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ABSTRACT: We analyze the mechanism of seeded growth reactions
used to synthesize colloidal core/shell nanocrystals. Looking at the
formation of CdSe/CdS and CdSe/ZnSe using both zinc blende and
wurtzite CdSe seeds with a different surface termination, we show that
the formation rate of the shell material does not depend on the presence
of the seed nanocrystals. This suggests that shells grow by inclusion of
CdS or ZnSe initially formed in the reaction mixture, possibly under the
form of reactive monomers, and not by successive adsorption and
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reaction of metal and chalcogen precursors. This insight makes balancing

homogeneous nucleation and heterogeneous growth of the shell material key to suppressing spurious secondary nucleation.
Through a combination of experimental work and reaction simulations, we argue that this can be effectively achieved by raising
the monomer solubility through the concentration of carboxylic acid used in the seeded growth reaction.

B INTRODUCTION

Colloidal semiconductor nanocrystals or quantum dots (QDs)
with a high photoluminescent quantum yield (PLQY) are
currently studied for their possible use as, for example, remote
phosphors in lighting and display applications, luminescent
labels in bioimaging, or gain media in microlasers.! To achieve
the necessary optoelectronic properties, QDs are commonly
used under the form of core/shell structures, in which a shell
with a commensurate crystal structure is grown over an original
core QD. Such heteronanostructures have several advantages.
First, wide band gap shell materials, such as ZnS, tend to
passivate trap states at the core/shell interface and confine
electron—hole pairs to the original core QD, a combination
which can strongly enhance the QD PLQY.” Second, core/shell
QDs with a staggered, so-called type II band alignment boast
spatially separated electron—hole pairs that make possible a
gamut of novel exciton phenomena, such as single exciton
gain.” Finally, shell materials enhance the absorption cross-
section of the resulting core/shell QDs at photon energies
above their band gap transition. Here, CdS is particularly
interesting since its 2.4 eV band gap makes for a selective
boosting of the QD absorbance at wavelengths below ~500
nm. This renders CdSe/CdS QDs an ideal downconverting
phosphor for lighting and displays, which typically rely on a
blue pump LED emitting at around 450 nm."

Most shelling reactions rely on a two-step approach where
core and shell are formed in successive stages.” In precursor-
addition reactions, shelling is achieved through the addition of
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shell precursors to a reaction mixture containing the cores. To
suppress homogeneous nucleation, precursors are typically
added dropwise, either together or, to enforce layer-by-layer
shell growth, one at the time.® Precursor-addition based shelling
is therefore intrinsically slow and thus ill-suited for the
formation of QDs with a large shell-to-core volume ratio,
which is particularly useful for photoluminescent down-
conversion. A considerably faster alternative is a seeded growth
reaction, where shelling is achieved by launching a second hot
injection synthesis, while coinjecting cores as seeds that act as
heterogeneous nucleation centers. First developed as a method
that promotes anisotropic growth, including dot-in-rods,””
tetrapods,'”'" or octapods,'” the approach also proved most
useful for the formation of quasi spherical core/shell QDs,
where, e.g., thick CdS shells could be grown around core CdSe
QDs in a matter of minutes.'>"*

Following the establishment of protocols for the precision
synthesis of several core QDs, various studies have addressed
the chemistry of precursor conversion and the kinetics of
nucleation and growth. Particularly for the case of CdSe QDs,
this has led to an understanding that the actual precipitant is a
homogeneously formed CdSe unit or monomer.>'® As a result,
it was found that the monomer formation rate is a key factor in
a hot injection synthesis, determining, for example the diameter
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of the QDs when the reaction reaches its final yield."”~"* This
finding has been successfully implemented for size-tuning-at-
full-yield using precursors with different reactivity to form
nanocrystals of a controlled size with a high reaction yield."” It
is expected that similar considerations will apply to seeded
growth shelling reactions. Such insights can help to determine
the optimized reaction times, map conditions where homoge-
neous nucleation is best suppressed, and identify the general
conditions that make reactions suited for seeded growth.” Such
a mechanistic approach to shelling reactions, however, is absent
in the current literature.

Here, we start from the seeded growth synthesis of CdSe/
CdS core/shell QDs using zinc blende CdSe seeds to identify
the key steps in such shelling reactions. We first show that the
reaction conditions have a significant impact on the reaction
outcome, especially with respect to the extent of secondary
nucleation. Next, we analyze the time development of the
reaction yield and show that the CdS formation rate is
independent of the presence of CdSe seeds and the possible
suppression of homogeneous nucleation. A similar finding is
observed for the seeded growth of ZnSe on zinc blende CdSe
cores and both CdS and ZnSe on wurtzite CdSe cores. We thus
conclude that seeded growth reactions are fundamentally
different from layer-by-layer growth procedures, in the sense
that the reactive precursors do not adsorb at, and react one-by-
one with, the seed QDs. Rather, our findings suggest that shells
grow by the incorporation of monomers that first form
homogeneously in solution. We implement this mechanistic
picture in kinetic reaction simulations that were previously used
to model hot injection syntheses involving homogeneous
nucleation.'”” We find that the same reaction parameters that
govern homogeneous nucleation and growth are key to steer
the outcome of seeded growth reactions, where an increased
monomer solubility helps to suppress homogeneous nucleation.

