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In situ investigation of two-step nucleation and
growth of CdS nanoparticles from solution

A. Schiener,*a A. Magerl,a A. Krach,b S. Seifert,c H.-G. Steinrück,a J. Zagorac,d

D. Zahnd and R. Weihrichb

We report on a combined ultra-fast in situ SAXS and WAXS study along a free-jet providing insight into the

evolution of the morphology and crystalline structure of CdS quantum dots in the very early stage of

nucleation between 100 µs and 2.5 ms with a time resolution down to 10 µs. Accessing this yet un-

explored time regime provides direct evidence of a two-step mechanism via formation of prenucleation

clusters followed by nanoparticle nucleation from coalescing precursors. Using ab initio calculations, the

latter species is identified as Cd13S4(SH)18 clusters, the stability of which results from a compact surface

and inner structure.

Introduction

Over the last few decades, both the scientific and the industrial
interest in semiconducting nanoparticles (quantum dots)
increased tremendously due to their unique optical, chemical
and electrical properties.1–3 When the size of a semiconductor
becomes smaller than the exciton radius of the bulk material,
the electron hole pairs change their energy eigenstates to
higher values.4,5 This quantum confinement occurs in
quantum dots in all three dimensions of space and changes
their properties significantly.6,7 For an efficient and controlled
production of quantum dots various synthesis routes have
been developed in order to tailor the particle characteristics by
controlling their size and morphology.8 Besides the particle
synthesis in gaseous environments9,10 precipitation of
quantum dots from supersaturated solutions8 is a widely
applied approach. Although ex situ and second-resolved in situ
experiments can explore the nature of the precipitation at an
advanced stage, the fundamental mechanisms driving the
early stages of rapid particle formation are poorly understood
as a consequence of the short time scale on which the unper-
turbed reaction takes place.11 In previous in situ investigations
with a time resolution of seconds to several minutes the reac-

tions were slowed down with complexing ligands, which
additionally stabilize the quantum dots once they have
reached a certain size.12,13 It can be suspected that the
addition of stabilizers modifies the intrinsic mechanism of the
nucleation and growth process significantly.

Cadmium sulfide (CdS) with a bulk band gap of 2.53 eV is a
representative candidate for a II–VI semiconductor.8 To access
the timescale at which the natural CdS precipitation reaction
in wet media takes place, we have pioneered diffraction
experiments in a free-jet setup.14 Setups using laminar mixing
to investigate calcium carbonate crystallization down to
100 µs15,16 have been published earlier. However, as our inter-
est is in highly diluted systems, only turbulent mixing provides
a sufficiently large interface between the reactants to obtain a
significant scattering signal at early stages of particle for-
mation.17 Further improvements of the setup, e.g. the suppres-
sion of spraying by proper shaping of the nozzle of the micro
mixer, were needed to investigate simultaneously the mor-
phology and the crystalline structure via combined small angle
X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS).
Such a study presents both atomistic insight into the very early
stages of crystallization and a description of the particle mor-
phology of the formation of CdS quantum dots already from
100 µs onwards. As subsequently shown, structure models of
the prenucleation clusters and reasons for their relative stabi-
lity can be obtained from the combination of the obtained
experimental results and ab initio calculations.

Experimental

We have developed a novel setup to access reaction times for
particle formation in liquid media as short as 100 µs (Fig. 1).
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Two computer controlled high pressure stainless steel syringe
pumps (Chemyx; Nexus 6000) are connected with high
pressure tubes to the input channels of a micro Y-mixer with a
short exit nozzle, which produces a free-jet of the mixed reac-
tants cadmium chloride (CdCl2) and sodium sulfide (Na2S)
in aqueous solution. Typically, the jet diameter is chosen
between 200 and 500 µm. The formation of CdS quantum dots
takes place along the continuous free-jet according to the
chemical reaction

CdCl2ðaqÞ þ Na2SðaqÞ ! 2NaClðaqÞ þ CdS # :

By positioning a monochromatic X-ray beam (Advanced
Photon Source, APS 12-ID-B station, photon energy 14 keV) at
different positions along the free-jet, the simultaneous acqui-
sition of small angle X-ray scattering (SAXS) and wide angle
X-ray scattering (WAXS) data was achieved for different reaction
times, treact which is calculated according to eqn.,

treact ¼ d
v
;

where d and v are the distance to the mixing point and the
flow velocity, respectively. The distance from the beginning of
the mixing of the reactants to the exit of the nozzle of the
mixer is 1.3 mm. The flow profile of the free-jet is assumed to
have a rectangular profile, as appropriate for the conditions of
turbulent flow.18

