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For several decades, intensive research has been carried out
on the morphological control of semiconductor nanomaterials.
This is because semiconductor materials have various unique
properties, which can be attributed to their shape and size."”” In
particular, many researchers have carried out in-depth studies
on CdS because it has numerous applications; for example,
CdS can be used as a photocatalyst” as well as in solar cells’ and
light-emitting diodes.’ CdS has been synthesized by solid-state
methods,® solvothermal methods,”"” precipitation,” micro-
wave-assisted solvothermal method,'” and liquid-crystal tem-
plating,” and calcinations of Cd-thiolates."* Among these, solvo-
thermal methods involving the use of Cd(II) ions as the metal
source, various sulfur-containing ligands as sulfur sources, and
shape-directing agents have been studied extensively. L-Cysteine
has been employed as the sulfur source in many solvothermal
syntheses.g’10 This amino acid has three deprotonation sites,
i.e., carboxylic acid, amine, and thiol sites, which are potential
metal-ion-binding sites. It is already known that Cd(I)-L-cys-
teine complexes in an aqueous solution indicate the formation
of Cd-S and Cd-O bonds but not the coordination of the ammo-
nium group in L-cysteine with the Cd(II) jon.'>'® By controlling
the deprotonation of ammonium group of Cd(Il)-L-cysteine
complex, one can easily control the intermolecular interactions
between the complexes. Qian and coworkers successfully syn-
thesized three-dimensional (3D) and one-dimensional (1D) CdS
nanostructures by carrying out reactions between Cd(II) and
L-cysteine in a binary solution comprising ethylenediamine
and water.” They reported that solvent composition is crucial
in determining the CdS morphology and that ethylenediamine
probably acts as a shape-directing agent that causes passivation
of the CdS nanostructures. Further, the CdS particles obtained
had irregular shapes when pure water was used as the solvent.

Herein, we report the effect of pH on the morphology of the
submicrometer-sized CdS particles obtained in a hydrothermal
reaction. We could control the pH of an aqueous solution con-
taining Cd(II) ions and L-cysteine by adding NaOH. The results
of the present study may shed light on the mechanism under-
lying the formation of submicron-sized CdS particles from
Cd(II) ions and L-cysteine under hydrothermal conditions.

Experimental Section

All the chemicals were of analytical grade and were used
as-received without further purification. Distilled water was

purified by a Millipore Milli-Q water purification system (Bran-
stead, USA). IR spectra were recorded using a MIDAC M series
spectrometer. Powder X-ray diffraction (XRD) spectra were
recorded at 40 kV and 35 mA using a Philips X pert-MPD di-
ffractometer (Philips Analytical, Netherlands); Cu Ka radiation
was used as the source (A= 1.5418 A). Scanning electron micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
analyses were performed using a HITACHI S-3000N system
and a JEOL JSM 6700 SEM spectrometer, respectively. Raman
spectra were obtained by using an inVia Raman spectrometer
(Renishaw, USA); the excitation wavelength was 488 nm.

Preparation of CdS samples. Aqueous solutions of Cd(NOs)»
(10 mM, 20 mL) and L-cysteine (100 mM, 20 mL) were mixed
in a vessel (final conc.: Cd(II), 5 mM; L-cysteine, 50 mM) and
vortexed for 10 min. Then, NaOH (1.0 M) solution was added
under constant magnetic stirring to adjust the pH of the solu-
tion to the desired value (3, 7, or 12). The change in the solution
pH was monitored by using a pH meter. Subsequently, the
solution was transferred to a hydrothermal reactor, heated to
150 °C, and maintained at this temperature for 3 days. The re-
sulting products were washed several times with distilled water
and ethanol and dried in a desiccator.

Results and Discussion

The effect of pH on the formation of submicrometer-sized
CdS particles under hydrothermal conditions from a solution
containing Cd(I) and L-cysteine (molar ratio 1:10) was investi-
gated. For this purpose, the pH of the solution was adjusted by
the dropwise addition of NaOH (1.0 M) solution under constant
magnetic stirring. The pH change was carefully monitored with
the help of a pH meter. The solution prepared in the above-
mentioned manner was transferred to a hydrothermal reactor
and heated at 150 °C for 3 days. The products were washed
several times with distilled water and ethanol and dried in a
desiccator. Figure 1 shows the SEM images of the CdS particles
obtained at pH 3, 7, and 12. The CdS particles prepared at pH 3
and 7 formed large irregular aggregates, as shown in Figures 1a
and 1b, respectively. The formation of CdS particles with such
irregular morphology was reported by Qian and coworkers.”
On the other hand, the product prepared at pH 12 comprised
uniform, spherical submicrometer-sized particles, as shown
in Figure 1c. The size distribution of the particles was around
403 + 54 nm. Interestingly, this striking difference in the appa-
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Figure 1. SEM images of the samples prepared under different pH
conditions: (a) pH = 3.0; (b) pH = 7.0; (c) pH = 12.0, and (d) EDX
spectrum of (c). In all cases, the molar ratio of Cd(NOs),/L-cysteine =
1:10, with hydrothermal reaction for 3d at 150 °C.

rent morphologies of the products was only due to the diffe-
rence in the solution pH, as all the other reaction conditions
were the same in the three cases. At this point, we mention that
the molar ratio between Cd”" and L-cysteine is also important
in the hydrothermal formation of CdS particles. In a preliminary
experiment, the morphology of CdS synthesized with a lower
molar ratio (i.e. Cd”"/L-cysteine = 1:2 at pH 12) indicates severe
irregular aggregation of CdS particles. Along this line, we main-
tained the molar ratio Cd2+:L—cysteine (1:10).

