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Cadmium sulfide tubular crystals, with the range of 0.5–
2mm in length, 10–20mm in the external diameter and 3–6mm
in the wall thickness, were successfully grown in sodium hy-
droxide solution via a hydrothermal method at 350 �C. XRD,
SEM, and XPS methods characterized the products. A possible
growth mechanism for the tubular structure was also proposed.

In the past years there has been growing interest in materials
with specific morphologies because of the expectation of novel
properties. Among them, the mesoscale tubular structure objects
are useful in many areas. For example, they can provide more in-
ert platforms for host–guest chemistry1,2 because of their ability
to act as containers or capsules.3,4 Therefore, tubular structure
materials may have potential applications in catalysts, photonic
band gap materials, and chemical separations media.5–7 In recent
years, various approaches, such as hydrothermal method,8–10 sol-
vent-relief-self-seeding (SRSS) process,11 self-assembly meth-
od,12 and template methods13–16 or CVD growth in a confined
environment,17 have been used to grow tubular structure objects.
By these methods, a wide spectrum of materials with tubular
structure has been processed, including both inorganic materials
(Sb2S3, �-Ag2Se, CuS, Sb2E3 (E = S, Se)) and organic materials
(biomolecules, polymer).

Cadmium sulfide, a member of II–VI semiconductor com-
pounds, has widely spread applications in the field of electronics
ranging from phosphors to photovoltaic cells. In the past years,
many methods have been used to synthesize CdS crystal, such as
chemical vapor transport (CVT) method, physical vapor trans-
port (PVT) method, sublimation method, Bridgeman–Stock-
barger technique, and flux method. In our experiments, via a hy-
drothermal method, mesoscale tubular CdS crystals were pre-
pared successfully by using nanoparicles CdS as raw material
in basic media at a relative low temperature 350 �C for 24 h.
A possible growth mechanism of the CdS tubular crystals is
discussed.

In our route, the reactions take place as follows:

Cd2þ þ OH� ! Cd(OH)2(sol) ð1Þ

Cd(OH)2(sol)þ S2� ���!
180 �C

CdS (nanoparticles)þ 2OH� ð2Þ

CdS (nanoparticles)þH2OþNaOH ���!
350 �C

Na2Cd(OH)4 þHS� ð3Þ

Na2Cd(OH)4 þ HS� ���!
350 �C

CdSþ H2Oþ NaOH ð4Þ

All reagents were of 99.9% purity from Shanghai Chemical
Reagents Co. and were used without further purification. The
whole experiment included two stages. Firstly, cadmium
hydroxide sol was synthesized by adding Cd(AC)2.2H2O
(0.01mol) to 20mL of sodium hydroxide aqueous solution
(1M) and then the sol was mixed with 50mL of Na2S aqueous

solution (0.2M) in Teflon vessel kept at 180 �C for 10 h. The ob-
tained yellow precipitates of CdS were filtered and washed with
distilled water and absolute alcohol several times. Finally, they
were dried under vacuum at 50 �C for 4 h. The second stage
was: the mixture of about 0.3 g as-prepared CdS nanoparticles
and 40mL of sodium hydroxide aqueous solution (2M) was
transferred to a stainless autoclave (50mL), which was then fill-
ed to 80% of the capacity. The autoclave was heated to 350 �C in
90min, and maintained at the temperature for 24 h. Then it was
cooled to room temperature on standing. The products were
carefully collected and washed with absolute ethanol and distill-
ed water several times to remove the residues, and then dried in a
vacuum at 50 �C for 4 h.

X-ray powder diffraction (XRD) was obtained on a Japan
Rigaku D/max-�A X-ray diffractometer equipped with graphite
monochromatized Cu K� radiation (� ¼ 0:1541874 nm).
Figures 1a and 1b show the XRD patterns of the nanoscale
CdS powder and the tubular CdS crystals, respectively.
Figure 1a is the XRD patterns of the as-prepared CdS nanoparti-
cles. The peaks are in agreement with hexagonal CdS (JCPDS
file No. 41-1049). The average size of the precursors calculated
from Scherrer equation is about 14.5 nm. Figure 1b shows the
XRD patterns of the hexagonal tubular CdS crystals. All diffrac-
tion peaks could be indexed as hexagonal structure CdS with cell
constants a ¼ 4:12, c ¼ 6:68, which are in agreement with the
reported value (JCPDS file No.41-1049, a ¼ 4:1409, c ¼
6:7198), and no obvious impurity phases, such as Cd(OH)2,
CdO or cubic CdS, were found in the XRD patterns. The XRD
patterns (Figure 2b) of the sample showed that the majority of
the products were well crystallized. Compared with the standard
diffraction patterns of CdS, it is found that the diffraction peaks
of (100) and (101) are stronger, and the peak of (002) decreases
obviously. This result shows that (100) and (101) planes of the
hexagonal CdS single crystals parallel the shaft of the tubular
single crystals. This unusual relative intensity of (100) and
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Figure 1. XRD pattern of as prepared samples, (a) nanoscale
CdS powder, (b) tubular structure CdS.
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(101) to (002) indicates a preferential orientation along the c axis.
The scanning electron microscopy (SEM) images of CdS

crystals are shown in Figure 2. Figure 2a shows the CdS micro-
rod that is about 13mm in width and up to 80mm in length.
Figures 2b and 2c show the tubular CdS crystals. Figure 2c illus-
trates the typical straight hollow tubular crystals. In general, this
structure is 0.5–2mm in length, and the external diameter is in
the range of 10–20mm while the wall thickness is in the 3–
6mm range.

