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ABSTRACT 
 
In the diagnosis and treatment of cancer, nanoparticles 

not only need a “cavity” structure for storage and delivery 
of drugs, but also must be luminescent in order to track and 
diagnose effectiveness of the treatment. Here, we present a 
novel method for the deposition of nano-sized, europium 
doped Y2O3 phosphors onto the surfaces of multi-walled 
carbon nanotubes (MWCNTs). The surface morphologies 
and microstructure have been characterized by high 
resolution transmission electron microscopy (HRTEM). 
Fluorescent spectrometer measurements confirm that the 
surface-functionalized MWCNTs exhibit luminescence in 
the visible light range. The deposition of optically-activated 
rare-earth nanoparticles on the surface of carbon nanotubes 
may find important applications in cancer diagnosis and 
treatment. The nucleation and growth mechanisms of rare-
earth doped nano-phosphors on MWCNTs are described 
and discussed. 
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1 INTRODUCTION TO SURFACE 
FUNCTIONALIZATION FOR CANCER 

DIAGNOSIS NANOTECHNOLOGY 
 
There has been an increasing need for the application of 

nanotechnology in the area of cancer diagnosis and therapy. 
Nanoparticles and nanotubes, by novel design at nanometer 
scale, can be used as drug vehicles that can target tumor 
tissues or cells. Nanoparticles and nanotubes can also be 
functionalized for qualitative or quantitative detection of 
tumor cells. However, in both cancer diagnosis and 
treatment, specific mechanisms of biomarking and drug 
delivery have to be identified, based on which novel 
nanostructures maybe developed for these goals.  

Anticancer drug delivery may require a nanoparticle to 
be designed as a nanosphere and a nanocapsule. The former 
has a low density network structure in which the drug is 
dispersed throughout the particle, while the latter possesses 
a vesicular system in which the drug is confined to a cavity 
surrounded by a single layer membrane [1]. In such a 

design, not only has the drug be delivered to a specific cell 
region, but also protected from premature inactivation 
during its transport. The previous work has shown that the 
accumulation of intravenously injected nanoparticles relies 
on a passive diffusion or convection across the leaky, 
hyperpermeable tumor vasculature [2]. The drug uptake can 
also be influenced by the ligand decorated nanoparticles 
[3]. 

Surface functionalization of carbon nanotubes is an 
effective way of improving the solubility and dispersion of 
the nanotubes in aqueous solutions and to design new 
hybrid materials by coupling the properties of novel 
nanostructures to the carbon nanotubes. [4–7] 
Functionalization of carbon nanotubes can be achieved 
either by covalent or non-covalent methodologies. [8–12] 
The attachment of metal nanoparticles, particularly Au 
nanoparticles, to functionalized carbon nanotubes has 
recently been an active field of research for gas-sensor and 
catalytic applications. [13–17] In addition, various 
biological applications of the functionalized carbon 
nanotubes have been proposed, such as DNA [18] and 
protein biosensors, [11,19] biocatalysts, and bioseparators. 
[20] 

 
 

2 LUMINESCENT CARBON NANOTUBES 
BY SURFACE FUNCTIONALIZATION 

 
In this paper, we present experimental data on the 

surface deposition of rare earth doped Y2O3 on multi-wall 
carbon nanotubes (MWCNTs). The surface structures of 
coated MWCNTs are studied by high resolution 
transmission microscopy. Laser spectroscopic experiments 
have been carried out to study the optical behaviors of 
functionalized MWCNTs. 

Commercial grade Pyrograf III MWCNTs were used as 
substrates [21]. These MWCNTs were 70-200 nm in 
diameter and several microns in length as can be seen in 
Figure 2. The rare-earth doped Y2O3 was deposited on 
MWCNTs by a solution method developed in our 
laboratory [22]. The starting materials of carbon nanotubes 
were dispersed in 250 ml distilled water by ultrasonic 
vibration for 0.5 h and allowed for 1h stabilization. Certain 
volumes of the solutions containing europium and yttrium 
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were added into the colloid respectively and vibrated for 
0.5 h. Aqueous ammonia was dropped into the solution, 
allowing for at least 10 h incubation. The solution was 
heated at 80 °C to entirely evaporate the water. The 
temperature of the drying process was strictly controlled 
and the heating rate varied over different temperature 
ranges. The powder was separated from the suspension by 
centrifugation, rinsed several times to remove adsorbed 
ammonia and chloride ions, dried in air and ground. The 
dried powder was subsequently heat treated at 650 ºC and 
950 ºC for 12h, respectively. 

