
nanomaterials

Article

Shape-Controlled Synthesis of Copper Indium
Sulfide Nanostructures: Flowers, Platelets
and Spheres

Jiajia Ning , Stephen V. Kershaw and Andrey L. Rogach *
Department of Materials Science and Engineering, and Centre for Functional Photonics (CFP), City University
of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong, China; jiajning@cityu.edu.hk (J.N.);
skershaw@cityu.edu.hk (S.V.K.)
* Correspondence: andrey.rogach@cityu.edu.hk

Received: 3 December 2019; Accepted: 13 December 2019; Published: 14 December 2019 ����������
�������

Abstract: Colloidal semiconductor nanostructures have been widely investigated for several
applications, which rely not only on their size but also on shape control. CuInS2 (often abbreviated
as CIS) nanostructures have been considered as candidates for solar energy conversion. In this
work, three-dimensional (3D) colloidal CIS nanoflowers and nanospheres and two-dimensional
(2D) nanoplatelets were selectively synthesized by changing the amount of a sulfur precursor
(tert-dodecanethiol) serving both as a sulfur source and as a co-ligand. Monodisperse CIS nanoflowers
(~15 nm) were formed via the aggregation of smaller CIS nanoparticles when the amount of
tert-dodecanethiol used in reaction was low enough, which changed towards the formation of larger
(70 nm) CIS nanospheres when it significantly increased. Both of these structures crystallized in
a chalcopyrite CIS phase. Using an intermediate amount of tert-dodecanethiol, 2D nanoplatelets
were obtained, 90 nm in length, 25 nm in width and the thickness of a few nanometers along the
a-axis of the wurtzite CIS phase. Based on a series of experiments which employed mixtures of
tert-dodecanethiol and 1-dodecanethiol, a ligand-controlled mechanism is proposed to explain the
manifold range of the resulting shapes and crystal phases of CIS nanostructures.
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1. Introduction

Colloidal semiconductor nanostructures have been extensively investigated due to their size
dependent electronic structure and their attractive optical properties [1,2]. The band gap of
semiconductor nanocrystals (NCs) can be conveniently tuned by changing the size, when it is
comparable to or smaller than the Bohr exciton radius [3]. Beside the size, the shape also has a strong
influence on the electronic structure and optical properties of semiconductor nanostructures [4,5].
For example, polarized emission is a characteristic property of one-dimensional (1D) semiconductor
nanorods [6], which can be used for application in displays [7]. Two-dimensional (2D) semiconductor
nanoplatelets (NPLs) have also been widely developed and investigated [5,8]. CdSe NPLs with a
low number of layers, defined with atomic precision, show very narrow absorption and fluorescence
spectra [7], and polarized emission was observed as well [9]. Size- and shape-controlled syntheses
of Cd-based semiconductor nanostructures has been, in general, well developed: dot-, rod-, wire-,
platelet-, tetrapod- or octapod-shaped NCs have all been produced and extensively studied [10–12].
However, the presence of the heavy metal Cd in these materials severely limits their applications in
many commercial types of optoelectronic device and in biomedicine.

CuInS2 (often abbreviated as CIS) is a heavy metal-free and earth abundant ternary semiconductor,
which has a direct band gap of ~1.5 eV and a Bohr exciton radius of ~4.1 nm [13]. It is a stable
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compound with a large extinction coefficient of ~105 cm−1 at 500 nm, [14] which makes it one of the
best materials for solar energy conversion. Thin film CIS solar cells have been widely developed,
employing fabrication via sputtering or evaporation methods. [15] Colloidal synthesis is yet another
popular approach towards the fabrication of CIS-based solar energy conversion devices. [16] Colloidal
CIS NCs can be synthesized through the reaction of copper and indium salts (chlorides, iodides and
carboxylates) with various sulfur precursors (thiourea, n-alkylthiols, and elemental sulfur), as well as
by the decomposition of single molecule precursors [17]. Because of the higher reactivity of copper
precursors, Cu2S NCs can form at the initial stage, and ternary CIS NCs can then be formed via a
partial cation exchange. [18] Based on the cation exchange reactions, mixed-phase materials, such
as Cu2S-In2S3 and Cu2S-CIS, were also reported in some cases [19,20]. We note that the majority of
colloidal CIS nanostructures were mostly reported in dot- and rod-shapes [17], and broader tuning
of the shapes is still a challenge. Herein, we have developed a colloidal method to synthesize CIS
nanostructures with different sizes, shapes and crystal phases, ranging from small nanoflowers and
larger-sized nanospheres with chalcopyrite crystal structure, and NPLs in the wurtzite phase. The shape
and size control has been enabled by the use of tert-dodecanethiol (t-DDT) which played a crucial role
in the formation of CIS nanostructures reported here.

