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Abstract

ZnO nanopowders were synthesized by hydrothermal and solvothermal method by using CTAB as surfactant, and the effects of CTAB on the
morphologies of ZnO nanopowders were investigated. The results showed that the presence of CTAB could greatly vary the shape of the ZnO
crystals. ZnO nanorods were prepared from the hydrothermal system without CTAB and flowers-like ZnO nanostructures were produced from
hydrothermal system with 0.4 M and 0.5 M CTAB. Low concentration of CTAB in ethanol was conducive to the formation of ZnO nanorods, but
the concentration continued to increase, the morphology of sample transformed into hexagonal bipyramid, and then transformed into spherical. The
synthesis mechanism of ZnO powders with different morphologies has been presented.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO is an important semiconductor due to the wide direct
band gap (3.37 eV) and large exciton-binding energy (60 meV).
ZnO exhibits many interesting properties including near-UV
emission, conductivity, piezoelectricity, photocatalysis, and gas
sensitivity. Synthesis of size and shape controlled ZnO
nanostructures is very important in controlling their physical
and chemical properties, and crucial for their potential
uses.Over the past decade, ZnO crystallites have been obtained
by several preparation approaches including sol-gel method,
evaporative decomposition of solution, wet chemical synthesis,
and gas-phase reaction and hydrothermal synthesis. Among
these methods, hydrothermal and solvothermal approach [1-6]
have a great advantage in synthesizing ZnO crystals through
relative low temperature and simple equipment, which makes
these methods more suitable and economic for large-scale
production. In order to control the morphology of ZnO crystals,
organic additives such as ethylene diamine tetraacetic acid
(EDTA) [7,8], polyethyleneglycol (PEG) [9,10] and sodium
dodecyl sulfate (SDS) [11-13], were commonly introduced into
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the reaction system to manipulate the nucleation and growth in
hydrothermal and solvothermal reactions. Recently, cetyltri-
methylammonium bromide (CTAB) assisted hydrothermal
technique has emerged as an attractive technique to investigate
the synthesis of ZnO nanostructures [14]. Sun et al. [15]
reported the synthesis of ZnO nanorods by CTAB-assisted
hydrothermal technique. Ge et al. have reported a 3D ZnO
nanostructure with sisal-like morphology via the assembly of
CTAB [16]. Nia et al. have used a mixture of zinc acetate and
CTAB to obtain ZnO rods in the presence of KOH [17]. Until
recently, there exist a few reports about the preparation of ZnO
nanostructures by using CTAB assisted hydrothermal and
solvent thermal technique [18]. The precise effect mechanism
of CTAB on the synthesis of ZnO nanopowders has not been
revealed yet. Zhang H et al. considered that CTAB can interact
with growth units of ZnO to generate active sites on the surface
of ZnO nuclei so that sword-like ZnO nanorods are created on
those sites, resulting in the formation of the flower-like ZnO
nanostructures [19]. As properties of nanomaterial depend on
their shape and size, the development of synthetic methods and
understandings of the mechanism by which the shape and size
can be easily controlled are key issues in nanoscience and
nanotechnology.

CTAB is a cationic surfactant. When CTAB is dissolved in
water or ethanol, it will ionize into CTA* and Br . ZnO, as a
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polar crystal, has a polar axis and possesses a positive face and a
negative face on the crystal due to the asymmetrical distribution
of Zn atoms and O atoms along its polar axis, and the positive
face (0 0 0 1) is occupied by Zn atoms while the negative face
(000 1) is distributed by O atoms. So CTA™ and Br~ will affect
the morphology of ZnO by electrostatic attraction. On the other
hand, CTAB can form micelles or reverse micelles, which also
play a very important role in the final morphology of the ZnO
nanopowders. In this work, the effects of CTAB on the
morphologies of hydrothermal and solvothermal synthesis of
ZnO nanopowders were investigated. Moreover, the synthesis
mechanism of ZnO nanopowders with different morphologies
has been presented.

2. Experimental
2.1. Chemicals

All chemicals were analytical grade and used as purchased
without further purification. Zinc nitrate (Zn(NO3),-6H,0, as a
zinc source), ammonium carbonate (as precipitating agent), and
cetyltriethylammonium bromide (CTAB, as a cationic surfac-
tant) and ethanol were purchased from Shanghai Chemical
Reagents Company.

