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ABSTRACT We studied the influence of chloride ions (CI7),
introduced as CdCl,, on the seeded growth synthesis of colloidal
branched CdSe(core)/CdS(pods) nanocrystals. This is carried out by
growing wurtzite (dS pods on top of preformed octahedral
sphalerite CdSe seeds. When no Cd(l, is added, the synthesis of
multipods has a low reproducibility, and the side nucleation of CdS

nanorods is often observed. At a suitable concentration of Cd(l,,
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octapods are formed and they are stable in solution during the synthesis. Our experiments indicate that (I~ ions introduced in the reaction reduce the

availability of Cd>™ ions in solution, most likely via formation of strong complexes with both Cd and the various surfactants. This prevents homogeneous

nucleation of CdS nanocrystals, so that the heterogeneous nucleation of CdS pods on top of the CdSe seeds is the preferred process. Once such optimal

concentration of Cddl, is set for a stable growth of octapods, the pod lengths can be tuned by varying the relative ratios of the various alkyl phosphonic

acids used. Furthermore, at higher concentrations of CdCl, added, octapods are initially formed, but many of them evolve into tetrapods over time. This

transformation points to an additional role of CI species in regulating the growth rate and stability of various crystal facets of the CdS pods.
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olloidal nanocrystals (NCs), espe-

cially those based on semiconduc-

tors, find applications in many fields,
such as optics, photovoltaics, nanoelectro-
nics, and biosensing.'~” The development
of well-controlled synthetic methods to NCs
and the elucidation of the mechanisms
governing their shapes and sizes are impor-
tant issues in material chemistry.®~'” The
advances that have been made in the last
20 years in the synthesis of colloidal NCs
have shown how the kinetics and thermo-
dynamics of nucleation and growth of NCs
in solution can be affected by the presence
of many impurities.'® 2* Several cases have
been reported in which the serendipitous
discovery of new NC shapes has sparked
research on what chemicals in the reaction
environment were actually responsible for
the formation of such shapes.'®=2* These
studies have shed light on the mechanisms
involved in the syntheses of NCs and have
helped to formulate more robust synthesis
routes to NCs of a wide variety of sizes and
shapes. On the other hand, it is not uncommon
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that many synthesis recipes are still difficult
to reproduce from one laboratory to the
other under apparently the same conditions
and that several adjustments are sometimes
required.'~2'%> A common reason for such
lack of reproducibility can be sought in the
different purities of the chemicals used in
the synthesis, in the purification steps of the
intermediate products in a multistep synthe-
sis, or even in the apparatus used. The
incomplete removal or the accidental intro-
duction of unknown impurities can be re-
sponsible for the irreproducibility in the
syntheses and is a factor that is often diffi-
cult to track down.

A possible source of impurity is repre-
sented by halide ions. They can be present
in trace amounts in the surfactants used in
the synthesis, in the solvents used to clean
the products of a given synthesis, as residual
species in NCs for which metal halides were
used as precursors, and as species adsorbed
on glassware or even on the magnetic stir
bars, as a result of standard cleaning proce-
dures. Halide ions interact strongly with
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Scheme 1. Typical evolution of the CdSe/CdS multipod shape when large molar fractions of CdCl, are introduced in the
synthesis of core—shell CdSe/CdS NCs, starting from Cu,_,Se as seeds. After the cation exchange reaction, during which the
Cu,_,Se NCs are converted into CdSe NCs, octapods are first generated. Soon, however, in many of these octapods, the four
pods with sharp tips start receding and eventually disappear. The other group of pods instead keeps growing, such that many

NCs are reshaped into tetrapods.

