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IN-SITU SYNTHESIS OF CARBON 
NANOTUBES FILLED WITH METALLIC 

NANOPARTICLES USING ARC DISCHARGE 
IN SOLUTION 

This invention is a divisional ofU.S. patent application Ser. 
No. 10/891,570 filed Jul. 15, 2004; now U.S. Pat. No. 7,438, 
885, which claims the benefit of priority to U.S. Provisional 
Patent Application Ser. No. 60/487, 711 filed Jul. 16, 2003. 

FIELD OF THE INVENTION 

This invention relates to the synthesis of carbon nanotubes 
containing metals, in particular to novel carbon nanotubes 
filled with palladium nanoparticles and a method of manu
facture. 

BACKGROUND AND PRIOR ART 

Carbon nanotubes are strong tubular structures formed 
from a single or multi-layer of carbon atoms measured in 
billionths of a meter (nanometer) in diameter. Carbon nano
tubes are proclaimed to be stronger than diamonds and more 
expensive than gold with significant technological potential. 
Potential applications can include flat panel display in tele
communications devices, fuel cells, lithium-ion batteries, 
high-strength composites, novel molecular electronics, gas 
sensors, and a means for hydrogen storage. 

Recent developments include filling the hollow cavity of 
the tiny, thread-like carbon nanotubes to control or influence 
nanotube behavior and functionality. The bulk of nanotube 
production is still a challenge because it is very expensive
more than gold. 

2 
The third objective of the present invention is to produce 

palladium nanoparticles with a diameter of approximately 3 
nanometers (nm) inside carbon nanotubes. 

The fourth objective of the present invention is to produce 
5 carbon nanotubes with diameters of approximately 15 nm in 

each nanotube. 
The fifth objective of the present invention is to simulta

neously form and encapsulate palladium nanoparticles in the 
hollow cavity of carbon nanotubes. 

10 The sixth objective of the present invention is to provide 
carbon nanotubes filled and decorated with palladium nano
particles that have an enhanced ability for hydrogen storage. 

The sixth objective of this invention is to provide carbon 

15 
nanotubes filled and decorated with palladium nanoparticles 
that function as gas sensors. 

The seventh objective of this invention is to provide carbon 
nanotubes filled and decorated with other metal nanoparticles 
and their compounds consisting of oxides, sulfides, carbides, 

20 nitrides, halides, and the like, for various other applications. 
Filling the carbon nanotubes with metallic nanoparticles, 

especially palladium, is to enhance the hydrogen storage abil
ity of carbon nanotubes (CNTs ). The CNTs filled and deco
rated with palladium nanoparticles have been characterized 

25 using high-resolution transmission electron microscopy 
(HRTEM) equipped with energy dispersive spectroscopy 
(EDS) system, transmission electron microscopy (TEM), 
scanning electron microscopy (SEM) and X-ray photoelec
tron spectroscopy (XPS) for size, morphology, chemical con-

30 stituent and chemical state. 
Further objects and advantages of this invention will be 

apparent from the following detailed description of a pres
ently preferred embodiment that is illustrated schematically 
in the accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. lA shows a scanning transmission electron micros
copy (STEM) image of a large number of Pd-filled carbon 

40 nanotubes. 

Undeterred by costs, researchers have developed several 35 

methods for filling nanotubes with metal oxides, pure metals 
and other materials. The nature of the filling is dependent on 
the method used to introduce the materials to the nanotube 
cavity with some methods giving discrete crystalline filling 
and molten media giving long, continuous crystals. One dis
advantage of prior art methods of filling nanotubes is that the 
crystals and the long continuous fibers have a limited surface 
area, thus limiting the functional capacity for various appli
cations. 

FIG. lB shows the energy dispersive spectroscopy (EDS) 
spectrum confirming the presence of carbon and palladium in 
the nanotubes. 

