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We report the synthesis of CdS crystals with novel dendritic structures by a simple amino acid mediated
hydrothermal process, in which various amino acids were used as capping agents. We elaborated that a
slight change of the side group of amino acids can significantly influence the type and the structure of
CdS crystals. We found that the reaction temperature and the time also have effects on the formation
of CdS crystals. The resulting different-shaped CdS crystals exhibited different UV-vis absorption char-
acteristics. Our results suggest that the biomolecule-assisted hydrothermal route using amino acids as
capping agents provides an effective and green approach to produce hierarchical CdS crystals with rich

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Morphology-controlled synthesis of nano-/micro-crystals of
semiconductor materials have attracted great interest because
their optoelectronic properties are closely related to their sizes
and shapes [1-8]. Compared to mono-morphological structures,
hierarchical structures may show unique properties by combin-
ing the features of micrometer- and nanometer-scaled building
blocks in one crystal [9-11]. Nano-/micro-sized CdS crystals show
excellent optical and electronic properties and may have poten-
tial applications for solar cells, light-emitting diodes, hydrogen
production, thin-film transistors, and photocatalysis [12-20]. Due
to its unique properties and potential applications, considerable
efforts have been made to develop effective approaches to syn-
thesize CdS nano-/micro-crystals with different morphologies.
Those methods include hydrothermal and solvothermal processes
[21-24], chemical bath deposition [25], electrodeposition [26],
vapor-liquid-solid assisted process [27], and colloidal method [28].
However, morphology-controlled fabrication of CdS nano-/micro-
crystals with 3-dimensional (3D) structures via a solution-based
process remains a major challenge due to the difficulty in con-
trolling nucleation and growth [29,30], though hierarchically
structured CdS crystals were reported [17,18,22,31-33].
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Recently, biomolecule-assisted routes have been widely used
in the preparation of various nanomaterials owing to the special
structures and fascinating self-assembly functions of biomolecules.
For instance, highly-ordered snowflake-like superstructures of
Bi,S; were prepared by using glutathione (GSH) as an assem-
bling agent and as the sulfur source [34]. Cuprous oxide (Cu,0)
dendrites were prepared by using starch as a reducing and sta-
bilizing agent [35]. Besides, CdS nanorod arrays [36] and other
nanorod-based structures [33] have also been synthesized by
biomolecule-assisted processes. Amino acids, as one of the most
important categories of biomolecules, have attracted much atten-
tion in the past few years. For example, L-cysteine, which was
widely used as a capping agent, has been used to fabricate ZnO
nanorod arrays [37], In,S3 flower-like structures [38], PbS pagoda-
like hierarchical architectures [39], NiS microcrystals [40], Sb,S3
microspheres [41], Ag,S nanospheres [42], ZnS with complex 3D
structure [43], and CdS nanospheres [17] by solution methods.
However, there are few reports on synthesis of nanostructures by
using other amino acids as structure-guiding agents in a hydrother-
mal process except L-cysteine, particularly in the synthesis of
CdS crystals.

In this work, a wide variety of amino acids, such as L-
valine, L-proline, L-serine, L-cysteine, L-methionine, L-histidine,
and L-tryptophan, were exploited for the first time to synthesize
CdS micro-/nano-crystals with various interesting morphologies
by hydrothermal process. The types and the concentrations of
amino acids as well as the reaction temperature and time were
found to significantly influence the formation of CdS micro-/nano-
crystals, which enable us to control the morphologies of CdS
crystals.
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2. Experimental

2.1. Synthesis of CdS nano-/micro-crystals

All chemicals used in this work were analytical grade, commercially available,
and used without further purification. We used a traditional hydrothermal pro-
cess to synthesize CdS crystals by changing the experimental parameters, such as
different amino acids, reaction temperature, and reaction time. In a typical proce-
dure, 1 mmol of Cd(NOs ),*4H,0, 3 mmol of thiourea, and 0.3 mmol of L-valine were
added into a given amount of distilled water and ultrasonicated for a few minutes.
The resulting mixture was then transferred into a Teflon-lined stainless-autoclave
(100 mL capacity), which was then sealed and maintained at 200°C for 4 h. After
that, the product was collected and washed with distilled water and ethanol several
times, and then dried under vacuum for relevant characterizations. We used differ-
ent kinds of amino acids, but kept other experiment unchanged unless specified, to
investigate their effects on the synthesis of CdS crystals.

