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ABSTRACT: Hot-injection synthesis is renowned for producing

semiconductor nanocolloids with superb size dispersions. Burst

nucleation and diffusion-controlled size focusing during growth ° 10 0) @) o
have been invoked to rationalize this characteristic yet () Q @) @)
experimental evidence supporting the pertinence of these concepts
is scant. By monitoring a CdSe synthesis in-situ with X-ray
scattering, we find that nucleation is an extended event that ) @)
coincides with growth during 15—20% of the reaction time.
Moreover, we show that size focusing outpaces predictions of
diffusion-limited growth. This observation indicates that nano-
crystal growth is dictated by the surface reactivity, which drops
sharply for larger nanocrystals. Kinetic reaction simulations confirm that this so-called superfocusing can lengthen the nucleation
period and promote size focusing. The finding that narrow size dispersions can emerge from the counteracting effects of extended
nucleation and reaction-limited size focusing ushers in an evidence-based perspective that turns hot injection into a rational scheme

to produce monodisperse semiconductor nanocolloids.
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he development of hot-injection synthesis turned
colloidal nanocrystals into a widely studied class of
nanomaterials with an extensive application potential.' The
method’s central asset is a versatility to produce nanocrystals of
very different materials with a variety of morphologies and
astonishing precision." The size dispersion (e, the ratio
between the standard deviation on a characteristic dimension
and its mean) can be lower than 5% for the radius r of
spherical nanocrystals and zero for the thickness of nano-
platelets.” This results in ensembles with optical properties
closely resembling those of each individual nanocrystal,3 which
has proven essential for the application of semiconductor
nanocrystals in displays,”® lighting,”” photodetection,®’
photovoltaics,'”"" and luminescent solar concentrators.'*"?
The most-often invoked paradigm to rationalize tight size
control by hot injection combines burst nucleation and size
focusing.'*** Nucleation is then described as a critical process
that strongly accelerates above a supersaturation threshold and
is quickly arrested by the rapid consumption of the precipitant.
As proposed by LaMer et al., the resulting temporal separation
of nucleation from growth is what leads to monodisperse
colloids.” Size focusing refers to the reduction of the standard
deviation of the size distribution of a growing nanocrystal
ensemble. This absolute focusing happens when small
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nanocrystals grow faster than large nanocrystals, as is the
case for diffusion-limited growth.”*** In the case of semi-
conductor nanocrystal growth, the first observations of size-
distribution narrowing were discussed in terms of absolute size
focusing.w’26 Later studies, however, introduced a more
relaxed definition of focusing as the reduction of the size
dispersion.”” To attain this relative focusing, a size-
independent growth rate, as is often assigned to reaction-
limited growth, suffices.”* Although often invoked and widely
accepted, little experimental evidence supports the description
of hot injection through burst nucleation and size focusing.”®
Especially for the formation of metal nanoclusters by
autocatalytic surface growth, it was claimed that LaMer’s
paradigm offers little guidance, and alternative synthesis
models have been explored.””*" However, also in the case
of semiconductor nanocrystals, the observation that mono-
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Figure 1. In-situ time-resolved small-angle X-ray scattering. (a) Schematic of the experimental setup used for in-situ monitoring through SAXS of a
CdSe hot-injection synthesis based on reacting cadmium oleate with trioctylphosphine selenium. Part of the precursors are loaded into the custom-
made three-necked flask, which is heated under a nitrogen atmosphere. The nucleation and growth of the nanocrystals are triggered by the injection
of the Cd precursor via the remotely controlled syringe pump placed above the three-necked flask. The reaction is probed with collimated
synchrotron-based X-rays through a small indentation in the flask. The 100 ms time resolution of the SAXS detector enables the development of
the reaction to be precisely followed. (b) Representation of (blue) the average nanocrystal radius and (red) the standard deviation as a function of
reaction time as extracted from successive SAXS patterns (Supporting Information S2). The blue dotted line indicates the final average radius prior
to ripening (2.22 nm), and the red dotted line indicates the minimum polydispersity obtained, 0.13 nm (i.e., 6% of the average radius). (c)
Representation of (green) the concentration of nanocrystals and (orange) the CdSe yield as a function of reaction time as extracted from successive
SAXS patterns (Supporting Information S2). Horizontal dotted lines indicate (green) the nanocrystals’ concentration prior to ripening and
(orange) the final reaction yield. Vertical dashed lines in b and ¢ indicate the times at which (green) the concentration of nanocrystals and (orange)
the yield attain 98% of the final value.