cadmium chalcogenides. A few groups have reported
on the role of halide ions on both growth and structural
transformation of cadmium chalcogenide NCs.26~3°
Zou et al., for example, observed shape and phase
changes of CdS NCs by cationic surfactants in non-
injection syntheses.?® They proposed that the strong
binding between Cd*" and halide ions reduced the
reactivity of the precursors and was responsible for
the decrease in the number of nuclei formed in the
nucleation stage, while maintaining at the same time a
high concentration of precursors in the growth stage.
These factors overall resulted in the increase of average
size and in phase transformation of the CdS NCs. Lim
et al. studied size and shape control of Cd chalcogenide
NCs by chemical and photochemical etching methods
in Cl™-containing solvents.?”?® Cl~ ions, generated
either by chemical activation of chloromethane with
tributylphosphine or by photoinduced electron trans-
fer from NCs to chloromethane molecules adsorbed on
the NC surface, were the active species that induced
anisotropic reshaping of the NCs. Saruyama et al. devel-
oped a method for drastic structural transformation of
cadmium chalcogenide NCs through an Ostwald ripen-
ing process induced by CI™ and by the surfactants.?
The dissolution of Cd halides from the surface of the
NCs generated reactive ligand-free sites on the surface
of the NCs, which facilitated a ripening process.

One class of materials that can suffer the most from
the presence of unknown impurities is that of aniso-
tropic NCs, such as nanorods, nanowires, and branched
NCs, whose synthesis often depends on a delicate
balance of parameters. In previous works from us, we
reported, for example, on the synthesis of octapod-
shaped NCs>3' These were prepared by injecting a
solution of berzelianite Cu,_,Se NCs with tri-n-octyl-
phosphine sulfide (TOPS) into a flask in which pre-
viously CdO had been mixed with tri-n-octylphosphine
oxide (TOPO) and with phosphonic acids, namely,
n-octadecylphosphonic acid (ODPA) and n-hexylpho-
sphonic acid (HPA), and heated.>' Upon injection, the
Cu,_,Se NCs underwent exchange of Cu* ions with
Cd*" ions, and the resulting sphalerite CdSe NCs acted
as seeds for the growth of CdSe/CdS octapods. The
synthesis could also be carried out in two steps: first,
CdSe NCs were prepared by cation exchange from
Cu,_,Se, then these were injected together with TOPS
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in the flask, as described above.' However, repeated
tests in our laboratories, following both paths, have
shown that the synthesis of octapods suffers from
reproducibility issues, leading in many cases to the
formation of CdS rods together with nanoparticles of a
variety of other shapes.

In this work, we have studied the influence of
chloride ions on the synthesis of branched CdSe/CdS
core/shell NCs. When seeking a more robust approach
to the synthesis of branched NCs with high yields, we
found that, by deliberately adding chloride ions (Cl7) in
the reaction, via the introduction of the Cd precursor as
a mixture of CdO and CdCl,, the synthesis of octapods
became fully reproducible. CdCl, was chosen as addi-
tive also because it is used extensively in the semicon-
ductor industry as etchant and promoter of grain
recrystallization and growth, as well as Cl doping agent,
especially in CdTe-based solar cells, to improve cell
performance.3**3 In our experiments, octapods were
obtained when working with molar fractions of CdCl,
(over the total amount of Cd precursor added) around
0.06, which represents a fairly low amount of CdCl,.
Also, the octapod shape was stable during the synthe-
sis course, even if this was run for 1 h. Furthermore,
experimental conditions could be finely tuned such
that the pod lengths in these octapods could be varied
from 30 to about 50 nm, by using mixtures of alkylpho-
sphonic acids of various chain lengths, in different
molar ratios.

An additional finding of our experiments was that,
for larger fractions of CdCl, added, octapods still
formed at the early stages of the synthesis, but many
of them tended to reshape into tetrapods over the
reaction time (Scheme 1). In this case, we could
isolate the intermediate products of the transforma-
tion: these were octapods with one group of four
pods (departing at tetrahedral angles from each
other and characterized by sharp tips) which were
shorter than the other group of four pods. Eventually,
the first group of pods disappeared, while the other
group of pods kept growing. Such shape evolution
might be due to an additional role of Cl-containing
species in influencing the relative stabilities of var-
ious crystal facets of the CdS pods, perhaps by
selective adhesion to certain sets of facets or yet by
selective etching.
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Figure 1. TEM images of NCs synthesized by using mixtures
of CdO and CdCl; as Cd precursors, with fcqci, equal to (a)
0.00, (c) 0.02, (d) 0.04, (e) 0.06, and (f) 0.32. (b) Combination
of EFTEM elemental maps of S (yellow) and Se (magenta) of
a group of NCs from the same sample as shown in (a). The
inset in (b) is the corresponding zero-loss TEM image. In (e),
the octapods appear often as “Greek crosses” because four
pods, touching the support film, are overlapped in projec-
tion with the other four pods pointing upward.

