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Cadmium chalcogenide nanoplatelets (NPLs) have gained tremendous attention in the past decade due to
their extremely narrow optical features and their special electronic properties. For the application of the
NPLs as optical emitters, in (photo) catalysis or sensing, further modification of the pristine (core) NPLs
can be required. Therefore, many procedures for the synthesis of crowns (lateral extension of the core
NPLs), shells and particle domains on the NPLs have already been developed. CdSe/CdS core/crown
NPLs are characterised by extremely short photoluminescence (PL) lifetimes and high PL quantum yields
(PLQYs) and might therefore be ideal candidates for lighting applications. In this work, we show how the

optical properties of CdSe/CdS core/crown NPLs, especially their PLQYs, can be strongly improved by
Received 29th July 2020 vi loh ith L tivity. Und timised diti th d
Accepted 1st September 2020 applying a sulphur precursor with a low reactivity. Under optimised conditions, the new procedure
allows the growth of uniform CdS crowns around CdSe core NPLs with various lateral sizes, thicknesses
DOI: 10.1039/d0Nna00619j s " S ! N . ! N
and shapes. In addition, the modified growth kinetics was investigated by various methods, including UV/

rsc.li/nanoscale-advances vis and PL spectroscopy as well as transmission electron microscopy.
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1 Introduction

Since the first report on the wet-chemical synthesis of free-
standing CdSe nanoplatelets (NPLs) more than a decade ago,
great effort was invested into the understanding and manipula-
tion of their optical and electronic properties.”” This type of
colloidally dispersed NPLs is in general characterised by lateral
dimensions which are clearly exceeding the bulk exciton Bohr
radius of the respective material, while their thickness can be
controlled in the order of a few atomic layers (so-called mono-
layers, MLs). The described structural characteristics lead to
a strong one-dimensional quantum confinement in the thickness
direction, hence very narrow emission spectra with specific
emission wavelengths as well as high absorption cross-sections
and very short radiative lifetimes due to the presence of a giant
oscillator strength transition (GOST) are observed."** Due to
these and other exceptional optical and electronic properties,
cadmium chalcogenide NPLs have already been applied in the
construction of various devices such as lasers,>® sensors,>** light-
emitting diodes (LEDs)" ¢ displays,"” and phototransistors.*®
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However, for most of the listed applications a further
modification of the pristine core-only NPLs was required in
order to manipulate e.g. their emission colour or chemical
stability. To date, a manifold of ways to modify the NPL struc-
ture has already been developed, including the growth of shells,
crowns and domains around the core NPLs.* Depending on the
desired application, the modification material can either be
a semiconductor (wide or narrow bandgap)**** or a metal.>>*® If
a shell is grown around a core NPL, the shell material is
deposited on all surfaces of the NPL, which results in a lateral
extension as well as in an increase in the NPL thickness. This, in
turn, leads to a good surface passivation, thus enhanced pho-
toluminescence quantum yields (PLQYs) and chemical stabili-
ties but also to bathochromically shifted emission features
independent of the actual band structures due to the weakening
of the quantum confinement.”**”*® So-called core/crown struc-
tures, in contrast, are obtained by the lateral extension of the
core NPLs with the crown material while retaining the core
thickness. The optical properties of these heterostructures,
however, strongly depend on the band positions of the applied
crown material, ranging from nearly unaltered emission wave-
lengths for CdSe/CdS core/crown NPLs to strong bathochromic
emission shifts and even the appearance of dual wavelength
emission for CdSe/CdTe and CdSe/CdSe,_,CdTe, core/crown
NPLs, respectively.??**32 In most cases, the crown growth
also involves a great improvement of the PLQY due to the
passivation of the comparatively defect-rich edge facets of the
NPLs.?*3*

In order to further enhance the PLQY of core/crown NPLs or
core/shell nanocrystals (NCs) in general, the interface between

This journal is © The Royal Society of Chemistry 2020
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core and shell needs to be optimised. Several approaches to
tackle this issue have already been reported for core/shell NPLs,
quantum dots (QDs) or nano rods, including high-temperature
shell growth,'*>3?%3 the introduction of post-synthetic anneal-
ing steps® and the utilisation of low-reactivity shell precursors
to slow down the growth rate.*® To the synthesis of highly
luminescent core/crown NPLs the latter way is particularly
applicable, as core-only NPLs are comparatively temperature-
sensitive and as higher temperatures could moreover promote
the three-dimensional shell growth.

In order to optimise the optical properties and uniformity of
CdSe/CdS core/crown NPLs we applied tri-n-octylphosphine-
sulphur (TOPS) as a low-reactivity sulphur precursor for the
CdS crown growth and examined its effects on the optical
properties of the synthesised heterostructures. TOPS has
already been widely applied as a sulphur precursor in the
synthesis of metal sulfide shells on NCs of various shapes and
material compositions,*~*° but so far not in the synthesis of CdS
crowns on CdSe NPLs. We show that by the addition of TOP the
CdS crown growth rate can be remarkably decreased so that
core/crown NPLs with more uniform crowns and higher PLQYs
(up to 90%) are obtained, independent of the CdSe core
geometry, size and thickness. Due to the modified sulphur
precursor, the presented reaction procedure yields NPL solu-
tions of a high colloidal stability and was moreover observed to
be very reproducible and easily up-scalable enabling the
production of large amounts of core/crown NPLs for possible
lighting applications. Finally, we demonstrate that by simply
adjusting the injection rate of the S precursor the solely 2D
crown growth can be transformed into 3D CdS growth, yielding
CdSe/CdS core/crown NPLs with an increased crown thickness
and bathochromically shifted PL emission.