The functionalized MWCNT surface structure and 
morphology were studied by using a JEOL 2010F 
transmission electron microscope. The TEM samples of 
MWCNTs were prepared by dispersing them directly on 
perforated carbon films supported with Cu grids. Laser 
spectroscopic experiments were completed in order to study 
the optical behavior of the functionalized MWCNTs. 

Figure 1 shows the TEM images of surface 
functionalized MWCNTs there were heat treated at 650 ºC.  
As can be seen in Fig. 1(a), the outer surface of the 
nanotube is quite uniformly coated by a thin film of 10 nm. 
A further investigation of TEM on the nanotube surface has 
shown crystallization of the coating thin film as shown in 
Fig. 1 (b), the high resolution TEM images clearly show the 
crystalline features of coating film on the nanotube surface 
from two different regions.  
  

 

 
 

Figure 1: (a) TEM showing the surface deposition and (b) 
High resolution TEM showing crystalline feature 
of Eu-doped Y2O3 film on a MWCNT, heat 
treated at 650 ºC. 

 
The surface coating morphology exhibits a drastic 

change as the heat treatment temperature is raised from 650 
ºC to 950 ºC, as shown in Figure 2. The surface coating 
appears to be transformed from a uniform thin film (Fig. 1) 
to quite well dispersed nano size nuclei. At a considerably 
higher temperature of 950 ºC, the deposited Eu-doped Y2O3 
particles tend to spheroidized in order to further minimize 
their surface energies. As can be seen in Figure 2, these 
spheroidites are fine crystallites with an average diameter 
of 5 nm. Due to relatively high energies in the initial stage 
of nucleation and growth, these fine crystallites are not 
energetically stable. At elevated temperatures, they will 
continue to grow. The growth of these fine crystallites 
requires mass transport towards them. Therefore, each 
crystallite may grow in the expense of the surface thin film, 
leading to separated, dispersed, and larger (10–20 nm) 
nanoparticles of Eu-doped Y2O3. 

 

 

(a) 

(a) 

(b) 
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(b) 

 
Figure 2: (a) TEM image showing the surface deposition of 

Er2O3 on a WMCNT, heat treated at 950 ºC. (b) 
High resolution TEM image showing the Er2O3 
nanoparticles absorbed at the hollow core of 
MWCNT.  

 

5 nm5 nm5 nm 
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Figure 3: Luminescence emission spectra of  Eu2O3 coated 

MWCNT (a) heat treated at 650 ºC and (b) at 950 
ºC. 

Under a 355-nm pulsed laser excitation, Eu3+ 
luminescence was observed at room temperature from 
samples of the coated MWCNTs heat-treated at 650 ºC and 
950 ºC  (Fig. 3).  As shown in Fig. 3(a) and (b), the 
emission lines characterize the Eu3+ 5D0 – 7FJ (J=0,1,2) 
electronic transitions. In comparison, the efficiency of 
luminescence emission from the sample treated at 950 ºC is 
much higher than that from the sample treated at 650 ºC.  
The sharp lines in the emission spectrum of the sample 
treated at 950 ºC indicate that Eu3+ doped in Y2O3 has well 
defined crystalline structure, whereas the broader spectrum 
of the sample treated at 650 ºC suggests a more disordered 
lattice structure. 

 

 
Figure 4: Schematic diagram showing the dihedral angle 

between the Eu-doped Y2O3 particle and the 
surface of MWCNTs. 

 

To understand the nucleation of Eu-doped Y2O3 
particles on the MWCNT, we may consider the surface 
defects on the nanotubes. From the TEM observations, 
these MWCNTs have a high density of surface defects 

which can serve as nucleation sites. Assuming that the Eu-
doped Y2O3 particle initially forms as a spherical cap on the 
nanotube surface (see Fig. 4), that is, the Eu-doped Y2O3 is 
a portion of the sphere having radius rab.  As viewed from 
above (Fig. 4 is a side view), the Eu-doped Y2O3 particle is 
a circle with a radius, R.  The change in surface energy 
produced by formation of the Eu-doped Y2O3 particle on 
the surface of nanotube can be deduced from considering 
that the surface free energy is equal to the surface tension: 
 
∆G = [Aαβγαβ +Aβωγβω]-Aβωγαω,        (1)
 

Where Aαω is the area of the α−β interface, Aβω is the area 
of the β−ω interface, and γ is the surface tension.  Here β is 
Eu-doped Y2O3 and ω is carbon nanotube.  Notice that the 
surface energy of the α−ω interface that was eliminated 
when the Eu-doped Y2O3 phase formed, and the area of this 
lost α−ω interface is exactly Aβω. δ is the so-called dihedral 
angle. 