RESULTS AND DISCUSSION

Results of Syntheses Carried out at Various Molar Fractions of
@dd,. To survey the influence of CdCl, on the synthesis
of NCs, different amounts of CdCl, and CdO were
mixed in a flask containing TOPO, ODPA, and HPA.
The one-step synthesis of octapods was performed,
namely, Cu,_,Se seeds co-injected with TOPS in the
flask underwent in situ cation exchange to CdSe. Then,
on top of these NCs, CdS was grown. The total amount
of Cd introduced was held fixed at 0.5 mmol, and all
other reaction parameters were kept constant, too. For
example, the overall molar ratio of phosphonic acids
(HPA + ODPA) to Cd stayed fixed at 2.7:1. The results of
the syntheses performed with molar fraction of CdCl,
(fcaci, = molescycy,/(Molescyc, + molescqo)) ranging
from 0.00 to 0.32 are summarized in Figure 1. These are
transmission electron microscopy (TEM) images of the
NCs as synthesized, with no size-selective precipita-
tion. All syntheses were run for 10 min.

When no CdCl, was added, the main product of the
synthesis often consisted of nanorods, along with
minor fractions of tetrahedral-shaped particles (Figure 1a).
The nanorods were made only of CdS, while the
tetrahedral particles were core/shell CdSe/CdS NCs,
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as assessed by both energy-filtered TEM (EFTEM) and
energy-dispersive X-ray spectroscopy (EDS) elemental
analysis (see Figures 1b and S1 of the Supporting
Information). It is clear that the nanorods were formed
by homogeneous nucleation in solution, while the
core/shell structures were the result of heterogeneous
nucleation of CdS on the starting seeds, after their
conversion to CdSe. When working at low fcyc,
(0.02—0.04), the resulting products were mixtures of
nanorods, tetrahedral particles, tripods, tetrapods
(Figure 1¢,d), along with a few octapods (especially in
Figure 1d). When fcqci, was increased to 0.06, the only
products formed were octapods consisting of sphaler-
ite CdSe and wurtzite CdS, as identified by powder
X-ray diffraction (XRD) (Figure 1e; see also Figure S2 of
Supporting Information). Fundamentally similar results
were obtained in a two-step synthesis of octapods
(Figure S3 of Supporting Information), consisting of
first obtaining CdSe from Cu,_,Se, cleaning the parti-
cles, and then injecting them in a second flask.
At higher fcyq, (for example, 0.32, Figure 1f), mainly
tetrapods were found. Similar results were obtained
when working at even higher fcyq, (see Figure S4 of
Supporting Information).

The results of these syntheses can be rationalized
by considering that Cl species appear to reduce the
availability of Cd in solution. This occurs most likely via
formation of strong complexes with Cd and with the
surfactants present. It is known that cadmium halides
(CdX,) react with phosphines (RsP) and form com-
plexes of the type [CdX;(RsP)l, and [CdXx(RsP),1,**
and similar complexes are formed with phosphine
oxides.?® In principle, these complexes might be used
as Cd precursors in the synthesis of colloidal NCs. Lazell
et al. were able indeed to dissolve CdCl, in a mixture of
TOP and TOPS, and the resulting solution was injected
into TOPO to form CdS NCs.26 CdO (a popular precursor
species for cadmium chalcogenide NCs) instead does
not dissolve in TOP or in TOPO and requires acids to be
solubilized (which frees H,O as a byproduct). Typical
acids in this case are fatty acids and phosphonic acids.
Cd phosphonates or carboxylates are then good Cd
precursors as they can release cadmium in solution
under suitable conditions. On the other hand, when Qu
et al. tested CdCl, instead of CdO as precursor in the
presence of fatty acids or phosphonic acids,>” they
could not synthesize CdSe NCs but did obtain only a
few bulk crystals. They concluded that, under these
conditions, cadmium formed complexes that were too
strong, which reduced the rate of nucleation in solu-
tion considerably. Also, tests carried out in our lab
demonstrated that, when CdCl, is dissolved in a mix-
ture of an alkylphosphonic acid and TOPO, Cl species
remain in the solution and are not eliminated as
hydrochloric acid (HCl; see Figure S5 of Supporting
Information). It is likely that complexes involving
mainly phosphonates and chloride ions are formed in
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this case. Elucidating the nature of the complexes
formed in the presence of CdCl, and fatty acids or
phosphonic acids, including the case discussed in the
present work, will require extensive purification and
characterization studies. This is additionally compli-
cated by the fact that the actual species operative at
the high temperatures of the synthesis might very
well differ in structure from those that can be ana-
lyzed at room temperature, after cooling the reaction
mixture.