2 Experimental
2.1 Chemicals

Sodium myristate (=99%), methanol (MeOH, =99.8%), 1-octa-
decene (ODE, 90%), sulphur (99.98%), n-hexane (=99%) and
ethanol (EtOH, =99.8%) were purchased from Sigma Aldrich.
Cadmium nitrate tetrahydrate (99.999%), selenium (99.999%,
200 mesh) and oleic acid (OlA, 90%) were supplied by Alfa Aesar.
Cadmium acetate dihydrate [Cd(Ac),, 98%], tellurium (99.999%,
60 mesh) and tri-n-octylphosphine (TOP, 97%) were purchased
from ABCR. All chemicals except ODE were used as received
without further purification. ODE applied for the preparation of
the chalcogenide precursor solutions was obtained by degass-
ing at 120 °C in vacuum (p = 1 x 102 mbar) for at least 6 h.
Afterwards, the purified ODE was stored in an air-free glove box.

2.2 Synthesis procedures

2.2.1 Preparation of cadmium myristate. Cadmium myr-
istate applied for the synthesis of CdSe core NPLs was prepared
according to a literature procedure.*

2.2.2 Preparation of chalcogenide precursor solutions. 1 M
TOPS and TOPSe solutions were prepared by dispersing
160.3 mg or 394.8 mg of sulphur or selenium, respectively, in
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5 mL of TOP. To ensure complete dissolution, the solutions
were stirred over night in an air-free glove box.

To prepare a 1 M TOPTe solution, 638.0 mg of tellurium
powder were loaded into a 25 mL three-neck flask and the
pressure in the flask was reduced below 1 x 10~* mbar three
times. Under an Ar atmosphere, 5 mL of TOP were added with
a syringe and the mixture was heated to 275 °C until a clear
orange solution was obtained. The TOPTe solution was allowed
to cool to room temperature and stored in an air-free glove box
for further use.

A 0.05 M S/ODE dispersion was prepared by mixing 11.2 mg
of sulphur with 7 mL of ODE. Afterwards, the dispersion was
ultrasonicated for at least 30 min until a slightly turbid solution
without visible precipitate was obtained. During the ultra-
sonication process, the dispersion was shaken vigorously
several times.

2.2.3 Synthesis of CdSe core NPLs. Quasi-rectangular and
quasi-quadratic core CdSe NPLs with a thickness of 4 MLs were
synthesised according to literature procedures.'®>>*>*

5 ML thick quasi-rectangular core NPLs were synthesised
following a procedure by Naskar et al.>

Quasi-rectangular 4 ML NPLs with larger lateral dimensions
were synthesised according to a literature procedure®* with
slight modifications. Briefly, 96 mg of Cd(Ac),, 180 pL of OlA
and 1.075 pL of a CdSe NPL solution in hexane (quasi-
rectangular core NPLs, ccq = 50.7 mM, Bcgse = 9.70 mg mL’l)
were combined with 8 mL of ODE in a 25 mL three-neck flask.
The hexane was removed carefully at the Schlenk line and the
mixture was further degassed in vacuum at 60 °C for at least 1 h.
Subsequently, the temperature was increased to 215 °C under
an Ar atmosphere and 2 mL of a TOPSe/ODE solution (50 pL of
a1 M TOPSe solution mixed with 1.95 mL of ODE) were injected
at a rate of 8 mL h™". After cooling down to room temperature,
15 mL of a 2 : 1 mixture of ethanol and hexane were added and
the mixture was centrifuged at 4226 rcf for 10 min. Afterwards,
the colourless supernatant was discarded and the NPLs were re-
dispersed in 2 mL of hexane.

2.2.4 Synthesis of core/crown NPLs. CdX (X = S, Se, Te)
crowns on CdSe core NPLs were obtained by following a slightly
modified procedure for CdTe crown growth on CdSe NPLs.** At
first, 8 mL of ODE, 180 pL of OlA, 96 mg of Cd(Ac), and 1.165 mL
of the core CdSe NPLs in hexane (ccqg = 40.0 mM, Bcgse =
7.64 mg mL~ ') were combined in a 25 mL three-neck flask. The
hexane was carefully removed in vacuum at room temperature
and the mixture was further degassed in vacuum for at least
1.5 h at 60 °C. Subsequently, the solution was heated to 240 °C
under an Ar atmosphere. When a temperature of 215 °C was
reached, 6 mL of a 0.05 M chalcogenide precursor solution in
ODE was injected at a rate between 6 mL h™* and 36 mL h™". To
monitor the crown growth progress, aliquots (250 pL) were
taken from the reaction mixture with a syringe. After comple-
tion of the injection, the heating mantle was removed and the
solution was quickly cooled down to room temperature. The
core/crown NPLs were collected by addition of a 2:1 etha-
nol : hexane mixture, followed by centrifugation (4226 rcf, 10
min). The NPLs were re-dispersed in 4 mL of hexane and stored
under ambient conditions.
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Table 1 Reaction parameters of CdS crown growth reactions leading
to CdSe/CdS NPLs shown in Fig. 1(b)—(d). Tessier et al.?* injected a gel-
like mixture of oleic acid and cadmium and sulphur precursors at high
temperatures. In the two other protocols, only the sulphur precursor
was slowly injected while the cadmium precursor was added to the
reaction flask before degassing