2. Experimental Section

Chemicals: Indium (III) acetate (99.99%), copper (I) iodide (98%), tert-dodecanethiol (t-DDT,
98.5%), 1-dodecanethiol (1-DDT, 98.0%), 1-octadecene (ODE, 90%), toluene (99%, anhydrous), and
ethanol (99.8%, anhydrous) were purchased from Sigma-Aldrich. Oleylamine (OLA, approximate C18
content 80−90%) was purchased from Acros.

The experiments below were carried out using standard airless techniques: a vacuum/dry Ar gas
Schleck line was used for the syntheses.

Synthesis of CIS nanoflowers: Indium acetate (146.0 mg, 0.5 mmol), copper iodide (95.3 mg,
0.5 mmol), OLA (4.0 mL) and ODE (8.0 mL) were added into a three-neck flask which was then
connected to a Schleck line. The mixture in the three-neck flask was degassed and heated to 90 ◦C, and
the mixed solution was kept at 90 ◦C under vacuum for 1 h to remove any water from the system. Then
the solution was heated to 180 ◦C to form a clear solution. At 180 ◦C, 0.5 mL of t-DDT was injected into
the three neck flask. Then the reaction was kept at 180 ◦C for 1h. The crude CIS nanoflowers product
solution was dissolved in toluene, and the CIS nanoflowers were precipitated by adding ethanol and
with the aid of centrifugation. All of the CIS nanoflower products were purified by dissolving in
toluene and precipitating with ethanol for three cycles, and were finally re-dissolved in toluene.

Synthesis of CIS NPLs: The synthetic process was similar to the synthesis of CIS nanoflowers,
with the difference being that the injected amount of t-DDT was increased. Thus, 1.0 mL of t-DDT was
injected into the three-neck flask at 180 ◦C with 0.5 mmol of copper precursor and 0.5mmol indium
precursor in OLA and ODE. Then, the reaction was kept at 180 ◦C for 1 h. The crude CIS NPL product
solution was dissolved in toluene, and the CIS NPLs, as above, were precipitated by adding ethanol
with the aid of centrifugation. Again, all of the CIS NPL products were purified by dissolving in
toluene and precipitating with ethanol for three cycles and were finally re-dissolved in toluene.

Synthesis of CIS nanospheres: The synthetic process was similar to the synthesis of CIS
nanoflowers and NPLs, but in this case the injected amount of t-DDT was increased still further.
Here 2.0 mL of t-DDT was injected into the three-neck flask at 180 ◦C with 0.5 mmol of copper precursor
and 0.5 mmol indium precursor in OLA and ODE. Then the reaction was kept at 180 ◦C for 1 h.
The crude CIS nanospheres product solution was dissolved in toluene, and the CIS nanospheres were
precipitated by adding ethanol with the aid of centrifugation. All of the CIS nanospheres products
were purified by dissolving in toluene and precipitating with ethanol for three cycles, and were finally
re-dissolved in toluene.

Characterization: Transmission electron microscopy (TEM) was performed using a Philips CM-20
at an accelerating voltage of 200 kV. TEM grids were prepared by depositing one drop of a solution
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of purified nanoparticles onto an ultrathin carbon-coated grid. High-resolution TEM (HRTEM)
was performed using a JEOL 2100F high-resolution transmission electron microscope running at
an accelerating voltage of 200 kV with a field-emission gun as an electron source. The grids for
HRTEM were prepared by depositing one drop of a solution of purified nanoparticles onto an ultrathin
carbon-coated grid. Powder X-ray diffraction (XRD) patterns were obtained using Cu Kα photons
from a Bruker D2 Phaser operated at 40 kV and 30 mA. Each sample was deposited as a thin layer on a
low background-scattering quartz substrate. Absorption spectroscopy was performed on a Cary 50
ultraviolet–visible spectrophotometer (Varian) using quartz cuvettes. The samples were dissolved
in toluene.

