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a b s t r a c t

The low temperature mineralization of zinc oxide nanorod
bunches from zinc precursor solution mixed with the cationic
surfactant Cetyl Trimethyl Ammonium Bromide is reported. Five
different combinations of zinc precursor and surfactant ratios
are chosen and their properties are compared using the average
particle size, lattice parameter ratio (c/a) of hexagonal ZnO from
X-ray diffraction, the morphologies from SEM, TEM and their
optical characteristics by using optical absorption spectroscopy
spectrometry. A surfactant lowers the surface tension of the
solution, and forms a thermodynamically ordered and a disordered
phase wherein, ordered phase seeds the growth of the ZnO
nanostructures. A peculiar circular structure called ‘micelle’ is
formed by the surfactant. The heads, located on the peripheries
of the micelle, are the ordered phase in the solution, and are the
original nucleation sites of the Zinc Oxide nanostructures. This
fashion of nucleation is the reason for the ‘arms of the wheel-
like’ morphology consisting of nanorod bunches. Out of the five
combinations experimented, the 3:1, 3:2, 1:1 ratios show nearness
in the standard c/a value. The photoluminescence spectrum shows
UV emission in the region of 380 nm and weak blue emission.
The UV–VIS–NIR spectrum has exhibited a characteristic UV-
absorption.
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1. Introduction

ZnO is a wide band gap, II–VI semiconductor alternative to ITO and analogous to GaN. It has
profound applications in optics, optoelectronics, sensors and actuators due to its semiconducting
piezoelectric, and pyroelectric properties [1–4]. The knowledge of growing tailor-mademorphologies
of nanoparticles is essential for obtaining the desirable morphologies of potential materials such
as zinc oxide for the development of functional devices at the nanoscale and the same has
attracted considerable attraction in scientific research and technological applications [5–7]. Growth
of different hierarchial nanostructures of zinc oxide like nanohelix, nanorings and nanobows
have recently been reported due to the keen interest on their morphology and size dependent
properties [8,9].
For the different kinds of applications of evolving nanoelectronics, various crystallographically

engineered nanostructures are being searched for, using various methods. Hence, the study on the
growth habit of ZnOnanostructures in different chemical ambience has been considered as significant.
The growth of metal-oxide nanostructures from aqueous solutions of suitable metal salt precursors
by hydrothermal conditions is very economic and efficientmethod for the preparation of well defined
nanostructures [10]. In the recent past, the assistance of surfactant (Cetyl Trimethyl Ammonium
Bromide) in the hydrothermal synthesis of oxide nanoparticles have previously been reported [11–
14]. But, the discussion on the basis of growth kinetics still has a scope to be worked upon on the
way to prepare engineered morphologies. So, an attempt was made using the same surfactant which
gives a peculiar ‘arms of the wheel-like’ morphology consisting of nanorod bunches and different
combinations of ratio of Zn precursor and surfactant are compared on the basis of their structural and
optical properties, and morphology.

2. Experimental

In the cationic surfactant assisted mineralization experiment, 0.6 g of zinc acetate dihydrate
(ZnCH3COO.2H2O) and 0.1 g of CTAB were dissolved in 65 ml of demineralized distilled water stirred
well to dissolve completely. This is 6:1—Zn:CTAB solution. For different ratios of Zn and CTAB the
weight ratios were adjusted accordingly. After getting the pure solution without any undissolved
particle, 12 ml of 2 M sodium hydroxide solution was added. The mixture was stirred well to attain
homogeneity in the turbid solution. This homogenous mixture was then, transferred to autoclavable
Pyrex glass bottles and heat treated in an oven in the temperature range of 95–105 °C for 4 h.
After 4 h the bottles were allowed to cool down naturally. Then the solution containing white
particles was centrifuged to separate thewhite particles. The separated centrifugatewaswashedwith
ethanol and demineralized water several times, dried in a hot air oven and subsequently utilized for
characterization.

3. Results and discussion

The X-ray diffraction pattern shown in Fig. 1 exhibits the pattern as in the JCPDS standard card no.
36-1451 that of pure hexagonal ZnO.
For all the surfactant concentrations, the X-ray diffractograms were identical. The peculiar

nanorod bunches-like structures formed by using various CTAB concentrations are as exhibited in the
Scanning Electron Micrographs Fig. 2(a)–(f). From the X-ray analysis using the interplanar spacing
and Full width Half Maximum (FWHM), the average particle size was found by Debye–Scherrer’s
formula [15,16].

d =
0.9λ
B cos θB

. (1)

Except the 6:1 ratio, for all the other cases, the calculated particle sizes were in the range 22–29 nm,
indicating the addition of surfactant improves the average particle size. Dislocation density is defined
as the number of dislocation lines per unit area [17–19].

