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Shape Control of CdSe/CdS Nanocrystals During
Shell Formation and Growth: Dominating Effects
of Surface Ligands Over Core Crystal Structure

Junjie Hao"***, Haochen Liu*¥, Xijian Duan®’, Ziming Zhou*’, Bingxin Zhao?, Wenda Zhang?’, Bing

Xu®, Xiao Wei Sun>>**, Marie-Helene Delville™

ABSTRACT  CdSe/CdS nanocrystals (NCs) are among the most studied, yet,
there is still much information to be gained. This work reveals that
core@shell NCs with different shapes are more controlled by the interaction
between the NC surface and the capping ligands than the core
concentration, and not at all by the difference in the crystalline nature of
the core. Among the precursors, cadmium carboxylates promote an
isotropic structure while conversely, long-chain cadmium phosphonates
favor an anisotropic one. Cadmium carboxylates are critical in the formation
of the headshell while cadmium phosphonates play a role in the anisotropic
tail growth. Against expectations, the CdSe-core crystal structure (zinc
blende or wurtzite) plays very little role in determining the structure of the
final shape, which may be due to the two-stage CdS shell formation process,
and gives rise to a tadpole shape. With appropriate capping ligands, precise
control of the CdSe/CdS structures can be achieved in both shape formation
and growth process. We claim, here, that CdSe/CdS with morphologies as
different as tadpoles, nanoflowers, dot-in-rods, and tetrapods are obtained
with only varying surface ligand ratios. This unique crystal-growth
mechanism can be applied to other seed-mediated methods to produce
anisotropic nanostructures.

Keywords: Tadpole shape, CdSe/CdS NCs, Shell growth control, Effects of surface
ligands, Core crystal structure

INTRODUCTION
The synthesis of core@shell colloidal semiconductor NCs

with controlled size and shape in their quantum confine-
ment size regime has been very successful in the last two
decades [1-7]. Extensive studies have revealed that they are
of great interest for catalysis [8, 9], optoelectronics [10, 11],
chirality [12, 13], and self-assembly. The most interesting
NCs should not only be highly monodispersed in size but
also have a unique shape. Unfortunately, even for the most
studied CdSe/CdS NC systems, the structural perfection of
the NC form has not yet reached a satisfactory level, espe-
cially from the point of view of anisotropy. The results de-
scribed below suggest that, instead of considering the crys-
tal structure of the core, it is also mandatory to take into
account the crystal interface and the effects of surface lig-
ands as well as the core concentration to control the shape
uniqueness. In the specific case of the CdSe/CdS NCs with
a tadpole shape, we will show that surface effects dominate
and control the differences in shape during both the for-
mation and the growth of the CdS shell.

Recently, the seed-mediated core@shell growth
method was tried to produce anisotropic NCs. Compared
to the one-pot synthesis, it improves the nucleation-growth
processes, with better control of the mono-dispersity and
the uniformity of the morphology [1, 6, 14-16]. Anisotropic
NCs exhibit optoelectronic properties different from those
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of the spherical quantum dots (QDs) due to dimension-de-
pendent quantum confinement [2, 17-21]. In particular,
anisotropic core@shell NCs have both efficient charge sep-
aration and efficient carrier transport, which make them
promising in a wide range of optoelectronic applications,
for instance, photovoltaics [22], electron transistor [23],
optical strain gauge [24], chirality [12, 13, 25], and photo-
catalysis [8, 9]. The anisotropic morphology of shells
mainly arises from a dissimilar growth rate in different spa-
tial directions due to a difference in surface energy between
the different crystal facets of the cores [6]. The usual strat-
egy to induce a break in shell symmetry growth is to use
extra ligands such as phosphonic acids [2, 18] and halides
[26]. They selectively bind onto specific facets of the crys-
tals controlling their surface energy and their growth rate.
The side facets of the wurtzite (W) rods and tetrapods are
typically nonpolar ones and claimed to be stabilized by the
so-called “cadmium-phosphonic acid complexes” [27, 28].
Generally speaking, the preparation of polar NCs with spe-
cific shapes often requires an alternation of isotropic and
anisotropic growth processes. This means that a secondary
shell growth process is always needed [6, 15, 16], compli-
cating the overall preparation and increasing its cost be-
cause of repeated purifications and re-growth stages.