3. Results and Discussion

Copper iodide and indium acetate were used as metal precursors, which were dissolved in a
mixture of 1-octadecene (ODE) and oleylamine (OLA). At 180 ◦C, the sulfur precursor (t-DDT) was
injected into the metal precursors solution, and the amount of this reagent largely determined the shape
of final CIS NCs, as will be demonstrated below. Figure 1 provides the reaction conditions for CIS
NCs with three different shapes, namely nanoflowers, NPLs and nanospheres. CIS nanoflowers were
formed when the amount of injected t-DDT was 0.5 mL; they had monodisperse sizes of around ~15 nm,
and were formed from a few smaller (3–5 nm) CIS nanoparticles (Figure 1a). Similar flower-shaped
nanostructures have been widely reported for metal oxides and other semiconductors [21–23]. When
the amount of injected t-DDT was 1.0 mL, the products of the reaction were NPLs with lengths of
~90 nm and widths of ~35 nm (Figure 1b). The amount of the copper and indium precursors had some
influence on the width of the CIS NPLs, as shown in Figure S1. When 0.5 mmol of copper iodide
and indium acetate were used, the resulting CIS NPLs had the width of ~35 nm (Figure S1a), which
changed towards ~30 nm and ~25 nm when those amounts were 1.0 mL (Figure S1b) and 2.0 mmol
(Figure S1c), respectively, while the length of the CIS NPLs remained more or less constant at 90 nm.
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Figure 1. Transmission electron microscopy (TEM) images of CuInS2 nanocrystals (CIS NCs) with
different shapes, (a) nanoflowers, (b) nanoplatelets (NPLs), and (c) nanospheres. Scale bars are 100 nm
for all frames.

When the amount of injected t-DDT was further increased to 2.0 mL, relatively large (~70 nm
in diameter) spherical particles were formed (Figure 1c). Similar to the CIS NPLs, the concentration
of the copper and indium precursors and the reaction temperature had an influence on the final
size of the CIS nanospheres. When higher concentrations of copper iodide (1.0 mmol) and indium
acetate (1.0 mmol) were used in the reaction, the CIS nanospheres formed had a notably smaller size
(~50 nm), as shown in Figure S2. At lower reaction temperatures (160 ◦C), the nanospheres had a
smaller size (40–50 nm) with a somewhat broader size distribution than for the CIS nanospheres (70 nm)
synthesized at 180 ◦C (Figure S3b). When the reaction temperature increased to 200 ◦C, a mixture of
CIS NPLs and nanospheres were formed (Figure S3c), and some of the latter appeared to be more of
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cubic shape. At even higher temperature, the copper and indium precursors decomposed to form
metal oxide nanoparticles.

Aiming to reveal the structure and the formation mechanism of differently shaped CIS NCs, they
were characterized by powder X-ray diffraction (XRD). Figure 2 shows XRD patterns of CIS nanoflowers
(black line), NPLs (red line) and nanospheres (blue line). Based on the standard diffraction peaks of bulk
CIS with a chalcopyrite and a wurtzite structure given at the bottom and top of Figure 2, respectively,
CIS nanoflowers and nanospheres have a cubic chalcopyrite crystal structure, while CIS NPLs have
a hexagonal wurtzite crystal structure. The widened diffraction peaks from CIS nanoflowers are
consistent with the smaller size of their constituting individual CIS nanoparticles. Sharper diffraction
peaks from CIS NPLs indicate the particles’ greater extent in two of three dimensions, as also seen
from the TEM image in Figure 1c. The strong Diffraction peak of the (002) plane of wurtzite crystal’s
structure (red line in Figure 2) indicates that the growth of the NPLs occurs along the <001> direction;
further evidence for this will be discussed below in conjunction with later HRTEM images.
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Figure 2. XRD patterns of CIS NCs with different shapes, as indicated on the frame. Standard diffraction
peaks from bulk chalcopyrite and wurtzite CIS are given at the bottom and the top, respectively.

In order to further reveal the detailed structure of CIS NCs, HRTEM was employed. Figure 3 gives
the high-resolution TEM image of several CIS nanoflowers, and a HRTEM image of one individual CIS
nanoflower, demonstrating that they were built by the aggregation of a few CIS NCs (typically less than
ten particles). The overall size of the CIS nanoflowers is about ~15.0 nm, and that of the constituent
CIS NCs is between 3.0~5.0 nm. Smaller size of the constituting CIS NCs in CIS nanoflowers results in
broader diffraction peaks in the corresponding XRD pattern (Figure 2). CIS NCs in the nanoflowers
are single crystalline, with the lattice planes observed clearly in the HRTEM image in Figure 3b.
The 0.31 nm fringe spacing corresponds to the (112) plane in the CIS chalcopyrite crystal structure,
which agrees with the crystal structure determined from the XRD pattern in Figure 2 (black trace).
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Figure 3. (a) TEM image of several CIS nanoflowers, and (b) High-resolution TEM (HRTEM) image of
an individual CIS nanoflower, showing that they are built by the aggregation of a few CIS NCs.