disperse III-V nanocrystals can be formed by continuous more, we demonstrate that nanocrystal ensembles with a
precursor injection hints at a more complex mechanism.**** bimodal size distribution exhibit pronounced size focusing that

For the hot-injection synthesis of semiconductor nanocryst- outpaces diffusion-limited focusing. We assign this finding to a
als, such as CdSe and PbSe, it was found that the precipitation strong drop in surface reactivity with size and confirm through
involves a CdSe®* or PbSe™ unit or monomer formed out of kinetic reaction simulations that such plummeting surface
the injected metal and chalcogen precursors. Further studies reactivity, a property we call superfocusing, extends the
on CdSe,***” PbS,** PbSe,” InP,* and Cu,S** showed that the nucleation stage. Under such conditions, narrow size
precipitation rate is limited by the precursor to monomer dispersions can result from the counteracting effect of
conversion. For such reactions, nucleation and growth become extended nucleation and extreme size focusing.

competing pathways of monomer consumption.”® If the

growth rate were zero, then nucleation would continue until B EXTENDED NUCLEATION IN HOT-INJECTION

monomer generation stopped, which is exactly the opposite SYNTHESIS
from a self-limiting, burst-like event. However, when critical
nuclei immediately enter the growth stage, the growth of an We monitored in-situ the formation of CdSe nanocrystals from
increasing number of nanocrystals will lower the super- cadmium oleate and trioctylphosphine selenium (Supporting
saturation below the nucleation threshold and arrest Information S1) through SAXS. We reproduced typical
nucleation.>® A central element to understanding the formation laboratory conditions by using a custom-made Setup4l’42
of semiconductor nanocrystals by hot-injection synthesis is consisting of a three-necked flask equipped with an indentation
therefore the rate constant of nanocrystal growth. However, for X-ray scattering and embedded in a heating mantle with
this quantity is unknown, as is the expected nucleation regime active temperature control (Figure la). As described in
in a nanocrystal synthesis. Supporting Information S1, the necks enabled us to impose
Here, we analyze nucleation and growth in an established a protective atmosphere, measure the temperature, and inject
CdSe nanocrystal synthesis.***’ Using in-situ small-angle X-ray reagents via a remotely controlled syringe pump, an approach
scattering (SAXS) measurements and ex-situ absorbance complementary to previous studies where reactions were
spectroscopy, we show that this synthesis exhibits a prolonged initiated by heating the entire reaction mixture.”’ SAXS
nucleation stage, active during ~15—20% of the reaction time. patterns were recorded throughout the synthesis, from which
Nevertheless, we observe that the size distribution narrows we extracted the size and concentration of the nanocrystals as a
over time (absolute size focusing) such that nanocrystals attain function of time (Supporting Information SI and S2).** To
a nearly uniform size when the reaction reaches full yield. Even rule out the possibility of X-ray-induced changes in the
2488 https://dx.doi.org/10.1021/acs.nanolett.0c04813
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Figure 2. Time-resolved optical absorption spectroscopy. (a) Absorbance spectra of reaction aliquots taken as indicated after the start of a CdSe
synthesis based on reacting cadmium stearate with trioctylphosphine selenium (details in Supporting Information $3).>* (b) Nanocrystal radius
estimated from the spectral position of the CdSe NC band-edge transition using a SAXS-based sizing curve.*® (c) (Orange) CdSe yield and (green)
concentration of nanocrystals as obtained from the absorbance at 320 nm of quantitative reaction ali%uots in combination with the nanocrystal
radius. The development of the CdSe yield was fit assuming a second-order monomer generation rate, © whereas ENcprot Was fit to an exponential
build up (Supporting Information S3). We took the points where the two fits attain 98% of their final value to identify the end of the nucleation and
the growth-to-full-yield period as indicated by the green and orange dashed lines, respectively.
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Figure 3. Nanocrystal growth rate. (a) Cartoon of a nanocrystal with radius r and the monomer flux by (red) diffusion and (blue) surface reaction
leading to nanocrystal growth. (b, c) Representation of the nanocrystal growth rate as a function of r under conditions of (b, red) diffusion-
controlled growth and (c, blue) reaction-limited growth. In both cases, the dashed line represents the limiting behavior for large radii used to derive
eqs 2 and 3 and r, indicates the critical radius. See Supporting Information S4 for an overview of the parameters used.

development of the reaction,® we performed a similar analysis
on the same hot-injection reaction by aliquot-based monitor-
ing (Supporting Information S1).