In this work, we propose an alternative way with a
two-type ligand-mediated core@shell growth method
based on a controlled combination of mixed cadmium-
phosphonic acid and cadmium-carboxylic acid complexes
acting as ligands. This method then differs from the most
commonly used single-type ligand syntheses, in that it con-
trols both the morphologies and sizes of the NCs [1-4, 24].
No additional purification or injection processes are re-
quired, and the anisotropic growth is achieved in a single
one-pot process. This method assumes that the shape con-
trol of the CdSe/CdS NCs is regulated by the strength of the
bond interaction of these ligands with the exposed surface
ions of the NCs. Based on previous results [29, 30], a more
systematic study of the different capping ligands and, more
specifically, their ratios, was performed here to control and
understand the formation of specific shapes other than the
known rods or tetrapods.

EXPERIMENTAL SECTION

Synthesis of CdSe/CdS Tadpoles

In a typical synthesis of CdSe/CdS Tadpoles via the seeded
growth procedure, the seeding solution consisted of CdO
(115.8 mg, 0.9 mmol) mixed, in a 50 mL flask, with tri-n-
octyl phosphine oxide (TOPO, 3 g, 7.76 mmol), n-octade-
cyl phosphonic acid (ODPA, 285 mg, 0.852 mmol) and
oleic acid (OA, 908 mg, 1.02 mL, 3.21 mmol). The resulting

mixture was heated first at 150 °C and purged with five vac-
uum/argon cycles, then at 320 °C to obtain a completely
transparent solution, and dissolve all the solids. Because of
the mixture of ODPA and OA ligands, the reaction rate was
very slow and took more than 2 hours, as opposed to pure
ODPA or OA systems; for instance, only 30 minutes are re-
quired in the case of pure ODPA with a transparent light-
yellow solution instead of colorless. After 1.5 mL of tri-n-
octyl phosphine (TOP) were added and the temperature
maintained at 320 °C, 50 nmoles of the previously obtained
W-CdSe-TOP solution were introduced. The S-TOP (0.5 M,
3 mL, 1.5 mmol) was divided into four incremental injec-
tions at 2-minute intervals (0, 2, 4, and 6 minutes). The
CdSe/CdS NCs were allowed to grow at 320 °C, for approx-
imately 8 minutes after the W-CdSe core injection. Aliquots
were removed from the reaction mixture at different time
intervals and diluted in chloroform. Finally, the reaction
mixture was cooled down to room temperature and an ex-
traction procedure was used to separate the NCs from the
side products and unreacted precursors. For control exper-
iments, the S-TOP was also injected in one shot.

Synthesis of Different Shapes of CdSe/CdS NCs Based on
W-CdSe

Nanoflowers, three-tail, and two-tail Tadpoles, DRs, and
tetrapods were synthesized by a process identical to that for
the one-tail Tadpole NCs. We just worked on the chemical
nature of the ligands, their ratios, and/or the core concen-
tration. For instance, a nanoflower shape can be obtained
using ODPA (0 mg, 0 mmol) and OA (1.02 mL, 3.21 mmol);
a three-tail Tadpole requires ODPA (100 mg, 0.299 mmol)
and OA (1.02 mL, 3.21 mmol), while a two-tail Tadpole
needs ODPA (150 mg, 0.448 mmol) and OA (1.02 mL, 3.21
mmol). Different aspect ratios (AR) for DRs can also be ob-
tained by changing the ligand ratios: for example, ODPA
(633 mg, 1.89 mmol) and HPA (0 mg, 0 mmol), or ODPA
(600 mg, 1.79 mmol) and HPA (162 mg, 0.975 mmol). The
Tetrapod shape can be synthesized by the same process as
for DRs, just decreasing the amount of CdSe cores from 50
nmoles to 5 nmoles.

