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Aqueous synthesis of CdS and CdSe/CdS tetrapods
for photocatalytic hydrogen generation

A. Vaneski,a J. Schneider,a A. S. Susha, and A. L. Rogachb

Department of Physics and Materials Science and Centre for Functional Photonics (CFP),
City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong

(Received 20 November 2013; accepted 11 December 2013; published online 8 January 2014)

Straightforward, easily upscalable synthesis of monodisperse CdS and CdSe/CdS
nanocrystals at room temperature in water/ethylendiamine mixtures is demon-
strated, resulting in the formation of high-quality tetrapod-shaped nanoparticles
in aqueous environment. It offers advantages for the subsequent direct use of
aqueous-based colloidal nanocrystals for photocatalytic hydrogen generation from
water, as it avoids any additional phase transfer necessary for any commonly em-
ployed nanoparticles synthesized in organic medium. Being decorated with platinum
as a co-catalyst, CdSe/CdS tetrapods achieve hydrogen evolution rates of up to
25 mmol/g per hour, which favorably compares to previously reported studies
on CdS nanorods. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4855795]

In the last few decades, colloidal semiconductor nanocrystals have been extensively studied for
their unique optical properties,1–3 and used as sensors,4 as light emitters in biomarkers,5–7 LEDs8, 9

and displays,10 as well as light harvesting building blocks in solar cells.11–13 Very recently, they
also started to gain an increasing attention as components of photocatalytic systems for hydrogen
generation from water.14–28 These studies commonly combine colloidal semiconductor nanocrystals
possessing superior light harvesting properties-–often of rod-like or tetrapod-like shapes-–with a
metal-based co-catalyst possessing catalytic properties, such as platinum, palladium, or nickel.15, 29, 30

For the chosen semiconductor nanocrystals, it is important to consider a suitable band gap as well
as the absolute position of the conduction and valence band minima/maxima,31, 32 in order to absorb
as much light as possible from the solar spectrum, and at the same time to match the reduction
and oxidation potentials of water. Among II–VI semiconductor materials, CdS has been extensively
studied for photocatalytic water splitting.33, 34 It has been initially employed in form of dispersed
micron-sized powders suspended in aqueous solutions in combinations with various co-catalysts,35–37

while in recent years well defined colloidal nanocrystals of different shapes and sizes have been
extensively addressed.15–19, 21–23, 25, 27, 28

Most of the commonly used CdS nanoparticles are initially synthesized under high temperature
growth conditions in organic medium, and subsequently transferred into aqueous solutions by ligand
exchange, which both involves a significant loss of material and requires additional, often labor
intensive steps. Therefore, it is worth to search for a direct aqueous synthesis of CdS light-harvesting
building blocks, ideally at room temperature and using readily available, cheap reagents. This has
a combination of advantages for in particular large-scale production of these nanocrystals, such as
avoiding high-temperature synthesis, costly precursors, and post preparative procedures like phase
transfer. In this publication, we capitalized on the previously reported aqueous approach towards
CdS nanorods38 to develop the direct aqueous synthesis of stable, monodisperse tetrapod-shaped
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FIG. 1. TEM image of CdS tetrapods synthesized in water/ethylendiamine solvent mixture with the addition of cysteine.
The inset shows very similar absorption spectra of CdS tetrapods synthesized either without or with additional stabilizers
such as MPA, TGA, and cysteine.

CdS nanocrystals as well as heterostructured nanoparticles with CdSe cores and CdS arms, with the
latter achieving superior hydrogen evolution rates of up to 25 mmol/g per hour.