Precursor addition

Precursor type temperature (°C)

Cd precursor S precursor Cd precursor S precursor Reference

Cd(Ac), SODE premixed 240 240 21
Cd(Ac), SODE RT 240 43
Cd(Ac), TOPS/ODE RT 240 This work

In addition to the described protocol, two literature proce-
dures were applied for the CdS crown growth.*** The reaction
parameters of all three protocols are compared in Table 1.

2.3 Characterisation techniques

2.3.1 UV/vis spectroscopy. UV/vis absorbance spectra were
recorded with a Horiba Dual-FL spectrometer. All samples were
diluted with hexane and measured in quartz cuvettes with
a path length of 1 cm. For the measurement of UV/vis absorp-
tion spectra, an Agilent Cary 5000 UV-Vis-NIR spectrophotom-
eter equipped with an Agilent DRA-2500 integrating sphere was
applied. All spectra were recorded in the centre-mount position
of the integrating sphere.

2.3.2 Photoluminescence spectroscopy. Photoluminescence
(PL) emission and excitation spectra were measured with a Horiba
Dual-FL spectrometer. PL quantum yields (PLQYs) were obtained
in absolute mode with the same spectrometer equipped with
a Quanta-Phi integrating sphere. It needs to be noted, that the
presented PLQY measurements are not re-absorption corrected.
Due to the strong overlap of the absorbance and emission spec-
trum for most of the samples, the reported PLQYs will be slightly
lower than the true values. However, in order to minimise the
resulting error very diluted samples were applied.

PL lifetime measurements were carried out at a FluoroMax-4
spectrometer from Horiba equipped with a FluoroHub time-
correlated single photon counting (TCSPC) unit. The samples
were excited with a A = 454 nm pulsed LED light source. In all
cases, the samples were diluted with hexane and measured in
quartz cuvettes with a path length of 1 cm.

2.3.3 Atomic absorption spectroscopy. Atomic absorption
spectroscopy (AAS) was applied to determine the Cd ion
concentrations of the CdSe core NPL solutions. Therefore,
a small known amount (typically 3 pL to 10 pL) of the NPL
solution was digested with aqua regia over night. Afterwards, the
solutions were transferred into 50 mL measurement flasks and
filled with Milli-Q water (R = 18.2 MQ cm). To obtain a calibra-
tion curve, at least 5 standard solutions in the concentration
range between 0 ppm and 1.5 ppm were analysed. All
measurements were carried out on a Varian AA140 instrument
equipped with an air/acetylene (1.5 : 3.5) flame atomiser.

2.3.4 Transmission electron microscopy. For transmission
electron microscopy (TEM) imaging, a FEI Tecnai G2 F20
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equipped with a field emission gun working at an acceleration
voltage of 200 kV was applied. The samples were prepared by
drop-casting of 10 uL of a diluted NPL solution onto carbon-
coated Cu grids (Quantifoil, 300 mesh).

2.3.5 Powder X-ray diffraction. Powder X-ray diffracto-
grams (PXRDs) were recorded with a Bruker DSADVANCE in
reflection mode (Bragg-Brentano geometry). The samples were
prepared by drop-casting concentrated solutions onto silicon
single crystal sample carriers and subsequent drying under
ambient conditions. Prior to the application onto the sample
carrier, the NPL solutions were purified once using ethanol as
the destabilisation agent.

3 Results and discussion

CdSe core NPLs with two different thicknesses (4 or 5 MLs),
different lateral dimensions and different shapes (quasi-
quadratic or quasi-rectangular) were synthesised according to
slightly modified literature procedures.'®**?**3>:%> The results
of the optical and structural characterisation of the core NPLs
are summarised in the ESI (Fig. S1-S47).

Initially, quasi-quadratic NPLs (for characterisation see ESI
Fig. S31) were laterally extended with a CdS crown without
changing their thickness [Fig. 1(a)]. Therefore, we applied two
already published protocols*** as well as a new one inspired by
the procedure for CdTe (CdSe) growth on CdSe NPLs.*” In the
procedure introduced by Tessier et al.,** a pre-prepared mixture
of oleic acid, cadmium acetate and sulphur in ODE is injected at
a fixed rate into a solution of the CdSe core NPLs in ODE at the
reaction temperature. Meerbach et al.,*® in contrast, added a S/
ODE solution at a slow injection rate whereas cadmium acetate
and oleic acid were present in the reaction flask. Our new
protocol is similar to the latter one, with the difference, that
TOPS/ODE instead of S/ODE was applied as the sulphur
precursor. More details on the synthesis parameters of the
different methods are collected in Table 1. As can be seen in the
TEM images of the synthesised CdSe/CdS NPLs [Fig. 1(b)-(d)],
the shape and PLQY of the obtained core/crown NPLs strongly
depends on the applied protocol.