RESULTS AND DISCUSSION

By designing the reaction system as illustrated below, it is
possible to separate the initial nucleation stage from the
subsequent growth process, and somewhat demonstrate
different trends in the ligand effects. W-CdSe cores with a
2.8 nm diameter were used as starting materials. All the ex-
periments were performed at 320 °C in the presence of var-
ious ratios of ODPA and OA as capping agents. Other pa-
rameters such as the variation of the core concentration, the
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incremental injection, and the one-shot of the solution sul-
fur were also carried out and mentioned when necessary.
The effects of ODPA as a source of symmetry breaking
We first performed the experiments by adding sulfur in
four incremental-solution injections (see the experimental
section for more information). Since ODPA is known as a
key factor for the anisotropic growth of W-CdSe/W-CdS
NCs [15, 17, 21, 24, 27, 31], we undertook a systematic
study of its influence as an OA-disrupting ligand by varying
its ratio up to 20%. The main morphologies and their
ultraviolet-visible (UV-vis.) and photoluminescence (PL)
spectra are presented in Fig. 1 and Fig. S1-S2. They
significantly illustrate the role played by this phosphonic
acid. In the absence of such a ligand (large excess of OA),
the obtained nanoflower-like morphology can be
considered symmetric (Fig. la) compared to those
obtained (Fig. 1b-d) after the addition of ODPA, even in a
small amount.

Figure 1 Transmission electron microscope (TEM) images of the
evolution of the different shapes of W-CdSe/W-CdS NCs when
changing the molar ratio ODPA/(ODPA+OA), for a constant
amount of OA of 1.02 mL (3.21 mmol). (a) ODPA, 0%; (b) ODPA,
100 mg, 8.5%; (c) ODPA, 150 mg, 12.3%; (d) ODPA, 285 mg,
20.9%.

These experiments confirm the suggestions made by
Alivisatos et al. [15] and Cheon et al. [1] who claimed that
the surface energy of the NCs is modulated by introducing
surfactants that are susceptible to adsorb onto the different
surfaces of the growing crystallites. The difference in the
growth rate between the different crystallographic direc-
tions is, thus, accentuated [1, 15]. Then, because of the
much stronger binding between the cadmium cation and
the phosphonate anion [32, 33], the presence of additional
ODPA in the cadmium precursor solution drastically
changes the composition of the ligands around the CdSe
core; this, in turn, modifies the shape of the growing NC.
Indeed, for a given amount of OA when no additional

ODPA is introduced the resulting nanoobjects exhibit a ra-
ther symmetric growth with a resulting nanoflower mor-
phology (Fig. 1 a, Table S1). This is probably because the
amount of ODPA released into the solution from that pre-
existing on the core surface is too small to induce any sym-
metry breaking during the growth process.

However, when adding and adjusting the amount of
ODPA in the injection solution and therefore adjusting the
ligand ratios (ODPA/(OA+ODPA) = 8.5, 12.3, 20.9%),
other morphologies were obtained and named Tadpoles
henceforth (Fig. 1 b-d, Table S1). With the increase in ani-
sotropy, the diameter gradually decreases and the quantum
yield gradually increases (Table S2). The head of the Tad-
poles, their aspect ratio (AR), and the number of tails sys-
tematically decrease when the ODPA ratio increases con-
firming, here in a nice way, the strong implication of ODPA
not only in symmetry breaking but also in morphology an-
isotropy. It also confirmed its selective binding to the {100}
and {110} surfaces of the growing crystallites, orientating
the growth pattern along the [001] direction to eventually
form a long tail. In the absence of ODPA or at low concen-
trations, due to the weak “selective adhesion” process, the
faceted NCs form flowers and Tadpoles with three and two
tails. When an increased ratio of the ligand with “selective
adhesion” (ODPA), the Tadpole shape with a single tail pre-
vails. The presence of these surface ligands was confirmed
by NMR (Fig. S3) where besides the peaks in *P NMR
spectrum of free TOPO is at § = 48.7 ppm and that of free
at § = 30 ppm we observe the large *'P NMR peak of coor-
dinated ODPA centered at 25ppm in good agreement with
the variety of possible binding modes of the phosphonate
to the NCs surface, which shift to lower fields with respect
to the free phosphonic acid. In fact, in between (Cd(OA),)
and (Cd(ODPA),), cadmium dicarboxylate is the most re-
active and participates first to generate a symmetric shell
around the CdSe core.

Characterization of Tadpole shape NCs based on W-
CdSe

The experimental conditions found to obtain Tadpoles as
in Fig. 1d are reproducible as shown in Fig. 2 (50 nmol
CdSe Cores, ODPA (285 mg, 0.85 mmol), and OA (1.02 mL,
908 mg, 3.21 mmol)), and are referred to as Reference Con-
ditions (RC). This Figure also provides the physical-chem-
ical characterizations of this type of morphology. Fig. 2a
shows a representative high-magnification transmission
electron microscope (TEM) image of these CdSe/CdS Tad-
poles.
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Figure 2 (a) Representative TEM image of CdSe/CdS Tadpoles; (b)
High-resolution TEM (HR-TEM) images of the tail of a Tadpole

NGC; (c) HR-TEM images of the head of a Tadpole NC; (d) X-ray

diffraction (XRD) pattern of CdSe/CdS Tadpoles; (e) UV-vis. and

PL spectra of CdSe/CdS Tadpoles.

