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Multiwalled-carbon nanotubes coated with nano-crystalline zinc oxide (ZnO) was prepared by in situ growth of nano zinc ox-
ide on the surfaces of carbon nanotubes through hydrothermal method. X-ray diffraction, transmission electron microscopy and 
scanning electron microscopy analysis techniques were used to characterize the samples. It was observed that a layer of 
nano-crystalline ZnO with the wurtzite hexagonal crystal structure was uniformly coated on the nanotube surfaces with good 
adhesion, which resulted in the formation of a novel ZnO-nanotube nano composite. In this work, the carbon nanotubes deco-
rated by metal oxide nanoparticles were synthesized by a simple chemical-solution route which is suitable for the large-scale 
production with low cost. 
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1  Introduction 

Since their discovery, carbon nanotubes have continuously 
attracted strong interest from many areas of science and 
technology due to their well-defined 1D structure, 
nano-scaled diameters, superior electronic, mechanical, and 
chemical properties [1]. The physical properties of carbon 
nanotubes can be dramatically influenced by surface modi-
fication with selected organic, inorganic, and biological 
species [2–5]. Such functionalization can lead to a signifi-
cant enhancement of properties that are relevant to techno-
logical applications. Semiconductor nanoparticles have been 
one of the interested research area during the past decade 
due to their unique size-tunable chemical and physical 
properties [6]. These nanoparticles have shown potential 

applications in molecular electronics, nonlinear optics, ca-
talysis, and photoelectrochemical cells. They also represent 
ideal building blocks for the construction of nanostructured 
materials [7]. Several semiconductor nanoparticles such as 
tin oxide [8, 9], cadmium selenide [10–12], zinc sulfide [11], 
titanium oxide [10, 13], and silicon oxide [14, 15] have 
been bound to the surfaces of carbon nanotubes.  

ZnO is an n-type non-toxic inorganic semiconductor with 
a wide energy gap that potentially offers salient features as 
large electron channel mobility, excellent environmental 
stability and high transparency. It plays a key role in appli-
cations such as conductive electrodes, field-effect transistor, 
heterojunction solar cells and chemical sensors [16–19]. 
The deposition techniques of ZnO include sputtering, pulsed 
laser deposition, chemical vapor deposition, sol-gel and 
hydrothermal chemical bath deposition, etc. [20–24]. 

Here we report a simple and efficient low temperature 
solution chemical route using zinc nitrate as precursor and  
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hexamethylenetetramine as structure-directing agent to coat 
carbon nanotubes fully with a nominally uniform layer of 
nano ZnO. This work is motivated by potential applications 
of the combined nanotube/ZnO system. 

2  Experimental procedure 

Multiwalled carbon nanotubes were produced by catalytic de-             
composition of propylene over Ni/diatomite catalysts [12, 13]. 
Transmission electron microscopy (TEM, JEOL-200-                  
CX) image (Figure 1) shows that the diameters of the as 
produced multiwalled carbon nanotubes are different, the 
larger diameters of them are about of 80 nm, the lengths of 
the carbon nanotubes are several microns to several tens of 
microns. Before use, the carbon nanotubes were first an-
nealed in air at 500°C for 20 minutes [25], and then boiled 
by concentrated HNO3 (acid modification) for one hour 
[26]. 

Aqueous solutions of zinc nitrate and hexamethylene-
tetramine (Wako) were prepared at room temperature by 
dissolving zinc nitrate hydrate [Zn(NO3)2·6H2O, Wako] and 
hexamethylenetetramine in deionized water (molar ratio of 
[Zn2+] : [hexamethylenetetramine] = 1 : 1, [Zn2+] = 0.05 M). 
The prepared solutions were filtered through a membrane 
with 0.5 m pores before use. 

A full mixture of carbon nanotubes and polytetrafluoro-
ethylene (PTFE), prepared by mixing carbon nanotubes 
with PTFE suspending liquid in ethanol (weight ratio of 
carbon nanotubes to PTFE was 100: 5), was agitated and 
blown by a hot-air generator. When most solvent was vola-
tilized, the mixture, becoming slush state, was uniformly 
coated on cotton-linen fiber cloth (template) by the blade, 
and then dried up at 100°C. The fixed type carbon nano-
tubes were gained.  

The fixed type 0.05 g carbon nanotubes (fixed on 5 mm  

 

Figure 1 Transmission electron microscopy (TEM) of the as produced 
carbon nanotubes. 

