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Flower-shaped nano-CdS clusters grown on biomorphic porous carbon (BPC) substrates have been successfully prepared
using a hydrothermal method. Influence of growth time, types of substrate and carbonized temperature on the growth
behavior of flower-shaped nano-CdS clusters were studied using XPS, XRD, TGA, and SEM. The results indicated that
wurtzite nano-CdS clusters were successfully integrated into the inner wall of BPC with various morphologies: couch grass-
shaped clusters can grow on the inner wall of BPC derived from pine, sunflower-shaped clusters can grow on that derived from
bamboo and chrysanthemum-shaped clusters can grow on that derived basswood. The crystal size of nano-CdS clusters grown
for 24 h on BPC derived from pine was approximately 7 nm. The size and number of nano-clusters grown on BPC substrate
were mainly affected by the growth time and the substrate carbonized temperature, respectively. Finally, the growth
mechanism of nano-CdS clusters on BPC substrates was also discussed.
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Introduction

CdS is one of the II-VI compounds with unique
properties [1]. CdS has promising applications in, for
instance, light emitting diodes [2], solar cells [3],
optoelectronics [4], and catalysts [5,6]. The properties of
CdS materials are greatly affected by the preparation
method, particle size, and particle morphology. Presently,
nanowires [7], nanorods [8], nanoparticles [9], flower-
shaped particles [10], and hexagonal and triangular plates
[11] have been prepared using various methods, such as
solvothermal synthesis [12], hydrothermal synthesis [13],
microwave irradiation [14], chemical deposition [15], and
templates [16]. Additionally, these materials usually
grow on various substrates, such as glass [17], Si [18],
TiO2 [19], carbon fiber[20], and carbon nanotubes [21].

Compared to other substrates, biomorphic porous
carbon (BPC) possesses the following advantages: it has
high specific area and abundant organic functional
groups, which are propitious to improve both the
sensitivity of the sensor and the activity of the catalyzer
when BPC behaves as a sensor and catalyst support [22].
The orderly, one-direction through-hole structure is
conducive to the transmission of fluid through it; the
varied pore diameter distribution provides different
transmission channels for different particle sizes [23].

However, few studies in the literature have reported the
growth behavior of nano-materials on BPC substrates. 

The hydrothermal method is widely used to prepare
several types of nano-materials, and it is low-cost,
environmentally friendly and able to be performed with
simple equipment. The materials obtained using this
method possess high purity, crystal integrity, and
monodisperse size that is easily controlled [13]. 

 This study investigated the growth behavior of nano-
CdS clusters on BPC substrates using a hydrothermal
method. The influence of the growth time, type of BPC
substrate, and carbonized temperature on the morphology
of nano-CdS clusters were studied using several
techniques, such as XPS, XRD, TGA, and SEM. Finally,
the growth mechanism of CdS clusters on BPC substrates
was discussed. 

Experiments

Raw materials
The biomorphic porous carbon derived from wood

retained its biomass characteristics and was prepared
according to reference [24]. The carbonized temperatures
used were 450 oC, 600 oC, 750 oC and 900 oC, respectively.
The BPC substrate was cut into small blocks of 3 mm ×
3 mm × 3 mm. Cadmium chloride hemipentahydrate
(CdCl2·2.5H2O), sodium sulfide hydrate (Na2S·9H2O),
polyvinylpyrroli (PVP), anhydrous ethylenediamine
(H2NCH2CH2NH2, En) and ethanol (CH3CH2OH) were
used in this experiment. All chemicals were AR grade.
Deionized water was used in this experiment.
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Preparation of nano-CdS clusters on BPC substrate
First, 0.228 g CdCl2·2.5H2O, 0.25 g Na2S·9H2O, 0.1 g

PVP and blocks of BPC substrate were added to a 25 ml
Teflon-lined stainless steel autoclave. Approximately
20 ml of a 25% En aqueous solution (V/V) was added to
the reactor capacity. The hydrothermal process was
carried out at 180 oC for 12, 24 and 48 h, respectively.
The precipitate in the autoclave was collected and then
washed 3 times each with ethanol and deionized water.
The washing process was performed in a high energy
ultrasonic machine after which the precipitate was
dried in air at 80 oC for 6 h. 