They exhibit a head bigger (see Fig. S4 for the defini-
tion of the head and tail) than the core precursor, prolonged
by a single long tail: see also a large area image in Fig. S5
This morphology is very different from the already re-
ported dot-in-rods (DRs) or tetrapods obtained with con-
ventional seeded growth procedures [2, 17, 24, 26, 27]. As
shown on the high-resolution TEM (HR-TEM) image of a
single Tadpole (Fig. 2b), the lattice fringes of the tail have
an interplanar spacing of 0.341 nm, corresponding to (002)
planes of the CdS wurtzite phase.

The lattice fringes of the head in Fig. 2¢c show a clear
hexagonal packing pattern with the 0.216 nm d-spacing
corresponding to (110) crystal planes of the W-CdS. This
indicates that the Tadpole does grow along the c-axis of the
W phase. The CdS shell crystallizes in the wurtzite type for
the whole core@shell NCs, in agreement with the literature,
which mentions that CdS prefers to grow in the wurtzite
phase starting from W-CdSe seeds [2]. These data are con-
firmed by the X-ray diffraction (XRD) pattern in Fig. 2d,
which also shows a wurtzite crystal structure for the
CdSe/CdS Tadpoles (CdSe: JCPDS 08-0459 and CdS:
JCPDS 41-1049). The intense and sharp peak of the (002)
crystal planes suggests that a long (002) domain of the
wurtzite phase is present in the Tadpole [26, 27, 34] and
consistent with the HR-TEM data in Fig. 2b. The optical
properties of the Tadpoles are typical: a broad band of the
CdS absorption below 500 nm in UV-vis. absorption spec-
troscopy and a peak at 631 nm in PL spectroscopy (Fig. 2e).
A more specific study shows the variation in the NC ab-
sorption and PL spectra all along the reaction process (Fig.
S6). TEM analysis confirmed these modifications in sizes

and shapes (Fig. 3, Table S3). The first excitonic absorption
peak shifts downward with time (from 0 to 8 minutes) (Fig.
S6a), as typically observed during CdS shell growth [3, 35].
As the CdS goes on depositing on NCs (Fig. 3), the intensity
of the broad absorption band below 500 nm gradually in-
creases (Fig. S6a).

Additionally, the PL maximum wavelength redshifts
from 554 to 631 nm with, first, a decrease and then an in-
crease of the full width at half maximum (FWHM) (Fig.
S6b). Such significant red shifts can be regarded as a signa-
ture of successful epitaxial growth of the shell, instead of
serious alloying between the core and shell [3, 36]. This
FWHM decrease is attributed to the reduction in the parti-
cle size distribution during the epitaxial growth; the subse-
quent band broadening likely results from the directional
growth of the objects and the inhomogeneity of the final
Tadpole structures.

TEM analyses were performed on at least 200 na-
noobjects obtained after reactions run over different times
(Fig. 3) to investigate the growth mechanism, especially the
tail growth process starting from W-CdSe seeds. As shown
in the line scanning images (Fig. S7), the CdSe core is lo-
cated at the head of the Tadpole NCs. They show that the
Tadpole growth process seems to be divided into two main
stages (Scheme 1, the two-stage growth process of the four
morphologies are present in Scheme S1). Stage 1 is the for-
mation of a wurtzite-type CdS shell around the core (Fig. 3
b-c) [1, 2]; it easily forms at such a high reaction tempera-
ture (320 °C) since, at this temperature, CdS adopts a
wurtzite crystal phase whether the seeds are of the W- or
zinc blende (ZB-) type [1, 2]. This initial spherical shape of
W-CdSe/CdS (< 2 minutes) is due to the high reactivity of
cadmium dicarboxylate [35], which first coordinates to the
CdSe surface and forms an isotropic CdS layer leading to
an isotropic growth. It is followed by a so-called stage 2,
with the preferential coordination on the {100} and {110}
surfaces of phosphonate ligands that reduce the growth of
these faces and favor the tail growth along the [001] direc-
tion to achieve this specific morphology (Scheme 1 and Fig.
3 d-f). This was also confirmed by control experiments us-
ing OA first followed by the subsequent ODPA addition
(Fig. S8), the tail of the NCs gradually grew after the addi-
tion of ODPA (Fig. S8 c and d).
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Fgure 3 TEM images showing the size variation of CdSe/CdS
Tadpoles with time during their synthesis starting from W-CdSe
and 1.02 mL OA and 20.9% ODPA: (a) CdSe core (S0); (b) 0.5 min
(S2); (¢) 1 min (S3); (d) 2 min (S4); (e) 4 min (S5); (f) 8 min (S1,
RC).
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Coating with CdS Grow along the
o==o==--
Isotropic growth [001] direction