×5 mm template) were put on the bottom of a 100 mL 
thermostatic vessel, a 70 mL solution of 0.05 M Zn2+ was 
transferred to the vessel. Under uniform shaking, the reac-
tion vessel was heated to ~ 80°C at a rate of 0.5°C/min, and 
the temperature was maintained at 80°C for 30 min. Then 
the reaction was quenched by cooling the vessel in an ice 
bath. The sample was cleaned in distilled water and dried at 
60°C for 0.5 h.  

The structure and surface characteristics were analyzed 
by transmission electron microscopy (TEM, JEOL-200CX), 
field emission scanning electron microscopy (FE-SEM, 
AMRAY-1910), X-ray diffraction (XRD, Rigaku Dmax A 
X-ray diffractometer with Cu-K radiation, = 0.154178 
nm) and “PERKINELMER Spectrum GX FTIR System 
Jeol-200CX” infrared spectrometer. 

3  Results and discussions 

Modifying CNTs with acid effectively modified the surface 
characteristics of the CNTs, and the nature of the surface 
groups was characterized with FTIR, as shown in Figure 2. 
In IR spectra, the signature of >C=O functional groups in 
carbonyls, carboxyls or carboxylic anhydrides is evident at 
about 1710 cm1 [27] and –OH functional groups appear at 
about 3430 cm1. The peak at 1575 cm1 reflects the vibra-
tion of carbocyclic plane of CNTs. The signal at about 1624 
cm1 is associated with >C=O functional groups in quinones 
or ketones [28]. The peak centered on 1200 cm1 is associ-
ated with C–O stretching in ethers, hydroxys or carboxylic 
anhydrides [28]. It is evident that there are many more car-
bonyl groups, carboxylic groups, hydroxyl groups, etc. in 
acid modified CNTs than in as produced CNTs. 

Annealing CNTs in air changed the surface structures of  

 

Figure 2  Infrared transmission spectra. (a) As produced CNTs; (b) acid 
modified CNTs. 
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the CNTs. When the CNTs are oxidized by air, carbon re-
acts with air to generate CO2. But the reactivities of the 
structures with pentagons and heptagons and the parts with 
amorphous structures of the CNT surfaces are greater than 
that of the cylindrical walls of CNTs structured by hexago-
nal graphite layers [29], air molecules can more effectively 
oxidize these metastable structure parts. As shown in Figure 
3, during the annealing process, oxygen attacked the walls 
of CNTs, resulting in rough “convex-concave” surface 
structure of the CNT walls. 

In the solution reaction system of this work, the ZnO 
crystal nuclei were slowly generated under heating. The 
formation of the nanodomain crystalines was led by 
multi-nucleation and subsequent growth on crystals [30]. As 
the growth rate is slow at low temperatures, this behavior 
might occur with nucleation and multi-dimensional growth 
of nanodomains on the substrates and newly formed 
nanodomains, leading to the formation of hexagonal crystals. 
When carbon nanotubes were added, they became the sub-
strates of zinc oxide crystal nuclei generated by the hydro-
thermal reaction process. The carbon nanotubes were an-
nealed in air before use for reason that oxygen can attack 
the cylindrical walls of carbon nanotubes, giving rough 
nanotube-surfaces. The roughness of nanotube-surfaces 
increases the effective surface area and affords the graphene 
edges with a higher wettability for catching zinc oxide 
crystal nuclei and fixing ZnO phases. In addition, the acid 
treatment to carbon nanotubes after annealing in air can add 
many functional groups on the surfaces of carbon nanotubes. 
These functional groups can strongly absorb the metal ions 
in aqueous solution, thus are benefit for the deposition of 
nano-phase metal salts on the surfaces of carbon nanotubes 
in aqueous solution [26]. As the reaction temperature slowly 
increased, ZnO crystals gradually grew vertically with re-
spect to the nuclei planes, which led to a nanophase of ZnO 
hexagonal crystal structure. Crystal growth lateral to the  

 

Figure 3  TEM image of the CNTs annealed in air. 

nanotube surfaces spread and continued mutually, leading to 
dense nanocrystals coating on the nanotube surfaces. 