Similar to CIS nanoflowers, 3D CIS nanospheres with an average size of around 70 nm were
formed by the aggregation of small CIS NCs, as shown in Figure 4a. Figure 4b gives the HRTEM image
of single CIS nanosphere, where lattice fringes can be recognized in the small constituent CIS NCs,
aggregated to form a net polycrystalline structure (no overall preferred orientation of the individual
particles). A much higher resolution HRTEM image of an edge region of a nanosphere is shown in
Figure S4; the 0.31 nm lattice fringe spacing is seen in the individual small CIS NCs, near the periphery
corresponding to the distance of the (112) plane in the chalcopyrite crystal structure, in agreement with
the crystal structure of CIS nanospheres derived from the XRD pattern in Figure 2 (blue trace).
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Figure 4. (a) TEM image of a close-packed array of CIS nanospheres and (b) HRTEM image of an
individual CIS nanosphere which is formed by the aggregation of small CIS NCs.

NPLs are an interesting class of 2D nanostructures, which can show a strong quantum size
confinement effect in one direction (normal to the plate plane). CdSe NPLs with different numbers of
layers have been extensively studied, and have showed strikingly narrow absorption and fluorescence
spectra [5,7]. For the copper-based chalcogenides, some 2D nanostructures have also been reported,
such as CIS hexagonal nanosheets synthesized via a cation exchange method or produced by so-called
bottom-up synthesis methods [24,25]. These previously reported CIS nanosheets had wurtzite crystal
structures, and the thickness of the NPLs extended along the <001> direction, which is the c-axis in
the wurtzite structure. Figure 5a shows a TEM image of the CIS NPLs obtained with our approach,
which have rather uniform sizes of around 35 × 90 nm. In the HRTEM image in Figure 5b, the lattice
fringes of CIS NPLs are clearly observed, with the 0.32 nm spacing matching that of the (002) plane in
CIS with a wurtzite crystal structure, similar to the previously reported cases. However, unlike these
examples, our CIS NPLs had the platelet length (rather than the thickness) extended along the <001>

direction, corresponding to the c-axis of the wurtzite structure, as shown in Figure 5b. This feature also



Nanomaterials 2019, 9, 1779 6 of 10

accounts for the strong diffraction peak of the (002) plane of the wurtzite crystal pattern seen in the
XRD pattern (Figure 2, red trace). The thickness of the CIS NPLs is therefore along the <100> direction,
which is the a-axis of the wurtzite crystal structure; this is different to the orientation in the previously
reported CIS NPLs [24,25].
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The thickness is an important parameter for 2D nanostructures, as the quantum size confinement
effect can be tuned via the thickness control in such materials. In some CIS NPLs with roughened
edges (Figure 5a), several monolayers can be observed (Figure 5c), which translates into a thickness of
a few nanometers. Figure 5d displays an image of two overlapping CIS NPLs, which also helps to
illustrate how thin they are. The NPL underneath can be still observed clearly, indicating the thickness
of the CIS NPL on the top is a few nanometers, because the limited transmission distance of electrons
in TEM would otherwise lead to the plate on top fully obscuring the lower-lying NPL.

Figure S5 provides UV-vis absorption spectra of the CIS nanoflowers, NPLs and nanospheres.
Nanoflowers have an absorption shoulder around 750~800 nm, which is slightly blue shifted relative
to the band edge of the bulk CIS material (around 830 nm) due to the quantum size confinement effect.
The small CIS NCs, from which the nanoflowers are formed, have sizes of 3.0~5.0 nm, as shown in
Figure 3, and since this range is comparable to the Bohr radius of CIS, a blue shift of absorption occurs.
CIS nanospheres show a less distinct shoulder in their absorption spectrum around 750~800 nm,
which implies a broader size distribution for the CIS NCs of which they are composed, which is in a
good agreement with their TEM image in Figure 4. Similarly, the absorption spectrum of CIS NPLs
shows an absorption shoulder around ~750 nm, meaning the quantum size confinement effect is also
at play to a similar degree, due to confinement in the thickness direction. As previously reported for
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Cd-based 2D NPLs, these nanostructures possess thickness dependent optical properties, and also
polarized fluorescence emission [5,8,9]. In this work so far, only one particular thickness of CIS NPLs
was produced, and their fluorescence emission proved difficult to detect. The future work will focus
on thickness-controlled synthesis and appropriate surface passivation for improving the fluorescence
of CIS NPLs.