Briefly, the addition of the Cd precursor before reaching the
reaction temperature [as in Fig. 1(c) and (d)] and the application
of TOPS as the sulphur precursor [as in Fig. 1(d)] seem to
enhance the PLQY while also leading to a more regularly shaped
CdS crown. The first-mentioned modification is likely limiting
the destruction/etching of the core NPLs during the heat-up
process, as it was already shown that, in the absence of
cadmium carboxylates, CdSe NPLs start to dissolve if heated to
temperatures above 210 °C to 240 °C.”® The effect of the second
modification, specifically the replacement of the standard
sulphur precursor S/ODE by TOPS/ODE, will be explained
shortly. Fig. 1(e) moreover shows the typical optical spectra of
CdSe/CdS core/crown NPLs. While the absorption maxima of
CdSe core NPLs, located at 511 nm and 480 nm, are observed to
only shift negligibly (to 513 nm and 479 nm, respectively)
during the crown growth, a distinct feature corresponding to
the absorption of the CdS crown arises at A = 405 nm. Due to the
high exciton binding energy in Cd chalcogenide NPLs, the

This journal is © The Royal Society of Chemistry 2020
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(a) cadmium acetate
oleic acid Cds
sulphur precursor
4 MLs 4 ODE, 240 °C
( 4 MLs
quasi-quadratic CdSe/CdS
CdSe NPL core/crown NPL
(e)
- Abs CdSe
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Fig. 1 (a) Schematic illustration of the CdS crown growth on quasi-quadratic 4 ML thick CdSe NPLs. (b)—(d) TEM images of CdSe/CdS core/

crown NPLs synthesised by different protocols: (b) Tessier et al.,?* (c) Meerbach et al.** (with slight modifications), (d) new protocol. Details on the
different protocols are collected in Table 1. The white dotted lines were inserted to visualise the shape of the NPLs. (e) Normalised absorbance
spectra of quasi-quadratic CdSe core NPLs (light grey, dashed) and CdSe/CdS core/crown NPLs (new protocol, dark grey), PL excitation (light

blue) and PL emission spectra (dark blue) of CdSe/CdS NPLs.

radiative recombination takes place solely in the core of CdSe/
CdS core/crown NPLs,*"* so only a slight bathochromic shift
of the emission maximum of 2 nm and short PL lifetimes below
5 ns were recorded. The quantum yield of the CdSe NPLs
increases dramatically during crown growth from below 1% for
the bare CdSe NPLs to up to 80% for the core/crown NPLs.
However, as mentioned previously, comparably high PLQYs can
only be reached if TOP is present in the reaction mixture during
the crown growth process.

To better understand the role of TOP in this reaction, we
performed a series of experiments with different sulphur

This journal is © The Royal Society of Chemistry 2020

precursors (S/ODE and TOPS/ODE) and, in case of S/ODE,
different amounts of TOP directly added to the reaction solu-
tion. The progress of the crown growth process could be
monitored by taking aliquots of the reaction solution, which
were purified and subsequently analysed by UV/vis and PL
spectroscopy. Fig. 2(a) illustrates the development of the
absorbance of CdSe/CdS core/crown NPLs during a crown
growth reaction (S/ODE + 50 uL TOP). The maximum at around
A = 405 nm corresponding to the CdS crown absorption
increases with progressing reaction and its relative absorbance
value [obtained from absorbance spectra normalised to the

Nanoscale Adv., 2020, 2, 4604-4614 | 4607
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heavy hole-electron (hh-e) maximum of CdSe NPLs] can there-
fore be applied as a measure for the size of the CdS crown [Fig.
2(c) and ESIf section 2]. In Fig. 2(b) the relative absorbance at
the CdS maximum was plotted against the reaction time for
different sulphur precursor compositions. It is clearly visible,
that the growth rate is remarkably higher if no or only a small
amount of TOP is present.

In general, TOP can influence the NC (shell) growth in
different ways which are all related to the high phosphorous-
chalcogenide affinity: (1) TOP acts as a surface ligand prefer-
ably binding to chalcogenide-rich facets,***” (2) TOP is able to
activate CdX (X = S, Se, Te) NC surfaces by dissolving excess
chalcogenides,*® and (3) alkyl phosphines can reduce the reac-
tivity of especially sulphur precursors due to the formation of
strong P-S bonds.” To evaluate the influence of factors (1) and
(2), the specific structure of zinc blende CdSe NPLs needs to be
taken into account. It was shown, that both of the surfaces
perpendicular to the NPL thickness direction are Cd-rich (100)
planes, whereas the surfaces at the NPL edges contain equal
amounts of Cd*>" and Se*~ ions.***' Consequently, TOP mole-
cules will rather bind to the NPL edges than to the top and
bottom facets of the NPLs and could therefore slow down the