cdse/cds

Stage 2

[001]
direction

CdSe Core Tadpole-S4 Tadpole-S1

Scheme 1 A two-stage growth process of the Tadpole morphology
with, in the first stage, the isotropic CdS shell growth; then in stage
2, the Tadpole shape gradually forms by shell growth along the ¢
direction.

This hypothesis is also illustrated by literature data,
which show that cadmium diphosphonates foster the
growth of tetrapods and anisotropic rods [27, 28, 37], as op-
posed to cadmium dicarboxylates which favor the growth
of isotropic QDs [3, 35, 36, 38]. This difference between
carboxylate and phosphonate ligands in inducing such dif-
ferent shapes links directly to their respective coordination
ability. Indeed, a phosphonate group can coordinate with
up to three or more cation centers, instead of one (or two)
for the carboxylate group, the phosphonate is also bigger
and then less polarized than the carboxylate [35, 39, 40].
This is why the use of a mixture of these two ligands to
complex Cd?** cations in the precursor solution, yields W-
CdSe/CdS with a Tadpole shape and very high structure
purity (~ 100% in Fig. S5). The study of these ligand ratios

shows that introducing ODPA not only increases the tail
length but also decreases the head size (Table S1), blocking
the access of OA to the surface even if it is still in excess.
This was also confirmed by the control experiments using
ODPA first and then adding OA (Fig. S9).

The effects of OA: from DRs to Tadpoles

To study the impact of OA on Tadpole growth, we first var-
ied its concentration at a fixed ODPA content (285 mg, 0.85
mmol), as shown in Fig. 4 (a-e) and Table S4.

OA (mmol)
Figure 4 TEM evolution of the different shapes with the ratio of
OA ligand, ODPA being constant (285 mg, 0.85 mmol). (a) OA
volume (mL), (molar % (OA/(OA + ODPA))), 0 mL (0); (b) OA,
0.33 mL (55.0); (c) OA, 0.5 mL (65.0); (d) OA, 1.02 mL (79.1); (¢)
OA, 1.5 mL (84.8); (f) variation of the length with the OA molar
content.

We also investigated the formation process of the tad-
pole head, choosing a total molar amount of ligands (OA +
ODPA = 1.89 mmol) and varying their ratio to cover a
range (OA/(OA + ODPA)) from 0 to 85% (Table S4). In the
absence of OA, nanorods are formed (Fig. 4(a)). The addi-
tion of OA not only induces an asymmetric growth of the
nanoobject (Fig. 4(b-e)) but also influences the length of
the nanostructure formed. Indeed, the size of the Tadpole
head tends to rapidly reach a limit value of 11 nm with the
increase in OA ratio (Fig. 4(f)), while the tail length goes
on increasing. Assuming no dissolution of the CdSe cores
takes place, we explain this result with an increase in the
reaction rate, which seems to be linearly dependent on the
acid concentration.

At a constant concentration of ODPA, increasing the
OA content in the system changes the composition of the
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cadmium complexes ratio. This also induces a modification
of this composition at the available surface areas of the NC
head and increases its size. This CdS shell thickness in-
crease is also characterized by the redshift of the first exci-
ton absorption peak (Fig. S10). This is, once again, con-
sistent with the two stages described above: (1) the first
stage growth and the high activity of cadmium carboxylate
complexes, and (2) the subsequent growth of CdS along the
[001] direction to form the long tail.