B EXPERIMENTAL SECTION

Zinc Blende CdSe Core QDs. Zinc blende (zb) CdSe core
quantum dots (QDs) were synthesized using the method first
described by Flamee et al*' In brief, 0.5 mmol of CdO was mixed
with 1.6 mmol of myristic acid and 10 mL of octadecene (ODE) after
which the mixture was heated under ambient conditions until total
dissolution at 260 °C. Next, 0.24 mmol of black Se, dispersed as a
powder in 1-octadecene, was swiftly added to the solution, and after §
min, the reaction was stopped by thermal quenching using a water
bath. This yields zb-CdSe QDs having a first exciton peak absorption
at 537 nm, corresponding to a mean diameter of about 3 nm.”” The
QDs were separated from the reaction mixture by addition of
propanol-2 (1:1 in volume as compared to the reaction mixture) and
centrifugation (here and afterward, centrifugation was done at a g-force
of 3000g) to obtain a QD pellet. The QDs were redispersed in a
mixture of 1 mL of toluene and 1 mL of oleic acid (OA) to replace the
original myristate ligands by oleate. For seeded growth reactions, this
core QD solution was further purified thrice using 1 mL of toluene and
1 mL of methanol as the solvent/nonsolvent combination. For what
follows, the concentration of CdSe QDs was calculated using the
average absorbance of a diluted sample at 300, 320, and 340 nm which
is directly proportional to the volume fraction of CdSe.*”

Wourtzite CdSe Core QDs. Wurtzite (wz) CdSe core quantum
dots were synthesized using the method described by Drijvers et al."*
In brief, 1.5 mmol of CdO was mixed with 6 mmol of TDPA, 24 mmol
of oleyl alcohol, and 10 g of trioctylphosphine oxide (TOPO), heated
until 120 °C, and kept under a nitrogen flow for 1 h. Afterward, the
mixture was heated until 350 °C. When the solution became colorless,
2 mL of trioctylphosphine (TOP) was injected. After the temperature
recovered, 1.5 mL of 2 M TOP-Se was injected. After +5 s, the
reaction mixture is quickly cooled by a preheated water bath. When
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the reaction mixture reached a temperature of ~80 °C, 1S mL of
MeOH was added and the destabilized dispersion was centrifuged for
1 min. Afterward, the core solution is purified thrice using 1 mL of
hexane and 1 mL of ethanol as the solvent/nonsolvent combination.

zb-CdSe/CdS by Seeded Growth. zb-CdSe/CdS core/shell QDs
were synthesized using a modification of the flash approach described
by Cirillo et al.”® In brief, 0.25 mmol of CdO, 5.6 mmol of OA, and 3.8
mL of ODE were loaded in a three-neck flask. The flask was first kept
under a nitrogen flow for 1 h at 120 °C and then heated to 260 °C to
form cadmium oleate. In the meanwhile, 50 nmoles of CdSe cores and
0.38 mL of a 2 M TOP-S solution were dissolved in 1.12 mL of ODE.
After the complete dissolution of CdO, the solution containing the
QD cores and the sulfur precursor was rapidly injected into the flask at
260 °C. Aliquots for chemical yield studies were taken after regular
time intervals, 10 s, 30 s, 1 min, 1 min 30 s, 2 min, 3 min, 4 min, 5 min,
and 6 min, and put in 1 mL of toluene. Samples for TEM were
precipitated with ethanol and then purified thrice using 1 mL of
hexane and 1 mL of ethanol as the solvent/nonsolvent combination.

zb-CdSe/ZnSe by Seeded Growth. zb-CdSe/ZnSe core/shell
QDs were obtained using the same protocol as for CdSe/CdS. Here,
0.65 mmol of ZnO, 5.3 mmol of OA, and 3.8 mL of ODE were loaded
in a three-neck flask. The flask was first kept under a nitrogen flow for
1 h at 120 °C and then heated to 310 °C to form zinc oleate. In the
meanwhile, 25, 50, or 100 nmole of CdSe core QDs and 0.215 mL of a
2 M TOP-Se solution were dissolved in 1.285 mL of ODE. After the
formation of zinc oleate, the solution containing the QD cores and the
selenium precursor was rapidly injected into the flask at 260 °C.
Aliquots for chemical yield studies were taken after 30 s, 1 min, 4 min,
8 min, 12 min, 18 min, 27 min, and 40 min and put in 1 mL of toluene.
Samples for TEM where precipitated with ethanol and then purified
thrice using 1 mL of hexane and 1 mL of ethanol as the solvent/
nonsolvent combination.

wz-CdSe/CdS by Seeded Growth. wz-CdSe/CdS core/shell
QDs were synthesized using a modification of the flash approach
described by Drijvers et al."* In brief, 0.6 mmol of CdO, 2.5 g of
TOPO, and 2.5 g of OA were loaded in a three-neck flask. Next to this,
100 nmole of dried wz-CdSe cores and 0.5 mmol of sulfur were
dissolved in 1 mL of TOP. The CdO containing flask was first kept
under a nitrogen flow for 1 h at 120 °C and then heated to 340 °C to
form cadmium oleate. After the complete dissolution of CdO, 1 mL of
TOP was injected. After the temperature was recovered, the solution
containing the QD cores and the sulfur precursor was injected into the
flask. Aliquots for chemical yield studies were taken after regular time
intervals, 5's, 30 s, 1 min, 2 min, 3 min, 4 min, S min, and 6 min, and
added to 1 mL of toluene. Samples for TEM where precipitated with
ethanol and then purified thrice using 1 mL of hexane and 1 mL of
ethanol as the solvent/nonsolvent combination.