The time resolution depends on the flow velocity, and the
uncertainty for the reaction time is dominated by the vertical
size of the X-ray beam (100 µm) and the radius of the bores at

the mixing point (200 µm) according to Δt ¼ 300 μm
v

. This

results in an exposure time independent uncertainty of the
reaction time of about 15 µs for the data shown in Fig. 2 which
were taken with a flow velocity of 21.2 m s−1. To exclude syste-
matical errors in the data reduction the water background
for every set of parameters was measured separately. In
addition, a horizontal scan with 5 data points spaced by 100 µm

was taken at each vertical position to ensure that the X-ray
beam targets the free-jet at the center.

The acquired 2D detector images (Dectris Pilatus 2M detec-
tor in the SAXS regime and Dectris Pilatus 300k detector in the
WAXS regime) were reduced to radially integrated diffraction
patterns using the Igor (Wavemetrics) extension Nika,19 and
various model functions were fitted to these patterns using the
Igor extension Irena.20

A systematic series of candidate CdxSy(SH)z clusters was
characterized from quantum calculations. For this purpose,
initial models were cut from the CdS single crystal structure
based on a distance threshold d from (1) a central 6-ring motif
and (2) a Cd4S tetrahedron. By variation of d up to a few nano-
meters an increasing number of coordination spheres of the
central motifs is included in the initial cluster model. To
maintain charge neutrality, the outermost sulfur atoms were
protonated.

The model clusters were then subjected to structural relax-
ation based on quantum calculations in a vacuum. For this,
the Gaussian03 program package and the HF-DGDZVP basis
set was used (M. J. Frisch, et al., Gaussian 03, Gaussian, Inc.,
Wallingford CT, 2004). The cluster geometry was optimized in
two steps, first considering relaxation of the outer ions only
and then performing energy minimization of the whole cluster
in a vacuum.

In a next step the stability of the postulated clusters with
respect to agglomeration was investigated from calculations
with periodic boundary conditions. Two clusters were placed
in a cell of 15 × 15 × 25 Å3 size and the repulsion between
them was calculated by moving them stepwise closer together.
The cluster distance was adjusted by fixing the positions of the
center cadmium atoms while the atomic positions of all other
atoms were allowed to relax during the performance of geo-
metry optimization. The quantum mechanical calculations were
carried out within the framework of Density Functional Theory

Fig. 1 Layout of the free-jet setup. Aqueous solutions of Na2S and
CdCl2 are brought together in a Y-shaped micro mixer and ejected as a
continuous free-jet. A monochromatic X-ray beam (14 keV) is targeted
at different positions along this jet and diffraction data in the SAXS and
WAXS regime are acquired.

Fig. 2 Representative SAXS profiles acquired along the free-jet for
reaction times of 150, 290, 530, and 1000 µs (flow velocity 21.2 m s−1,
Na2S and CdCl2 reactant concentrations 5 mM, exposure times 0.4 s).
The black lines show fits of the SAXS signal with a lognormal distributed
spherical model for the data at 150, 290, and 530 µs and a bimodal log-
normal distributed spherical model for the data at 1000 µs, as discussed
in the text.
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(DFT) with exchange–correlation functionals in the generalized
gradient approximation (GGA) according to Perdew–Burke–
Ernzerhof (PBE).21,22 All calculations were executed with the
Vienna Ab initio Simulation Package (VASP).23–26 Atomic site
parameters were allowed to fully relax within the conjugant
gradient algorithm. The interactions between ions and elec-
trons were described by the projector-augmented-wave method
(PAW)27,28 with a cutoff energy of 500 eV. A structure optimi-
zation was considered to be converged with a difference in
total energy of less than 10−6 eV and a maximum Hellmann–
Feynman force of 10−4 eV Å−1.

Results and discussion

Fig. 2 shows a sequence of exemplary SAXS patterns acquired
along the free-jet with a flow velocity of 21.2 m s−1 and a jet
diameter of 400 µm. The distances to the mixing point are
3.3 mm, 6.3 mm, 11.3 mm, and 21.3 mm giving reaction times
of 150 µs, 290 µs, 530 µs, and 1000 µs, respectively. The
exposure time was 0.4 s each. The spectra of the first three
data points at 150 µs, 290 µs, and 530 µs can be reproduced
with a lognormal distributed spherical model. In contrast, the
pattern at 1000 µs clearly shows the appearance of a second
length scale. This feature can be accounted for with the same
level of goodness of fit by invoking either anisotropic particles
(e.g. cylinder, disks and ellipsoidal particles), or by a bimodal
lognormal distributed spherical size distribution. However, the
bimodal spherical size distribution is the only model, which
describes both the SAXS and the WAXS data, as presented in
the next section.