In our syntheses, when no CdCl, is purposely
introduced in the system, the energetic barrier for
homogeneous nucleation is apparently low, so that,
in addition to growth of CdS on top of the CdSe seeds,
side nucleation of separate CdS NCs takes place
(Figure 1a,b). The large number of CdS NCs formed
quickly deprives the system of Cd species and only thin
CdS shells can grow on top of the CdSe seeds. For
syntheses carried out at higher fcqc, less CdS rods are
nucleated in solution and the fraction of branched
NCs, with long pods, increases (Figure 1c—f). Under the
present reaction conditions, stable growth of octapods
is possible for fcyq, around 0.06 (Figure 1e). Then, for
higher values of fcyc,, the synthesis becomes unstable
again: while branched NCs are still the major product
formed, these are mainly tetrapods (Figure 1f).

Shape Evolution from Octapods to Tetrapods. To help
rationalize the morphologies of Figure 1, especially
those of Figure 1e,f, one must recall that such NCs were
the products of syntheses that were run for 10 min.
However, the particles might have undergone shape
transformations during this time. It was interesting
indeed to monitor the shape evolution for the two
syntheses that yielded the most homogeneous sam-
ples in terms of shapes, that is, octapods, prepared at
fcdaai, = 0.06 (Figure 1e) and tetrapods, prepared at fcycy,
= 0.32 (Figure 1f). For the two syntheses, aliquots were
taken at different times from the injection and exam-
ined by TEM. The results are reported in Figure 2. In
both cases, small octapods were formed within 30 s
after seed injection. In the synthesis at fcyci, = 0.06, the
octapod shape persisted over the whole reaction
course, with gradual increase in pod size (Figure 2, left
panels). In this case, reaction conditions were such that
all eight pods kept growing over time at the same rate,
and therefore, the octapod shape remained stable over
the time of the synthesis. Control experiments (see
Figure S6 of Supporting Information) showed that the
octapod shape persisted even in syntheses carried out
for 1 h under these reaction conditions. On the other
hand, in the synthesis performed at fcyc,, = 0.32, many
of the initial octapods were reshaped into tetrapods
and, over time, all NCs became fatter and developed
bullet-shaped pods (Figure 2, right panels). Elemental
mapping of the final NCs of this synthesis (see Figure S7
of Supporting Information) confirmed that the central
region of these NCs was still CdSe.
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Figure 2. Sequences of TEM images (from top to bottom) of
aliquots taken from syntheses run at fcyc, = 0.06 (left
panels) and fcyc, = 0.32 (right panels). In the first case, the
octapod shape was conserved throughout the synthesis
course. In the second case, octapods evolved into tetrapods.
Scale bars are 100 nm long.

A careful look at the aliquots of the synthesis with
feaa, = 0.32, taken at 30 s and 1 min, explains how the
shape transition occurred. Exemplary TEM images of
individual NCs from these two samples are shown in
Figure 3. In the aliquot at 30 s (Figure 3a, i.e., top three
rows), most particles were octapods with pod length
more or less equal to each other. All pods were about
5 nm long on average. Already after 1 min, however,
only four pods had grown considerably longer, those
with relatively flat ends (to about 15—20 nm; see
Figure 3b, i.e., bottom three rows). The other four pods,
characterized by sharp tips, had remained unchanged
or had even receded in length. At this early stage, some
particles had already become tetrapods, with little
trace of the other four pods (see also Figure S8 of
Supporting Information, which displays similar images
for an aliquot taken at 5 min).