In the preceding syntheses, the shape of CIS NCs could be tuned from nanoflowers to NPLs
to nanospheres via changes in the injected amount of t-DDT. The t-DDT plays a key role in the
shape-controlled synthesis of CIS NCs, acting as both a sulfur precursor and a ligand. This reaction
component has been used before to synthesize Cu-In-Zn-S nanoflowers [26]; the authors claimed
that the decomposition of surface-bound t-DDT was the reason for the aggregation of smaller NCs to
form larger scale nanoflowers. They also observed that the use of the less t-DDT led to the formation
of larger size Cu-In-Zn-S nanoflowers. Thus, in order to further understand the role of t-DDT in
the shape-controlled synthesis of our CIS NCs, some additional ligand-controlled experiments were
conducted, using mixtures of 1-DDT and t-DDT. Notably, 1-DDT has a similar, but not branched,
structure to t-DDT, and has also been widely used to synthesize dot-shaped CIS NCs, again fulfilling
the roles of both a sulfur precursor and a ligand [13,17]. The size and shape of the produced CIS
NCs is shown in Figure S6. When the mixture of 1-DDT (1.0 mL) and t-DDT (1.0 mL) was injected
into the copper and indium precursor solution instead of 2.0 mL of t-DDT only, the resulting CIS
NCs showed dot-shaped habits with sizes of 3.0~4.0 nm (Figure S6a). It was observed that 1-DDT
dominated the synthesis of these CIS NCs, and the produced nanoparticles showed similar sizes
and shapes to those that would be obtained with 1-DDT only. When the injected amount of 1-DDT
was decreased to 0.5 mL, and the total injected solution of thiols was kept at a volume of 2.0 mL,
the diameter of the synthesized dot-shaped CIS NCs reached ~6.0 nm (Figure S6b). Because of the
decreased 1-DDT content, the t-DDT started to play a more significant role as a ligand, and larger CIS
NCs were obtained. At these synthetic conditions stage, however, 1-DDT still controlled the shape of
the CIS NC product. When the injected amount of 1-DDT was further decreased, still proportionately
more t-DDT could actively participate in the growth and now a transition to more complicated CIS NC
shapes was observed (Figure S6c,d). As shown in Figure S6d, where only a little 1-DDT was injected,
the latter was not enough to serve as a ligand to all of the CIS NCs. Most of the ligands interacting with
the CIS NCs were the now dominant t-DDT, so that flower-shaped CIS NCs with a dot-shaped central
part were formed (Figure S6d). The formation of such nanostructures may imply that the t-DDT ligand
primarily induced the aggregation of the CIS NCs to form flower-shaped CIS nanoparticles. Figure S6c
illustrates the reaction products formed at an intermediate state; the synthesized CIS NCs have both
dot-shapes and flower-shapes. We conclude that the proportion of 1-DDT can be used to induce the
formation of dot-shaped CIS NCs, while the presence of t-DDT predominantly drives the formation of
flower-shaped CIS NCs assemblies. Compared with OLA, such thiol ligands have stronger binding to
CIS NC, and thus dominate final shape of the reaction products.

In the same vein as the discussions above, moderating the amount of the t-DDT ligand from
0.5 mL to 2.0 mL (as was done in the main part of the discussion above) when used alone can also
induce the aggregation of CIS NCs to form differently shaped nanostructures. When 0.5 mL of t-DDT
was injected into the reaction, it is estimated that ~0.24 mL of the t-DDT acted as a sulfur precursor
and the remaining ~0.26 mL of t-DDT acted as a ligand. The 0.26 mL of t-DDT was not enough to
cover all of the surface of the CIS NC product, so this role was partially met by the relatively weaker
binding OLA which also acted as a ligand for the CIS NCs. The surface of the CIS NCs NCs and some
parts of the t-DDT ligand coverage could now aggregate at a high temperature, and as a result CIS
nanoflowers could then be formed by NC aggregation via the openings provided by the partial t-DDT
binding over a proportion of the surface substituent NCs. The presence of OLA as a co-ligand prevents
the formation of larger CIS NCs, such as nanospheres, and only small-sized CIS nanoflowers were
obtained. However, when 2.0 mL of t-DDT was injected into the reaction vessel, its overall amount was
sufficient to fully meet the role of ligand for the CIS NCs. In this case, all of the produced CIS NCs were
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sufficiently covered with the t-DDT ligand. Related to our discussion of Figure S6, t-DDT is a stronger
ligand than OLA, and at high temperatures CIS NCs could aggregate in a more extensive manner
to form larger nanospheres dominated by this particular ligand. The CIS NPLs (synthesized upon
injection of 1.0 mL of t-DDT) are the intermediate case between the nanoflowers and nanospheres,
where the CIS NCs carry on t-DDT as the main ligand and a lesser proportion of the surface is still
occupied by OLA. The t-DDT ligand then binds preferentially at a high energy surface and the OLA on
a lower energy surface, leading to a more ordered assembly into NPLs than that which occurs with
either an over- or an under-abundance of the thiol ligand.