2.2. Experimental

ZnO nanopowders were synthesized by two steps. First,
200 mL of 1 M zinc nitrate aqueous solution was mixed with
50 mL of 1 M ammonium carbonate and the resulting mixture
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Fig. 1. XRD patterns of ZnO nanopowders with different CTAB concentrations
in water: (a) without CTAB, (b) 0.1 M, (c) 0.5 M and (d) 0.8 M.

was stirred thoroughly. Some white precipitates (the precursor)
were obtained. Then resulting white precipitate was collected
and washed with deionized water several times. For hydro-
thermal synthesis, precursor powders (1.5 g) were added to
45.5 mL of different concentrations of CTAB aqueous solution
(0.1M, 05M and 0.8M). For solvothermal synthesis,
precursor powders (1.5 g) and a certain amount of CTAB
were added to graduate with a capacity of 50 mL, then ethanol
was added to graduate until 45.5 mL mixed liquid was
obtained. No matter be it hydrothermal synthesis or solvother-
mal synthesis, NaOH was introduced to adjust the pH value of

Fig. 2. FSEM photos of ZnO nanopowders prepared with different CTAB concentrations in water (a) without CTAB, (b) 0.1 M, (c) 0.5M and (d) 0.8 M.
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Fig. 3. The structure of the hydrophobi

the solution (pH 10), and the resulting solutions were stirred.
Then the above 45.5 mL solution was transferred to a Teflon-
lined autoclave for hydrothermal synthesis at 220 °C in an oven
for 18 h. The autoclave has a capacity of 70 mL. When the
reaction time was reached, the autoclave was removed and
cooled to room temperature. After this process, white crystal-
line product was collected by centrifugation and thorough
washings with ethanol and then dried at 60 °C.

2.3. Characterization

The morphology of the resulting powder was examined
using JSM-6700F field emission scanning electron microscopy.
X-ray diffraction patterns were taken using a Bruker D8
ADVANCE diffractometer with Cu Ko radiation.

3. Results and discussion

3.1. Structure and morphology of CTAB-assisted
hydrothermal synthesis of ZnO nanopowders

Fig. 1 shows the XRD patterns of the ZnO products obtained
after hydrothermal treatment in the absence and presence of
CTAB. All the diffraction peaks are in good agreement with the
JCPDS file for ZnO (JCPDS 36-1451, a=3.249 A,
c=5.206 ;\), which can be indexed as the hexagonal wurtzite
structure of ZnO. The sharpness of the peaks implies a high
crystallinity of the as-produced samples.

Fig. 2 shows FSEM photos. It was found that flower-like
assemblies can be obtained with CTAB concentration in the
range of 0.1-0.5 M (Fig. 2b and c). With CTAB concentration
increasing from 0.1 M to 0.5 M, the length of the nanorods
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¢ tail and hydrophilic head of CTAB [15].

increased from 3 pm to 6 wm and the diameter of the nanorods
was invariant. However, only rod-like 1D structures with a
length of about 8-10 wm and a width of 200400 nm were
obtained (Fig. 2a) without using CTAB. With a high
concentration of CTAB (0.8 M), ZnO nanorods were obtained
again.

The formation process for ZnO nanopowders under
hydrothermal condition can be represented as follows:
precursor of basic zinc carbonate (ZnysCO3(OH)-6H,0)
hydrolysis, which induce the forming of zinc hydroxide
(Zn(OH),) hydrosol (shown in formula (1)).