Figure 1b,c displays the temporal evolution of the average
nanocrystal radius r and its standard deviation o,, the yield of
CdSe formation, and the nanocrystal concentration cycor as
obtained from the in-situ SAXS data. Clearly, consistent data
analysis is possible after ~3 s of reaction time. As shown in
Figure 1b, the CdSe yield reaches 98% within 400 s, a common
time span for this type of reaction.”® This development
concurs with a steady increase in radius from ~1.5 to 2.2 nm.
More interesting, however, is the observation that the
nanocrystal concentration needs 60 s to reach 98% of the
final concentration of ~25 uM. This suggests that nucleation
persists during 15% of the reaction time. Despite this
prolonged nucleation, the size distribution progressively
narrows to reach a size dispersion of ~6% after 400 s.
Importantly, this evolution involves absolute size focusing, with
the standard deviation of the particle size distribution dropping
from ~0.18 nm after 10 s to 0.12 nm after 400 s of reaction
time. After the CdSe formation is completed, we observe a
gradual decrease in the nanocrystal concentration, a slight
increase in radius, and a coarsening of the size dispersion,
which are three trends characteristic of Ostwald ripening.

We corroborated the in-situ SAXS observations by
monitoring a CdSe synthesis with a similar precursor chemistry

2489

(Supporting Information S3) through the absorbance spec-
trum of quantitative reaction aliquots.36 As shown in Figure 2,
this study confirmed the prolonged buildup of the nanocrystal
concentration. By comparing the moments where cyc, and
the CdSe yield reach 98% of their final value, we estimate that
nucleation continues for about 20% of the reaction time, a
number comparable with the outcome of SAXS analysis. A
similar conclusion followed from the analysis of reactions
forming PbS and CdS nanocrystals, as shown in Supporting
Information S3, and has been recently proposed by Karim and
co-workers for Pb nanocrystals®” and by Owen and co-workers
for InP nanocrystals.”’ Despite the lack of a single nucleation
event distinct from the growth stage, these syntheses yield
monodisperse ensembles in agreement with the in-situ SAXS
study presented in this study. We thus conclude that a
prolonged nucleation period is a common feature of hot-
injection syntheses, which nevertheless does not prevent such
reactions from forming monodisperse nanocrystal sols.

B ANALYZING THE NANOCRYSTAL GROWTH RATES

In line with the LaMer model,”* many hot-injection syntheses

involve a sequential mechanism in which injected precursors

first react to form a monomer species that is consumed in a

second step by the nucleation of new nanocrystals or the
- 35-38 .

growth of already existing ones. This precursor/

monomer/nanocrystal sequence was explicitly demonstrated
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Figure 4. Bimodal size distribution experiment. (a—c) Photoluminescence spectra of reaction aliquots taken at the indicated times after the
initiation of a second nucleation in a CdSe reaction mixture. The reaction was carried out using chemistry similar to that in Figure 2 at the indicated
temperatures. (d—f) Evolution of the radius of (orange dots) the first and (black dots) the second CdSe nanocrystal populations as obtained from
the central emission wavelength of both populations. The lines indicate the predicted radius of the first population from the measured radius of the
second population assuming (red) diffusion and (blue) reaction control according to eqs 2 and 3, respectively. The green lines in panels d—f
represent predicted radii based on a 1/r* scaling of the growth rate (Supporting Information $4).

for the CdSe synthesis analyzed here.”® Considering that
nanocrystal growth involves the diffusion of the monomer to
the nanocrystal followed by monomer adsorption at the
nanocrystal (Figure 3a), Talapin et al. proposed a compre-
hensive expression for the nanocrystal growth rate j; = dr/dt
(Supporting Information S4):*