However, the homogeneity in the Tadpole morphol-
ogy can decrease, and some tetrapods appear when the OA
ratio is too high (OA, 1.5 mL). In addition, the anisotropic
growth of the CdS tail decreases with the decreasing OA
ratio. We, therefore, chose the 1-mL OA sample as the best
one to further study the effects of ODPA.

All these combined results confirm that the effects of
the ligands on the tail and the head growth stages are sepa-
rated. In fact, by playing on the difference in (i) reactivity
between (Cd(OA),) and (Cd(ODPA),) on the one hand and
(ii) the respective binding strengths of the Cd-bound lig-
ands, on the other hand, it becomes possible to fine-tune
and target the desired CdSe/CdS morphology.

The influence of the concentration of the CdSe cores on
Tadpole shape

Experiments performed to grow Tadpoles with high ARs
revealed that both length and selectivity in the Tadpole
shape also depended on the concentration of the cores in
the solution. To investigate this role, a series of shell growth
experiments using various concentrations of W-CdSe cores
were undertaken. With the ligand ratio of the reference
condition (RC), (Fig. 5), we observed several phenomena
as soon as we decreased the concentration of the cores: (i)
the tadpole shape was maintained, (ii) the tadpole tail sig-
nificantly increased, and (iii) the same applied to the aspect
ratio, with tadpoles reaching a total length of 181 nm (Fig.
6) and an AR of nearly 9 (Table S5). As shown in Fig. S11,
all the samples exhibit a large Stokes shift in UV-vis. spectra.

Figure 5 Effect of the concentration of the cores on the morphol-
ogy of the resulting nanoobjects. (a-d). The ligands are OA (1.02
mlL, 3.21 mmol), and ODPA (285 mg, 0.85 mmol), and the cores
concentrations are (a) 5 nmol, (b) 15 nmol, (c) 50 nmol (RC), and
(d) 100 nmol, respectively.
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Figure 6 Variation of the Tadpole length (blue) and head diameter
(green) with the concentration in seeds. Lines are guides for the
eyes.

On the contrary, the tail diameter (measured system-
atically at the beginning of the tail position) remains un-
changed (5.5-6 nm). This constancy in the diameter is due
to an identical ratio between the two ligands (ODPA and
OA) adsorbed on the tail surface, at this time of the reaction
in all the experiments.

However, for a low concentration of the cores (5
nmol), the final structural purity of the NCs becomes grad-
ually poorer (Fig. 5 a-b) with the formation of tetrapods
(yellow circles in Fig. 5 a). Indeed, in such a case, the rela-
tive concentrations of Cd** and $* are so high, that the CdS
growth around each core becomes isotropic, and a tetrapod
forms as previously reported [2, 15, 21, 24, 27, 31]. This
phenomenon also appears in the case of DR synthesis. This
process uses typical cadmium phosphonates for a 1D shape
control, as shown in Fig. S12 (ODPA and HPA at two dif-
ferent concentrations) where a tetrapod shape forms at low
core concentrations (5 nmol), while a DR shape is obtained
at a concentration ten times higher (50 nmol).

We also used ZB-CdSe QDs as seeds to check whether
the crystal structure of the core was a key parameter or not.
Tadpole-shaped NCs were obtained regardless of the crys-
tal structure of the core as illustrated in Fig. S13, which rep-
resents Tadpoles obtained by reacting 15 nmol of ZB-CdSe
seeds with ODPA (285 mg, 0.85 mmol, 20.9%) and OA
(1.02 mL, 908 mg, 3.21 mmol) (Table S6).

All these results (Fig. 5b, Fig. S13, and Table S6) reveal
that the use of a mixture of cadmium diphosphonate and

>
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dicarboxylate complexes under identical reaction condi-
tions promotes the growth of a Tadpole shape no matter the
crystal structure of the initial cores [35]. This is consistent
(i) with the fact that the core composition at this tempera-
ture is not a key parameter, and (ii) with our hypothesis that
the morphology of the Tadpole CdSe/CdS NCs during both
the shell formation and the growth stage is determined
mostly by the interface and the chemical nature of the lig-
ands present at this interface. This confirms the above-
mentioned two-stage mechanism, with the first growth of
the Tadpole head followed by that of the tail.