In this exemplary synthesis, octapods are formed at
an early stage of the synthesis, but in many of these
NCs, such shape evolved in the reaction environment.
An explanation for this shape change might be sought
if one considers that, in the octapods, one group of four
CdS pods (evolving toward the [000—1] direction of
wurtzite) has opposite polarity with respect to the
other four pods (evolving in the [0001] direction of
wurtzite), and therefore, the two groups of pods can
undergo different shape evolution over time. This can
be inferred especially by looking at the tip regions of
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Figure 3. Aliquots of the synthesis run at fcqc;, = 0.32, taken
at 30 s (a) and 1 min (b) after the injection. After 1 min,
several “asymmetric” octapods were present. In these TEM
images, most of the octapods are oriented such that two
pods, one pointing upward and one pointing downward,
are parallel to the electron beam: this orientation is possible
for these particles due to the uneven length of opposite
pods (i.e., they lay on the support film with three of the
longer pods touching it).

the various pods, in analogy to what was observed for
simple rod-shaped wurtzite NCs, as discussed by us in
previous works.>®*° Indeed, the octapod can be
thought as being composed of two interpenetrated
tetrapods.>'*#3° During reshaping, the pods with
sharp tips (ie., the [000—1]-oriented ones)3'384°
stopped growing or they even receded, while the pods
with initially flat ends kept growing. Most likely, the
large concentration of Cl species present in this reac-
tion influenced the growth rate and stability of the
various facets, perhaps by selective adsorption to some
facets or by preferential etching of some facets.?®~3°
Then, for longer reaction time, further reshaping of the
NCs took place, such that many of these tetrapods, as
well as the surviving octapods, became fatter and
developed bullet-shaped pods (see also Figures S7
and S8 of Supporting Information). It appears that,
under these conditions, the presence of a high con-
centration of Cl species promoted also the lateral
growth of the pods (hence their increase in diameter).

In order to check for the residual presence of
chlorine species in the NC samples after they had been
purified via several cleaning steps with toluene and
methanol, we performed EDS analyses both by high-
resolution scanning electron microscopy (HRSEM) and
by TEM. These were run on NCs obtained at fcqq, = 0.32,
for the aliquot taken at 1 min after the injection
(see above). Cl species were mainly detected on NCs,
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isolated or in groups (see Figure S9a,b of Supporting
Information). X-ray photoelectron spectroscopy (XPS)
analysis indicated that Cl is in the form of chlorides in
the sample (see Figure S9c of Supporting Information).
The ClI/Cd atomic ratios of quantitative analyses by EDS
and XPS were below 5%. This appears to exclude the
Cl signal as arising from free complexes. Whether
Cl-containing species are actually bound to the surface
of the NCs and in what form will require further
experiments. If Cl species are indeed present on the
surface of NCs, most likely, they are not there as
individual CI™ ions, but rather in conjunction with
phosphonic acids: this can be inferred from TEM
images of neighboring NCs, which suggest the pre-
sence of an organic passivating shell around each NC,
as octapods are not touching each other (they would
touch each other if CI~ were the only ligands). These
issues will need to be clarified with further investiga-
tions aiming at elucidating the exact nature of species
bound to the surface of NCs. After that, one can
envisage carrying out experimental and theoretical
studies of selective adhesion of such species to the
various facets of CdS.