Cadmium chloride (0.07 g, 0.38 mmol) was dissolved in a mixture of water (150 ml) and
ethylendiamine (50 ml). Various commonly used ligands for aqueous syntheses of colloidal semicon-
ductor nanocrystals, namely, mercaptopropionic acid (MPA), thioglycolic acid (TGA), and cysteine
(0.90 mmol; ratio ligand-to-Cd2+ equal to 2.4:1) were tested for their ability to stabilize the colloidal
dispersion of the resulting nanoparticles. Na2S as the sulfur source (0.22 g, 0.58 mmol, ratio of S2−-
to-Cd2+ equal to 1.5:1) was dissolved in 2 ml of water and injected into the solution of Cd2+/ligand
precursors purged with a steady stream of argon at room temperature. In order to achieve the largest
size of the samples possible by this reaction, the nanocrystals were allowed to grow for up to
one week under continuous stirring at room temperature and ambient conditions. Monitoring the
growth by absorption spectroscopy and TEM imaging showed that the reaction was completed within
3 days. Absorption spectra of the resulting CdS samples synthesized with the use of above mentioned
ligands show a very similar position of the absorption edge (inset in Figure 1) as the samples prepared
without additional ligands in ethylendiamine/water mixture, indicating their minimal influence on
the growth conditions of nanocrystals. At the same time, these ligands could greatly improve the
stability of nanocrystal’s dispersion. Addition of MPA and in particularly cysteine resulted in re-
markably stable colloidal dispersions of as-synthesized nanocrystals, which did not show any signs
of precipitation or color changes for more than 6 months. Transmission electron microscopy (TEM)
images, shown in Figure 1 for the cysteine-stabilized sample, give evidence on the formation of
relatively monodisperse CdS tetrapods. There was no significant difference in the arm length of the
tetrapods (30 ± 3 nm) for the CdS nanoparticles synthesized with or without additional stabilizers.

We have further looked in to possibility to produce heterostructured tetrapod-shaped semicon-
ductor nanocrystals consisting of CdSe cores with CdS arms. Such structures were shown to possess
not only the superior light-harvesting ability but also advantageous charge separation at the inter-
face between the two components, thus improving their possible use for photocatalytic hydrogen
generation.15, 20–22 MPA-capped CdSe nanocrystals prepared in aqueous solution by our previously
published procedure39 have been added as seeds (1 ml; 5 × 10−5 mmol) to the water/ethylendiamine
mixture, followed by the injection of sulfur precursor as described above. The absorption spectrum
of the sample (inset in Figure 2) shows both the contribution of CdSe in the spectral region between
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FIG. 2. TEM image of CdSe/CdS tetrapods synthesized in water/ethylendiamine mixture. The inset shows absorption
spectrum of CdSe/CdS tetrapods, with the position of absorption maximum of the initial CdSe seed particles indicated by
arrow.

500 and 600 nm and strong absorption from CdS with the well-resolved maximum at 440 nm. TEM
images (Figure 2) show highly uniform tetrapod nanoparticles, whose quality favorably compares
to tetrapod-shaped samples of II-VI nanocrystals commonly synthesized at high temperatures in
organic media.40–42 Our aqueous-based room-temperature synthesis thus far offers a useful alterna-
tive to those previously reported high-temperature organic-medium based methods. No individual
CdSe quantum dot seeds were found on TEM grids, suggesting that they all have been incorporated
into the CdSe/CdS tetrapod heterostructures. Taken together, absorption spectra and TEM images of
CdSe/CdS tetrapods confirm the formation of this particular architecture with most of the absorption
contributed by CdS arms.42

Ethylenediamine present in all studied reaction mixtures appears to be the major component
responsible for the shape control of the resulting nanocrystals. Since the reaction is performed
at room temperature, it is highly possible that the initially formed CdS nuclei possess zinc blend
crystal structure as commonly described in literature.43, 44 Starting from these zinc blend, tetrahedron-
shaped44 crystallites, the ethylenediamine may promote further growth of the tetrapod-like arms.40

Supporting this assumption, the shape of the CdSe/CdS tetrapods as it is shown in Figure 2 is seen
to be of better quality compared to purely CdS tetrapods shown in Figure 1, since the CdSe quantum
dots used as seeds39 already provided well-defined zinc-blend tetrahedral shaped nuclei, on which
the CdS arms were able to grow. This may be the reason why the CdS arms of the CdSe/CdS
tetrapods are uniform in diameter (Figure 2), while the arms of the purely CdS tetrapods shown in
Figure 1 are rather irregular shaped. The sharper absorption peak in the inset of Figure 2 originates
from the uniform CdS arms of the CdSe/CdS tetrapods, while the less uniform CdS arms of the
purely CdS tetrapods result in the broader absorption shoulder as seen in inset of Figure 1.

The solutions of CdS and CdSe/CdS nanocrystals were stored as prepared in the bench top
conditions at ambient temperature. As already mentioned above, the reaction stops after three
days, and no further growth was observed. The shape and size of nanocrystals was monitored by
absorption spectroscopy and TEM imaging over period of several months, and no changes were
found. Both kinds of tetrapod-shaped nanocrystals, CdS and CdSe/CdS were decorated with Pt
co-catalyst and tested for their ability to generate hydrogen from water under simulated one-sun
illumination conditions using a sun simulator Abet 2000. The amount of produced hydrogen was
measured by the gas chromatograph GC-8A (Shimadzu) with an integrated TCD detector. Colloidal
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TABLE I. Hydrogen generation using CdS and CdSe/CdS tetrapods for different solution composition.