2.2. Characterization of CdS crystals

The phase of the as-prepared CdS products was determined by powder X-ray
diffraction (XRD) using a Rigaku D/max-2550PC X-ray diffractometer with Cu-Ka
radiation (A =1.5406 A). The field emission scanning electron microscope (FE-SEM)
images of CdS crystals were taken on a FESEM-4800 scanning electron microscope.
Transmission electron microscope (TEM) images and the selected area electron
diffraction (SAED) patterns were recorded on a JEM123 electron microscope and a
JEOL-2010 high-resolution TEM at 200 kV. For TEM measurement, the product was
ultrasonically dispersed in ethanol, and then the resulting suspension was dropped
on a Cu grid coated with carbon film. Ultraviolet-visible (UV-vis) absorption spec-
trum of CdS crystals dispersed in ethanol was recorded on a PerkinElmer Lambda-35
spectrometer.

3. Results and discussion

All of the CdS samples synthesized here, regardless different
conditions such as using different amino acids and varying reaction
temperature and time, have a hexagonal structure as confirmed by
the powder XRD measurement. For example, the diffraction peaks
in Fig. 1 obtained from one of our CdS samples can be indexed
to hexagonal CdS of wurtzite structure (JSPDS card No. 41-1049)
with no obvious indication of impurities, except a small peak round
30.5° that may originate from the (002) peak of cubic phase CdS
structures. The sharp and the strong peaks indicate that these CdS
microstructures were highly crystallized. Furthermore, compared
to the standard refraction, the intensity of (002) peak is much
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Fig. 1. XRD pattern for the product obtained by hydrothermal reaction of Cd(NO3),
and thiourea with 0.3 mmol L-valine at 200°C for 4 h.

stronger, which indicates preferential orientation of our CdS crys-
tals along the c-axis.

To study the influence of amino acids on the formation and
assembly of CdS crystals in the present hydrothermal synthesis,
we selected a series of amino acids, whose chemical structures are
illustrated in Scheme 1, as capping agents. Fig. 2 shows the typi-
cal SEM images of the CdS samples synthesized by using 0.3 mmol
of L-valine, a very simple amino acid, as the capping agent and
1 mmol of Cd(NOs3), and 3 mmol of thiourea as the Cd and S pre-
cursors, respectively, at 200 °C for 4 h. The low magnification image
(Fig. 2(A)) shows that the CdS crystals have dendritic architec-
tures with size up to several micrometers. It is revealed that each
CdS dendrite is composed of one long main trunk (4-6 wm) and
6-fold symmetric rows of branches. The branches at the same
longitude are separated by ~60° and the branches in a row are
almost parallel with each other along the trunk (Fig. 2(B)-(D)).
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Scheme 1. Chemical structures of amino acids used in the present study.
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Fig. 2. SEM ((A)-(E)) and TEM (F) images of the CdS dendrites prepared with the assistance of L-valine at 200 °C for 4 h. The inset in (F) shows the SAED pattern corresponding

to (0001) planes.

The fine configuration of the dendrites is displayed in Fig. 2(E)
and (F). Tertiary branches with the same symmetries as the main
branches were formed on the main branches, suggesting that the
whole architecture was resulted from the self-growth of the CdS
nucleus rather than the accumulation of various crystals [22]. The
selected area electron diffraction (SAED) pattern (Fig. 2(F)) col-
lected from the main trunk tip and the branch tip is identical. These
results suggest the CdS dendrites are finely crystallized wurtzite
structures and the individual trunks and branches are single
crystal.