Characterization 
The content of the organic groups in BPC obtained at

different carbonized temperatures was determined by
the fine structure of the C1 s binding energy using XPS.
The XPS measurements were carried out with a Fisons
Escalab 200R Ultra spectrometer, which was equipped
with a monochromatic Mg Ka X-ray source operating at
150 W and with a delay-line detector. The background
pressure was 2 × 10−9 mPa.

The morphology of the nano-CdS/BPC materials was
characterized by scanning electron microscopy (SEM,
JSM-6700F, Jeol); the microscope was equipped with
an energy dispersive spectrometer (EDS, Oxford).

The phase of the nano-CdS/BPC materials was
characterized by X-ray diffraction (XRD, D5000,
Siemens), using nickel filtered Cu K radiation
operating at 30 kV and 30 mA, with a scanning speed
of 2 o min−1. The crystal size of the nano-CdS was
calculated by the Scherer equation (Eq-1): 

(1)

where λ is the wavelength, B is the width at half peak,
and K equals 0.89.

The thermal stability of the nano-CdS clusters was
characterized using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) in an Ar
atmosphere with a flow rate of 50 ml·min−1 and a heating
rate of 10 oC·min-1 from room temperature to 900 oC.
TGA and DSC were performed on a TGA-DSC thermal
analyzer (model Netzsch Thermische Analyzer STA
409C) with alumina powder as the reference sample.

Results

Influence of carbonized temperature on the content
of organic functional groups in BPC

The C1 s XPS spectra of BPC derived from pine
carbonized at different temperatures are shown in Fig.
1. The binding energy of C1 s possesses different values
when different forms of carbon atoms bond with
oxygen atoms. The spectra can be according to the
corresponding form of carbon atom, and can also be
interpreted by the relative content of different organic
groups according to a previous study [25], where, -CO2

stands for the oxo-organic functional group O-C = O,
C-O for both C-O and C-O-C, and C-C for the
common C-C bond. 

In Fig. 1, there are abundant oxo-organic groups in
the BPC substrate carbonized at 450 oC with high peak
areas of -CO2 and > CO. As the carbonized temperature
increases, the peak areas of -CO2 and CO decrease,
whereas that of C-C increases. Namely, as the
carbonized temperature increases, the content of oxo-
organic functional groups in the BPC substrate decreases
and that of C-C groups in the substrate increases. The -D

Kλ

B θcos
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Fig. 1. C1 s XPS spectra of pine wood carbonized at different temperatures.
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CO2 and C-O groups can serve as “active points” during
the growth process of nano-materials [22].

XRD analysis of nano-CdS/BPC material 
Fig. 2 shows the XRD pattern of the nano-CdS/BPC

material (BPC substrate derived from pine, carbonized
at 450 oC, 24 h growth time). The narrow and sharp
peaks indicate a good crystalline state, which is
consistent with the PCPDF standard card (No. 80.0006).
The crystal parameters are α = 4.14 Å, c = 6.67 Å. All
peaks are consistent with the small crystal size of CdS;
additionally, peak (002) is stronger than the others, thus
indicating that growth of the CdS crystal preferentially
occurs along the c axis in the [001] direction to form a
nanorod-CdS [26]. The grain size is calculated to be
approximately 7 nm according to the Scherer formula.
The low and weak diffraction peaks of the BPC
substrate are covered by the CdS diffraction peaks [27].

Thermal decomposition behavior of nano-CdS
clusters

Fig. 3 shows the TG-DTG and DSC curves for nano-
CdS clusters obtained in solution. As shown in Fig. 3-
a, there are three weight loss steps of the nano-CdS
clusters in an inert atmosphere. The clusters exhibit an

initial weight loss below 79.40 oC due to the evaporation
of residual water, organic solvent and absorbed gas. The
TG curve exhibits a sharp decline between 663.10 and
758.70 oC for the decomposition of CdS to Cd. A slight
increase in weight can then be observed at temperatures
above 778.15 oC, which results from the reaction of Cd
with a small amount of O2 in the Ar atmosphere.
Additionally, all weight loss for the decomposition and
oxidization of CdS is in accordance with theoretical
calculations.