Nanocrystal Additional stabilizing ligand Hole scavenger H2 mmol/(g h)

CdS n/a Ethylendiamine 3.75
CdS Cysteine +TEA 7.55
CdS Cysteine +TEA, ascorbic acid 21.10
CdSe/CdS Cysteine +TEA, ascorbic acid 24.45

solutions of nanocrystals were used as prepared, without any additional purification/precipitation
steps. Cysteine was used as a ligand providing additional stabilization of the colloidal dispersions.
The photodeposition of platinum on semiconductor tetrapods using 0.4 wt% (related to the weight
of nanocrystals) of platinum chloride as precursor has been conducted under illumination with UV
light (366 nm) for 20 min as previously reported.19 Ascorbic acid was used in some cases as a
mild reducing agent supporting the reduction of Pt precursor (platinum chloride to ascorbic acid
molar ratio equal 1:2). Ethylendiamine present in the original solvent mixture functioned as a hole
scavenger; for some experiments, triethanolamine (TEA) previously shown as a very efficient hole
scavenger for the Pt-decorated CdS nanorods19 has been added, as well. The pH value of the solution
for hydrogen generation experiments has been set to 13 by NaOH.

For all the above mentioned experimental conditions, we followed the hydrogen generation
over 3 h. Table I summarizes the evolution rate of hydrogen for different solution composi-
tions. CdS tetrapods without any additional stabilizer showed a hydrogen production rate of up to
3.75 mmol/(g h). Addition of TEA almost doubled the hydrogen generation rate to up to 7.55
mmol/(g h). By using ascorbic acid as a mild reducing agent supporting the platinum deposition on
CdS rods, this value has been improved threefold, approaching 21 mmol/(g h). The best results were
obtained for CdSe/CdS tetrapods with TEA as an additional hole scavenger, where the hydrogen
generation rate reached almost 25 mmol/(g h). This major enhancement in the hydrogen produc-
tion rate can be assigned to the improved charge carrier separation at the CdSe/CdS interface. In
this kind of heterostructures, the hole is trapped in the CdSe core while the electron wavefunction
can extend into CdS arms, as has been demonstrated by optical spectroscopy studies on seeded
CdSe/CdS rods45 and CdSe/CdS tetrapods.46 This supports the hydrogen generation due to a more
efficient electron transfer towards the Pt co-catalyst site. The holes collected at the CdSe core of
the CdSe/CdS tetrapods are removed by the oxidation of the hole scavenger, as has been previously
demonstrated in Ref. 15. Employing CdSe/CdS tetrapods, we were able to achieve a remarkable
fivefold increase in hydrogen production rate compared to our previous studies on Pt-decorated CdS
nanorods transferred to water from organic solvents.19

In conclusion, we developed a straightforward synthetic method to produce tetrapod-shaped CdS
and CdSe/CdS heterostructured nanocrystals, at room temperature and using readily available and
cheap reagents, and most importantly directly in aqueous medium. Addition of cysteine resulted in
remarkably stable colloidal dispersions of as-synthesized nanocrystals, which did not show any signs
of precipitation or color changes for several months. Our synthetic approach leading to tetrapod-
shaped nanocrystals comparable in quality to commonly used high-temperature organic-medium
based methods has the advantage of saving energy, avoiding costly precursors, and is potentially
easily up-scalable. It is in particularly suitable for producing semiconductor components function-
ing as light-harvesting building blocks of photocatalysts for hydrogen generation from water, as no
post-preparative procedures such as phase transfers are needed. In the presence of cysteine, it was
possible to achieve constant hydrogen generation over several hours, without any signs of destabi-
lization of the colloidal solution. With hydrogen production rate of 25 mmol/(g h) for Pt-decorated
CdSe/CdS tetrapods, our synthetic method provides competitive colloidal semiconductor/metal hy-
brid nanocrystals for photocatalytic hydrogen generation.

This work was supported by a grant from the Germany/Hong Kong Joint Research Scheme
sponsored by the Research Grants Council of Hong Kong and the German Academic Exchange
Service (Ref. No.: G_HK004/12).
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