Using the classic heterogeneous nucleation theory, the 
expression for the total free energy change upon forming 
the spherical cap nucleus is given as: 
 
∆G=∆G (bulk)+∆G (surface)=Vβ∆Gβ+(Aαβ – πR2S)γαβ,    (2) 
 
where S = cosδ and Aβω = πR2. This equation can be further 
written as 
    
∆G=πr3αβ[(2-3S+S3)/3] ∆G+[2πr2

αβ(1-S)-πr2
αβ(sin2δ)S]rαβ 

            (3) 
If we recognize: 
 
Vβ=πr3

αβ[(2-3S+S3)/3], Aαβ= 2πr2
αβ[1-S], R = rαβsinδ, sin2δ 

= 1-S                   (4) 
 
Then, 
 
∆G = [(4/3) r3

αβ∆Gβ+4πr2
αβγαβ][(2-3S+S3)/4]                   (5) 

 
Comparing Eq. (5) to the free energy term in the 
homogeneous nucleation, we obtain: 
 
G (on a surface) = G*(not on a surface) [(2-3S+S3)/4]     (6) 
 
The term in the brackets varies from 0 to 1 as the dihedral 
angle δ varies from 0º to 180º.  The critical radius of the 
cap can be expressed as: 
 
R* = (2γαβ/∆Gβ)sinδ = r*αβsinδ        (7) 
 
As δ increases, the value of R* decreases, the volume of the 
Eu-doped Y2O3 sphere on the nanotube surface will become 
smaller and, hence require fewer atoms for its formation.  
At δ = 0 the volume becomes zero, so that one expects the 
highest wetability of the Eu-doped Y2O3 particle on the 
nanotube surface. 
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On deposition of Eu-doped Y2O3, one desires that the 
Eu-doped Y2O3 particle wet the nanotube surface with 
minimum thermal energy. Consequently, according to 
above model, one requires that the Eu-doped Y2O3 particle 
have a small dihedral angle δ with the MWCNT surface. 
This requires a small value of γCNT-Y2O3. Interfaces with 
small γ are characterized by a good atomic-scale structural 
match at the interface. Both Y2O3 and MWCNT have 
hexagonal structures, and this will contribute to the 
reduction in δ and γ. Therefore, it is energetically much 
easier for the small Y2O3 particles to nucleate and grow on 
the MWCNT surface and form a uniform film at the low 
temperature of 650 ºC (Fig. 1).  At a considerably higher 
temperature of 950 ºC, the deposited Eu-doped Y2O3 
particles tend to become more spherical in order to further 
minimize their surface energies. As can be seen in Fig. 1, 
these nanoparticles are fine crystallites with an average 
diameter of ~5 nm at 650 oC. Due to relatively high 
energies in the initial stage of nucleation and growth, these 
fine crystallites are not energetically stable. At elevated 
temperatures (Fig. 2), they will continue to grow. The 
growth of these fine crystallites requires mass transport 
towards them. Therefore, each crystallite may grow at the 
expense of the surface thin film, leading to separated, 
dispersed, and larger (10~20 nm) nanoparticles of Eu-doped 
Y2O3. 

 

3 CONCLUSIONS 
 

In summary, based on a novel design, rare-earth doped 
Y2O3 has been deposited onto the outside surfaces of the 
MWCNTs for the purpose of cancer diagnosis and drug 
delivery. Due to the small dihedral angle of Y2O3, the 
deposited Y2O3 exhibits a small-angle lattice interface with 
the nanotube substrate. The rare-earth doped Y2O3 on 
MWCNT exhibits luminescent emission in the visible light 
range, which can be used as a biomarker for biomedical 
applications. The microstructure of rare-earth 
nanophosphors-MWCNTs composites and optical 
properties are tunable by controlling the annealing 
temperature and hence the particle size. These results 
suggest that one may design and fabricate optically-active 
rare-earth nanoparticles on the surfaces of carbon 
nanotubes, and these materials may find important 
applications for the cancer diagnosis and treatment. 
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