Figure 4 shows the TEM image of the carbon nanotubes 
decorated by ZnO nanoparticles; ZnO nanoparticles with 
the diameters about several tens nanometer were homoge-
neously and densely coated on the surfaces of carbon nano-
tubes. Figure 5, a SEM image, also shows that the carbon 
nanotubes were effectively decorated by zinc oxide nano-          
particles. An X-ray diffraction (XRD, Rigaku Dmax A 
X-ray diffractometer with Cu-K radiation, = 0.154178 
nm) pattern of the nanotube-ZnO heterostructure is shown 
in Figure 6, where the distinct peaks at 26.2°, 31.8°, 34.4° 
and 36.3° represent respectively the (002) crystal plane of 
carbon nanotubes [31], the (100), (002) and (101) crystal 
planes of ZnO, revealed a wurtzite hexagonal crystal struc-
ture with high crystallinity (P63mc, a = 3.248 Å, c = 5.207 
Å, JCPDS No. 36- 1451)[32]. The crystallite dimensions of 
ZnO were calculated using Scherrer’s equation [33, 34]. 

 D = 0.9/B cos, (1) 

where  is the wavelength of the X-ray, B is the full width  

 

Figure 4  TEM image of ZnO decorated CNTs; the CNTs were treated 
only by air oxidization and acid modification.   

 

Figure 5  SEM image of ZnO decorated nanotubes; the CNTs were 
treated only by air oxidization and acid modification. 
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Figure 6  XRD pattern of the ZnO-nanotube hetero-structure. 

at half maximum, and  is the Bragg angle (degree). The 
calculated crystallite size of ZnO nanophase is around 20 
nm. 

As a contrast experiment, the CNTs, which were not 
modified by acid though oxidized by air, were used in the 
same experiment process. It was observed that the ZnO- 
nanotube hetero-structure nanotubes were not effectively 
generated, as shown in Figure 7, only some ZnO particles 
were trapped in the CNT network. The reason should be 
that these CNTs have little oxygen-containing functional 
groups and thus have a weak adsorption capability for Zn2+, 
and it was difficult for ZnO nuclei to be formed on CNTs’ 
surfaces. The ZnO particles were only generated in solution 
phase during the hydrothermal process and mixed with the 
CNTs. When the reaction of hydrothermal process was fin-
ished, the sample was cleaned with dsitilled water, most 
ZnO deposition was removed during the water washing, 
only some residual ZnO particles were maintained in CNT 
network.  

The CNTs, which were not oxidized by air though modi-            

 

Figure 7  TEM image of ZnO decorated CNTs; the CNTs were treated 
only by air oxidization. 

fied by acid, were used in the same experiment process. The 
TEM image (Figure 8) shows that the ZnO-nanotube het-
ero-structure nanotubes were also not effectively generated, 
and that sparse ZnO nano particles were grown on CNT 
surface. The reason lies in that the smooth CNT surfaces 
can not effectively fix the ZnO crystal phase.  

In addition, fixing nanotubes on the vessel bottom was 
more benefit for the deposition of ZnO nano crystals on 
nanotube surfaces compared to dispersing carbon nanotubes 
in the solution. The fixed CNTs become the stable sub-
strates for the nucleation and growth of ZnO crytals, dense 
ZnO nuclei can be formed on CNT surfaces, and uniformly 
growth of ZnO nano crystals can be proceeded on CNT 
surfaces. As a contrast experiment, the CNTs which were 
treated by air oxidization and acid modification were used 
in the same experiment process, and the CNTs were not 
fixed but suspended in the solution. The TEM image (Fig-
ure 9) shows that many ZnO big particles were disorderly 
folded on the CNT bundles. During the the hydrothermal 
reaction process, the CNTs suspended in solution drifted  

 

Figure 8  TEM image of ZnO decorated CNTs; CNTs were treated only 
by acid modification. 

 

Figure 9  TEM image of ZnO decorated CNTs; CNTs were suspended in 
the solution during the hydrothermal process. 
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under the shake of the vessel and it was difficult for them to 
combine with the generated ZnO nanophase. The drifted 
CNTs only randomly entangled with some big ZnO parti-
cles in the solution, formed disordered fold of ZnO big par-
ticles on CNTs. 

Finally, the temperature and number of ions are essential 
factors controlling the formation of crystals. When the con-
centration of zinc ions and the heating rate were low, 
smaller crystals were formed on the nanotube substrates. 
Crystal gradually grew and spread on CNT surfaces, leading 
to dense and continuous nanocrystals coating on the CNT 
surfaces. The observed growth process produced well- 
crystallized oxide layers coating nanotubes at slowly in-
creased temperatures and low concentration. Therefore, this 
process is exceedingly important as a novel synthesis route 
for dense oxide films on various substrate materials. This 
method will be applicable to fabricating various nanostruc-
tured ZnO devices. 