4. Conclusions

In conclusion, CIS nanostructures with flower-, platelet- and sphere-like shapes were synthesized
via a colloidal method, by altering the injected amount of t-DDT reactant acting as both a sulfur
precursor and a ligand. CIS nanoflowers were formed by the aggregation of a few small (3–5 nm) CIS
NCs, and possessed the chalcopyrite crystal structure. Similar to nanoflowers, larger monodisperse
CIS nanospheres with diameters of around 70 nm were formed via the aggregation of many small
chalcopyrite CIS NCs. CIS NPLs with different widths (25–35 nm) and a constant length (90 nm) could
be formed via tuning the concentration of the metal precursors. The thickness of the CIS NPLs is a
few nanometers and the evidence of this, provided by HRTEM images, agrees with the blue-shifted
location for their absorption edge due to a weak quantum size confinement effect. In contrast to
the nanoflowers and nanospheres which possessed the chalcopyrite structure, the NPLs exhibited a
wurtzite crystal structure. The formation mechanism driving the formation of each of these various
shapes and morphologies of NCs was investigated through a series of ligand-controlled experiments
using different proportions of 1-DDT/t-DDT ligands. The extent of the t-DDT ligand coverage on the
initially formed CIS NCs can induce the subsequent aggregation of them to form either nanoflowers of
nanospheres at high temperatures. This work provides synthetic pathways for CIS nanostructures
with size- and shaped-controlled morphologies, and sheds light on the related formation mechanisms.
In the future, the size (length, width, and thickness)-controlled synthesis of CIS NPLs and the related
optical property studies will be conducted on this interesting heavy-metal free 2D nanostructure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/12/1779/s1,
Figure S1. TEM images of CIS NPLs synthesized with different amounts of copper iodide and indium acetate
precursors: (a) 0.5 mmol, (b) 1.0 mmol, and (c) 2.0 mmol. The scale bar is 200 nm on each frame. Figure S2. TEM
images of CIS nanospheres synthesized with different amounts of copper iodide and indium acetate precursors:
(a) 0.5 mmol and (b) 1.0 mmol. The scale bar is 200 nm on each frame. Figure S3. TEM images of CIS nanospheres
synthesized at different reaction temperatures: (a) 160 ◦C, (b) 180 ◦C and (c) 200 ◦C. The scale bar is 200 nm on
each frame. Figure S4. HRTEM image of an edge region of an individual CIS nanosphere. Figure S5. UV-vis
absorption spectra of CIS NCs with different shapes. The curves are vertically offset for clarity. Figure S6. TEM
images of CIS NCs synthesized using t-DDT/1-DDT mixtures of different volume ratios, namely: (a) 1.0 mL/1.0 mL,
(b) 1.5 mL/0.5 mL, (c) 1.75 mL/0.25 mL, and (d) 1.9 mL/0.1 mL. Blue cartoons illustrate predominant shapes of
nanoparticles formed in each case. The scale bar is 200 nm on each frame.

Author Contributions: J.N. conceived the idea of this work, performed the experiments, analyzed the data and
wrote the first draft of the manuscript; S.V.K. analyzed and verified the data; A.L.R. supervised the work and
finalized the manuscript.

Funding: This research was funded by the Centre for Functional Photonics (City University of Hong Kong), and
by the Germany/Hong Kong Joint Research Scheme sponsored by the Research Grants Council of Hong Kong and
the German Academic Exchange Service (reference No.: G-CityU106/18).

Conflicts of Interest: The authors declare no competing financial interest.

References

1. Kovalenko, M.V.; Manna, L.; Cabot, A.; Hens, Z.; Talapin, D.V.; Kagan, C.R.; Klimov, V.I.; Rogach, A.L.;
Reiss, P.; Milliron, D.J.; et al. Prospects of Nanoscience with Nanocrystals. ACS Nano 2015, 9, 1012–1057.
[CrossRef] [PubMed]

http://www.mdpi.com/2079-4991/9/12/1779/s1
http://dx.doi.org/10.1021/nn506223h
http://www.ncbi.nlm.nih.gov/pubmed/25608730


Nanomaterials 2019, 9, 1779 9 of 10

2. Kim, J.Y.; Voznyy, O.; Zhitimirsky, D.; Sargent, E.H. Colloidal Quantum Dot Materials and Devices: A
Quarter-Century of Advances. Adv. Mater. 2013, 25, 4986–5010. [CrossRef] [PubMed]