Dislocation density ρ =

√
12
〈
e2
〉

dp
(2)
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Fig. 1. X-ray diffraction pattern of CTAB:ZnO with all its characteristic peaks.

Fig. 2. Scanning Electron Microscope images of various Zn:CTAB concentrations. The corresponding Zn precursor and
surfactant ratio are inscribed on the images. (a) closely packed nanorods, (b) closer view of the same SEM image of 6:1
ratio showing nanorod bunches and tightly packed aggregates of nanorods. (c) Well defined hexagonal nanorod bunches, (d)
flower like morphology consisting of nanorods, (e) clear ‘arms of the wheel-like’ structure, (f) nanowires and nanoflower-like
morphologies.

p→ particle size (obtained from Debye Scherer’s formula)
〈e2〉1/2 → RMS strain
d→ interplanar spacing.

The lowest of the CTAB concentration is found to have highest dislocation density of 25 × 106 lines
per unit length/volume whereas the equal ratio has a value 18 × 106 lines per metre and all the
other combinations show near about 13 × 106. From this it is confirmed that due to the increase
in concentration, dislocation density is found to be reduced. After the formation of micelles in the
solution, a uniform growth rate is suspected on all the active sites. This uniformity is more when
the micelle concentration is more. In the case of lower CTAB concentration, there is lesser number of
active sites and growth units are in large number. This results in a competition among the negatively
charged particles to attach themselves on the active sites of the cationic surfactant. As a result, a
rapid growth occurs which causes comparatively more number of dislocations. So, by increasing the
surfactant concentration the dislocation density is brought under control. For a hexagonal system the
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Table 1
Calculated particle size, lattice parameters and dislocation density of the five different combinations of Zn precursor and
surfactant ratio.

Sl. no Zn:CTAB ratio Particle size (nm) Lattice parameters (Å) Dislocation density×106 lines/m2

a c

1 6:1 16 3.247 5.191 25.458
2 3:1 29 3.271 5.235 13.911
3 3:2 29 3.287 5.261 13.924
4 1:1 22 3.280 5.252 18.547
5 1:2 29 3.264 5.220 13.905

a nanorod bunch

Hydrophilic head

Lipophilic tail

'micelle'

N Br–

a

b

c

Fig. 3. (a) Pictorial representation of a typical nanorod bunch grown on the heads of the micelle. (b) The structure of a micelle
formed due to the cationic surfactant Cetyl Trimethyl Ammonium Bromide (CTAB). (c) Molecular Structure of CTAB.

lattice parameters can be found from

1
d2
=
4
3

(
h2 + hk+ k2

a2

)
+
(
l2/c2

)
. (3)

By substituting the d value of the (hkl) peaks (100) and (002), the lattice parameter values ‘a’ and
‘c ’ are found. Their ratio (c/a) is subsequently calculated. For the standard lattice parameters, as per
the JCPDS, the c/a value is calculated to be 1.6023. In our results, the calculated c/a values are in the
range 1.600 for all the three intermediate combinations (3:1, 3:2, 1:1), and 1.598, 1.599 for the lowest
and highest CTAB concentrations respectively. It is observed that, for moderate concentration of the
CTAB the lattice parameters do not show large deviation. The least and highest concentrations of CTAB
do exhibit a comparatively deviated lattice parameter value. Notably, the lattice parameter variation
is consistent with the calculated average crystallite size. The results of all the calculated parameters
are tabulated in Table 1, for comparison.
CTAB—a cationic surfactant forms CTA+ and Br− in aqueous solutions. This surfactant lowers the

surface tension of the liquid and allows the ions to spread freely in the volume of the liquid. At
a particular concentration of the surfactant known as the critical micelle concentration, they form
‘micelles’, a peculiar structure containing hydrophobic/lipophilic tail and a hydrophilic head as shown
in Fig. 3(a) and (b). Fig. 3(c) shows the molecular structure of the cationic surfactant CTAB.
As the ‘hydrophilic’ heads try to have contact with the aqueous solution, their ‘lipophilic’ tails