4  Conclusions 

In this work, through the hydrothermal growth process of 
low temperature, low cost and non-toxic, we have realized 
the formation of thin, uniform, and uninterrupted coverage 
ZnO nanoparticles on carbon nanotubes. ZnO is one of the 
few oxides that can be grown as a polycrystalline material at 
relatively low temperatures on a variety of substrates. The 
large-scale production with low cost can be realized with 
this synthesis method. ZnO and carbon nanotubes are both 
well known as active components in molecular detection 
and transudation systems, so functionalized carbon nano-
tubes are suitable for nanoscale sensor applications. The 
possible formation of Zn-C bonds on the interface of ul-
tra-fine nanoparticles of ZnO and nanotubes might change 
the localized electron system. We anticipate that the ZnO 
thin coating with ultra-fine ZnO nanoparticles produced in 
this work might also exhibit other interesting physical and 
chemical properties relevant to potential applications, such 
as the photocatalytic degradation of organic compounds 
[35], the electrodes of DSSCs [36] and the detection of 
components in gas phase [37]. 

 
 

1 Rao C N R, Satishkumar B C, Govindaraj A, et al. Nanotubes. Chem 
Phys Chem, 2001, 2: 78–105 

2 Chen R J, Zhang Y G, Wang D W, et al. Noncovalent sidewall func-
tionalization of single-walled carbon nanotubes for protein immobi-
lization. J Am Chem Soc, 2001, 123: 3838–3839 

3 Kong J, Chapline M G, Dai H J. Functionalized carbon nanotubes for 
molecular hydrogen sensors. Adv Mater, 2001, 13: 1384–1386 

4 Baker S E, Cai W, Lasseter T L, et al. Covalently bonded adducts of 
deoxyribonucleic acid (DNA) oligonucleotides with single-wall car-
bon nanotubes: Synthesis and hybridization. Nano Lett, 2002, 2: 
1413–1417 

5 Georgakilas V, Kordatos K, Prato M, et al. Organic functionalization 
of carbon nanotubes. J Am Chem Soc, 2002, 124: 760–761 

6 Alivisatos A P. Semiconductor clusters, nanocrystals, and quantum 
dots. Science, 1996, 271: 933–937 

7 Lin Y, Ska H, Emrick T, et al. Nanoparticle assembly and transport at 
liquid–liquid interfaces. Science, 2003, 299: 226–229 

8 Han W Q, Zettl A. Coating single-walled carbon nanotubes with tin 
oxide. Nano Lett, 2003, 3: 681–683 

9 Wen Z H, Wang Q, Zhang Q, et al. In situ growth of mesoporous 
SnO2 on multiwalled carbon nanotubes: A novel composite with po-
rous-tube structure as anode for lithium batteries. Adv Funct Mater, 
2007, 17: 2772–2778 

10 Banerjee S, Wong S S. Synthesis and characterization of carbon 
nanotube-nanocrystal heterostructures. Nano Lett, 2002, 2: 195–200 

11 Ravindran S, Chaudhary S, Colburn B, et al. Covalent coupling of 
quantum dots to multi-walled carbon nanotubes for electronic device 
applications. Nano Lett, 2003, 3: 447–453 

12 Haremza J M, Hahn M A, Krauss T D, et al. Attachment of single 
CdSe nanocrystals to individual singlewalled carbon nanotubes. Nano 
Lett, 2002, 2: 1253–1258 

13 Lee S W, Sigmund W M. Formation of anatase TiO2 nanoparticles on 
carbon nanotubes. Chem Commun, 2003, (6): 780–781 

14 Fu Q, Lu C, Liu J. Selective coating of single wall carbon nanotubes 
with thin SiO2 layer. Nano Lett, 2002, 2: 329–332 

15 Seeger T, Kohler T, Frauenheim T, et al. Nanotube composites: 
Novel SiO2 coated carbon nanotubes. Chem Commun, 2002, (1): 
34–35 

16 Ahmad M, Pan C F, Zhu J. Electrochemical determination of 
L-Cysteine by an elbow shaped, Sb-doped ZnO nanowire-modified 
electrode. J Mater Chem, 2010, 20: 7169–7174 

17 Yang Y, Qi J J, Guo W, et al. Transverse piezoelectric field-effect 
transistor based on single ZnO nanobelts. Phys Chem Chem Phys, 
2010, 12: 12415–12419 