wz-CdSe/ZnSe by Seeded Growth. wz-CdSe/ZnSe core/shell
QDs were obtained using the same protocol as for wz-CdSe/CdS.
Here, 0.65 mmol of ZnO, 5.3 mmol of OA, and 3.8 mL of ODE were
loaded in a three-neck flask. Next to this, 100 nmole of wz-CdSe core
QDs and 0.96 mmol of Se were added to 1 mL of TOP. The flask
containing the ZnO was first kept under a nitrogen flow for 1 h at 120
°C and then heated to 340 °C to form zinc oleate. After the formation
of zinc oleate, 1 mL of TOP was injected. After the temperature was
recovered, the solution containing the QD cores and the selenium
precursor was rapidly injected into the flask. Aliquots for chemical
yield studies were taken after S s, 1 min, 2 min 30 s, 5 min, 10 min, 20
min, 30 min, and 60 min and put in 1 mL of toluene. Samples for
TEM where precipitated with ethanol and then purified thrice using 1
mL of hexane and 1 mL of ethanol as the solvent/nonsolvent
combination.

Materials Characterization. UV—vis absorption spectra were
taken with PerkinElmer Lambda 950 and Varian Cary 500
spectrophotometers. Samples for transmission electron microscopy
(TEM) were prepared by dropcasting a solution on a carbon coated
copper grid. Bright field TEM images were recorded using a Cs-
corrected JEOL 2200 FS microscope. Photoluminescence emission
spectra were performed with an Edinburgh Instruments FLS920
fluorescence spectrometer. The absolute PLQY of QD dispersions was
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measured with an integrating sphere (152 mm, Spectralon coated)
connected to a CCD camera (Princeton Instruments ProEM 16002)
and a spectrograph (Princeton Instruments Acton SP2358).
Chemical Yield Calculation. In general, the volume fraction f of
QD material in a sample can be calculated from the QD absorbance A4,
provided the intrinsic absorption coefficient y; of the QDs is known:**

_Inlox A
H;

f
(1)

This equation also applies to core/shell QDs, yet in this case, p;
depends on the relative volume of core and shell, a ratio that is a priori
unknown in a given sample and that changes during a seeded growth
reaction. However, for two materials with relatively similar optical
constants, the intrinsic absorption coefficient i, of a core/shell QD
can be seen as a linear combination of the intrinsic absorption
coefficient of core (u,;) and shell (y,); a relation that applies for
example to CdSe/CdS core/shell QDs.”* Hence, writing the volume
ratio V,/Vy; as ¢, p,,; thus reads:

My = ¢”s,i +(1- ¢)”c,i (2)
The volume fraction of core/shell QDs f,, in a dispersion can thus be
calculated from their absorbance A, as:

In10 X A,
fcls =
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Since the volume fractions f; and f. of shell and core material equal ¢f,
and (1—¢)f,, respectively, this expression can be rewritten using eq 2
as

fs'ui,s +fi,c/‘i,c = In 10 x4,
Hence, the volume fraction f, can be obtained as
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In this manuscript, the chemical yield of seeded growth reactions is
always estimated by means of eq 3 using the following values for y;  at
320 nm in the case of zb-CdS and zb-ZnSe and at 300 nm in the case
of wz-CdS:

= 1.56 X 10°cm™!

Hiab-cas (4)
_ s -1

By b znse = 1.15 X 10°cm (3)
_ 5. -1

By wucds = 1.73 X 10°cm (6)

These numbers were calculated from the bulk optical constants of CdS
and ZnSe,” following a previously published methodology.** Since no
data on the optical constants of wurtzite ZnSe are available, optical
constants for zinc blende ZnSe were used instead.

Absorbance spectra were always measured on unpurified samples.
To correct for the presence of absorbing species, such as OA and
ODE, we therefore calculated f, by subtracting the absorbance of the
first aliquot from the absorbance of any other aliquot instead of a mere
correction for A, as expressed by eq 3. Clearly, this leads to a small
underestimation of the amount of shell material formed. From f, the
volume of shell material V, in each aliquot is then obtained as the
product of f, and the aliquot volume V:

V,=f XV

Finally, the amounts of cations and anions in the shell are obtained
from V;, the number of atoms per unit cell n, and the unit cell volume
V.. of the respective material as:

nV._
Neat = i X
\%
uc

_v_
14+v
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Here, v stands for the actual cation/anion ratio in the nanocrystals
analyzed. Depending on the yield limiting reagent, a chemical yield is
then obtained from the ratio between the amount of cations or anions
in the aliquot and the amount initially used in the synthesis.'”*"*°
Note that in this work, all yield calculations have been done assuming
stoichiometric nanocrystals (v = 1). While this is in general not true,
the error in the calculated numbers that results from neglecting the
nonstoichiometry is small and the assumption does not invalidate the
conclusions we draw from the yield development in this work.