assemble in the centre forming a circular aggregation in which the tails orient as the arms of a
wheel while the heads spread at the peripheries allowing free contact with the aqueous solution.
The term ‘lipophilic’ means ‘hydrophobic’ or ‘protein/oil seeking’. So, they tend to keep away from the
aqueous medium. Hence, these lipophilic tails assemble inward at the centre of the ‘micelle’ formation.
So, there at the heads of the micelles, the growth of the ZnO nanostructures are initiated and
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grow further up to when the growth nutrients are available. As surfactant is the source for the
micelle formation, concentration and dimensions of the micelles will be influenced directly by the
surfactant concentration. Five different combinations of Zn:CTAB concentration are chosen in such a
way to have the CTAB concentration gradually increasing from the previous one. In the case of lower
concentrations of CTAB, the micelles formed are suspected to be smaller in the circumference when
compared to the higher surfactant concentration cases. As a result, the active sites i.e., the heads are
closely accommodated when the CTAB concentration is lower in the solution. So, subsequently the
rods originated from the active sites are closely packed as seen in Fig. 2(a) and (b). At some of the active
sites, the heads are too closer to assemble rods compressively packed,which look nano-fungi like. Each
and every active centre (micelle) is the base for a bunch consisting of nanorods and every single rod
is attached to the active site (hydrophilic head of the micelle). The number of rods originated from a
single active centre gradually decreases on increasing the CTAB concentration. This may be due to the
subsequent increase in the number of micelle formation. The apparent number of nanorods present
in a single active centre is observed from the scanning electron micrographs. They are supposed to
be 75, 50, 35 and 18–25 for the Zn:CTAB ratio 6:1, 3:1, 3:2 and 1:1. It is observed that, the number of
rods in a bunch is on the decrease as the CTAB concentration increases. Among the micrographs, for
the combinations 6:1, 3:1 the rods formed, look flat at the end and for 3:2, 1:1 the ends of the rods are
tapered. The tapering feature shows that the growth rate of the zinc rich positive polar plane grows
faster due to rapid attaching of Zn(OH)2−4 on the [0001] plane [10]. More over, from the absence of the
tapered tip in the lower concentration of the CTAB, it is evident that higher the CTAB concentration
faster the growth rate of the [0001] plane.When CTAB concentration is twice that of the Zn precursor,
there is more number of active centers. So, all of the active centre which have formed do not get equal
and continuous supply of growth units. The shortage of growth units is evident from the numerous
smaller nanorod-bunches like structures.
The 6:1 Zn: Surfactant ratio has formed nanorod bunches and some fungi like aggregation of the

nanorods. In the 1:2 ratio tapered tips are a common feature among thenanorods andparticles formed,
and a unique nanofibre like structure is seen which are not found in the other combinations of the
Zn:CTAB ratios.
Fig. 4(a)–(c) presenting the histograms drawn from SEM images show that there are more

number of particles in the diameter range 300–400 nm. Fig. 4(d)–(g) show the Transmission Electron
Microscope of the dispersed nanorods from the nanorod bunches.
The histogram of the 3:1 — Zn:CTAB ratio exhibits five different distinguishable diameter size

distributions. Out of them, 375 nm occupies the maximum of upto 30% of the total number of
nanostructures seen in the SEM. For 3:2 case, there are more nanorods in the range 300–400 nm.
In this, there are six diameter ranges are observed. For the case of equal ratio of Zn and surfactant
concentrations, 400 nm diameter rods are more in population than the other sizes. It is noteworthy
that, for equal concentration, there are seven different diameter size distributions are seen. So, from
the above results it is confirmed that, more number of size distributions are observed for higher
surfactant concentrations. So, without surfactant, the diameters of the nanorods formed are more
uniform. To ascertain the effect of the surfactant on the uniformity of the diameter size distributions,
more number of experiments with many more combinations of the zinc and surfactant ratios ought
to be done in longer time durations to allow the growth to be complete, and the solution to become
stable, having the least amount of the growth nutrients in them.
Fig. 5 shows the optical UV absorption spectra of three representative nanostructures grown using

the surfactant CTAB. The different structures have some difference in their intensities. But all the three
show a characteristic absorption edge in the UV region. Their absorption edges do not show much
variation due to the addition of CTAB in different ratios. It shows that the addition of CTAB does not
alter the characteristic optical performance of as prepared ZnO nanostructures.