Komarneni et al. [33,34] investigated the effects of type and
structure of biomolecule, such as amino acids (glycine, serine),
peptides (glycyl-glycine, glutathione), protein (gelatin, lysozyme),
protein metabolism product (guanidine), RNA base (uracil), and
pyrimidine (uridine), on the formation of CdS crystals, and found
the morphology and structure of CdS crystals correspond to the
used biomolecules’ type and structure. Here we elaborate that
although amino acids have similar structure which contains an
-NH, group and a -COOH group, the subtle difference in the side
group (-R) also greatly changes the formation and the structure
of CdS products. Using L-proline which has a ring structure as
the capping agent, we found that the regularity of the CdS prod-
ucts decreases remarkably (Fig. 3(B)), showing negligible difference

from the CdS crystals synthesized without any additive (Fig. 3(A)).
It may be attributed to the poor coordinating ability of L-proline
stemming from the secondary amine and the hindrance from the
ring structure, which in turn reduces the structure-directing func-
tion of L-proline. Furthermore, the existence of other functional
groups on the side group may result in much more significant
variations in the morphologies of CdS crystals. For example, by
replacing L-valine with L-serine that has another -OH group in the
present hydrothermal process, spindle-like CdS crystals with reg-
ularly arranged nanorods growing out of the main trunk (Fig. 3(C))
were synthesized. If L-cysteine was used as the capping agent,
only CdS nanoparticles with 40-50 nm (Fig. 3(D)) were synthe-
sized, without any CdS dendritic structure, which may be due to
the strong reactivity between the -SH group and Cd2*. However, by
replacing the —SH of L-cysteine with ~SCH3, we produced a novel
flower-like hierarchical pattern of CdS crystals using L-methionine
as the capping agent (Fig. 3(E)). Fig. 3(F) displays the detailed char-
acteristics of the petal of this novel architecture and the inset are the
magnified pictures of the front and the back sides of the petal. These
interesting results suggest that a slight change in the structure
of the side group of amino acids can greatly change the coordi-
nating habit of the amino acid for CdS growth and lead to novel
morphologies of CdS crystals.
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Fig. 3. SEM images of CdS crystals synthesized with different amino acids as capping agent at 200 °C for 4 h: (A) without amino acid, (B) L-proline, (C) L-serine, (D) L-cysteine,

(E) and (F) L-methionine.

Inspired by the above morphological change, amino acids
containing more complex side groups were further utilized as
structure-directing additives to explore their capability to tailor the
structure of CdS crystals. Fig. 4(A) and (B) shows the CdS crystals
synthesized with the assistant of L-histidine. The CdS micropatterns
have a radial architecture assembled by branch-like CdS crystals
growing from the central part. Fig. 4(C) displays the as-prepared
CdS crystals with L-tryptophan as the capping agent. The products
consist homogeneously of CdS microcrystals with an interesting
cauliflower-like architecture. It is revealed that this cauliflower-
like structure is the self-assembly of thin leaf-like nanosheets. In
addition, extending the reaction time from 4h to 8 h produced a
more complicated and delicate structure of CdS crystals as shown
in Fig. 4(D).

We performed time-resolved investigation of the formation
progress of dendritic CdS microcrystals with L-valine as the cap-
ping agent by quenching the reaction in Teflon-lined autoclave
using cold water at different reaction time. When the reaction
time was 1 h, the solution remained clear and transparent, and no
precipitate was observed, indicating no CdS crystals were formed.
Extending the reaction time to 2 h, CdS dendritic structures were
formed, but the formed trunks and the branches were very short

and with poor regularity (Fig. 5(A)). When the reaction time
was increased to 4 h, very long and branched CdS dendrites with
high regularity were obtained (Fig. 5(B)). However, if the reaction
time was further extended to 8 h or even 12 h, it can be seen that
the CdS crystals was overmatured and the regularity dramatically
decreased, possibly due to the over-ripening of the nanostructures
[19]. Based on these observations, we suggest that the CdS den-
drites may form in a short period of time with a fast growth rate
first and then undergo a ripping process which could destroy the
regularity of the products if the ripping time was too long. There-
fore, well-defined hierarchical dendrites with high regularity can
be synthesized with an appropriate amino acid by controlling the
reaction time.