18 Yun S, Lee J, Chung J, et al. Improvement of ZnO nanorod-based 
dye-sensitized solar cell efficiency by Al-doping. J Phys Chem Solids, 
2010, 71: 1724–1731 

19 Park J Y, Choi S W, Kim S S. Fabrication of a highly sensitive 
chemical sensor based on ZnO nanorod arrays. Nanoscale Res Lett, 
2010, 5: 353–359 

20 Fortunato E, Barquinha P, Pimentel A, et al. Recent advances in ZnO 
transparent thin film transistors. Thin Solid Films, 2005, 487: 205– 
211 

21 Nishii J, Hossain F M, Takagi S, et al. High mobility thin film tran-
sistors with transparent ZnO channels. Jpn J Appl Phys, 2003, 42: 
347–349 

22 Jo J, Seo O, Choi H, et al. Enhancement-mode ZnO thin-film transis-
tor grown by metalorganic chemical vapor deposition. Appl Phy Exp, 
2008, 1: 041202 

23 Norris B J, Anderson J, Wager J F, et al. Spin-coated zinc oxide 
transparent transistors. J Phys D-Appl Phys, 2003, 36: 105–107  

24 Sun B Q, Sirringhaus H. Surface tension and fluid flow driven 
self-assembly of ordered ZnO nanorod films for high-performance 
field effect transistors. J Am Chem Soc, 2006, 128: 16231–16237 

25 Li C S, Wang D Z, Liang T X, et al. Oxidation of multi-walled carbon 
nanotubes by air: Benefits for electric double layer capacitors. Pow-
der Technol, 2004, 142: 175–179 

26 Li C S, Wang D Z, Liang T X, et al. A study of activated carbon 
nanotubes as double-layer capacitors electrode materials. Mater Lett, 
2004, 58: 3774–3777 

27 Bhabendra K P, Sandle N K. Effect of different oxidizing agent 
treatments on the surface properties of activated carbons. Carbon, 



1370 Li C S, et al.   Sci China Tech Sci   May (2012) Vol.55 No.5 

1999, 37: 1323–1332 
28 Figueiredo J L, Pereira M F R, Freitas M M A. Modification of the 

surface chemistry of activated carbons. Carbon, 1999, 37: 1379–1389 
29 Park Y S, Choi Y C, Kim K S, et al. High yield purification of mul-

tiwalled carbon nanotubes by selective oxidation during thermal an-
nealing. Carbon, 2001, 39: 655–661 

30 Pacholski C, Kornowski A, Weller H. Self-assembly of ZnO: From 
nanodots, to nanorods. Angew Chem-Int Edit, 2002, 41: 1118–1191 

31 Perez-Cabero M, Rodriguez-Ramos I, Guerrero-Ruiz A. Characteri-
zation of carbon nanotubes and carbon nanofibers prepared by cata-
lytic decomposition of acetylene in a fluidized bed reactor. J Catal, 
2003, 215: 305–316 

32 Yildirim O A, Durucan C. Synthesis of zinc oxide nanoparticles 
elaborated by microemulsion method. J Alloy Compd, 2010, 506: 
944–949 

33 Natter H, Schmelzer M, Loffler M S, et al. Grain-growth kinetics of 

nanocrystalline iron studied in situ by synchrotron real-time X-ray 
diffraction. J Phys Chem B, 2000, 104: 2467–2476 

34 Xie Y B, Yuan C W. Visible-light responsive cerium ion modified 
titania sol and nanocrystallites for X-3B dye photodegradation. Appl 
Catal B: Environ, 2003, 46: 251–25 

35 Hayat K, Gondal M A, Khaled M M, et al. Nano ZnO synthesis by 
modified sol gel method and its application in heterogeneous photo-
catalytic removal of phenol from water. Appl Catal A-Gen, 2011, 393: 
122–129 

36 Chao C H, Chan C H, Huang J J, et al. Manipulated the band gap of 
1D ZnO nano-rods array with controlled solution concentration and 
its application for DSSCs. Curr Appl Phys, 2011, 11: S136–S139 

37 Khan A A, Khalid M. Synthesis of nano-sized ZnO and polyani-
line-zinc oxide composite: Characterization, stability in terms of DC 
electrical conductivity retention and application in ammonia vapor 
detection. J Appl Polym Sci, 2010, 117: 1601–1607 

 