3. Bawendi, M.G.; Steigerwald, M.L.; Brus, L.E. The Quantum Mechanics of Larger Semiconductor Cluster
(“Quantum Dots”). Annu. Rev. Phys. Chem. 1990, 41, 477–496. [CrossRef]

4. El-Sayed, M.A. Small is Different: Shape, Size, and Composition-Dependent Properties of Some Colloidal
Semiconductor Nanocrystals. Acc. Chem. Res. 2004, 37, 326–333. [CrossRef]

5. Ithurria, S.; Tessier, M.D.; Mahler, B.; Lobo, R.P.S.M.; Dubertret, B.; Efros, A.L. Colloidal Nanoplatelets with
Two-dimensional Electronic Structure. Nat. Mater. 2011, 10, 936–941. [CrossRef]

6. Hu, J.T.; Li, L.S.; Yang, W.D.; Manna, L.; Wang, L.W.; Alivisatos, A.P. Linearly Polarized Emission from
Colloidal Semiconductor Quantum Rods. Science 2001, 292, 2060–2063. [CrossRef]

7. Srivastava, A.K.; Zhang, W.; Schneider, J.; Halpert, J.E.; Rogach, A.L. Luminescent Down-Conversion
Semiconductor Quantum Dots and Aligned Quantum Rods for Liquid Crystal Displays. Adv. Sci. 2019, 6,
1901345. [CrossRef]

8. Lhuillier, E.; Pedetti, S.; Ithurria, S.; Nadal, B.; Heuclin, H.; Dubertret, B. Two-dimensional Colloidal Metal
Chalcogenides Semiconductors: Synthesis, Spectroscopy, and Applications. Acc. Chem. Res. 2015, 48, 22–30.
[CrossRef]

9. Caddette, E.; Mahler, B.; Guigner, J.; Patriarche, G.; Dubertret, B.; Pons, T. Colloidal CdSe/CdS Dot-in-Plate
Nanocrystals with 2D-Polarized Emission. ACS Nano 2012, 6, 6741–6750. [CrossRef]

10. Peng, X.G.; Manna, L.; Yang, P.D.; Wichham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A.P. Shape Control of
CdSe Nanocrystals. Nature 2000, 404, 59–61. [CrossRef]

11. Manna, L.; Scher, E.C.; Alivisatos, A.P. Synthesis of Soluble and Processable Rod-, Arrow-, Teardrop-, and
Tetrapod-shaped CdSe Nanocrystals. J. Am. Chem. Soc. 2000, 122, 12700–12706. [CrossRef]

12. Deka, S.; Miszta, K.; Dorfs, D.; Genovese, A.; Bertoni, G.; Manna, L. Octapod-Shaped Colloidal Nanocrystals
of Cadmium Chalcogenides via “One-Pot” Cation Exchange and Seeded Growth. Nano Lett. 2010, 10,
3770–3776. [CrossRef] [PubMed]

13. Zhong, H.Z.; Zhou, Y.; Ye, M.F.; He, Y.J.; Ye, J.P.; He, C.; Yang, C.; Li, Y.F. Controlled Synthesis and Optical
Properties of Colloidal Ternary Chalcogenide CuInS2 Nanocrystals. Chem. Mater. 2008, 20, 6434–6443.
[CrossRef]

14. Krunks, M.; Bijakina, O.; Varema, T.; Mikli, V.; Mellikov, E. Structural and Optical Properties of Sprayed
CuInS2 Films. Thin Solid Films 1999, 338, 125–130. [CrossRef]

15. Scheer, R.; Walter, T.; Schock, H.W.; Fearheiley, M.L.; Lewerenz, H.J. CuInS2 Based Thin Film Solar Cell with
10.2% Efficiency. Appl. Phys. Lett. 1993, 63, 3294. [CrossRef]

16. Carey, G.H.; Abdelhady, A.L.; Ning, Z.J.; Thon, S.M.; Bakr, O.M.; Sargent, E.H. Colloidal Quantum Dot Solar
Cells. Chem. Rev. 2015, 115, 12732–12763. [CrossRef] [PubMed]

17. Coughlan, C.; Ibanez, M.; Dobrozhan, O.; Singh, A.; Cabot, A.; Ryan, K.M. Compund Copper Chalcogenide
Nanocrystals. Chem. Rev. 2017, 117, 5865–6109. [CrossRef]