Reaction temperature also has a fundamental effect on the shape
of CdS crystals. Fig. 6(A)-(D) display the different morphologies
of the CdS crystals synthesized by using L-valine as the capping
agent at 160, 180, 200, and 220°C, respectively. At 160°C, only
an urchin-like sphere structure was obtained (Fig. 6(A)). Extend-
ing the reaction time to 8h (Fig. 6(E)) or even 12h (Fig. 6(F))
at this temperature could not lead to well-defined CdS dendrites
except irregularly structured products. At 180°C, a mixture of
dendrites with poor regularity and urchin-like spheres of CdS crys-
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Fig. 4. SEM images of the CdS crystals prepared with the assistance of L-histidine (A) and (B) and L-tryptophan (C) and (D) at 200 °C, with a reaction time of 4 h for (A)-(C)
and 8 h for (D). The insets of in (C) and (D) show a single urchin-like CdS crystal and the details of its typical leaf.

tals (Fig. 6(B)) were obtained. However, if the temperature was Many studies have reported that the morphologies of nanocrys-
increased to 200 °C or higher to 220 °C, hierarchical CdS dendrites tals are heavily dependent on the concentration of capping agents
with high regularity and high yield were synthesized (Fig. 6(C) and [18,21]. Here, we show that the amount of amino acid, for example
(D)). These results suggest that CdS crystals with different shapes L-valine, also greatly influences the morphologies of CdS crystals.
can be generated by control of reaction temperature. With zero amount of L-valine, only irregular CdS crystals were

Fig. 5. Shape evolution of CdS crystals synthesized with 1 mmol Cd(NO3 ), and 3 mmol thiourea and 0.03 mmol L-valine at 200 °C as a function of reaction time: (A) 2 h; (B)
4h; (C)8hand(D)12h.
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Fig. 6. SEM images of CdS crystals prepared at (A) 160°C, (B) 180°C, (C) 200°C and (D) 220°C for 4 h, (E) 160°C for 8 h and (F) 160°C for 12 h, with 1 mmol Cd(NOs), and

3 mmol thiourea and 0.03 mmol L-valine.

obtained (Fig. 7(A)). As the concentration of L-valine increased
from 0.3 mmol to 0.9 mmol, and to 1.8 mmol, the morphology of
CdS crystals was transformed from well-defined CdS dendrites
(Fig. 7(B)) to leaf-like (Fig. 7(C)), and to novel flower-like (Fig. 7(D))
structures. The inset in Fig. 7(D) illustrates a single flower-like CdS
crystal and the detailed petal. Furthermore, we also found that
different amino acids show distinct functions in the morphologi-
cal transformation of CdS crystals. In the case of using L-serine as
the capping agent, the morphology of CdS crystals changed from
spindle-like (Fig. 3(C)) to flower-like (Fig 7(E) and (F)) structures
when the amount of L-serine increased from 0.3 mmol to 0.9 mmol,
but the petals have more elaborate structures as compared to
the CdS crystals obtained by using L-valine as the capping agent
(Fig. 7(D)).

Although the exact growth mechanism of the above novel struc-
tured CdS crystals is not so clear, the hierarchical structures may
form in a situation far from thermodynamic equilibrium [22,44,45].
Besides, soft template and selected absorption theory are used to
explain the mechanism of crystal growth in the solution-based pro-
cess where a capping agent is employed [23,46,47]. In the present
synthesis, thiourea may act not only as the sulfur precursor, but
also as a coordinate agent to form Cd2*-thiourea complex, which
might be a soft template for positioning a CdS nucleus to form den-
drite structures [22,32]. At certain temperature and reaction time,

thiourea is attacked by the strong nucleophilic O atoms of H,O
molecules, and this leads to weakening and breaking of the C=S
double bonds to release the S2~ anion gradually. Consequently,
the newly released S~ reacts with Cd%* to produce CdS nuclei.
The gradual releasing of S>~ is a key process because it could
ensure a stable monomer (Cd2*-thiourea complex) concentration
for anisotropic growth of CdS crystals. It had been pointed out that
if NayS was used as the sulfur source, no dendrites could form with
most of the S2~ consumed at the nucleation stage, due to the instan-
taneous releasing of S2- [22,44]. Furthermore, during the growth,
amino acid may selectively adsorb on certain facets of CdS seeds,
resulting in the anisotropic growth of CdS crystals [33]. The ability
of adsorption of amino acids on certain facets, i.e., the coordinating
behaviors of amino acids, is remarkably affected by their structures
and concentrations, which can lead to the morphology of the den-
drites different with each other. Particularly, for L-cysteine, it is
easy to form the Cd2*-L-cysteine complex which may also be read-
ily to decompose to release S2~ and act as another sulfur source
[17,39]. As a result, CdS crystals may grow in a different way and
no hierarchical CdS structures can be synthesized (Fig. 3(D)).