View Article Online
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lateral extension of the NPLs (i.e. the crown growth). However,
due to the fact that the crown growth is sulphur-limited under
the applied conditions, the reactivity of the sulphur precursor
[factor (3)] might influence the growth rate even more strongly
than both of the afore-mentioned effects. In case of S/ODE the
reactivity of the sulphur precursor is high, so that the reaction is
mainly limited by the availability of the sulphur precursor, e.g.
the injection rate [Fig. 2 and ESI Fig. S6]. In contrast, the TOPS
based precursor (containing 300 pL of TOP in total) is less
reactive and the reaction therefore proceeds at a reduced rate.
This thermodynamic reaction control can also be achieved by
adding at least 300 pL of TOP directly to the reaction solution
while using S/ODE as the sulphur source. If only 150 uL of TOP
are added, however, the reaction proceeds at an intermediate
rate. This implies, that a certain excess of TOP in the reaction
solution is required in order to achieve a complete in situ-
complexation of the added sulphur. For the complete conver-
sion of the applied sulphur to TOPS, only 134 uL of TOP would
be required (assuming a complete and stoichiometric reaction).
As can be seen in Fig. 2(c), the TOP amount, or more specifically
the growth rate, also affects the PLQY of the synthesised CdSe/
CdS core/crown NPLs. For TOP amounts of 150 uL or more, the

(@ 3 —omn —1omin| (b) [ v ToOPS/ODE
4 ——15min  —— 20 min A S/ODE + 300 pL TOP
5 —— 25 min 30 min A S/ODE + 150 L TOP o £
N2 40 min 50 min A S/ODE + 50 yL TOP o >
g 60 min SIODE . S E
o X
G A a o 2
2 ‘precusor A A 2 =
2 USRS R I g
2 . A 3 9
. A
£ \ a gt ©®
o A\ J\ * ? :
Z 0 . . . . . r r T —+0
300 400 500 600 0 10 20 30 40 50 60
Wavelength (nm) Reaction Time (min)
(C) ® smallrec. 4 ML ¢ (d)
4 large rec. 4 ML A
I .5 ML * " Lo
N s ] e S (LI
<§ * ‘ z Caia 1 3
[ J
= 2] . - a 50 6
< - o " 2. T
1 ° N .. N A 25
° .o Ta
0{om 0
1 2 3 4 0 10 20 30 40 50 60

Rel. Absorbance @ CdS Maximum

Fig. 2

Reaction Time (min)

(@) Normalised absorbance spectra of CdSe/CdS NPLs during a CdS crown growth reaction (here: quasi-quadratic CdSe cores + S/ODE +

50 pL TOP). The absorbance spectra were normalised to the absorbance maximum corresponding to the heavy hole—electron (hh—e) transition
at around 4 = 511 nm. In the first 30 min of the reaction, the sulphur precursor solution was injected at a rate of 12 mL h~L. Afterwards, the
reaction mixture was kept at 240 °C for another 30 min. (b) Progress of CdS crown growth reactions with different precursor compositions.
Additional TOP was injected into the reaction flask directly before the addition of the S/ODE solution. The horizontal lines (medium grey dotted)
were inserted to visualise how the y-coordinates of the data points in (b) were determined. In case of the reaction without TOP (S/ODE), the
samples taken after 30 min and 40 min reaction time could reproducibly not be stabilised, so no absorbance values could be determined. (c) The
relative absorbance at the CdS maximum [y-coordinate in (b)] is in good approximation linear to the area of the CdS crown, if the area of the CdSe
core remains constant (for more details see ESIF Section 2). It can therefore be applied as measure for the reaction progress. The areas of the core
(Acgse) and crown (Acqys) were obtained from TEM measurements, the relative absorbance values were derived from the normalised absorbance
spectra. (d) PLQY of the CdSe/CdS NPLs at different reaction stages (excitation wavelength: 460 nm). The dashed lines between the data points
were inserted to facilitate the differentiation of the data sets. The key (symbols and colours) is the same as in (b).
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PLQY initially increases until a certain crown size is reached
(approx. 3-5 nm of shell material on each edge) and finally
decreases to a value between 50 and 60%. Lower amounts of
TOP (higher reaction rates) yield in CdSe/CdS NPLs with
comparably lower PLQYs, even if the CdS area is similar in both
cases. A similar relation between shell growth rate and PLQY
was recently demonstrated for the ZnS shell growth on ZnSe
nanorods.*® In summary, it was demonstrated that replacing the
common sulphur precursor for the CdS crown growth by a less
reactive one allows the uniform growth of CdS crowns around
quasi-quadratic CdSe NPLs, so that the PLQYs of the resulting
core/crown NPLs can reach up to 80%. In addition to its effects
on the sulphur reactivity, TOP presumably also acts as a tight-
binding ligand which leads to a further reduction of the CdS
growth rate.

To evaluate, if the availability of the sulphur precursor also
influences the reaction outcome, we varied the injection rate of
the TOPS/ODE solution. In addition to the injection at the
‘standard’ rate of 12 mL h™", the sulphur precursor was injected
at rates of 6 mL h™" and 36 mL h™", respectively. For both other
injection rates, the reaction outcome was similar, but signifi-
cantly different from the outcome of a reaction at the inter-
mediate rate of 12 mL h™". The optical characterisation of CdSe/
CdS NPLs synthesised with an injection rate of 6 mL h™" is
shown in Fig. 3(a) and (b). The growth of the CdS crown is again
reflected in the increasing absorbance at around 405 nm [Fig.
3(a)]. In addition, a barely noticeable increase in absorbance at
longer wavelengths (right green circle) than the hh-e absor-
bance maximum of 4 ML CdSe NPLs is appearing and intensi-
fying over the course of the reaction. The impact of the lower
injection rate onto the emission properties of the core/crown
NPLs, however, is much more distinct. As can be seen in Fig.
3(b), a second broader emission peak at longer wavelengths
appears and becomes more intense during the CdS growth,
whereas the original sharp emission maximum at around 515
nm slowly decreases in intensity.