, S — S

jo = DV [M]y=—"5—
TR0 (1)
Here, D is the monomer diffusion coefficient, V,, is the

material’s molar volume, [M], is the monomer solubility, S is
the supersaturation, r is the critical radius, and k,(r) is the size-
dependent rate constant for solute adsorption. Figure 3b,c
represents jg under conditions where diffusion (D/k, < r) or
surface adsorption (D/k, > r) limits growth. According to eq
1, diffusion limitation results in absolute size focusing, while
reaction limitation yields a gradually increasing growth rate
with nanocrystal size that has the bulk growth rate as an upper
limit. This evolution reflects the assumption made in deriving
eq 1 that the activation energy for monomer adsorption follows
a linear free-energy relation (Supporting Information $4).*"
The nanocrystal growth regime is important. Absolute size
focusing, for example, is often explained by referring to the
characteristic 1/r scaling of diffusion-limited
growth,'#'7?#?>* whereas reaction-limited growth may suffice
to attain relative size focusing.”’ Because the growth rate
depends on two dynamic variables, the nanocrystal radius r and
the supersaturation S, the actual growth regime cannot be
determined by merely following dr/dt during a reaction. This
limitation can be overcome by analyzing the evolution of a
bimodal size distribution, where different nanocrystal pop-
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ulations grow in a reaction mixture characterized by a single
supersaturation, an approach followed before to study Ostwald
ripening of CdSe nanocrystals.”” Under conditions of single
supersaturation, radius r; attained by the first subset in the
ensemble can be predicted from radius r, of the second subset
using approximate expressions for growth under diffusion (jg
o S/r) and reaction (jg & S) limitations (Figure 3b,c and
Supporting Information S4):
rl,diffusion ~ f'22 + (rlz,O - 722,0)

2)
()

Here, 1, and r,, indicate the radii of either subset at a given
time f;,. Hence, comparing experimental radii with predictions
based on eqs 2 and 3 provides a straightforward albeit
approximate approach to assessing the prevailing growth
regime.

" reaction ~ T2 T ("1,0 - "2,0)

B TIME EVOLUTION OF BIMODAL SIZE
DISTRIBUTIONS

To create a bimodal size distribution, we initiated a second
nucleation event in a reaction mixture by the additional
injection of the cadmium precursor during similar CdSe
nanocrystal syntheses as discussed in Figure 2, but run using a
10-fold initial excess of TOPSe (Supporting Information SS).
We monitored the reaction after the second injection through
quantitative aliquots. As shown in Supporting Information SS,
this second injection restarts CdSe formation at the same rate
as for a single injection and results in a new subset of smaller
nanocrystals. As shown in Figure 4a—c, the corresponding
bimodal size distribution can be identified in the photo-

https://dx.doi.org/10.1021/acs.nanolett.0c04813
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luminescence (PL) spectra of reaction aliquots. These spectra
feature a second emission band at shorter wavelength, next to
the main PL peak of the initial nanocrystal population, that is
not formed without the additional Cd injection (Supporting
Information SS).

Deconvolution of the PL spectra using a double Gaussian fit
enabled us to determine the wavelength of maximum PL
intensity of both subsets, a number from which we estimated
the average nanocrystal radius in each subset (Supporting
Information SS). The resulting band-edge wavelengths agree
with the band-edge absorption of the different subsets, insofar
as distinct absorption features can be discerned in the
absorption spectra of the aliquots (Supporting Information
SS). The resulting radii are represented in Figure 4d—f for the
different reaction temperatures, together with predicted radii of
the initial subset according to eqs 2 (red, diffusion control) and
3 (blue, reaction control). Remarkably, one sees that at lower
temperatures the newly created subset quickly catches up to
the initial one. A comparison of the actual and predicted radii
makes clear that the larger nanocrystals grow far more slowly
than the diffusion-limited and reaction-limited growth predict.
This implies that the actual size focusing greatly outpaces the
1/r scaling of diffusion-limited growth. This conclusion is
supported by the reference line based on a 1/r* scaling of the
growth rate, which is reached only for the 270 °C reaction.
Importantly, both nanocrystal subsets have the same growth
rate once their radii are equal. Hence, the initial sluggish
growth of the larger subset is not an artifact due to the
poisoning of the CdSe surface during the reaction. We
extended this analysis to a different CdSe synthesis, where we
used a second injection of black selenium powder to create a
bimodal size distribution (Supporting Information SS). For
this reaction, both subsets can be clearly identified in the UV—
vis absorption spectra of the aliquots, and we again find that
the larger subset grows more slowly than the 1/ r* reference
scaling used in Figure 4.