If the pH value in the aqueous solution is about 10, Zn(OH), is
the main composition. During the hydrothermal process, part of
the Zn(OH), colloids dissolves into Zn>* and OH™ according to
reaction (2). When the concentration of Zn>* and OH ™~ reaches
the supersaturation degree of ZnO; according to reaction (3),
ZnO nuclei is formed. The growth units of [Zn(OH), >~
(according to reaction (4)) have a tetrahedron geometry. The
reaction in the solution can be shown below [20-23]:

Zn,CO3(OH)g-H,0 + 20H™ — 4Zn(OH), 4+ CO32~ +H,0

D
Zn(OH), — Zn**4+20H" 2)
Zn** +20H" — ZnO + H,0 3)
Zn(OH); +20H" — Zn(OH),*~ 4)
Zn(OH),>~ — ZnO + H,O + 20H~ (5)

CTAB is a cationic surfactant which ionizes completely in
water. CTA™ is positively charged with a tetrahedral head and a
long hydrophobic tail. The resulted cation is also a tetrahedron
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Fig. 4. Typical aggregate morphology of surfactants in solution: (a) spherical micelle, (b) worm-like micelle, (c) bilayer phase, (d) vesicle and (e) inverted micelle.
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with a long hydrophobic tail (seen in Fig. 3). Therefore, ion-
pairs between Zn(OH),>~ and CTA™ could form due to the
electrostatic interaction. In the crystallization process, CTAB
serves not only as an ionic carrier but also as a soft template.
CTAB critical micelle concentration (CMC) at 25 °C in pure
aqueous solution is 0.0009 mol/L, when the concentrations of
CTAB are 0.1 M and 0.5 M, CTAB aggregation in aqueous
solution will form spherical micelles, as shown in Fig. 4a. As
the micelles in aqueous solutions are also in a dynamic balance,
ion-pairs of Zn(OH),>~ and CTA™ were constantly adsorbed
and detached from the surface of the formed micelle. The
complementarity between CTA* and Zn(OH),* endows the
surfactant with a capability to act as an ionic carrier. But when
the concentration of CTAB is 0.8 M, CTAB aggregation in
aqueous solution will form rod-like micelles which served as
soft templates, so flower-like ZnO nanopowders were obtained
with 0.1 M and 0.5 M CTAB, and ZnO nanorods were obtained
with 0.8 M CTAB.

3.2. Structure and morphology of CTAB-assisted
solvothermal synthesis of ZnO nanopowders

To confirm the effect of CTAB on the final ZnO
nanostructures, 0.1 M, 0.2 M, 0.4 M, 0.5M and 0.8 M CTAB
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Fig. 5. XRD patterns of ZnO nanopowders prepared with different concentra-
tions of CTAB in ethanol (a) without CTAB, (b) 0.1 M, (c) 0.4 M, (d) 0.5 M and
(e) 0.8 M.

were used in ethanol, respectively. Fig. 5 shows the XRD
patterns of the products. All of the diffraction peaks can be
indexed as hexagonal ZnO phase (wurtzite structure) by
comparison with the data from JCPDS cards No.36-1451.

Fig. 6. FESEM photos of ZnO nanopowders prepared with different concentrations of CTAB in ethanol: (a) without CTAB, (b) 0.1 M, (¢) 0.4 M, (d) 0.5 M, and (e—g)

0.8 M.
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FSEM photos are shown in Fig. 6. CTAB concentration was
0.1 M, ZnO nanorods with a length of about 800 nm, a diameter
of about 200 nm and aspect ratio of 4:1, were obtained. With the
CTAB concentration increasing from 0.1 M to 0.4 M, the
diameter of the nanorod broadens noticeably from 200 nm up to
500 nm and the length of the nanorod increases from 800 nm to
1000 nm. When the CTAB concentration was increased to
0.5 M, the resulting ZnO nanopowders with uniform particle
size appeared as hexagonal bipyramid. When the concentration
of CTAB was 0.8 M, some stepped hexagonal crystals and
small microspheres coexisted in the product (see Fig. 6e-g).
Detailed views on the shell structure indicate that the ZnO
microspheres are comprised of numerous building units. Fig. 6
shows an individual ZnO microsphere, which was assembled by
hundreds of uniform nanorods, in which the length and
diameter of an individual nanorod were around 300 nm and
100 nm, respectively.