B EXPERIMENTAL RESULTS

Heterogeneous versus Homogeneous Nucleation. To
obtain first insights in the mechanism of seeded growth
reactions, we started this investigation with syntheses that use
oleate-capped zinc blende (zb) CdSe nanocrystals as seeds
around which a CdS shell is grown using cadmium oleate as the
cadmium precursor. In this way, possible side effects linked to
changes in surface termination could be avoided. Figure la
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Figure 1. (a) Series of absorption spectra recorded on (black) the
original CdSe core QDs and (colored curves) aliquots taken at the
moment indicated by the legend after starting a CdSe/CdS seeded
growth synthesis run using a 20:1 oleic acid (OA)/Cd molar ratio. All
spectra have been normalized using the mass of the respective aliquot.
(b) Bright field TEM image of the reaction product obtained after 2
min of reaction. Scale bar is 10 nm. (c) Photoluminescence spectrum
of the CdSe core QDs and all reaction aliquots corresponding to the
absorption spectra shown in (a). (d—f) The same as (a—c) for a
CdSe/CdS seeded growth reaction run using a OA/Cd ratio of 3:1.

depicts a series of absorption spectra recorded on aliquots taken
at different times after initiating this seeded growth of CdS on
zb-CdSe core QDs following the procedure as described in the
Experimental Section and using an oleic acid (OA) to Cd molar
ratio of 20:1. To simplify the interpretation, all spectra have
been normalized to the mass of the aliquot taken, so the
absorbance at short wavelength is directly proportional to the
amount of inorganic material formed in the reaction. Whereas
the first aliquot mainly shows an additional UV absorbance due
to the remaining reagents (see Experimental Section), from the
second aliquot, the spectra exhibit an additional, yet featureless
absorbance that extends from UV wavelengths up to ~520 nm;
a wavelength corresponding to the band gap of bulk CdS. In
addition, the CdSe first exciton transition shows a marked
redshift with increasing reaction time, which is a well-known
characteristic of CdSe/CdS core/shell QDs. Both the additional
absorption at shorter wavelengths and the red shift of the
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exciton absorption level off after about 120 s, suggesting that
the CdS formation reaction reaches its final yield within this
time span. Importantly, no changes of the absorption spectra
were observed in blank reactions where CdSe core QDs are
injected while removing one or both reactive precursors (see
Supporting Information S1).

The transmission electron microscopy (TEM) image shown
in Figure 1b confirmed that the reaction resulted in the
formation of relatively large (<d> 86 nm + 1.5 nm)
nanocrystals out of the initial 3.1 nm zb-CdSe core QDs with
an overall zinc blende structure (see Supporting Information
S2). It can be seen that this conclusion is corroborated by the
photoluminescence spectra of the aliquots (see Figure 1c). All
spectra contain a single, narrow emission peak that shifts to
longer wavelengths with respect to the original CdSe
photoluminescence in accordance with the red shift of the
first exciton transition in the absorption spectra. We typically
found a photoluminescence quantum yield (PLQY) of CdSe/
CdS core/shell QDs formed using zb-CdSe seeds of about 30—
35% (see Table 1). While this figure is comparable to what is

Table 1. Overview of Structural and Optical Properties of
the Different Core/Shell Nanocrystal Systems Analyzed
Here”

core/shell d.e (nm) dgen (nm) PLQY (%)
zb-CdSe/CdS 3.1 8.6 + 1S 35
zb-CdSe/ZnSe 3.1 SS
wz-CdSe/CdS 34 112 +23 60
wz-CdSe/ZnSe 3.6 112 + 14 80

“d ore: core diameter; dg,: shell thickness. Given the ill-defined shape
of the zb-CdSe/ZnSe heteronanocrystals, no thickness is given.

reported for CdSe/CdS formed using layer-by-layer shell
growth,6 it is moderate as compared to, for example, CdSe/
CdS heteronanocrystals formed through seeded growth around
wurtzite CdSe cores.'*

The reaction outcome changed when the OA/Cd ratio in the
seeded growth reaction was lowered to 3:1, keeping all other
reaction parameters constant. Under these conditions, the
additional CdS absorbance in the successive absorbance spectra
contains pronounced features and exhibits a progressive red
shift with increasing reaction time (see Figure 1d). Moreover,
the CdSe first exciton transition only shifts to 570 nm, a value
already reached by the first aliquot in the 20:1 reaction. Both
elements point toward the formation of additional CdS
quantum dots by secondary nucleation. The TEM images of
the end product shown in Figure le confirm this conclusion,
since they represent a set of QDs with a broad size distribution
that are all significantly smaller than the QDs formed by the
20:1 reaction. Evidence of the simultaneous occurrence of
secondary nucleation and CdS shell growth can also be found
in the photoluminescence spectra of the aliquots, which show
two emission lines (see Figure 1f). Here, the long wavelength
line clearly corresponds to the emission of the original CdSe
cores, gradually shifting to longer wavelengths due to CdS
shelling, whereas the second, short wavelength line is related to
newly formed CdS quantum dots that grow larger with
increasing reaction time.