4. Conclusion

A cationic surfactant assisted hydrothermal mineralization of the zinc oxide nanorods—bunches
in short time and low temperature is demonstrated. The mechanism of formation of ‘arms of the
wheel’-like structure consisting nanorods bunches is proposed on the basis of micelle formation.
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Fig. 4. (a)–(c) Histograms depicting the size distribution as seen from the SEM images. The corresponding Zn:CTAB
concentration is labeled on the figures. (d)–(g) TEM images of nanorods dispersed from the bunches.
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Fig. 5. Optical absorption spectra of three representative ZnO nanostructures grown using the effect of surfactant in various
concentrations.
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The lattice parameters of the nanostructures prepared using different CTAB concentrations are
compared and they are found to have differences in microstructural parameters, such as dislocation
density etc. Due to the difference in the concentrations of the surfactant, the number of active centers
are different and the same has effected in the population density of the formed nanorods bunches.
From the SEM images, the diameter variation of nanorods, when different CTAB strength mixed, was
evident and the samewas illustrated by histograms. The optical performance assessed by UV–VIS–NIR
absorption spectroscopy showed a characteristic absorption property of nano zinc oxide.

References

[1] Lionel Vayssieres, Adv. Mater. 15 (5) (2003) 464–466.
[2] S.D. Gopal Ram, M. Anbu Kulandainathan, G. Ravi, Appl. Phys. A Mater. 99 (1) (2010) 197–203.
[3] T.L. Sounart, J. Liu, J.A. Voigt, J.W.P. Hsu, D.D. Spoerke, Z. Tian, Y.B. Jiang, Adv. Funct. Mater. 16 (2006) 335.
[4] R.S. Yang, Y. Ding, Z.L. Wang, Nano Lett. 4 (2004) 1309.
[5] X.Y. Kong, Y. Ding, R. Yang, Z.L. Wang, Science 303 (2004) 1348.
[6] W. Hughes, Z.L. Wang, J. Am. Chem. Soc. 126 (2004) 6703.
[7] N. Katsarakis, M. Bender, V. Cimalla, E. Gagaoudakis, G. Kiriakidis, Sens. Actuators B 96 (2003) 76.
[8] T. Zhang, W. Dong, M. Keeter-Brewer, S. Konar, R.N. Njabon, Z.R. Tian, J. Am. Chem. Soc. 128 (2006) 10960.
[9] C. Stoica, P. Verwer, H. Meekes, P.J.C.M. van Hoof, F.M. Kaspersen, E. Vlieg, Cryst. Growth Des. 4 (2004) 765.
[10] T.L. Shin, H.J. Lee, J.H. Lee, S.-W. Kim, S.J. Suth, D.H. Yoon, J. Cryst. Growth 292 (2006) 216.
[11] Hui Zhang, Deren Yang, Yujie Ji, Xiangyang Ma, Jin Xu, Duanlin Que, J. Phys. Chem. B 108 (2004) 3954.
[12] Fei Li, Liang Hu, Zhen Li, Xintang Huang, J. Alloys Compounds 465 (2008) L14–L19.
[13] U.N. Maiti, S. Nandy, S. Karan, B. Mallik, K.K. Chattopadhyay, Appl. Surf. Sci. 254 (2008) 7266–7271.
[14] Rizwan Wahab, S.G. Ansari, Hyng-Kee Seo, Young Soon Kim, Eun-Kyung Suh, Hyung-Shik Shin, Solid State Sci. 11 (2009)

439–443.
[15] T. Sekiguchi, S. Miyashita, K. Obara, T. Shishido, N. Sakagani, J. Cryst. Growth 214 (2000) 72.
[16] B.D. Cullity, Elements of X-Ray Diffraction, Addision-Wesley, Reading, MA, 1978, 102.
[17] P.B. Hirsh, Proc. Math. Phys. 6 (1956) 236.
[18] G.K. Williamson, R.E. Smallman, Phil. Mag. 1 (1956) 34.
[19] T. Mahalingam, V.S. John, L.S. Hsu, J. New Mat. Electrochem. Syst. 10 (2007) 121.


	Short time and low temperature mineralization of ZnO nanorod-bunches from solution using cetyl trimethyl ammonium bromide
	Introduction
	Experimental
	Results and discussion
	Conclusion
	References