To identify, if both emission peaks originate from the same
emitting species, we recorded PL excitation spectra at different
emission wavelengths [Fig. 3(d)]. The excitation spectrum recor-
ded at 516 nm [Fig. 3(d), dark grey solid line] resembles in
principle the excitation spectrum of a comparable CdSe/CdS core/
crown NPL solution with a single emission peak at 516 nm
[Fig. 3(d), light grey dashed line], with a noticeable difference in
the wavelength regime between 425 and 475 nm. We attribute
this difference to the growth of a CdS crown, which is in part
slightly thicker than 4 MLs, as this will result in additional light
absorption at higher wavelengths than 405 nm.*** The original
emission wavelength, however, will remain nearly unchanged in
this case, as the thickness of the CdSe core does not change and
the conduction band offset between CdSe and CdS is still
comparably small, so that the exciton binding energy cannot be
overcome.* It needs to be noted, that under the applied reaction
conditions the formation of a complete CdS layer on the top and
bottom facets of the core NPLs is generally unlikely, as it requires
higher reaction temperatures and/or an excess of the chalco-
genide precursor.'6>3%%>%3

This journal is © The Royal Society of Chemistry 2020
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In addition to this first population of NPLs, a second NPL
population with an even thicker CdS crown and a bath-
ochromically shifted emission seems to be present. The exci-
tation spectra recorded at this emission peak [Fig. 3(d) blue
shaded lines] reveal, that the absorbance feature at higher
wavelengths is solely originating from this second class of NPLs.
It can moreover be noticed, that the features corresponding to
the CdSe core NPLs are still comparatively sharp and only
negligibly shifted to higher wavelengths. This leads to the
conclusion, that the core is still intact and its thickness remains
mostly constant, as already the formation of an incomplete
monolayer of sulfide on the top and bottom facets of CdSe NPLs
would lead to a remarkable broadening of the absorbance
maxima and a shift to higher wavelengths of at least
20 nm.****>* Hence, the bathochromic shift in the emission
might originate from the change from core-only to interface-
dominated emission as the thickness of the CdS crown and
therewith the conduction band offset between CdSe and CdS
increases (partial delocalisation of the excited electron into the
crown). This assumption is further corroborated by the higher
PL lifetime of NPLs with a bathochromically shifted emission
[shorter components of 3.5 ns and 10.1 ns for populations
emitting at 516 nm and 558 nm, respectively, for more details
see ESI Fig. S15(a) and Table S21]. However, it can still not be
fully excluded that a small amount of CdS also grows onto the
CdSe core, as this would also lead to a bathochromic emission
shift and a prolonged PL lifetime. Additionally, the previously
described structural changes are confirmed by the TEM char-
acterisation results [Fig. 3(e) and (f)]. In particular, regions with
a higher contrast close to the edges and corners of some of the
NPLs (white circles) are visible in the TEM image of CdSe/CdS
NPLs synthesised with a lower injection rate [Fig. 3(e)]. This
suggests a higher material thickness in these regions, as there
are no noticeable contrast differences for CdSe/CdS core/crown
NPLs with a uniform thickness [Fig. 3(f)]. In addition, NPLs
synthesised at the lower injection rate are characterised by
a more random shape without straight edges. If the CdS growth
proceeds further, the amount of CdS grown onto the top and
bottom facets of the NPLs increases but no homogeneous ring
of CdS on the crown edges is formed (ESI Fig. S127). Instead,
a sole 2D extension of the crown is observed for some edges.
Thus, the 3D growth seems to be favoured over 2D growth only
on specific edges, probably on those which are characterised by
a comparatively higher TOP coverage.

In addition to the blocking of some edge facets by TOP, the
amount of acetate present in the synthesis mixture might be
one of the crucial factors for the change in the growth dimen-
sionality from 2D to 3D. Short carboxylates were previously
identified as one of the primary keys to the 2D growth of
cadmium chalcogenide NPLs.”***" In the presented synthesis
procedure, cadmium acetate dihydrate is applied as the
cadmium precursor, however, a considerable amount of acetic
acid is likely already removed during the degassing process in
vacuum. Additionally, cadmium carboxylates were demon-
strated to be able to react with phosphine chalcogenides
forming Lewis acid-base adducts.*® This, in turn, might lead to
a further reduction of the amount of free acetate in the reaction

Nanoscale Adv, 2020, 2, 4604-4614 | 4609
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Fig. 3 Characterisation results of CdSe/CdS core/crown NPLs synthesised from quasi-quadratic CdSe NPLs at a TOPS/ODE injection rate of
6 mL h™*. Time-dependent normalised (a) absorbance and (b) PL emission spectra. The absorbance spectra were normalised to the hh—e
absorbance maximum, the PL emission spectra to the wavelength, at which the highest PL emission intensity was recorded. Further optical
characterisation results (e.g. absorption spectra, PLQYs, PL lifetimes) are shown in the ESI} in Section 4. (c) PL emission spectrum after 50 min
reaction time extracted from (b) to demonstrate at which emission wavelengths the different PL excitation spectra in (d) were recorded. (e) + (f)
TEM images of CdSe/CdS NPLs synthesised with injection rates of (€) 6 mL h™ and (f) 12 mL h™* after (e) 50 min and (f) 25 min reaction time

(corresponding to injection of 5 mL of TOPS/ODE).

mixture and could moreover alter the reaction pathway (espe-
cially the reaction intermediates). Hence, the reduced avail-
ability of acetate is probably another important factor for the
observed increase in the crown thickness.