In Figure 2, we represent the absorption and photo-
luminescence spectra of aliquots taken during a similar seeded
growth reaction, where ZnSe was formed in the presence of
CdSe seeds. While changes to the absorption spectrum take
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Figure 2. (a) Series of absorption spectra recorded on (black) the
original CdSe core QDs and (colored curves) aliquots taken during a
CdSe/ZnSe seeded growth synthesis run using a 20:1 oleic acid (OA)/
Zn molar ratio. All spectra have been normalized using the mass of the
respective aliquot. (b) Corresponding photoluminescence spectra; the
same color coding as in (a) applies. (c) Bright field TEM image of the
reaction product obtained after 60 min of reaction. Scale bar is 10 nm.

much longer in this case, their overall evolution is similar to
what we observed in the 20:1 reaction used to form CdSe/CdS
core/shell QDs. As can be seen in Figure 2a, later aliquots
exhibit an enhanced absorbance that contains little features and
extends to ~430 nm, a wavelength only slightly shorter than
what is expected for bulk ZnSe. In this case, the first exciton
transitions shift only slightly and the photoluminescence
spectra show no indication of ZnSe nanocrystals being formed.
Although TEM images demonstrate that this reaction results in
rather irregular nanocrystals (see Figure 2c) with a zinc blende
structure (see Supporting Information S2), it confirms the
heterogeneous growth of ZnSe around the original zb-CdSe
nanocrystals, possibly with a preference for specific facets.
Notwithstanding their irregular shape, the zb-CdSe/ZnSe QDs
formed by seeded growth featured a PLQY of 55% (see Table
1).

Chemical Yield Development. To get experimental
insight in the kinetics of seeded growth reactions, we analyzed
the yield of CdS and ZnSe formed as a function of time by
means of the absorbance A of quantitative reaction aliquots
according to the procedure outlined in the Experimental
Section (eq 3). Focusing first on seeded growth of CdS, Figure
3a represents the thus calculated CdS yield for three different
reactions. Note that yield in this case is determined as the ratio
between the number of moles of CdS formed and of cadmium
oxide used in the seeded growth reaction since the latter is the
limiting reagent. Two reactions correspond to the 20:1 and 3:1
equiv of CdSe/CdS synthesis discussed in the previous section,

a b
80 u} T T T T T T ] 80 T T T T T ]
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6ok o ,ﬂ——&-& 60k =a ZnSe blank |
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Figure 3. (a) Chemical yield development of CdSe/CdS seeded
growth reactions under conditions of (filled red circles) 20:1 OA/Cd
ratio, (green dotted diamonds) 3:1 OA/Cd ratio, and (open blue
squares) no coinjection of seeds. The dashed gray line is a guide to the
eye. (b) Chemical yield development of CdSe/ZnSe seeded growth
reactions in the (filled red circles) presence of CdSe seeds and (open
blue squares) without coinjection of seeds.
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whereas the third is a blank reaction where CdS formation is
initiated in the absence of any CdSe seeds. It can be seen that
all three reactions have the same yield development, where CdS
formation runs to completion after 2200 s of reaction time.
This is a most remarkable result. It indicates that the rate of
CdS formation is independent from the presence or absence of
CdSe seeds or, in other words, on the nucleation regime:
homogeneous, heterogeneous, or mixed. Note that the leveling
off of the estimated yield at 60—70% may be due to an
overestimation of the intrinsic absorption coeflicients, which is
often found when using calculated numbers based on bulk
optical constants.”*

Thinking of seeded growth reactions of a binary compound
such as CdS, two different reaction pathways can be put
forward. In the first, the Cd and S precursor react separately
with the CdSe seed present. Such a set of half-reactions is
known from so-called SILAR or colloidal ALD reactions, where
they are effectively separated in time.””” Alternatively, the Cd
and S precursor, when injected together, could first react to
form a Cd—S monomer that serves as the actual precipitant.
Such a process is known to drive homogeneous nucleation in
hot injection reactions, most notably in the formation of CdSe
nanocrystals."> The finding that the CdS formation rate is
independent of the nucleation regime clearly supports the latter
pathway, where the formation rate of the Cd—S monomer
dictates the overall formation rate of CdS. Interestingly, the
same hypothesis was recently put forward as the mechanism
behind shell growth in a SILAR reaction.”® Even so, a yield
analysis does not give evidence as to what CdS entity binds to
the CdSe cores, an actual Cd—S monomer or larger CdS
clusters. While the lack of photoluminescence of small CdS
quantum dots (see Figure 1) and the absence of tiny clusters in
the TEM images suggest that shell growth involves monomer
adsorption, it should be clear that shell growth through the
binding of larger CdS clusters to the core QDs cannot be ruled
out.

Figure 3b shows the same yield development analysis for the
case of ZnSe growth, in the presence or absence of CdSe seeds.
In this case, the shell growth is considerably slower, reaching a
yield of almost 50% after 40 min. Moreover, it appears that
homogeneous nucleation is significantly delayed since ZnSe
nanocrystals are only apparent in the absorbance spectra
approximately 500 s after the start of the reaction. This delay
can be interpreted as the time the reaction needs before the
monomer concentration attains the supersaturation needed for
homogeneous nucleation to start, possibly due to a
combination of a slow monomer formation and a relatively
high monomer solubility. With CdSe seeds present, this
nucleation delay is markedly shorter, but an otherwise highly
similar yield development is obtained. Again, this correspond-
ing yield development points toward a reaction pathway where
ZnSe monomers bind to CdSe seeds. In this respect, the
reduction of the ZnSe formation delay then represents the
reduced supersaturation for heterogeneous nucleation.