Control Experiments. To support our hypothesis on
the role of Clions on nucleation and growth, we carried
out several control experiments. In one series of ex-
periments, we wanted to test the effect of chlorine on
the nucleation and growth of CdS NCs alone. In these
experiments, run at various fcyci, no Cu,_,Se seeds
were co-injected in the flask (see Figure S10 of Sup-
porting Information). All conditions were the same as
those for the samples of Figure 1. When going from no
CdCl; added at all to increasing fcqyc,, the final product
evolved from small monodisperse spheres of 6 nm in
average diameter (no CdCl, added) to large bullets,
55 nm wide and 140 nm long (fcyq, = 0.32). Most
important, when fcqc, increased from 0 to 0.32, the
total number of NCs synthesized decreased from
1.02 x 107° t0 3.95 x 10~° M. Our interpretation of
these data is that the larger fcqc), was, the fewer nuclei
were formed. Then, when few nuclei were formed,
these then grew into big nanoparticles because they
suffered less competition for the remaining Cd**
species. The peculiar evolution in shape, from spheres
to straight rods and finally to bullets, can be due again
to a shape directing effect of the Cl™ ions, as in the case
of the shape evolution from octapods to tetrapods
discussed earlier. Similar effects were also observed in
control experiments involving this time nucleation and
growth of CdSe NCs (see Figure S11 of Supporting
Information), although differences among the various
conditions were less marked than for CdS. All of these
control experiments confirm an enhancement of lat-
eral growth when a relatively high concentration of CI™
ions is present in the synthesis environment.

We also tested other reaction conditions, as an
alternative to addition of CdCl,, for promoting the
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growth of octapods. These included working at higher
ratio of alkylphosphonic acid to Cd, adding phospho-
nic acids with shorter alkyl chains, and also performing
syntheses at lower or higher reaction temperatures
(instead of 380 °C). Exemplary control experiments in
which these parameters are varied are reported in
the Supporting Information (see Figures S12—S14).
Although in some cases we could identify alternative
conditions for synthesizing octapods, even in the best
cases (see, for example, Figure S13b), the obtained NCs
were not of quality comparable to octapods that were
prepared when simply dosing CdCl, and CdO as pre-
cursors (for example, they had irregularly shaped pods
and often the samples contained additional byproducts).

Furthermore, other control experiments were run in
which alternative chlorine precursors (HCl or NaCl)
were introduced in the synthesis instead of CdCl,. In
these syntheses, mixtures of NCs with a wide variety of
shapes were formed, including rods of various lengths
and tetrapods (or multipods) with very long pods (see
Figures S15 and S16 of Supporting Information). To
summarize, CdCl, brings the most reliable results
among several chlorine sources for the octapod synth-
esis, although reactions carried out using NaCl or HCI
would require further experiments to disentangle the
influence of acidity or of the counterion from that of
the added halide ions.

Tuning the Length of the Pods. Overall, the reaction
scheme identified in this work allowed us to find stable
conditions for the growth of uniform octapod-shaped
CdSe/CdS NCs, which appear to be critically dependent
on the amount of CdCl, introduced. Once this issue
was addressed, we could focus on other parameters
that affect the overall morphology of the octapods. For
example, we performed a series of syntheses in which
we kept fcyc, constant to an optimal value of 0.06 and
also the ratio of total moles of phosphonic acids to
moles of Cd (2.7:1). What we varied instead was the
relative molar percentages of three different alkyl
phosphonic acids as surfactants in addition to TOP
and TOPO, namely, ODPA, HPA, and propyl phosphonic
acid (PPA). Some results of the syntheses are summar-
ized in Figure 4, along with TEM images of a few
representative samples. A more complete set of data
is reported in Figures S17 and S18 of the Supporting
Information.

Remarkably, when using only one type of acid,
results were never as good, in terms of sample uni-
formity, as when using mixtures of acids. Particularly,
the phosphonic acids HPA and PPA, having short alkyl
chains (C3 and Cg, respectively), promoted the synth-
esis of octapods, while ODPA, with a C,g alkyl chain,
yielded NCs with spheroidal shapes (Figure S17). Over-
all, by tuning the relative composition of the mixture of
acids, we could tune the average length of the octa-
pods from 30 to 50 nm. Further tuning might be
possible by modifying other reaction conditions,*' ~*
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Figure 4. (a) Schematic diagram of the outcome of the
experiments performed by varying the relative amounts
of three different alkyl phosphonic acids (PPA, HPA, and
ODPA), while keeping constant the ratio of total moles of
phosphonic acids to moles of Cd (2.7:1) and also fcqcj, (0.06).
In these experiments, we could fine-tune the pod lengths of
the octapods. (b—d) Representative TEM images of octa-
pods having pod lengths of (b) 33 nm, (c) 41 nm, and
(d) 48 nm. Scale bars are 100 nm long in all panels. The color
frames (blue, green, and red) of the panels are representative
of each octapod group matched with colored dots in the
diagram shown in (a). The ranges of average pod lengths are
30—36 nm (blue), 39—42 nm (green), and 44—50 nm (red). A
more complete diagram with additional data points is re-
ported in Figure S18 of Supporting Information.