A WAXS data set taken simultaneously with the SAXS data
for a reaction time of 2480 µs (Fig. 3a) shows the presence of a
broad maximum at about 1.7 Å−1. The broad maximum rep-
resents the structure factor of an ∼1 nm sized structurally
relaxed precursor cluster. Its diffraction pattern can be readily
calculated using e.g. DISCUS,29 which is based on the Debye
formalism and considers all pair correlations within the par-
ticle. We note that no narrow Bragg-like peak is found in the
WAXS regime showing that all structures including the
growing population are non-crystalline.30

We modeled the energy landscape of candidate precursor
clusters by cutting fragments from the single crystal and
neutralizing charge by removing/protonating S2− ions at the
surface. The candidate clusters were subjected to structural
relaxation from quantum calculations and then benchmarked
with respect to the experimental diffraction pattern. This pro-
cedure is illustrated for the best fit in Fig. 4. The resulting
cluster may be interpreted as a Cd13S4(SH)18 complex and
nicely reproduces the experimentally observed WAXS peak.
Apart from the matching diffraction patterns, it should also be
pointed out that the derived Cd13S4(SH)18 cluster reflects a
practically spherical shape which suggests stabilization from
favorable surface tension. Moreover, no under-coordination
of Cd2+ or S2− ions is observed which implies relatively low
cluster reactivity. On the basis of both mechanical and chemi-

cal arguments we thus suggest the Cd13S4(SH)18 cluster as a
very reasonable proxy of the 1 nm sized clusters observed in
the experiments.

In consequence, the SAXS data at 800 µs and later are to be
described with a bimodal spherical model. Fig. 3b shows the

Fig. 3 (a) WAXS intensity for 2480 µs showing as a salient feature of a
broad structure factor maximum at Q ≈ 1.7 Å−1 (red). This is well pro-
duced in position and width by the calculated scattering function (black)
for the relaxed precursor particle in Fig. 4b. (b) Fitted volume fractions
of the SAXS data after a reaction time of 2480 µs. The dashed blue and
the black lines show the contributions from the precursor clusters and
from the growing particle population, respectively. (c) Total scattering
volume for the SAXS data for three jet velocities (10.6 m s−1, 21.2 m s−1,
and 31.8 m s−1) as a function of reaction time. (d) Evolution of the
squared median diameter of CdS particles with time (reactant concen-
tration 5 mM), realized with 3 jet velocities (10.6 m s−1, 21.2 m s−1, and
31.8 m s−1) and by various positions along the free-jet. The size of the
growing particle population (blue squares) shows a square root depen-
dence (solid blue line), characteristic for a diffusion driven growth. At all
times exceeding 800 µs the presence of clusters with a size of about
1 nm is observed (solid red line). The dashed red and blue lines are extra-
polations of the fits to the data points exceeding 800 µs.

Fig. 4 (a) Cd13S4(SH)18 cluster derived from the CdS crystal structure
using a distance threshold with respect to a central CdS4 motif (high-
lighted in blue and red, respectively). The outermost S2− ions (yellow)
were protonated to provide charge-neutral clusters. (b) Same cluster
after energy minimization. While the coordination tetrahedra of the
Cd2+ and S2− ions are deformed, the SH− ions are drastically rearranged,
resulting in a roughly spherical cluster. This not only ensures favorable
surface tension, but also implies a ‘passivation’ of cluster reactivity by
avoiding under-coordinated S2− or Cd2+ ions.
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volume fractions of the individual contributions to the SAXS
signal of the small particle population dominant at high
Q values (blue) and of the big particle population dominant at
small Q values (black). While the small particle population
shows constant size for all times, the size of the second par-
ticle population is growing with time (Fig. 3d).

The total scattering volume for both populations depicted
in Fig. 3c shows an increase of the amount of particles formed
with time. The strong turbulent mixing in the present setup
leads to a large interface between the reactant solutions due to
Kolmogorov eddies31 needed to create a sufficient amount of
scattering volume for a reasonable SAXS signal at the short
time scales considered here. We note that the volume increase
with time becomes more pronounced with higher flow velo-
cities, i.e. with stronger turbulent mixing. Still, the reaction on
the short timescales considered here is dominated by diffusive
processes across interfaces and not by mixing.