As it was stated beforehand, thick-crown CdSe/CdS NPLs also
form at very high injection rates. Detailed results of this
synthesis as well as additional characterisation of thick-crown

4610 | Nanoscale Adv, 2020, 2, 4604-4614

CdSe/CdS NPLs are available in the ESIf (Section 4). Under
these conditions, the thickening process of the crown could be
related to a combination of a high (sulphur) precursor
concentration and the inactivation of the edge surfaces by TOP
molecules. Directly after its formation, the surface of the CdS
crown might not be completely defect-free and not yet fully
covered with oleate ligands. Thus, the formation of a thicker

This journal is © The Royal Society of Chemistry 2020
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CdS crown could be energetically favoured compared to further
lateral extension via the edge facets. Higher injection rates
could moreover lead to increased homogeneous (secondary)
nucleation.”*® However, neither in the TEM images, nor in any
optical spectra there was any evidence for the presence of CdS
NCs, which is possibly another benefit of the low reactivity of
the applied sulphur precursor. In summary, the structural and
optical properties of CdSe/CdS core/crown NPLs synthesised
from quasi-quadratic core NPLs depend strongly on the injec-
tion rate, if TOPS is applied as the sulphur precursor. A sole two-
dimensional extension of the core is only achieved at an inter-
mediate injection rate of 12 mL h™", whereas higher and lower
rates lead to the formation of a CdS crown with a thickness of
partially more than 4 MLs.

In order to investigate whether similar effects are also
observed for CdSe NPLs with other geometries, we applied
quasi-rectangular 4 ML CdSe NPLs with a comparable NPL area
to that of the quasi-quadratic NPLs (for characterisation see ESI
Fig. S11) as seeds for the CdS crown growth. In Fig. 4(a) the
crown growth rates at different sulphur precursor injection
rates (6, 12 and 36 mL h™ ") are shown. At none of the applied
injection rates, a similar thickening of the CdS crown as in case
of the quasi-quadratic NPLs was registered. Related to the total
reaction time, the crown growth rate was observed to increase
with the injection rate. This observation may be explained by
the different end points of the precursor injection [Fig. 4(a),
framed data points] and the therefore large differences of the
sulphur precursor concentration, especially at the beginning of
the reactions. The sulphur precursor concentration moreover
affects the length of the induction period, which was found to
increase with decreasing injection rate.

A comparison of the CdS crown growth rates of NPLs with
different core geometries reveals, that the CdS growth proceeds
faster on NPLs with a quasi-rectangular shape. Primarily, this
effect could have been induced by the lower total edge length of
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a square in relation to a rectangle with the same area. Consid-
ering the tendency of quasi-quadratic core NPLs to form CdS
crowns with a higher thickness than the core, the lower lateral
growth rate is probably also a result of the comparably stronger
binding of TOP molecules to the edge facets of quasi-quadratic
NPLs. This, however, might correlate with the following points:
(1) a higher selenium content of the edge facets, (2) the presence
of edge facets which allow the formation of TOP-Se bonds in
a favoured bond angle and (3) a lower coverage with native
ligands in case of quasi-quadratic CdSe NPLs. The latter is
confirmed by the significantly lower PLQY of quasi-quadratic
core only NPLs after purification (0.7% vs. 8.0% for quasi-
rectangular NPLs).***” In this regard, also the differences in
the formation process of NPLs with different aspect ratios need
to be taken into account. While the thickness of CdSe NPLs is
kinetically controlled,”®** their shape (in case of 4 ML NPLs) is
determined by the amount of water (more precisely the amount
of OH™ ions) in the reaction mixture.*® To obtain NPLs with low
aspect ratios (i.e. quasi-quadratic NPLs), for example, high
amounts of OH ™ ions are required. If a significant number of
these ions remains on the surface of the NPLs after the purifi-
cation steps, further modifications (e.g. the crown growth)
might also be influenced. The released OH ™ ions could interfere
with the CdS crown growth especially at high relative concen-
trations in comparison to the precursor anions, which is e.g. the
case at low injection rates. In summary, two different effects
could be responsible for the observed differences in the CdS
crown growth on core NPLs with different geometries: (1)
different amounts of TOP bound to the edge facets of the NPLs
and (2) release of OH™ ions during the reaction.