Whereas little is known as to how the adsorption rate
constant k, changes with the nanocrystal radius, the 1/r
dependence of diffusion-limited growth is a relation that relies
on few assumptions. The monomer diffusion coefficient may
decrease with increasing nanocrystal size due to a more
pronounced solvent reorganization around larger nanocryst-
als,””*" yet molecular dynamics simulations show such effects
to be minor, even at room temperature.’” Since the growth of
the largest subset at the lower temperatures studied (Figure
4a,b) is significantly slower than what diffusion-limited growth
predicts, we conclude that growth must be reaction-limited in
these cases. Importantly, this implies that k,(r) must drop
more sharply than 1/r, a situation we will define as
superfocusing. Note that this finding is exactly the opposite
of what has been argued on the basis of a linear free-energy
relation (Figure 3c) and what we implemented in eq 3. Since
the growth rate can be expected to increase with temperature
more than the diffusion coeflicient, higher temperatures can
push growth toward diffusion control even for the larger radii,
which agrees with our experimental observation at the highest
temperature.

B EXTENDED NUCLEATION BY REACTION-LIMITED
GROWTH

To understand the impact of superfocusing on the develop-
ment of a nanocrystal synthesis, we consider the rate dn,,/dt at
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which a nanocrystal incorporates monomers under reaction-
limited growth:

1 e _ 4m2[M]£

dny
& v, dt r

(4)

Here, ny is the number of monomers (in mole) per
nanocrystal and Vi is the nanocrystal volume. To explore
the impact of superfocusing, we wrote k, as k/r"and applied eq
1 in the limit of r >> r.. Note that the units of k in eq 4 change
depending on n. While this parametrization may seem
arbitrary, any growth rate can be approximated around a
given r as k/r" (details in Supporting Information S$4). To
understand the evolution of [M] when nanocrystals grow
larger, we note that cyc, will be constant in the absence of
nucleation. Since [M] is quasi—stationary,36 the rate dn,,/dt is
also constant when the monomer generation rate is fixed.
Under such conditions, dny/dt is independent of any time-
dependent variable, including radius r. Differentiating both
sides of eq 4 with respect to r, we find that the monomer
concentration then changes with radius as

M) _ - IM]
e S s)

Hence, with a growth exponent of n < 2, growth concurs with a
drop in the monomer concentration. On the other hand, if n >
2, the dropping growth rate increases the monomer
concentration when nanocrystals grow larger. Note that the
former growth regime underpins the LaMer model in which
growing nanocrystals quickly arrest nucleation by lowering the
supersaturation. In Supporting Information S6, we present a
more detailed analysis of the development of a nanocrystal
ensemble under the aforementioned conditions. These results
confirm that growth at constant monomer generation concurs
with a decrease in the supersaturation only when n < 2. We
thus conclude that when n > 2, superfocusing can
simultaneously promote size focusing and extend nucleation
since growth will fail to reduce the supersaturation below the
nucleation threshold for a fixed monomer generation rate.

B KINETIC MODELING UNDER REACTION CONTROL

In a real synthesis, the monomer generation rate decreases with
time. To further clarify the relationship between size-focusing
and extended nucleation, we ran reaction simulations based on
a previously published model in which nucleation is described
through classical nucleation theory.”***** We implemented a
reaction scheme in which the injected precursors first react to
form the actual precipitate or monomer under pseudo-first-
order conditions, a process that applies to the CdSe reaction
used here (Supporting Information $6).***” To evaluate the
effect of superfocusing on the reaction development, we
modeled the rate constant for monomer adsorption as

(rc,O + B)n

k(r) =4 (r + B’