The samples were also characterized by X-ray photoelectron
spectra (XPS) (the spectra not shown). The binding energy of
Cd3d5 at 405.2 eV and S2p at161.65 eV revealed that this sample
could be identified with CdS.18 The atom ratio of Cd/S calculat-
ed from the peak areas of Cd3d5 and S2p was 9.08:11.18. The
result revealed that the obtained tubular crystals were stoichio-
metric within the experimental errors.

The crystallization temperature was critical factors in the
formation of CdS tubes. In the hydrothermal route, the appropri-
ate temperature for the formation of CdS tubes was at 350 �C. In
our growth process, sodium hydroxide (NaOH) acted as miner-
alizer. Because of the formation of Na2Cd(OH)4 (Eq 3), the
solubility of CdS powders in NaOH solution was higher than
that in water. Experiments indicated that the suitable conditions
were that the temperature was not lower than 350 �C, the
reaction time was not shorter than 24 h, and the concentration
of NaOH was 2M.

The growth mechanism for the tubular CdS crystals is dis-
cussed as follows. CdS exists in two polymorphic form—wurt-
zite (hexagonal) and zincblende (cubic). Indeed, the thermody-
namically stable crystal structure of CdS is wurtzite and occurs
in nature as the mineral greenokite. This ionic and polar structure
can be described as hexagonal close packing of sulfur and cad-
mium atoms in space group P63mc with cadmium atoms in tet-
rahedral sites (point group 3m). The occupancy of four of the
eight tetrahedral sites of the hexagonal lattice controls the
structure. The velocities of wurtzite structure crystal growth in
different directions are reported to be ½�1100� > ½�1101� > ½001� �
½00�11�.19 Accordingly, the theoretical and most stable crystal hab-
it is a hexagon elongated along the c axis. In the early stage of
our crystallization process, the nucleation and growth of the
highly 3-D crystalline CdS microrod array of typically about
13mm in width and up to 80mm in length is produced
(Figure 2a). Subsequently, in the second stage, the preferential
chemical dissolution of the metastable (001) Cd faces of the
fully grown oriented microrods shall lead to the required highly
porous and oriented hollow structure (Figures 2b and 2c). The

system undergoes variations of morphology, size, or structural
properties as a result of the aging mechanism (e.g., Ostwald
ripening).20

In summary, CdS mesoscale tubes were synthesized suc-
cessfully via a hydrothermal method at 350 �C. The possible
growth mechanism of CdS tubes was proposed. It is expected
that the hollow tubular crystals should have novel properties,
and may offer exciting opportunities for both fundamental
research, and technological application. Deeper understanding
of growth mechanism of CdS tubes and controlling the reaction
kinetics should be further investigated.

This work supported by the Chinese National Foundation of
Natural Science Research.

References
1 G. A. Oain, A. Kupernan, and A. Stein, Angew. Chem., Int.

Ed. Engl., 28, 359 (1989).
2 G. D. Stucky and D. J. E. Mac, Science, 247, 669 (1990).
3 C. Valdes, U. P. Splitz, L. M. Toledo, S. W. Kubik, and

J. Rebek, Jr., J. Am. Chem. Soc., 117, 12733 (1995).
4 H. R. Allcock, Acc. Chem. Res., 9, 5120 (1976).
5 G. A. Qzin, Adv. Mater., 4, 612 (1992).
6 S. J. Mann, Chem. Mater., 9, 2300 (1997).
7 O. M. Yaghi, H. Li, C. Davis, D. Richardson, and T. Groy,

Acc. Chem. Res., 31, 474 (1998).
8 Q. Yang, K. B. Tang, C. R. Wang, Y. T. Qian, W. C. Yu,

G. E. Zhou, and F. Q. Li, J. Mater. Chem., 11, 257 (2001).
9 J. Q. Hu, B. Deng, Q. Y. Lu, K. B. Tang, R. R. Jiang, Y. T.

Qian, G. E. Zhou, and H. Cheng, Chem. Commun., 2000,
715.

10 C. R. Wang, K. B. Tang, Q. Yang, B. Hai, G. Z. Shen, and
Y. T. Qian, Chem. Lett., 2001, 494.

11 X. W. Zheng, Y. Xie, L. Y. Zhu, Y. B. Jia, W. H. Song, and
Y. P. Sun, Inorg. Chem., 41, 455 (2002).

12 J. Tien, T. L. Breen, and G. M. Whitesides, J. Am. Chem.
Soc., 120, 12670 (1998).

13 B. Michael, H. Q. Hou, I. Michael, F. Thomas, H. Michael,
S. Christoph, S. Andreas, H. W. Joachim, and G. Andreas,
Adv. Mater., 12, 637 (2000).

14 P. Hoyer, Langmuir, 12, 1411 (1996).
15 V. M. Cepak, J. C. Hulteen, G. Che, K. B. Jirage, B. B.

Lakshmi, E. R. Fischer, and C. R. Martin, Chem. Mater.,
9, 1065 (1997).

16 M. Terrones, N. Grobert, J. Olivares, J. P. Zhang, H.
Terrones, K. Kordatos, W. K. Hsu, J. P. Hare, P. D.
Townsend, K. Prassides, A. K. Cheetham, H. W. Kroto,
and D. R. M. Walton, Nature, 388, 52 (1997).

17 H. Dai, J. Kong, C. Zhou, N. Franklin, T. Tombler, A.
Cassell, S. Fan, and M. Chapline, J. Phys. Chem. B, 103,
11246 (1999).

18 Perkin-Elmer Corporation. PHI 5300 Instrument Manual,
Perkin-Elmer (1979).

19 W. J. Li, E. W. Shi, W. Z. Zhong, and Z. W. Yin, J. Cryst.
Growth, 203, 186 (1999).

20 A. Nielsen, ‘‘Crystal Growth,’’ Pergamon Press, London
(1967).

a b c

Figure 2. SEM images of CdS crystal (a) microrod and (b, c)
tubes.
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