The DSC curve of the material is shown in Fig. 3-b;
the exothermic peaks appear at 443.50 and 766.70 oC,
respectively. Combining the DSC curve with the TG-
DTG curve, the peak at 443.50 oC corresponds to the
phase transformation of CdS, the peak at 766.70 oC
corresponds to the decomposition of CdS. Above
766.70 oC, there is an exothermic trend, which
corresponds to the oxidation of Cd [28]. 

Influence of growth time on the microstructure of
nano-CdS clusters

The microstructure of nano-CdS clusters obtained in
solution with different growth times are shown in Fig.
4. As shown in Fig. 4-a, multi-arm-shaped nano-CdS
clusters are obtained, the particle size is approximately
50 nm, and there is also slight agglomeration. After
24 h of growth, rod-shaped nano-CdS clusters can be
obtained, having a width of approximately 20 nm and a
length of approximately 200 nm, and there is extensive
agglomeration (Fig. 4-b). After 48 h of growth, flower-
shaped nano-CdS clusters are obtained, having a flower
leaf thickness of approximately 100-120 nm and length
ranging between 0.2 and 2 mm. 

Namely, the size and shape of nano-CdS clusters can
be controlled by the growth time. In the next step, the
growth time for all processes of the nano-CdS clusters
on BPC substrates is fixed at 24 h.

Influence of substrate type on the microstructure of
nano-CdS/BPC material

Fig. 5 shows the microstructure of nano-CdS/BPC
materials (BPC substrates derived from pine, bamboo

Fig. 2. XRD pattern of nano-CdS/BPC material.

Fig. 3. TG-DTG and DSC curves of nano-CdS clusters obtained in solution.
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and basswood, respectively, all carbonized at 450 oC).
Fig. 5-a depicts couch grass-shaped nano-CdS

clusters that grow on the inner walls of BPC derived

from pine. The “grass” combines well with the surfaces
of the walls and is uniformly distributed. The leaf
length is approximately 200 nm, and the diameter is

Fig. 4. SEM micrographs of nano-CdS clusters with different growth times.

Fig. 5. SEM micrographs of nano-CdS clusters grown on BPC substrates derived from different types of wood.
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approximately 10 nm. All clusters are very well
dispersed without agglomeration. Perhaps the existing
“active point” on the surface of the inner walls of BPC
can serve as a “growth point” to avoid agglomeration. 

In Fig. 5-b, sunflower-shaped nano-CdS clusters can be
observed growing on the inner wall of BPC derived from
bamboo. The particle size of the “seed” is approximately
10 nm, and that of the flower is approximately 1 mm.
Additionally, we can see that the growth point is a
small pore on the inner wall of the BPC substrate. 

From Fig. 5-c, chrysanthemum-shaped nano-CdS
clusters can be observed growing on the inner wall of
the BPC substrate derived from basswood. The leaf
diameter is approximately 60-100 nm and the length is
approximately 0.5-1 mm. The clusters also adhere tightly
to the surfaces of the walls of the BPC substrate. 

Different morphologies of nano-CdS clusters can
grow on different BPC substrates. This phenomenon
may result from the microstructure, specific area, pore
size, and organic group on the wall of BPC derived

from different types of wood [24, 25, 29]. 
Tab. 1 lists the EDS data of nano-CdS clusters grown

on BPC substrates (point EDs) (point EDS). From the
data, it is clear that the main composition of the nano-
materials is CdS and that the elemental carbon is from
the BPC substrate. 

Influence of the substrate carbonized temperature
on the microstructure of nano-CdS/BPC materials

The microstructures of nano-CdS/BPC materials are
shown in Fig. 6 (BPC derived from pine, carbonized at
600 oC, 750 oC and 900 oC, respectively). Combined
with Fig. 5-a, the number of nano-CdS clusters on the
inner walls of the BPC substrate decreases with
increasing BPC carbonized temperature. There are
abundant oxo-organic functional groups (such as O-
C = O, C-O and C-O-C) in the BPC substrate when
carbonized at 450 oC. A single pair of electrons on the O
atom can coordinate with the Cd2+ cation as an “active
point” to increase the nucleation rate of the CdS crystal
[30]. 

With increasing carbonization temperature, the content
of oxo-organic functional groups in BPC decreases.
Namely, the number of “active points” decreases, which
results in a decreased amount of nano-CdS clusters
that grow on BPC substrates. When the carbonized
temperature of BPC reaches 900 oC, most of the
organic functional groups in BCP substrate decompose;
as a result, it is difficult to grow CdS clusters on the
inner wall of BPC substrates (Fig. 6-c).