FIG. 2A shows a high-resolution transmission electron 
45 microscopy (HRTEM) image of a CNT filled with palladium 

(Pd) nanoparticles. 
FIG. 2B shows lattice fringes of Pd nanoparticles in the size 

of approximately 3 nm under high resolution. 

Carbon nanotubes (CNTs) are usually filled using post
processing steps which involve opening up and filling 
through either capillary action or other chemical means. Such 
additional filling steps are not only inefficient, but also addi
tive to the overall production cost. Thus, the search for new, 
interesting, affordable filled-carbon nanotubes continues. 

FIG. 2C shows a selected area diffraction pattern (SAED) 
50 pattern of Pd-nanoparticles inside the CNT showing various 

lattice planes. The synthesis of metal-filled carbon nanotubes has tremen
dous potential for technological applications, such as, in gas 
sensing, catalyst supports and hydrogen storage wherein 
large surface areas are required. Thus, the palladium nano
particle-filled carbon nanotubes and method of manufacture 55 

of the present invention have significant commercial poten
tial. 

SUMMARY OF THE INVENTION 

The first objective of the present invention is to provide an 
inexpensive, one-step method for making filled-nanotubes 
that simultaneously fills and decorates the nanotubes during 
its synthesis. 

60 

The second objective of the present invention is to provide 65 

a simplified arc-discharge in solution method for the synthe-
sis of carbon nanotubes filled with palladium nanoparticles. 

FIG. 3 is a schematic diagram showing the formation of the 
CNT filled with Pd-nanoparticles in the arc-discharge in solu
tion method. 

FIG. 4 is a diagram of a complete experimental set-up for 
making nanoparticle filled CNTs using arc-discharge in solu
tion. 

FIG. 5 is a schematic diagram of a reaction cell for arc
discharge in solution. 

FIG. 6a is a graph of the weight change of cathode and 
anode electrodes with time during arc-discharge in solution. 

FIG. 6b is a graph of the combined weight change of anode 
and cathode electrodes with time during arc-discharge in 
solution. 

FIG. 7a is a scanning electron micrograph (SEM) of a 
graphite rod before the in-situ synthesis of palladium filled 
and decorated carbon nanotubes (CNTs). 
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FIG. 7b is a scanning electron micrograph (SEM) of the 
anode, ten minutes after the arc-discharge. 

FIG. 7c is a scanning electron micrograph (SEM) of the 
cathode, ten minutes after the arc-discharge. 

4 
The synthesis and product of the present invention is appro
priate for both SWCNT and MWCNT. 

FIG. 7d shows images of graphite rods before the in-situ 5 

synthesis of palladium filled and decorated CNTs. 

Reference is made to "encapsulating" and "decorating" 
CNTs; both words are used to describe the filling of a CNT 
with nano-sized particles. "Encapsulating" provides a mini
mum number of nano-sized particles to the interior cavity of 

FIG. 7e shows images of graphite rods after the in-situ 
synthesis of palladium filled and decorated CNTs. 

FIG. 8 is a scanning electron micrograph (SEM) of CNTs 
taken from the tip of the cathode. 

FIG. 9 is the high-resolution transmission electron micros
copy (HRTEM) image of a CNT showing the inner and outer 
diameter. 

FIG. 9a is an enlarged inset micrograph that reveals the 
distance between two concentric walls. 

FIG. 10 is a transmission electron microscopy (TEM) 
bright-field image showing marked black spots that are pal
ladium nanoparticles decorated around a CNT. 

a CNT. "Decorating" is used to mean impregnating the inner 
and outer walls of the CNT and thereby incorporating a maxi
mum number of nano-sized particles in a CNT. The impreg-

10 nating of the inner and outer walls of the CNT occurs during 
the simultaneous formation of the CNT and the entrapment of 
the nano-sized particles during the arc discharge in solution. 

FIG. lA shows a scanning transmission electron micros
copy (STEM) image of the SWCNT. The STEM micrograph 

15 reveals the presence of a large numbers of Pd-filled, carbon 
nanotubes, and one such nanotube is indicated by an arrow 10 
inFIG. lA. 