In this approach, we underlined that playing with
mixed ligands controls the difference in growth rates be-
tween the different crystallographic directions in the first
stage. Regardless of the seed crystal structure, the addition
of cadmium dicarboxylate complexes promotes the growth
of NCs heads and provides Tadpole morphologies that are
difficult to obtain with a single ligand. The final size of the
head is bigger in the case of ZB-CdSe cores (3.95 nm) than
W-CdSe, with a CdS shell thicker in the first stage, maybe
because this structure exposes faces that have a different
packing density on the surface of the initially formed NC.
At the considered temperatures, rates of ligand adsorption
and desorption on the surface of the ZB NCs being faster
than that of the W NCs can also be an explanation [7].

We checked the temperature, often a crucial parame-
ter in such a synthesis, and tested two lower ones, 260 °C
and 290 °C (Fig. 7) (50 nmol of W-CdSe cores with ODPA
(285 mg, 0.85 mmol, 21.2%) and OA (1.02 mL, 908 mg, 3.21
mmol)) (Table S7). At 260 °C, only distorted tetrahedral na-
noparticles, with AR = 1.5, formed, meaning that a very
short tail was grown at this temperature. Furthermore, the
lattice fringes at d = 0.351 nm correspond to the (002)
planes of the W-CdSe phase, confirming that only a thin
CdS shell formed. In contrast, at 290 °C, a 19 nm tail Tad-
pole formed effectively. The interplanar lattice spacing of d
= 0.341 nm corresponds to the (002) planes of the W-CdS
phase (see the HR-TEM images of a single Tadpole, Fig. 7
b,d).

0.351 nm
(002)

10 nm

0.343 nm
d) (002)

0.343 nm
(002)
0.361 nm
- (100)
\ : - 10nm
Figure 7 TEM of Tadpole-shaped NCs made at different temper-
atures. (a) 260 °C, (c) 290 °C; (b) and (d) are the corresponding
HR-TEM images.

Therefore, this synthesis is both ligand-ratio- and
temperature-dependent; it provides a broader set of solu-
tions to control the size and shape of these Tadpoles and
their subsequent properties.

One-shot injection of the shell precursors

We eventually investigated the impact of the injection
mode on the resulting nanoobjects comparing the four in-
cremental injections used above to a single shot keeping all
the other parameters identical, as for the synthesis of Tad-
poles in Fig. 1 d and Fig. S5. The resulting Tadpoles had the
same size, but the one-shot injection was less selective and
gave rise to a higher number of tetrapods (Fig. S14). We
also confirmed that in the presence of a high concentration
of precursors, the uniformity of the objects’ morphology
was destroyed (results not shown).

CONCLUSIONS
By adjusting the ratio between two functional ligands usu-
ally used separately in the synthesis of CdSe/CdS NCs, (OA
and ODPA), we performed a one-pot synthesis of
nanostructures with different controlled morphologies
such as Tadpoles, nanoflowers, DRs, and tetrapods. In con-
trast to previous works [2, 24], this study shows that the
one-pot synthesis of anisotropic CdSe/CdS with a Tadpole
shape, in the commonly known size range, i.e., 22 to 180
nm, is possible with well-chosen ligands, this regardless of
the initial crystal structure (W- or ZB-) of the CdSe seeds.
The CdSe core concentration and the ratio between the two
chosen ligands have more influence than the crystal struc-
ture of the core on the anisotropic CdS shell growth, and in
determining the shape of CdSe/CdS NCs, i.e., Tadpoles ver-
sus nanoflowers, DRs, and tetrapods.

These astutely mixed ligands promote the formation
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of these various shapes playing on both nucleation and
growth. Cadmium oleate improves early isotropic growth,
and cadmium phosphonate determines the anisotropy
structure. The influence of the temperature is negligible, as
is that of the core concentration and crystal structure. This
controllable polytypism provides new insights into sym-
metry breaking and morphology anisotropy formation in
colloidal NCs synthesis. This kinetically controlled strategy
can be potentially extended to other NC syntheses, provid-
ing an alternative protocol for morphology control. We an-
ticipate various anisotropic shapes, which can be useful in
designing chirality probes, anisotropic catalysts, and com-
plex optoelectronic transistors with semiconductor NCs.
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By adjusting the ratio between two functional ligands usually used
separately in the synthesis of CdSe/CdS NCs, (OA and ODPA), one-pot
synthesis of nanostructures is performed leading to different controlled
morphologies such as Tadpoles, Nanoflowers, DRs, and Tetrapods