Table 1. EDS data of nano-CdS clusters grown on BPC
substrates (point EDS).

Sample
Element (Ratio of atom)

Cd S C

CdS on BPC substrates from pine 40 42 16

CdS on BPC substrates from bamboo 48 48 4

CdS on BPC substrates from basswood 47 47 6

Fig. 6. SEM micrographs of nano-CdS clusters grown on BPC substrates from pine carbonized at different temperatures.
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Growth mechanism of nano-CdS clusters on 
the inner wall of BPC substrate

According to the model of the growth unit, the
growth process of a crystal is that a coordination ion in
solution deposits on the interface of nuclei as a growth
unit; its coordination number is the same as that of an
ion or atom in the crystal. Cd and S are present as
[CdS4] and [SCd4], with tetrahedral coordination with
Cd and S atoms existing in the center of the structure in
the CdS crystal [30].

In this experiment, En(H2NCH2CH2NH2), which
acts as the coordinate reagent because of its high
concentration and strong coordination ability, can react
with Cd2+ through a single pair of electrons on the N
atom that fills the 5s and 5p electronic orbitals of Cd2+

when the 5s and 5p orbits occur as sp3 orbital hybrids.
As a result, the stability of the electronic orbital for Cd 2+

(fully occupied 4d10) decreases, and then S2- can combine
with Cd2+ and replace N to produce CdS [30]. 

First, Cd2+ and the En group in solution form ion
complexes such as [Cd(NH2)4]

2+, then S2− can replace
NH2 in ion complexes to connect with Cd2+, the
replacement reaction can occur slowly as all En groups
in ion complexes are replaced. A schematic model of
this process is shown below [31]:

From the above discussion, we know that the
dangling bonds on each surface of the crystal are NH2.
Thus, the growth rate of each face depends on the
number of NH2 groups deposing to the solution.
According to the law of the growth rule and the
coordination polyhedron, each face of the CdS crystal
has a different number of angles, edges or faces exposed
to the solution, so the growth rate in each direction is
different. According to Ref [32], the growth rate in the
c-axial [001] direction is the highest. As the growth
time increases, the grains of CdS grow to become
slender nano-rods, in accordance with the results in Ref
[26]. 

When the BPC substrate is in the solution, it can
work as an “active point” for a large specific area
and abundant oxo-organic functional groups. A single
electron pair on the O atom in an oxo-organic functional
group can combine with a Cd 2+ cation to increase the
nucleation rate of the CdS crystal as seen in Fig. 5-a and
Fig. 6-a and b. Additionally, the site of the “active point”
is stable in BPC, which helps to prevent agglomeration
of nano-crystal as seen in Fig. 4-b and Fig. 5-b. With
increasing carbonized temperature, the content of oxo-
organic functional groups on the BPC substrate decreases
and results in a decrease in the amount and size of nano-
CdS clusters growing on the inner walls of BPC.

The crystal nucleation and growth processes of the
nano-CdS on BPC substrate are as follows: 

Conclusions

1. As the carbonized temperature increases, the
content of oxo-organic functional groups in the BPC
substrate decreases, and that of C-C groups increases; 

2. Couch grass-shaped nano-CdS clusters can grow
on the inner walls of BPC substrates derived from pine;
sunflower-shaped nano-CdS clusters can grow on those
derived from bamboo; and chrysanthemum-shaped
nano-CdS clusters can grow on those derived from
basswood. The size and amount of nano-clusters on
BPC substrates can be controlled by the growth time
and carbonized temperatures of the substrate; 

3. The growth mechanism of nano-CdS clusters on
BPC substrates is that the O atom in the oxo-organic
functional groups on the inner wall of BPC functions
as an “active point” to bond with Cd2+ to increase the
nucleation rate of CdS; En can subsequently coordinate
with Cd2+ to decrease the electronic orbital stability of
Cd2+, and finally, S2- can replace the En group to obtain
the CdS crystal. There are different amounts of En
groups based on the direction of the crystal faces,
which leads to a different morphology of nano-CdS
clusters. The stable “active point” in BPC can also help
prevent agglomeration of nano-crystals. 
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