FIG. 11 is an energy dispersive spectroscopy (EDS) spec
trum of CNT decorated with palladium collected from trans- 20 

mission electron microscopy (TEM) data. 

FIG. lB is an energy dispersive spectroscopy (EDS) spec
trum that confirms the presence of carbon 11 and palladium 
(Pd) 12 in the nanotubes. A copper (Cu) grid is used in the 
TEM study, hence a Cu peak 13 was also present in the EDS 

FIG. 12a is a zero-loss energy filtered transmission elec
tron microscopy (TEM) image. 

spectrum. The EDS spectrum did not reveal the presence of 
chlorine, which indicates that the palladium ions in the solu
tion were reduced to metallic palladium during the arc dis-FIG. 12b is a transmission electron microscopy (TEM) 

energy-loss map of palladium. 25 charge in solution synthesis. 
FIG. 12c is a transmission electron microscopy (TEM) 

energy-loss map of carbon. 
An HRTEM image 20 of a CNT filled with Pd-nanopar

ticles is depicted in FIG. 2A. The carbon nanotube shown in 
FIG. 2A has a diameterofabout 15 nm. FIG. 2A also indicates 
the presence of dark regions inside the nanotube. Further 

FIG.13a is a high-resolution transmission electron micros
copy (HRTEM) image of a CNT with palladium nanopar
ticles shown as black spots. 

FIG. 13b is a scanning transmission electron microscopy 
(STEM) image of the same nanotubes in 13a wherein the 
palladium nanoparticles decorated around the nanotubes are 
shown as white spots. 

30 investigation with the high-resolution mode on those regions 
shows the lattice fringes 21 of palladium nanoparticles in the 
size of about 3 nm, as presented in FIG. 2B. Thus, FIG. 2B 
further confirms that the presence of a Pd peak in the EDS 

FIG.13cis a high-resolution transmission electron micros- 35 

copy (HRTEM) image showing the lattice fringes of the CNT. 
FIG. 14 is a Fourier filtered diffraction pattern of palladium 

nanoparticles on CNT. 
FIG. 15 is a deconvoluted X-ray photoelectron spectros

copy (XPS) envelope of the CNTs decorated with palladium 40 

nanoparticles. 
FIG. 16 is a transmission electron micrograph (TEM) of 

dislodged graphene sheets showing the wavy morphology. 
FIG. 17a is a transmission electron micrograph (TEM) 

revealing inner walls capped in a periodic manner and the 45 

same number of walls for both sides of a multi-walled CNT. 
FIG. 17b is a transmission electron micrograph (TEM) 

revealing an unequal number of walls in two sides of a multi
walled CNT. 

FIG. 17c is a transmission electron micrograph (TEM) 50 

revealing an equal number of walls for both sides of a multi
walled CNT. 

spectrum in FIG. lB was due to these nanoparticles inside the 
CNT. In order to investigate the crystal structure of these 
encapsulated Pd-particles, selected area diffraction pattern 23 
(SAED) was collected in the TEM and is depicted in FIG. 2C. 
The intensity profile 24 of the SAED pattern is presented as an 
inset at the bottom right corner of FIG. 2C, which clearly 
indicates the presence of nine different diffraction peaks cor
responding to nine diffraction rings in the SAED. After index-
ing the diffraction pattern, it is confirmed that the crystal 
structure of these Pd-nanoparticles are face-centered cubic. 
SAED pattern 23 of Pd-nanoparticles inside the CNT shows 
various lattice planes [a: 11; b: 200; c: 220; d: 311; e: 222; f: 
400; g: 331; h: 420; i: 422]. 