Seeded Growth with Wurtzite CdSe Cores. To further
explore the general character of the observation that the growth
rate of the shell in a seeded growth reaction is set by the rate at
which monomers of the shell material are formed, we extended
the analysis to CdSe/CdS and CdSe/ZnSe heteronanocrystals
formed by the injection of wurtzite (wz) CdSe nanocrystals as
seeds. Focusing first on CdSe/CdS, Figure 4a—c gives a series
of absorption and photoluminescence spectra and the
concomitant yield of CdS formation as recorded on aliquots
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Figure 4. (a) Series of absorption spectra recorded on (black) the
original CdSe core QDs and (colored curves) aliquots taken at
moments as indicated after starting a wz-CdSe/CdS seeded growth
synthesis. All spectra have been normalized using the mass of the
respective aliquot. (Inset) Bright field TEM image of the reaction
product obtained after 2 min of reaction. Scale bar is 10 nm. (b)
Photoluminescence spectra of the wz-CdSe core QDs and all reaction
aliquots corresponding to the absorption spectra shown in (a). (c)
Chemical yield development of (closed red circles) a wz-CdSe/CdS
seeded growth reaction and (open blue squares) the corresponding
blank reaction. The dashed gray line is a guide to the eye. (d—f) The
same as (a—c) for a wz-CdSe/ZnSe seeded growth reaction.

taken at different times after initiating the seeded growth
reaction (see Experimental Section for more details). Note that,
in this case, we immediately used the condition of high oleic
acid concentration that is known to reduce homogeneous CdS
nucleation."” Although the rate of CdS formation is different for
this flash synthesis, the overall picture that emerges is highly
similar to the case of zb-CdSe/CdS. Again, a largely featureless
CdS absorption shows up and the band gap absorption and
emission exhibit the redshift characteristic of CdS shelling. This
is confirmed by the TEM image represented in Figure 4a, which
shows that the originally 3 nm wz-CdSe seeds are turned into
~10 nm quasi-spherical nanocrystals with a wurtzite structure
(see Supporting Information S2). As shown previously, the wz-
CdSe seed nanocrystals used here are terminated by
phosphonate and phosphonate anhydride ligands.”” In spite
of this different surface chemistry, Figure 4c shows that the
yield of CdS formation in reactions with and without seeds is
nearly identical; a result similar to what we found with zb-CdSe
seeds terminated by oleate ligands. This observation further
confirms the conclusion that CdS formation is not surface
catalyzed, but is dictated by the same CdS monomer formation
reaction in the blank synthesis and the seeded growth reaction.

Figure 4d—f represents a similar data set for a seeded growth
synthesis of CdSe/ZnSe core/shell nanocrystals using wz-CdSe
cores. Similar reaction conditions as for wz-CdSe/CdS seeded
growth were used, yet the Cd and S precursors were replaced
by the concomitant Zn and Se precursors. In agreement with
the formation of zb-CdSe/ZnSe, the largely featureless
contribution of ZnSe to the absorption spectrum can be
discerned in the reaction aliquots, in this case already in the 60
s aliquots, and the peak wavelengths of the exciton absorption
and emission remain essentially constant. On the other hand,
TEM micrographs attest to the formation of quasi-spherical
nanocrystals with a wurtzite structure (see Supporting
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Information S2), where the increase in diameter as compared to
the ZnSe seeds further confirms the formation of core/shell
heteronanocrystals (see Table 1). Moreover, the wz-CdSe/
ZnSe QDs formed here using a seeded growth flash procedure
have a PLQY of 80%, a remarkably high number since no
further ZnS overcoating nor postsynthesis annealing was
used.*”*! Also in this case, we find a highly similar development
of the reaction yield with time when comparing ZnSe formation
without and with the coinjection of wz-CdSe seeds (see Figure
4f).

Kinetic Modeling of Seeded Growth Reactions.
Knowing the two-step character of seeded growth reactions,
such reactions can be explored using kinetic reaction
simulations as previously developed to assess hot injection
syntheses of colloidal nanocrystals (NCs) based on in situ
formation of a precipitant and homogeneous nucleation.'”
Note that we will henceforth use the more general term
nanocrystals since these simulations are not necessarily
restricted to the synthesis of quantum dots. Either way, such
simulations make use of a kinetic scheme where the injected
precursors P first react to form monomers M,'>'® which are
then used for either nucleation of new nanocrystals or growth
of existing nanocrystals:

Monomer formation P — M )
Nucleation n*M — NC, * (10)
Growth M + NC, - NC,,, (11)

Here, the subscript n denotes a NC made up of # monomers.
Moreover, in line with classical nucleation theory, nucleation is
described by eq 10 as a process where a stable nucleus is
formed out of a critical number of monomers n*. As outlined in
Supporting Information S3, the 3 reaction equations lead to 3
coupled differential equations. These describe the time
dependence of the precursor and monomer concentration
and of the nanocrystal concentration distribution c¢(r,t), where
c(r,t)Ar yields the concentration of NCs with a radius in the
range of [r, r + Ar] at time .