18. Van der Stam, W.; Berends, A.C.; Rabouw, F.T.; Willhammar, T.; Ke, X.; Meeldijk, J.D.; Bals, S.; de Mello
Donega, C. Luminescent CuInS2 Quantum Dots by Partial Cation Exchange in Cu2−xS Nanocrystals.
Chem. Mater. 2015, 27, 621–628. [CrossRef]

19. Choi, S.; Kim, E.; Hyeon, T. One-Pot Synthesis of Copper-Indium Sulfide Nanocrystals Heterostructures with
Acorn, Bottle, and Larva Shapes. J. Am. Chem. Soc. 2006, 128, 2520–2521. [CrossRef]

20. Han, W.; Yi, L.; Zhao, N.; Tang, A.; Gao, M.Y.; Tang, Z.Y. Synthesis and Shape-Tailoring of Copper
Sulfide/Indium Sulfide-Based Nanocrystals. J. Am. Chem. Soc. 2008, 130, 13152–13161. [CrossRef]

21. Narayanaswamy, A.; Xu, H.F.; Pradhan, N.; Kim, M.; Peng, X.G. Formation of Nearly Monodisperse
In2O3 Nanodots and Oriented-Attachment Nanoflowers: Hydrolysis and Alcoholysis via Pyrolysis. J. Am.
Chem. Soc. 2006, 128, 10310–10319. [CrossRef] [PubMed]

22. Ning, J.; Dai, Q.; Jiang, T.; Men, K.; Liu, D.; Xiao, N.; Li, C.; Li, D.; Liu, B.; Zou, B.; et al. Facile Synthesis
of Tin Oxide Nanoflowers: A Potential High-Capacity Lithium-Ion-Storage Material. Langmuir 2009, 25,
1818–1821. [CrossRef] [PubMed]

23. Ning, J.; Men, K.; Xiao, G.; Wang, L.; Dai, Q.; Zou, B.; Liu, B.; Zou, G. Facile Synthesis of IV-VI SnS
Nanocrystals with Shape and Size Control: Nanoparticles, Nanoflowers and Amorphous Nanosheets.
Nanoscale 2010, 2, 1699–1703. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adma.201301947
http://www.ncbi.nlm.nih.gov/pubmed/24002864
http://dx.doi.org/10.1146/annurev.pc.41.100190.002401
http://dx.doi.org/10.1021/ar020204f
http://dx.doi.org/10.1038/nmat3145
http://dx.doi.org/10.1126/science.1060810
http://dx.doi.org/10.1002/advs.201901345
http://dx.doi.org/10.1021/ar500326c
http://dx.doi.org/10.1021/nn3024255
http://dx.doi.org/10.1038/35003535
http://dx.doi.org/10.1021/ja003055+
http://dx.doi.org/10.1021/nl102539a
http://www.ncbi.nlm.nih.gov/pubmed/20701249
http://dx.doi.org/10.1021/cm8006827
http://dx.doi.org/10.1016/S0040-6090(98)01069-4
http://dx.doi.org/10.1063/1.110786
http://dx.doi.org/10.1021/acs.chemrev.5b00063
http://www.ncbi.nlm.nih.gov/pubmed/26106908
http://dx.doi.org/10.1021/acs.chemrev.6b00376
http://dx.doi.org/10.1021/cm504340h
http://dx.doi.org/10.1021/ja0577342
http://dx.doi.org/10.1021/ja8046393
http://dx.doi.org/10.1021/ja0627601
http://www.ncbi.nlm.nih.gov/pubmed/16881663
http://dx.doi.org/10.1021/la8037473
http://www.ncbi.nlm.nih.gov/pubmed/19105789
http://dx.doi.org/10.1039/c0nr00052c
http://www.ncbi.nlm.nih.gov/pubmed/20820700


Nanomaterials 2019, 9, 1779 10 of 10

24. Mu, L.; Wang, F.; Buhro, W.E. Exciton Splitting in Thin Copper Indium Disulfide Nanosheets. Chem. Mater.
2017, 29, 3686–3693. [CrossRef]

25. Leach, A.D.P.; Mast, L.G.; Hernandez-Pagan, E.A.; Macdonald, J.E. Phase Dependent Visible to Near-Infrared
Photoluminescence of CuInS2 Nanocrystals. J. Mater. Chem. C 2015, 3, 3258–3265. [CrossRef]

26. Kempken, B.; Erdt, A.; Parisi, J.; Kolny-Olesiak, J. Size Control of Alloyed Cu-In-Zn-S Nanoflowers.
J. Nanomater. 2015, 2015, 826743. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.chemmater.7b00617
http://dx.doi.org/10.1039/C5TC00134J
http://dx.doi.org/10.1155/2015/826743
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

