%, see Supporting Information S3.

Hence, direct radiative exciton recombination remains the dominant emission component

for the remaining emitting NPLs during a BuNH2 titration. Accordingly, we conclude that

BuNH2 titration splits the NPL population in two fractions. For the first fraction, ligand

stripping leads to the complete quenching of the PL, a process that accounts for the observed

PL efficiency drop. For the second fraction, on the other hand, BuNH2 addition only leads

to minor changes in the PL dynamics without affecting, most importantly, the radiative

recombination rate.

Bringing together the results of the structural characterization, the evolution of the sur-

face chemistry, the steady-state and the time-resolved photoluminescence during BuNH2
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titration, and the theoretical analysis of the Cd(Ol)2 binding energy leads to a consistent

picture of the relation between surface chemistry and opto-electronic properties of CdSe core

and CdSe/CdS core/crown NPLs. For both systems, the combination of Cd(Ol)2 displace-

ment and the theoretical estimates of the Cd(Ol)2 binding energy leads to the conclusion

that ligands are preferentially stripped from (near)-edge binding sites, which induce mid-gap

states that quench the photoluminescence in the case of CdSe NPLs. Importantly, CdSe/CdS

core/crown NPLs have a straddling band alignment that keeps the exciton localized within

the CdSe core;28 a point well exemplified by the absorption and photoluminescence spectra

shown in Figure 1 which feature separate CdSe and CdS exciton lines in absorption yet

only CdSe exciton emission. Under such conditions, ligand stripping from the CdS edge of

core/crown NPLs should not affect the radiative exciton recombination given that a fully

homogeneous crown is grown around the CdSe core. The comparison of PL quenching upon

BuNH2 addition to defective and optimized core/crown NPLs indicates that this is indeed the

case. Defective NPLs exhibit a loss of photoluminescence comparable to CdSe core NPLs,

indicating that indeed part of the CdSe edge remains unpassivated. On the other hand,

optimized core/crown NPLs preserve a significant fraction of the original PL efficiency; a

result we assign to the combined presence of NPLs with a defective and a homogeneous CdS

crown as confirmed by the STEM-HAADF imaging shown in Figure 2. The identification

of well and poorly crowned NPLs in an ensemble is further confirmed by transient photo-

luminescence during ligand stripping, which also gave evidence of two populations. At this

point, the identification of the emitting fraction – for which the radiative recombination rate

of the excitons remains unchanged – with perfectly crowned NPLs and the dark fraction

with imperfectly crowned NPLs becomes straightforward. Interestingly, the preferential loss

of the blue side of the exciton emission supports this conclusion. Since crown growth shifts

the exciton emission to longer wavelengths, NPLs with incomplete crowns will, on average,

experience less of a red shift.

Importantly, the link between ligand stripping and photoluminescence quenching in core
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and core/crown NPLs highlights that (100) facets passivated by Z-type ligands such as

Cd(Ol)2 lead to nanocrystals with clean HOMO-LUMO gaps, i.e., without localized mid-

gap states. Moreover, Z-type ligand binding to such a facet is strong and withstands the

relatively harsh ligand stripping environment created by BuNH2 addition. This conclusion

explains why CdSe core and CdSe/CdS core/crown NPLs can be grown with a PLQY of

50 to nearly 100% without full passivation by an inorganic shell, which has been since

long the main paradigm to form colloidal semiconductor NCs with an efficient band-edge

photoluminescence. Opposite from the binding sites on the (100) facet, we find that (near)-

edge binding sites are weaker and more vulnerable to ligand displacement. In the case of

2D NPLs, such sites are well-localized on the NPL surface and edge passivation by the mere

growth of a CdS crown suffices to turn CdSe NPLs into more robust CdSe/CdS core/crown

structures. For spherical NCs, on the other hand, edge sites are plenty and distributed over

the entire NC surface. As a result, homogeneous shelling is typically the most staightforward

surface passivation approach. Even if the saturation of the surface with Z-type ligands can

suffice to attain nearly 100% PLQY, our work suggests that such NCs remain prone to

photoluminescence quenching since the ubiquitous edge sites will bind Z-type ligands more

weakly.

In summary, this work addresses the interrelation between surface chemistry and opto-

electronic properties in colloidal semiconductor nanocrystals using core/crown CdSe/CdS

NPLs as a model system. The NPLs have an atomically precise thicknesses and feature

Cd(Ol)2 covered (100) facets. Purified core/crown NPLs can have a photoluminescence

quantum yield exceeding 90%. Even so, STEM images indicate that NPLs can have de-

fective crowns. We show that addition of BuNH2 to such a NPL dispersion induces the

displacement of Cd(Ol)2 from the NPL surface in conjunction with a drop of the PLQY.

However, opposite from CdSe NPLs, a displacement plateau is reached in which a NPL dis-

persion can retain up to 45% of its initial PLQY. Moreover, we find that during a BuNH2,

direct radiative exciton recombination remains the dominant component in the PL transient.
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Building on simulations of the CdCl2 binding energy to CdSe and CdS model NPLs, we infer

that these observations reflect the preferential stripping of Cd(Ol)2 from (near)-edge sites.

Given the localization of the exciton in the CdSe core, such a process will leave the fraction

of CdSe/CdS core/crown NPLs with a complete CdS crown untouched. Hence, we conclude

that passivation of edge sites is key to form semiconductor nanocrystals with an efficient and

robust photoluminescence.
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