There are few papers about the study on solubility of CTAB
in ethanol. Ethanol is a weak polar substance. When CTAB
concentration in ethanol is over the critical micelle concentra-
tion, CTAB can form reverse micelles. Conformational energy
difference of n-hexadecane and ethanol is —170.736 kJ/mol
and conformational energy difference of n-hexadecane and
aqueous solution is —73.298 kJ/mol, which shows strong
interaction between ethanol molecules and hexadecane
molecules. So, it is difficult for CTAB molecules to form
micelles in ethanol. The critical micelle concentration of CTAB
in aqueous solution is 0.0009 mol/L, whereas that of CTAB in
ethanol is 0.24 mol/L at 25 °C [24].

The critical micelle concentration of CTAB increases with
the increase of temperature. When the concentrations of
CTAB were 0.1 M, 0.4 M and 0.5M, CTAB cannot form
effective reverse micelles, and CTAB was dissolved in
ethanol to form CTA* and Br . The complementarity
between CTA* and Zn(OH)4zfendows the surfactant with
a capability to act as an ionic carrier, so the concentrations of
CTAB were 0.1 M and 0.4 M, ZnO nanorods were obtained.
ZnO, as a polar crystal, has a polar axis and possesses a
positive face and a negative face on the crystal due to the
asymmetrical distribution of Zn atoms and O atoms along its
polar axis, and the positive face (0 0 0 1) is occupied by Zn
atoms while the negative face (0001) is distributed by O
atoms. When the concentration of CTAB was 0.5 M, the
adsorption of CTA™ and Br™ in the negative and positive side
led to lower crystal growth rate of the positive and negative
face,which induce the forming of hexagonal bipyramid ZnO
nanopowders. When the concentration was increased to
0.8 M, spherical or layered reverse micelles formed in
ethanol. Reactants will be wrapped through CTAB template,
and CTAB serves as a soft template to control the growth of
Zn0O. So, some stepped hexagonal ZnO crystals and small
microspheres ZnO coexisted in the products.

4. Conclusion

On the basis of the information we have gathered, we think
that the shapes of the micelles or reverse micelles play a very

important role in the final morphology formation of the ZnO
nanopowders. The shape of micelles or reverse micelles can be
regulated by the concentration of CTAB and type of reaction
medium. By changing CTAB concentration and reaction
medium, ZnO nanorods, ZnO nano-flowers, hexagonal
bipyramid ZnO and ZnO microspheres can be obtained. Low
concentration of CTAB in ethanol is conducive to the formation
of ZnO nanorods, but the concentration continued to increase,
the morphology of the sample transformed into hexagonal
bipyramid, and then transformed into spherical.

References

[1] X.H. Wang, Y.C. Zhang, W.L. He, M.K. Zhu, B. Wang, H. Yan, Hydro-
thermal synthesis of zinc oxide powders with controllable morphology,
Ceram. Int. 30 (2004) 93-97.

[2] J.H. Kim, A.D. David, FF. Lange, Hydrothermal growth of periodic,
single-crystal ZnO microrods and microtunnels, Adv. Mater. 18 (2006)
2453-2457.

[3] A.S Shaporev, V.K. Ivanov, A.E. Baranchikov, D. Yu, Microwave-assisted
hydrothermal synthesis and photocatalytic activity of ZnO, Inorg. Mater.
43 (1) (2007) 35-39.

[4] D. Apurba, K. Soumitra, C. Subhadra, Growth of ZnO nanocrystals by a
solvothermal technique and their photoluminescence properties, J.
Nanosci. Nanotechnol. 7 (2007) 2778-2784.

[5] L.S. Panchakarla, A. Govindaraj, C.N. Rao, Formation of ZnO nanopar-
ticles by the reaction of zinc metal with aliphatic alcohols, J. Cluster Sci.
18 (3) (2007) 660-670.

[6] B. Thomas, H. Michael, G. Michael, Cobalt-doped ZnO nanorods fabri-
cated by a simple wet chemical route in alcoholic solution, Z. Phys. Chem.
221 (2007) 387-392.

[71 G.R. Li, C.R. Dawa, B. Qetal, Electrochemical self-assembly of ZnO
nanoporous structures, J. Phys. Chem. C 111 (2007) 1919-1923.

[8] W.L. Wojciech, Systematic study of hydrothermal crystallization of zinc
oxide (ZnO) nano-sized powders with superior UV attenuation, J. Cryst.
Growth 312 (2009) 100-108.