Although the exact mechanism of the reduction of PdC12 

into nanoparticles of Pd metal is not clear; the following 
possibilities are plausible explanations. Reduction of palla
dium ions into atomic palladium in the solution can take place 
with the help of reducing gases, such as, carbon monoxide 
and hydrogen, which are formed during the arc-discharge 
process in the solution. The temperature at the site of the arc 
is greater than 3000° C. Hence, the plasma region produced DESCRIPTION OF THE PREFERRED 

EMBODIMENT 

Before explaining the disclosed embodiment of the present 
invention in detail it is to be understood that the invention is 
not limited in its application to the details of the particular 
arrangement shown since the invention is capable of other 
embodiments. Also, the terminology used herein is for the 
purpose of description and not of limitation. 

55 by the arc adjacent to the electrodes is enveloped by a solu
tion-vapor interface. There is a substantial thermal gradient 
across the plasma region. The decomposition temperature of 
palladium chloride is 738° C. at ambient atmospheric pres
sure. Therefore, the palladium chloride is possibly thermally 

60 decomposed to atomic Pd and chlorine gas near the elec
trodes. Subsequently, chlorine atoms combined to form chlo
rine gas, which escaped with water vapor and carbon mon
oxide, which is the reason for not detecting chlorine in the Carbon nanotubes (CNTs) are classified into two types; a 

single hexagonal mesh tube called a single-walled carbon 
nanotube abbreviated as ("SWCNT") and another compris- 65 

ing a tube of a plurality oflayers of hexagonal meshes called 
a multi walled carbon nanotube (abbreviated as "MWCNT"). 

EDS spectrum. 
Another explanation is that palladium ions (Pd2+) are 

reduced to Pd atoms taking electrons from the plasma formed 
due to the arc discharge, an excellent source of electrons. 
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Palladium nanoparticles having a diameter of 3 nm are 
formed after the arc discharge in PdC12 solution. 

6 
nanotubes are collected and studied further using HRTEM 
(Model: Philips 300 TECNAI) at 300 kV for their size and the 
crystal structure. 

Another especially designed reactor cell shown in FIG. 5 
was used for in-situ, one-step synthesis ofCNTs decorated or 
filled with palladium (Pd) nanoparticles. The reactor cell has 
four main components; a cell cavity 50 a direct current (DC) 
power supply system (not shown), a filtering unit and a chill
ing loop. In FIG. 5, the schematic diagram shows a cell with 

The formation of CNTs in the present invention is accom
plished by a known method. Graphite anode consists of two
dimensional hexagonal arrays of carbon atoms which are 
known as graphene. Such graphene or graphitic carbon sheets 
are rolled from the anode, thereby forming graphitic carbon 
tubules, at high temperatures, during the arc discharge in the 
solution. Therefore, palladium nanoparticles 30 simulta
neously formed, are trapped and encapsulated in the carbon 
nanotubes during rolling of graphitic layer31 from the graph-
ite anode. A schematic diagram of simultaneous formation 
and encapsulation of Pd nanoparticles in CNTs 32 is shown in 
FIG. 3. 

10 a height of approximately 20 centimeters (cm) that consists of 
double walled glass 52, 53 with 2 cm thickness for flowing of 
cold water at 7° C. to facilitate cooling. The inner diameter of 
the cylindrical cell is 10 cm. The cell has two inlets 54, 56 and 
two outlets 58, 60. The inlet 54 is paired with outlet 60 that are 

FIG. 4 is a diagram of a complete experimental set up for 
making nanoparticle-filled carbon nanotubes. The reaction 
chamber or container 40 is fitted with two graphite electrodes 
41, 42. Electrode 41 functions as a cathode and electrode 42 
functions as an anode. A direct current power source 43 is 
connected to the anode and cathode to supply power for the 
arc-discharge. Conveniently positioned near the reaction 
chamber 40 is the chiller 44, which contains a water-cooled 
bath having a temperature of approximately 7° C. The set-up 

15 both connected to the volume between the double glass walls 
52, 53 for the flow of chilled water used to cool the cell. The 
other inlet 56 is paired with outlet 58 which are both con
nected directly to the interior of the cell. Inlet 56 is used for 
filling the cell with the solution for the arc-discharge reaction 

20 and filtering out through outlet 58, the encapsulated and deco
rated nanotubes from the cell. Two stainless steel plates 62, 64 
are used to connect the anode and cathode electrodes. 

in FIG. 4 can be used to synthesize a wide variety of carbon 25 

nanotubes filled with metal nanoparticles. The carbon nano
tubes can be single-walled or multi-walled. Below is an 
example of the preparation of palladium-filled carbon nano
tubes; however, it should be understood that a wide variety of 
metallic-filled carbon nanotubes can be produced using the 30 

process disclosed herein. 