Figure Sa represents c(r,t) as a t vs r color map for a hot
injection synthesis simulation in the absence of seeds, a
simulation that we will take as a reference in this work. The
simulation implements a first order monomer formation
reaction with a 3/100 s7! rate constant, a low monomer
solubility, and a close to diffusion limited growth (see
Supporting Information S3). As can be seen in Figure Sa, this
makes nucleation occur almost instantaneously upon injection.
As more NCs are formed, growth becomes ever more
important as an alternative monomer consumption pathway.
This eventually leads to the complete suppression of NC
nucleation, which we characterize as the moment where the NC
concentration is maximal, followed by a rapid increase of the
NC diameter that is driven by the continuous formation of new
monomers. This reaction driven growth regime turns into a
ripening driven regime after ~100 s, the moment when the
initial precursors are depleted. The same series of events can be
recognized in Figure Sb, where the total NC concentration and
the average radius are plotted as a function of reaction time.

As shown by the experimental work presented here, the
initial presence of seed NCs does not fundamentally alter the
reaction mechanism. Precursors are still converted into
monomer species, which can be used to either grow existing
NCs or nucleate new NCs. In this respect, seeded growth can
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Figure S. (a) Color map of the concentration distribution c(r,t) for a
simulated precursor-only hot injection synthesis (see Supporting
Information S1 for parameter settings). (b) Time development of
(blue) the nanocrystal concentration, (central red line) the average
nanocrystal, and (top/bottom red line) the average nanocrystal radius
plus or minus one standard deviation during the simulated precursor-
only hot injection synthesis shown in (a). (c) Color map of the
concentration distribution c(rt) for a simulated seeded growth
synthesis using identical settings as for (a). (d) Time development
of (blue) the nanocrystal concentration, (central red line) the average
nanocrystal, and (top/bottom red line) the same plus or minus one
standard deviation during the simulated synthesis shown in (c). The
horizontal lines indicate the concentration and average radius of the
seeds. In (a) and (c), colors refer to the logarithm of c(r,t)/ Crop With ¢

equal to 1 uM-nm™".

be simulated using the same set of differential equations, yet
changing the initial concentration distribution c¢(r,0). An
example is shown in Figure 5c,d. For this simulation, we kept
all simulation parameters at their reference value and modeled
¢(r,0) as a Gaussian distribution, characterized by an average
radius of 1.54 nm, a size dispersion of 6%, and a total
concentration of 10 xM. This initial distribution is clearly
visible at early timepoints in the concentration map. Moreover,
it can be seen that in this case a bimodal size distribution
develops, which represents the combined effect of seeded
growth and homogeneous nucleation (see Figure Sc). As
shown in Figure 5d, the effect of homogeneous nucleation can
be seen in the limited increase of the NC concentration by
about 7.5% and the markedly deteriorated size dispersion
reflecting the bimodal distribution.

The key to understand the outcome of the reaction
simulations is the competition between nucleation and growth
as two monomer consumption pathways. In this respect,
nucleation is conveniently expressed through the nucleation
rate Jy, defined as the number of NCs formed per unit volume
and unit time:

1677V, *N,
3(RT)*(In S)*

2D

5/3
Yo

N exp

(12)
Here, D is the monomer diffusion coefficient, v, is the
monomer volume, y is the surface tension of a NC, V,, is the
molar volume of the NC material, R is the gas constant, S is the
monomer supersaturation, N, is Avogadro’s number, and T is
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the absolute temperature. Growth on the other hand can be
characterized through the NC growth rate j;, which is defined
as the rate of change of the NC radius. Following Talapin et
al,>> we write the growth rate as ([M],, monomer solubility;
k¢®, monomer adsorption rate constant on a flat surface; q,
transfer coefficient of the crystal growth reaction):

2V,
S eXP ( rRT )
D 2/V,,
r+ k;oexp(a RT )

jo = DV,[M],
(13)

Under the assumption of a constant, size-independent
surface tension during the nucleation and growth stages, egs
12 shows that J depends on the supersaturation S. In the initial
stage of a hot injection synthesis, when monomer production
has started but no nanocrystals have formed yet, the nucleation
rate must match the monomer generation rate. This equality
determines the critical supersaturation, and thus the critical
radius, where nucleation occurs. The consumption of
monomers by growth, on the other hand, depends on the
concentration of NCs and the growth rate per NC j;. Since the
dominant term in j; scales with the product of S and the
solubility [M],, this being equal to the monomer concentration,
the takeover of nucleation by growth will depend on the
solubility. A high solubility promotes growth and causes an
early nucleation/growth takeover, whereas a low solubility
restricts growth and results in a late takeover.”’