[9] J.X. Duan, X.T. Huang, E.K. Wang, PEG-assisted synthesis of ZnO
nanotubes, Mater. Lett. 60 (2009) 1918-1921.

[10] L.R. Toib, K. Zohar, M. Alagem, Y. Tsur, Synthesis of stabilized nano-
particles of zinc peroxide, Chem. Eng. J. 136 (2008) 425-429.

[11] D.Z. Li, X.Y. Song, S.X. Sun, J.X. Guo, A simple method for the
preparation of ZnO prickly spheres, Chin. Chem. Lett. 15 (6) (2004)
733-736.

[12] H. Usui, Influence of surfactant micelles on morphology and photolumi-
nescence of zinc oxide nanorods prepared by one-step chemical synthesis
in aqueous solution, J. Phys. Chem. C 111 (2007) 9060-9065.

[13] L.L. Yang, J.H. Yang, X.Y. Liu, et al., Low-temperature synthesis and
characterization of ZnO quantum dots, J. Alloys Compd. 463 (2008) 92—
95.

[14] Y.H. Ni, X.W. Wei, J.M. Hong, Y. Ye, Hydrothermal preparation and
optical properties of ZnO nanorods, Mater. Sci. Eng. B 121 (2005) 42-47.

[15] X.M. Sun, X. Chen, Z.X. Deng, Y.D. Li, A CTAB-assisted hydrothermal
orientation growth of ZnO nanorods, Mater. Chem. Phys. 78 (2002) 99—
104.

[16] J.C.Ge, B. Tang, L.H. Zhuo, Z.Q. Shi, A rapid hydrothermal route to sisal-
like 3D ZnO nanostructures via the assembly of CTA* and Zn(OH),*~
growth mechanism and photoluminescence properties, Nanotechnology
17 (2006) 1316-1322.

[17] Y.H. Nia, X.W. Wei, X. Ma, J.M. Hong, CTAB assisted one-pot hydro-

thermal synthesis of columnar hexagonal-shaped ZnO crystals, J. Cryst.

Growth 283 (2005) 48-56.

B. Liu, H.C. Zeng, Hollow ZnO microspheres with complex nanobuilding

units, Chem. Mater. 19 (2007) 5824-5826.

H. Zhang, D. Yang, Y.J. Ji, X.Y. Ma, J. Xu, D.L. Que, Low temperature

synthesis of flowerlike ZnO nanostructures by cetyltrimethylammonium

[18

[19



3436 Y.-X. Wang et al./Ceramics International 37 (2011) 3431-3436

bromide-assisted hydrothermal process, J. Phys. Chem. B 108 (3) (2004)
3955-3958.

[20] S.C. Zhang, X.G. Li, Preparation of ZnO particles by precipitation
transformation method and its inherent formation mechanisms, Colloids
Surf. A 226 (2003) 35-44.

[21] L.N. Dem’yanets, D.V. Kostomarov, I.P. Kuz’mina, Chemistry and kinet-
ics of ZnO growth from alkaline hydrothermal solutions, Inorg. Mater. 38
(2002) 124-131.

[22] L.N. Demianets, D.V. Kostomarov, I.P. Kuz’mina, S.V. Pushko, Mecha-
nism of growth of ZnO single crystals from hydrothermal alkali solutions,
Crystallogr. Rep. 47 (1) (2002) S86-S98.

[23] C.L. Kuo, T.J. Kuo, M.H. Huang, Hydrothermal synthesis of ZnO micro-
spheres and hexagonal microrods with sheetlike and platelike nanostruc-
tures, J. Phys. Chem. B 109 (2005) 20115-20121.

[24] Y.C. Han, Study of surfactant CTAB self-assembly properties in ethanol/
water mixture, Tianjin University, Master Degree Thesis, 2004.



	A CTAB-assisted hydrothermal and solvothermal �synthesis of ZnO nanopowders
	Introduction
	Experimental
	Chemicals
	Experimental
	Characterization

	Results and discussion
	Structure and morphology of CTAB-assisted hydrothermal synthesis of ZnO nanopowders
	Structure and morphology of CTAB-assisted solvothermal synthesis of ZnO nanopowders

	Conclusion
	References