Example 

Extensive analysis of the arc-discharge reaction, electrodes 
and reaction products are described in detail below. 

FIG. 6a represents the weight change of each electrode at 
two-minute intervals. There was less than 0.5 gram weight 
increase in the weight of the cathode and up to 2.0 gram 
weight decrease in the weight of the anode during a ten 
minute interval. FIG. 6b represents the cumulative weight 
change of both the cathode and anode at two-minute intervals 
over a period often minutes. The graph clearly documents a 
decrease in cumulative weight of the electrodes. The cathode 
gains weight with time, whereas the anode loses weight with 
time during the arc discharge. The overall weight of the elec-

A palladium chloride solution of 2 milli molar (mM) con
centration is prepared by dissolving PdC12 powder with 
99.999% purity in de-ionized water. In order to ensure com
plete dissolution of the palladium chloride, hydrochloric acid 

35 trodes decreases with time. 
A portion of the excessive heat produced in the solution 

during arcing causes evaporation of the solution. The evapo
ration rate of the water during arc-discharge in solution in the 
present invention was found to be 3.2 cm3 ·min-1

. The tem-
is added to have its concentration 0.1 molar (M) in the solu
tion. Palladium chloride and hydrochloric acid are obtained 
from Sigma-Aldrich Chemical Company. The resistance of 
the de-ionized water used in the present invention is greater 
than 10 MQ. Synthesis ofCNTs filled with Pd-nanoparticles 

40 perature at the site of the region of the arc is expected to be 
greater than 3500° C. Hence, the plasma region produced by 
the arc adjacent to the electrodes is enveloped by a solution
vapor interface. There is a substantial thermal gradient across 
the plasma region. The temperature at the anode edge is more 

45 than 3000° C., while it is 100° C. at the solution-vapor inter
face. The loss of weight of the electrodes is due to the forma
tion of carbon dioxide, carbon monoxide, carbon nanotubes 
(CNTs) and other carbonaceous materials including dis
lodged graphene sheets, carbon onions, amorphous carbon 

is carried out in a reactor containing the palladium chloride 
solution. Two graphite electrodes, acting as a cathode and an 
anode, are immersed in the reactor containing the 2 mM 
PdC12 solution. The diameters of the graphite rods used for 
cathode and anode are 3.05 mm and 12.70 mm, respectively. 
The anode and cathode materials are obtained from Alfa 
Aesarwith 99.9995% and 99.0% purity, respectively.A direct 
current power supply (Model: DUAL MIG 131/2) manufac
tured by Chicago Electric, is connected to the graphite elec
trodes, which are immersed in the palladium chloride solu
tion. The electrodes are brought in contact with each other to 55 

strike an arc and then are separated immediately to a distance 

50 and carbon rods. 

of approximately 1 mm in order to sustain the arc inside the 
solution for a certain period of time. Graphene sheets from the 
anode are detached and roll away at high temperatures during 
arc-discharge in solution. The reactor with electrode assem- 60 

bly is put inside a water-cooled bath, having a temperature of 
approximately 7° C., in order to avoid the excessive heating of 
the PdC12 solution. Palladium nanoparticles encapsulated 
within or attached to carbon nanotubes are synthesized from 
palladium chloride solution through the arc discharge method 65 

at an open circuit potential of 28 V with an optimized direct 
current of 35 amperes (A). Palladium metal filled carbon 

FIG. 7a shows the surface of an electrode prior to the arc 
discharge reaction. FIG. 7b shows the anode and FIG. 7c 
shows the cathode after arc discharge in water, respectively. 
The structure of the anode surface has significantly changed 
after the arc discharge. The morphology of the cathode sur
face is also uneven due to the deposition of the carbonaceous 
materials. FIG. 7d is an overall picture of the cathode and 
anode before arc discharge and FIG. 7e is an overall picture of 
both electrodes after arc discharge; the cathode increased in 
size, the anode decreased in size. 