The same concept of favoring growth over nucleation can be
applied to suppress homogeneous nucleation in a seeded
growth reaction. In this case, all monomers produced can be
consumed by growth from the very beginning of the reaction.
To see whether this will occur, it is again useful to consider the
critical supersaturation, this being the supersaturation that is
needed for nucleation to consume all monomers produced. If
consumption by growth would be much larger at the critical
supersaturation than the monomer supply, growth will
effectively prevent the reaction from reaching this nucleation
threshold and nucleation can be suppressed. On the other
hand, if monomer consumption by growth is small as compared
to the monomer formation at the critical supersaturation,
considerable nucleation will still occur. Since the growth rate at
this critical supersaturation scales, for example, with the
monomer solubility, this quantity is once more an effective
parameter to tune a seeded growth reaction and suppress
homogeneous nucleation.

On the basis of the idea that the monomer solubility is a
straightforward way to suppress secondary nucleation, Figure
6a—d represents the outcome of seeded growth simulations
using a 4-fold reduced and a 4-fold increased monomer
solubility. As anticipated, lowering the solubility reduces the
initial monomer consumption by seeded growth, which
strongly enhances secondary nucleation. The NC concentration
increases 8-fold, and the average diameter is largely determined
by the contribution of the newly formed nanocrystals; see
Figure 6b. Raising the solubility, on the other hand, brings the
seeded growth reaction into a regime where secondary
nucleation is effectively suppressed; see Figure 6¢c. As shown
in Figure 6d, the original NC concentration stays constant and
the seeds follow a pronounced reaction-driven growth
trajectory, approximately doubling their radius.

Experimentally, we find that whether secondary nucleation
occurs or not depends on the concentration of oleic acid added
to the reaction mixture. At low acid concentration, the CdSe
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Figure 6. (a, c) Color map of the concentration distribution c(r,t) for a
simulated seeded growth synthesis where the monomer solubility is
(a) reduced to a quarter of the reference value and (c) increased 4-fold
as compared to the reference value. Colors refer to the logarithm of
c(r,t)/c,ef with ¢, equal to 1 uManm™. (b, d) Time development of
(blue) the nanocrystal concentration, (central red line) the average
nanocrystal, and (top/bottom red line) the same plus or minus one
standard deviation during the simulated synthesis shown in (a) and
(c), respectively.

seeds hardly grow and absorption and photoluminescence
spectra attest the formation of CdS NCs. An approximately 6-
fold increase of the acid concentration results in the complete
suppression of CdS NC formation. Already, for a homogeneous
hot injection synthesis, the influence of the acid concentration
on the outcome of the synthesis was interpreted as promoting
growth over nucleation and rationalized by relating higher acid
concentrations to higher monomer solubilities.”” As shown by
Figure 6, the effect of a higher acid concentration on
suppressing secondary nucleation in a seeded growth reaction
can be accounted for in the same way. When growth is
accelerated, for example, by increasing the acid concentration, a
seeded growth reaction can indeed be driven into the desired
growth-only regime. In this respect, it is useful to mention that
the experimental variation of the acid concentration and the
tuning range of the solubility in the reaction simulations are
comparable for the hot injection synthesis studied before and
the seeded growth reaction analyzed here. While this by itself
does not prove our interpretation that the acid concentration is
linked to the monomer solubility, nor give any experimental
value to the simulation parameters, it does attest to the
consistency of the interpretation. Indeed, in both cases,
comparable changes in acid concentration in real reactions
and monomer solubility in reaction simulations have the same
effect on the NC growth rate.

The simulations used here model the growth rate by
assuming that the NCs are spherical. On the other hand, seeded
growth reactions have been widely used to form anisotropic
NCs, such as CdSe/CdS dot-in-rods. However, our results
suggest that also, in such cases, the rate at which shell material
is formed depends on the rate of monomer formation and will
be identical in blank reactions that contain no seed NCs. In
fact, this point is illustrated by the zb-CdSe/ZnSe NCs (see
Figure 2). While their morphology is far from spherical, the
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ZnSe formation rate is similar to that of the concomitant blank
reaction. This implies that the trade-off between seeded growth
and homogeneous nucleation that follows from the reaction
simulations does not depend on the assumption that the NCs
have a spherical shape. Hence, also in the case of anisotropic
growth, shifting the balance between nucleation and growth, for
example, by adjusting the monomer solubility, will be an
effective strategy to suppress homogeneous nucleation.

H CONCLUSION

Taking the examples of CdS and ZnSe shell growth around zinc
blende and wurtzite CdSe seed quantum dots, we have shown
that hot-injection seeded growth reactions follow a two-step
mechanism. As the rate of CdS or ZnSe formation is
independent of the presence of the CdSe seeds, shells grow
by incorporating homogeneously formed CdS or ZnSe,
probably as monomer species in the reaction mixture, and
not by the successive adsorption and reaction of metal and
chalcogen precursors. Kinetic simulations of this seeded growth
mechanism indicate that heterogeneous growth rates must be
sufficiently large to suppress the homogeneous nucleation of
separate nanocrystals. In the case of CdSe/CdS formation, we
show experimentally that whether secondary nucleation is
suppressed or not depends on the free carboxylic acid in
solution. Through simulations, this observation can be
understood as the effect of an increased monomer solubility
at high acid concentration, which favors heterogeneous growth
over homogeneous nucleation. The insights provided by this
work, both at the level of practical conditions for and
conceptual understanding of seeded growth reactions, will be
most useful to further the formation of complex hetero-
nanocrystals by seeded growth methods.
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