for example, Cd/phosphonic acid ratio, growth tem-
perature, amounts of seeds and precursors injected,
and reaction time. All of these parameters can be easily
tested in future works.

CONCLUSIONS

In conclusion, we have reported an approach to
synthesize colloidal octapod-shaped CdSe/CdS NCs
by carefully dosing the amount of CdCl, together with
CdO as cadmium precursors, as well as fine-tuning
of the pod length by varying the relative ratios of
alkyl phosphonic acids. Moreover, in the presence of
a relatively high amount of CdCl,, we observed a shape
evolution from octapods to tetrapods through asym-
metric octapods. Such evolution might suggest a gen-
eral scenario in the growth of branched NCs of II-VI
semiconductors when looking, for example, in retro-
spect at various synthesis reports which were based on
seeded growth approaches.***® These started from
cubic sphalerite seeds, on top of which pods of wurt-
zite phase were grown. In all of those syntheses, no
formation of octapods was observed, but only tetra-
pods were reported. On the other hand, in our works
on seeded-growth branched NCs, the use of relatively
large seeds (10—15 nm in diameter) allowed the al-
most exclusive formation of octapods.3'>8 Is the initial
size and shape of the seeds used by us (octahedra with
all eight {111} facets well-developed) the only reason
why we could access the octapod shape? On the basis
of the present work, we can actually speculate that, in
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some of the previously reported syntheses, octapods
might have represented an early shape in the growth
stage, whose evolution then to tetrapods might have
occurred so early in the synthesis that the octapods'
shape went actually undetected.

The availability of monodispersed octapods with
tunable pod aspect ratio is indeed of major importance

EXPERIMENTAL SECTION

Chemicals. Copper chloride (CuCl, 99.999%), tri-n-octylpho-
sphine oxide (TOPO, 99%), tri-n-octylphosphine (TOP, 97%), and
selenium (Se, 99.99%) were purchased from Strem Chemicals.
Cadmium oxide (CdO, 99.99%), cadmium chloride (CdCl,,
99.99%), sulfur (S, 99.98%), oleylamine (70%), 1-octadecene
(90%), and (propyl)phosphonic acid (PPA, 95%) were purchased
from Sigma-Aldrich. n-Octadecylphosphonic acid (ODPA) and
n-hexylphosphonic acid (HPA) were purchased from Polycar-
bon Industries. Anhydrous methanol and toluene were pur-
chased from Carlo Erba reagents. All chemicals were used as
received.

Synthesis of Cu, ,Se NCs (Used as Seeds for Preparing Octapods). All
procedures described here and in the next section were carried
out using a standard Schlenk line. A copper precursor solution
was prepared by adding 1 mmol of CuCl into a reaction flask
containing 5 mL of oleylamine and 5 mL of octadecene. The
mixture was heated under vacuum for 1 h at 80 °C and then
heated to 300 °C under nitrogen flow. A selenium precursor
solution was prepared by mixing 0.5 mmol of Se in 5 mL of
oleylamine. The mixture was put under vacuum for 1 hat 130 °C,
then it was heated to 230 °C under constant nitrogen flow, until
Se was completely dissolved. At this point, it was cooled to 180
°C and then transferred into a glass syringe equipped with a
stainless needle with a 12 gauge diameter in order to be
injected quickly into the copper solution (kept at 300 °C). After
injection, the reaction was kept at 300 °C for 15 min (counted
from the moment of the injection). The flask was then cooled to
room temperature. This synthesis yielded Cu,_,Se NCs with an
average size of 15 nm. The NCs were then isolated and purified
by repeated precipitation with methanol and redispersion in
toluene. They were then dissolved in 3 mL of TOP. The NC
concentrations of Cu,_,Se in TOP was determined to be around
3 x 107° M by inductively coupled plasma optical emission
spectroscopy on digested solutions (with HCI/HNOs 3:1 (v/v)).