(6)
Equation 6 is a heuristic model expression in line with the
expression proposed in eq 4. Here, small radial offset B avoids
the singularity at r = 0 and reference radius r., provides a
convenient way to change the growth exponent while keeping
the rate constant fixed at r_, (Supporting Information S6). As
outlined in Supporting Information S4 and S6, we
implemented this growth rate to analyze a model synthesis
under different focusing conditions. Here, model parameters
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Figure 5. Kinetic simulations of nanocrystal growth. (a—c) Snapshots of the nanocrystal distribution cyc(r) at different times in the synthesis as
obtained through kinetic reaction simulations. Plots extend from (lightest trace) 3.16 to (darkest trace) 2275 s for growth exponents of (blue) n =
0, (green) 2, and (red) 4. The vertical line indicates the radius at which nanocrystals initially nucleate for the given parameter settings, whereas the
arrows highlight the first distribution shown where nucleation has stopped. (d) Time development of the (black) total reaction yield and (colored)
total nanocrystal concentration cyc o for simulations using different growth exponents as indicated. The vertical lines indicate the moment were
(black) the yield and (colored) the nanocrystal concentration attained 98% of the final value. (Inset) Ratio between the time that the concentration
and the yield reached 98% of the final value versus the growth exponent. (e) Rates of (black) monomer generation and monomer consumption by
(colored dotted lines) nucleation and (colored solid lines) growth for reaction simulations using different growth exponents. (f) Temporal
development of the standard deviation of the concentration distribution for reaction simulations with different growth exponents as indicated. The

vertical lines in panels e and f have the same meaning as in d.

were chosen in order to have an identical, reaction-limited
growth rate at radii close to the critical radius, regardless of the
growth exponent, and obtain a reaction development
comparable to that in in-situ SAXS and ex-situ experiments.
Figure Sa—c shows the temporal development of the
concentration distribution cyc(r) for three different simu-
lations, where n was set equal to 0, 2 and 4, values that span the
presumed range from no superfocusing to superfocusing in
agreement with the experimental results shown in Figure 4c. As
a compromise between the experimental in-situ SAXS and ex-
situ CdSe synthesis, the simulated syntheses reach a 98% yield
after ~800 s (Figure 5d). As shown in Supporting Information
S6, the buildup of the nanocrystal concentration we obtain
from these simulations closely follows the single-exponential
buildup we used to interpolate the experimental data in Figure
2c. Since this outcome also agrees with the in-situ SAXS
analysis (Supporting Information S6), we conclude that these
simulations effectively reproduce the net effect of nucleation,
although the molecular aspects of nucleation are not
considered.”> The concentration development plotted in
Figure Sd directly shows the impact of superfocusing. All
simulated reactions exhibit a nucleation period, characterized
by an increasing nanocrystal concentration cyc . that gives
way to a growth-only regime in which the nanocrystal
concentration stays constant. The larger the growth exponent,
the longer the nucleation period lasts. The same picture
emerges from Figure Se, where we plotted the contribution of
nucleation and growth to the monomer consumption.
Comparing the moment at which the concentration and
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yield reach 98% of their final value shows that the nucleation
stage lengthens from 5 to 16% of the reaction time when n
increase from 0 to 4. Note that such an extended nucleation is
close to the experimental values. We thus conclude that
superfocusing can indeed extend the nucleation period to 15%
or more of the reaction time.

The concentration distribution snapshots highlight a second
aspect of superfocusing. When taking n = 0, growth leads to a
mere translation of the concentration distribution once
nucleation is stopped. This evolution is expected since a
constant k, makes all nanocrystals grow at the same rate under
reaction control.”* For n = 2 or 4, however, the slower growth
rate for larger nanocrystals results in a considerable narrowing
of the concentration distribution under conditions of reaction-
limited growth. This point is confirmed when we look at the
development of the standard deviation o, of the concentration
distribution. While for n = 0, 6, becomes nearly constant once
nucleation stops, a clear reduction of o, is realized during the
growth stage when n = 2 or 4, an evolution that reflects
absolute focusing of the concentration distribution. We thus
conclude that superfocusing can indeed square a circle,
extending the nucleation period on the one hand while
promoting narrow size distributions on the other hand.

B DISCUSSION

All syntheses analyzed here exhibit a prolonged nucleation
period, while size dispersions can be as low as 6%. Such results
indicate that in a hot-injection synthesis, burst nucleation is
not required to form monodisperse semiconductor nano-
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colloids. Interestingly, such extended nucleation periods have
also been reported for the formation of metal nanocrystals
through nucleation and surface-catalyzed growth.””*’ For such
reactions, a binary distinction between small, rapidly growing
and large, slowly growing nanocrystals was introduced to
account for the development of the particle size distribution
with time.>"° In the precursor-driven synthesis of semi-
conductor nanocrystals, superfocusing solves in a similar way
the paradox between extended nucleation and the formation of
monodisperse nanocolloids since the plummeting growth rate
strongly focuses the size distribution during reaction-limited
growth.