We first consider the various modes of complex formation
between Cd(II) ions and L-cysteine in aqueous solution. While
there are several suggested complex formation mechanisms,
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Figure 2. XRD patterns of CdS synthesized at (a) pH 3, (b) pH 7, and
(c) pH 12.

the commonly accepted ones are those involving the formation
of a polymeric chain and 3:4 complexes (Cdn(L-Cys). and
Cd3(L—Cys)4).15'17 The similarity between the two complex mo-
dels is that they both indicate the formation of Cd-S and Cd-O
bonds but not the coordination of the ammonium group in
L-cysteine with the Cd(II) ion. 11 The possible reason for the
marked difference between the morphologies of the CdS par-
ticles synthesized at pH 3, 7, and 12 is the ammonium-amine
conversion when the solution pH is increased to 12, which is
approximately 2 pH units higher than the pK, value of the ammo-
nium group (a-NH; ") in L-cysteine (pK, of a-NH; = 10.28)."*
This conversion probably plays an important role in the inter-
molecular interactions between Cd(II)/L-cysteine complexes
and influences the hydrophobicity of the complexes in aqueous
solution. At elevated temperatures, the complex undergoes
thermal degradation, and the thiol groups in L-cysteine (sulfur
source) are hydrolyzed. Then, spherical submicron-sized CdS
particles are formed.

The results of EDX analysis reveal that the Cd/S ratio in the
CdS particles obtained at pH 12 is 50.6:49.4, indicating that
Cd and S are nearly in 1:1 molar ratio (Figure 1d). Similar EDX
results are observed for the products obtained at pH 3 and 7.
The products obtained under the three different pH conditions
used in this study are CdS nanostructures with a hexagonal wiir-
zite structure (JCPDS No. 41-1049), as confirmed by the ob-
served XRD patterns (Figure 2). No impurity peaks are found
in the XRD spectra, and hence, the as-synthesized particles are
confirmed to be pure. The XRD peaks corresponding to the CdS
nanoparticles are broader than those of bulk CdS, indicating
that the obtained particles are smaller than expected. The cry-
stallite size is calculated from the XRD patterns by using the
Debye-Scherrer equation: "

D =0.9)/Bcosb

where D is the coherence length of the crystallite; B, the full-
width at half-maximum (FWHM) of the peak; A, the wavelength
of the X-ray source (1.5418 A); and 0, the angle of diffraction.
The calculated coherence lengths of the crystallites are 16.8
(pH 3), 14.8 (pH 7), and 12.2 nm (pH 12). From these results,
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Figure 3. Raman spectrum of CdS synthesized at pH 12.
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Figure 4. IR spectra of (a) CdS and (b) L-cysteine, and (c) TGA scan
of CdS synthesized at pH 12.

we can conclude that although their apparent morphologies are
different with each other, they are all composed of CdS parti-
cles whose sizes are over 10 nm. In other words, submicrometer-
sized spherical CdS structures are formed by self-assembling
of the CdS nanoparticles and are thus polycrystalline. Interes-
tingly, the coherence lengths of the crystallites decrease with an
increase in the solution pH, as has been reported in a previous

Notes

study.20

As can be seen in Figure 3, the Raman spectrum of the CdS
particles synthesized at pH 12 shows three bands at 300 cm ',
597 cm ', and 894 cm ', which correspond to the first-, second-,
and third-order transverse optical (TO) phonon modes of CdS,
respectively.14 The peaks appear at lower frequencies as com-
pared to those of bulk CdS, indicating that the submicrometer-
sized CdS particles are composed of CdS nanoparticles. This
reconfirms the results of the XRD experiments.

Figure 4 shows the IR spectra of L-cysteine and CdS syn-
thesized at pH 12 and the results of thermogravimetric analysis
(TGA). From the IR spectra, it was apparent that L-cysteine
did not cause passivation of the surface of the CdS nanoparticles.
Surprisingly, even when the amount of L-cysteine added to the
reaction solution was 10 times that of Cd(Il), there was no
apparent passivation of the ligands on the surface of CdS nano-
structures, as shown in Figures 4a and 4b. The characteristic
IR peaks of L-cysteine almost disappeared after the reaction. In
addition, the TGA results further confirmed that the CdS nano-
structures were bare, as shown in Figure 4b. Above 500 °C, the
temperature regime where organic compounds are generally
pyrolyzed, the TGA curve does not indicate any notable weight
loss.

Conclusion

We synthesized spherical CdS nanostructures with different
morphologies from a solution containing Cd(II) ions and L-cys-
teine, by simply adjusting the solution pH using NaOH under
hydrothermal conditions. At pH 3 and 7, the CdS particles were
strongly aggregated, while at pH 12, spherical CdS nanoparti-
cles were formed. This was probably due to the change in the
intermolecular interactions in the Cd-(L-Cys) complexes and
the solubility of the complexes. The change in the solubility
could be attributed to the conversion of the ammonium group
of L-cysteine into an amine in aqueous solution. The results of
the present study might help in elucidating the mechanism un-
derlying the formation of CdS from Cd(II) ions and L-cysteine
under hydrothermal conditions. The synthesis method proposed
herein is convenient and environmentally benign and can be
used in a variety of applications in the future.
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