Based on these in situ SAXS/WAXS experiments we propose
the following formation mechanism of CdS quantum dots at
the early stages of crystallization illustrated in Fig. 5. 100 µs
after strong turbulent mixing the first stable clusters with a
median diameter of 1 nm have already formed. This first
nucleation process is driven by diffusion of the cadmium and
sulfur ions and further nucleation continuously takes place in
the regions of the interfaces of turbulent mixing. From these
primary clusters larger particles develop. The median value of
the diameter of these particles shows a square root depen-
dence with time in support of a diffusion driven growth. The
diffusion coefficient D is calculated to be 1.5 × 10−7 cm2 s−1

using the corresponding equations for diffusion limited
growth after Ratke and Voorhees33 and the slope of the
squared SAXS diameter of the growing particle population in

Fig. 3d. The value of the experimental diffusion constant D is
about two orders of magnitude smaller than typical ionic
diffusion coefficients in aqueous solutions (D(SH−) = 1.73 ×
10−5 cm2 s−1 and D(Cd2+) = 0.719 × 10−5 cm2 s−1).34 From this
we argue that the growth proceeds through an attachment of
clusters and not by attachment of atomic species. However, the
understanding as to what happens on the atomistic scale
during the attachment of small clusters is rather limited so
far.35 After 2.5 ms the median of the particle diameter of the
growing population has reached a value of about 5 nm.
Further growth and a transition into a long range crystalline
state beyond that time scale is expected and is accessible by
investigations with a standard stopped flow device.36 The pres-
ence of the 1 nm clusters at all times, in addition to the evalu-
ated growth kinetics provides, to our knowledge, a first
experimental indication for the existence of prenucleation
clusters in rapid quantum dot formation.

In order to confirm the experimentally observed stability of
the prenucleation clusters with respect to instantaneous
agglomeration, this process was modeled with DFT calcu-
lations. One could estimate that the approach of two clusters
initiates agglomeration and particle growth. However, the
present calculations provide a different picture. We studied the
change of the potential energy when two prenucleation clus-
ters of the predicted composition Cd13S4(SH)18 (Fig. 4a) are
moved closer stepwise. For approaching particles, repulsion is
predicted from increasing potential energy and therefore the
stability of single prenucleation clusters is confirmed. This is
presented in Fig. 6 from a profile of the energy as a function of
the distance of the centers of two clusters. An explanation for
the increasing energy is given by the deformation of the
coordination polyhedra which are closest to the neighboring
cluster. This is illustrated by the red, blue, green and brown
colored bonds in Fig. 6.

Fig. 5 Schematics of the formation mechanism of CdS quantum dots.
At 100 µs (dead time of the setup) a small amount of clusters is already
present. Up to 250 µs the median diameter of the early clusters remains
constant indicating a high stability of the size of these clusters, while
their concentration increases. A similar precursor stability has already
been observed for CaCO3 prenucleation clusters by Gebauer et al.32

Prenucleation clusters thereby are introduced as ion complexes,
forming before classical nucleation and growth sets in. Between 250 µs
and 2.5 ms a diffusion driven particle growth by clusters or particle
attachment is observed. From about 800 µs onwards the particle growth
becomes observable and a bimodal particle model is necessary to fit the
SAXS data (blue line in Fig. 3d).

Fig. 6 Calculated structures and potential energy for two approaching
clusters.
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Conclusions

This combined SAXS and WAXS study provides for the first
time microsecond resolved direct experimental insights into
the natural precipitation mechanism of CdS as a model system
for a fast precipitation reaction. Experimental SAXS and WAXS
data together with quantum calculations and DFT modelling
support a bimodal size distribution on the so far unexplored
timescale between 100 µs and 2.5 ms. The size of the small
population remains constant during that timescale, while the
second particle population is growing with time. The square
root like growth behavior indicates a cluster diffusion driven
particle growth mode and is a direct experimental proof of a
2-step nucleation process for the very early stages of CdS for-
mation and growth. On the basis of quantum calculations we
suggest Cd13S4(SH)18 as a structural model of the prenuclea-
tion cluster which (1) best fits the experimental diffraction
data and (2) exhibits the compact shape and inner structure
along with a relatively inert surface comprising of SH− ions.
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