The disappearance of reactive crystal facets is a known
principle of crystal growth.”” Although this concept may
explain superfocusing in general terms, it does not provide a
concrete, atomistic understanding of the growth process for the
materials studied here. Interestingly, recent calculations of the
binding energies of cadmium salts to CdSe nanocrystals and
nanoplatelets indicated that such ligands bind more weakly to
sites near edges than to sites in the center of a crystal facet.”>>’
This difference can promote crystal growth at edges in
different ways. First, since such sites are more likely to be free
of ligands, monomer addition may be kinetically more
favorable, as has been recently argued for the autocatalytic
reduction of Pd(II) on Pd nanocrystals.(’0 Second, if monomer
adsorption involves the breaking of the ligand—nanocrystal
bond, then weaker binding sites can thermodynamically favor
monomer adsorption. Either way, monomer adsorption will
slow down when facets become larger and the fraction of edge
sites decreases (i.e., for larger nanocrystals). This effect may be
even more pronounced since nucleation on plain facets can be
highly unfavorable due to the high edge energy of an initial
nucleus formed on such a facet.®’

While showing that an extended nucleation period can lead
to a narrow size distribution, the reaction simulations also yield
strongly skewed size distributions with a size dispersion of only
1 to 2%. While such narrow distributions have been reported
for the case of PbSe nanocrystals,’ the in-situ SAXS data
presented here yielded a larger size dispersion of ~6%. Hence,
the edge of the simulated size distribution at larger radii may
especially reflect the limitations of the kinetic model that we
implemented. For one thing, we described growth by a single
growth exponent n, irrespective of the nanocrystal size. In
reality, n will tend to zero with increasing size as nanocrystals
attain the constant growth rate of the bulk material and the
resulting loss of focusing will counteract the development of
the steep edge in the size distribution at large radii. However,
because the simulations cover a range of radii in which we
experimentally observe strong focusing, fixing n at 4 was a
conservative choice that leaves little room for adjustments to
broaden the size distribution. A more fundamental limitation is
implicit in the description of nanocrystals as spheres.
Nanocrystals of the same volume can exist in a variety of
structures, exposing different facets, edges, and corners. This
structural variety precludes a unique relationship between the
nanocrystal radius and the growth rate constant and may lead
to a growth-rate heterogeneity that diminishes focusing.
Understanding such aspects of nanocrystal growth will require
atomistic insight into the adsorption and desorption of
monomers to nanoscale surfaces.

On the basis of our observations, superfocusing under
reaction-limited growth appears to be quite a general
mechanism by which monodisperse semiconductor nano-
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colloids are formed in a hot-injection synthesis. Moreover,
because such a mechanism does not require burst nucleation,
the same interpretation probably applies to syntheses in which
monodisperse nanocolloids are formed by gradually heating up
a reaction mixture.” Interestingly, the bimodal size distribu-
tion reactions shown here highlight that superfocusing can lead
to monodisperse nanocolloids despite a most disparate
nucleation event, and the conclusion that reaction-limited
growth can cause pronounced size-distribution focusing could
be put into practice in the design of new colloidal synthesis
protocols. Even so, superfocusing can be a double-edged
sword. The more strongly the growth rate constant decreases
with increasing radius, the longer nucleation persists, which
increases the degree of focusing needed to attain a narrow size
distribution. This point may explain why the lowest-temper-
ature synthesis shown in Figure 4 exhibits the strongest growth
rate decrease but not the best size distributions. Hence, finding
the best reaction conditions will remain a matter of careful
synthesis optimization. On the other hand, introducing
coadsorbents into a reaction to slow down monomer
adsorption could be a fruitful strategy for tuning and
maximizing the impact of superfocusing. Clearly, this variety
of possible strategies already highlights that the concept of
superfocusing under reaction control provides a much needed
missing link in the mechanistic understanding of nanocolloid
synthesis and will prove to be most useful in rationally steering
any nanocrystal synthesis to form monodisperse sols.
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