Synthesis of (dSe/CdS Nanocrystals. The synthesis of octapods
was modified with respect to those described in previous works
by our group.>"*” For the various syntheses reported here and
in the Supporting Information, the various amounts of CdO,
CdCl,, and phosphonic acids are reported in Table S1 of the
Supporting Information. Given amounts of CdO, CdCl,, and
phosphonic acids and 3 g of TOPO were loaded in a reaction
flask and then heated to 120 °C under vacuum for 1 h. The
mixture was heated to 380 °C under nitrogen flow, then 2.6 mL
of TOP was injected, after which the temperature of the flask
was allowed to recover to 380 °C. In the glovebox, 100 uL of a 3.0
x 107° M solution of Cu;,_,Se NCs in TOP (corresponding,
therefore, to 3.0 x 107'° moles of NCs) was mixed with 0.5 g
of TOPS (previously prepared by dissolving 96 mg of Sin 1 mL of
TOP). The resulting mixture was then injected rapidly into the
reaction flask kept at 380 °C. After injection, the temperature of
the flask was allowed to recover to 380 °C, and the reaction was
run for 10 min (counted from the moment of the injection). We
also carried out a two-step synthesis of octapods: the first step
consisted of just transforming the Cu,_,Se seeds to CdSe NCs by
exchanging Cu™ ions with Cd** ions. In this case, the procedure
was the same as that reported above for the synthesis of
octapods, except that in this case the solution injected con-
tained only Cu,_,Se seeds dissolved in TOP, with no TOPS. The
overall reaction time after injection was 10 min, after which is
was cooled to room temperature. The CdSe NCs were purified

when their assemblies in tailored superstructures (1D,
2D, or 3D) are desired for specific applications.*’8
Finally, asymmetric octapods, with four pods having
dimensions and shapes much different from the other
four pods, might uncover interesting opportunities for
their shape-dependent optical and electronic proper-
ties and for their self-assembly behavior.

by repeated washings with toluene and methanol and redis-
persed in TOP. The second step was again the same as that
reported above for the synthesis of octapods, except that in this
case the solution injected contained, in addition to TOPS, 200 uL
of a 1.1 x 107° M solution of CdSe NCs dissolved in TOP as
obtained from the first step (instead of the Cu,_,Se seeds as in
the one-step synthesis).

Characterization. Transmission electron microscopy (TEM)
images were recorded by a JEOL JEM 1011 microscope operat-
ing at 100 kV. Energy-filtered TEM (EFTEM) elemental maps and
scanning TEM high-angle annular dark-field (STEM-HAADF)
images were recorded on a JEOL JEM 2200FS instrument
operating at 200 kV, equipped with a CEOS image aberration
corrector and an in-column energy filter (Q filter). The EFTEM
maps were acquired with the three-window method at the S L
core-loss edge (165 eV onset energy, 20 eV slit width) and at the
Se Ledge (1436 eV onset energy, 100 eV slit width). EDS analyses
from selected areas were acquired in STEM-HAADF mode using
a Bruker Quantax 400 system with a 60 mm? silicon drift
detector (SDD). High-resolution scanning electron microscopy
(HRSEM) images were obtained by a JEOL JSM 7500FA micro-
scope, equipped with an Oxford X-Max 80 system with a SDD for
EDS analyses. Powder X-ray diffraction (XRD) measurements
were performed with a Rigaku SmartLab X-ray diffractometer
using Cu Ka source (50 kV, 150 mA), and X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a Kratos
Axis Ultra DLD spectrometer using a monochromatic Al Ko
source (15 kV, 20 mA).
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