In addition to the crown growth rates, the PLQYs at similar
crown sizes were compared for the different reaction condi-
tions and core geometries [Fig. 4(b)]. In general, CdSe/CdS
core/crown NPLs synthesised from quasi-quadratic cores
were observed to exhibit lower PLQYs than their counterparts

®) o
) I ; 2!
§70- R
o %
60- )
11511 2251 3.60:1 5.10:1

CdS:CdSe area ratio

(a) Progress of CdS crown growth on quasi-rectangular (blue shaded triangles) and quasi-quadratic (dark grey squares) CdSe NPLs. The

points, at which the whole precursor amount was added to the reaction solution are symbolised by white triangles or squares framed in the
colour of the respective series. The absorbance of quasi-quadratic NPLs was corrected with a response factor in order to take account of the
differences in the absorbance-CdS area relation in case of different core geometries (for details see ESI Table S11). (b) Comparison of the PLQYs
(excitation wavelength: 460 nm) of CdSe/CdS core/crown NPLs with similar CdS crown sizes synthesised with different precursor injection rates.
Approximate CdS : CdSe area ratios: (1) 1.15: 1, (2) 2.25: 1, (3) 3.60 : 1, (4) 5.10 : 1. The relative absorbance values appertaining to the respective
crown areas are symbolised by light grey horizontal lines [in (a)]. The key (symbols and colours) is the same as in (a). The dashed lines between the

data points were inserted to facilitate the differentiation of the data sets.
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Fig. 5 Evolution of the NPL shape and size during CdS crown growth on (a) quasi-rectangular 4 ML NPLs (36.1 nm x 7.3 nm x 1.2 nm) and (b)
quasi-rectangular 5 ML NPLs (37.3 nm x 9.0 nm x 1.5 nm). The average values for the length and width of the core/crown NPLs are displayed in
the top right corners of the TEM images. The samples with the highest PLQY of the respective series are marked with a yellow asterisk. The aspect
ratios (length divided by width) of the NPLs were observed to decrease due to the crown growth: in case of 4 MLNPLs from 5.2 +12to 4.1+ 0.5
(core NPLs vs. largest core/crown NPLs) and in case of 5 ML NPLs from 4.4 + 1.2 to 3.3 + 0.4.

originating from quasi-rectangular cores. The only exception
was formed by the smallest core/crown NPLs synthesised at an
injection rate of 36 mL h™'. As mentioned before, high injec-
tion rates result in a comparable fast growth of the crown
which might lead to a higher defect density and an incomplete
ligand coverage of the crown and therewith lower PLQYs. It
was moreover observed, that the PLQY of CdSe/CdS NPLs with
a quasi-quadratic core decreases with an increasing crown
size, whereas it increases for CdSe/CdS NPLs with a quasi-
rectangular core. However, for larger quasi-rectangular 4 ML
NPLs as well as 5 ML NPLs a different relation between PLQYSs
and crown area was obtained [ESI Fig. S21(b)7]. The PLQY of
those core NPLs was observed to increase until a certain crown
size was reached and to subsequently decrease again. For the
largest applied core NPLs (5 ML quasi-rectangular), this
turning point was located at even lower CdS crown sizes,
which leads to the conclusion, that there might be a correla-
tion between the total NPL area and the PLQY. In the TEM
images of CdSe/CdS large core/crown (4 ML and 5 ML) NPLs
(Fig. 5) it can be noticed, that the shape of the NPLs becomes
more irregular with increasing crown size. Especially in case of
the largest 5 ML CdSe/CdS NPLs, dislocations at the NPL edges
are visible so that the width of the NPL is inconstant over its
length. For core/crown NPLs originating from 4 ML cores

4612 | Nanoscale Adv, 2020, 2, 4604-4614

[Fig. 5(a)], similar inconsistencies, but nearly no dislocations
were observed. At the earliest shown stage of the reaction
[Fig. 5(a) top], the crown moreover appears to be slightly
rounded at one of the shorter edges. A similar effect was
observed in case of CdSe/CdS core/crown NPLs originating
from smaller 4 ML core NPLs (ESI Fig. S207). In summary, the
PLQY of CdSe/CdS core/crown NPLs synthesised from quasi-
rectangular cores mainly depends on the uniformity of the
CdS crown. Lower PLQYs were recorded for core/crown NPLs
with rounded corners as well as for core/crown NPLs with
visible dislocations in the crown edges.

4 Conclusions

We have presented an improved protocol for the synthesis of
CdSe/CdS core/crown nanoplatelets (NPLs) with high photo-
luminescence quantum yields (PLQYs) starting from a variety
of CdSe NPL core geometries and thicknesses. In the new
protocol, tri-n-octylphosphine (TOP) was applied to slow down
the crown growth in order to achieve crowns with an increased
uniformity and therefore higher PLQYs. In case of quasi-
quadratic core NPLs, the injection rate needed to be tuned
very precisely to avoid the formation of CdS crowns with
a partially higher thickness than the CdSe core. For core/crown

This journal is © The Royal Society of Chemistry 2020
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NPLs based on quasi-rectangular cores, however, no similar
effects were observed, which was attributed to a comparably
higher reactivity of the edge facets in the presence of TOP and
a lower amount of residual OH™ ions.

In summary, the new synthesis protocol is characterised by
a very good reproducibility, can be easily scaled up and yields
extremely stable NPL dispersions and might therefore promote
the application of CdSe/CdS core/crown NPLs in the fields of
optoelectronics, photocatalysis and photoelectrochemistry.
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