The temperature-dependent morphology change indicates that
the anisotropy growth of CdS crystals is favored at elevated reac-
tion temperatures, in contrast to the formation of isotropic crystals
such as urchin-like spherical CdS at relatively low reaction temper-
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Fig. 7. SEM images of CdS crystals synthesized with 1 mmol Cd(NOs3 ), 3 mmol thiourea and various amounts of amino acid at 200°C for 4 h: (A) no L-valine, (B) 0.3 mmol
L-valine, (C) 0.9 mmol L-valine, (D) 1.8 mmol L-valine, (E) and (F) 0.9 mmol of L-serine.

atures (Fig. 6(A)). The reason for temperature-dependent growth results in an anisotropic crystal morphology stemming from pref-
may lie in the fact that elevated reaction temperatures speed up erential growth along certain directions [21,48]. By contrast, the
the releasing of S2~ and accelerate the growth rate of CdS, and reduced releasing rate of S2- at lower temperatures results in a
therefore the crystal growth is expected to be mainly under kinetic slow growth rate and the thermodynamic control becomes dom-
control rather than thermodynamic control, which consequently inant for CdS growth, leading to the formation of crystals with
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Fig. 8. UV-vis absorption spectra of various CdS crystals: (A) CdS dendrites shown in Fig. 2(A) (curve 1), Fig. 7(D) (curve 2), Fig. 3(C) (curve 3), Fig. 7(E) (curve 4), Fig. 3(E)
(curve 5), and Fig. 4(C) (curve 6), (B) CdS nanoparticles shown in Fig. 3(D).
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isotropic morphology [49,50]. This phenomenon is consistent with
the observation of Alivisatos et al. [50], where formation of the
nanocrystals with highly anisotropic shapes required a kinetic
growth regime, whereas equilibrium nanocrystals with low aspect
ratios were obtained in the slow growth under thermodynamic
control. On the other hand, because the amino acids have a coor-
dinating effect on the control of crystal morphology, urchin-like
(Fig. 6(A)) rather than round sphere CdS crystals were formed even
at low temperature of 160°C.

We investigated the UV-vis absorption characteristics of our
CdS dendritic crystals and nanoparticles to demonstrate the influ-
ence of crystal shapes on the optical properties (Fig. 8). Fig. 8(A)
illustrates, from curve 1 to curve 6, the absorption spectra obtained
from the CdS crystals shown in 2(A), 3(C) and (E), 4(C), 7(D) and
(E), respectively. Although broad scattering bands covering a wide
range from visible light to the near-infrared region due to the large
size of the crystals appeared in the absorption spectrum, the intrin-
sic band gap absorption of the samples remained in the 400-600 nm
range. Interestingly, the dendrites consisting of a main trunk and
rod-like branches have absorption peaks at 533 nm (curve 1 and
curve 3 in Fig. 8(A)), while the peaks are shifted to ~508 nm for
the flower-like CdS crystals. Furthermore, it can be seen in Fig. 8(B)
that the scattering band of CdS nanoparticles is weaker and the
absorption peak is blue shifted to at ~480 nm due to the reducing
of crystal size. These results suggest that the varied shapes exhibit
different absorption characteristics and blue-shift as compared to
the absorption of the bulk CdS [48], mostly due to the quantum-size
effect.

4. Conclusions

Various novel CdS dendrites were synthesized through a facile
amino acid assisted hydrothermal process. We elucidated that the
side group of the amino acids plays a crucial role in determining
the morphology of CdS crystals. The reaction temperature, reac-
tion time, and concentration of amino acids were also found to
have great influence on the formation of CdS crystals. Furthermore,
the difference in crystal morphology greatly changed the UV-vis
absorption characteristics. Our results demonstrate the possibil-
ity to fine control over the morphology of CdS crystals by slightly
changing the structure of amino acids and in turn tailoring their
optical properties. Our hierarchical CdS crystals may be used as
ideal building blocks for optoelectronic devices, in particular pho-
tocatalyzer, due to their combined features of micro-sized with
nano-sized crystals.
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