Scanning electron micrograph (SEM) studies of the cath
ode materials reveals a deposition of CNTs. FIG. 8 shows a 
small mound of deposited CNTs. The inner and outer diam
eters of a CNT as shown in HRTEM micrograph of FIG. 9 are 
3 nm and 10 nm, respectively. The inset picture, FIG. 9a, 
shows that the distance between the two concentric walls is 
0.359 nm. 
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A transmission electron micrograph (TEM) bright-field 
image of a CNT decorated with palladium nanoparticles is 
shown in FIG. 10. The diameter of the CNT is approximately 
15 nm. The spherical darker regions 101, 102, 103 in FIG. 10 
correspond to the palladium nanoparticles of about 3 nm in 5 

diameter. 
The EDS spectrum in FIG. 11 is very similar to that in FIG. 

lB and reveals the presence of carbon (C) and palladium (Pd). 
A copper (Cu) grid was used in the TEM study; hence a Cu 
peak is also observed in the spectrum. Again it is observed 10 

that the EDS spectrum does not show a chlorine peak which 
suggests that chlorine was not present either as palladium 
chloride inside the nanotubes or as atomic chlorine attached 
to the sidewall. 

8 
of an inner cap with time. The scroll mechanism can form a 
convoluted multi-walled CNT, which could eventually trans
form to a concentric multi-walled CNT by the rearrangement 
of carbon atoms. FIG. 17c shows the same numbers of walls 
in the two sides of a CNT, which may further support the 
scroll mechanism. Thus, the in-situ synthesis of Pd-nanopar
ticles decorated and encapsulated CNTs using arc-discharge 
in solution is applicable to both single-walled and multi
walled CNTs. 

The present invention successfully synthesizes carbon 
nanotubes filled with metallic palladium nanoparticles by 
using a method of arc discharge in a solution containing 
palladium chloride. The diameters ofnanotubes and the Pd
nanoparticles are measured as 15 nm and 3 nm, respectively. 

A zero-loss energy filtered image of a CNT decorated with 
palladium nanoparticles is shown in FIG. 12a. A dense 
agglomeration of palladium nanoparticles 120 in the center of 
the CNT can be observed. To confirm further, a carbon map 
and a palladium map have been collected using the Gatan 
imaging filter on the same portion of the CNT. The palladium 
map of the CNT is shown in FIG. 12b and the carbon map of 
the CNT is shown in FIG. 12c. FIG. 12b shows that the 
bulging area of the CNT is caused by the deposition of several 
palladium nanoparticles. The palladium map also reveals that 
the CNT is decorated with palladium nanoparticles, however, 
FIG. 12b does not clearly show that all nanoparticles are 
outside the CNT. HRTEM is used to investigate the actual 
position of the palladium nanoparticles. 

15 Such CNTs filled with palladium nanoparticles are "vessels" 
with enhanced capability for hydrogen storage. 

There are many advantages to the process for simulta
neously forming CNTs with Pd-nanoparticles, including, but 
not limited to, the simplicity of the entire process, the effi-

20 ciency of the filling process, and the advancement of the 
entire field of nanotechnology. 

While the invention has been described, disclosed, illus
trated and shown in various terms of certain embodiments or 
modifications which it has presumed in practice, the scope of 

25 the invention is not intended to be, nor should it be deemed to 
be, limited thereby and such other modifications or embodi
ments as may be suggested by the teachings herein are par
ticularly reserved especially as they fall within the breadth 

A CNT that is decorated by well-separated palladium 
nanoparticles is shown in FIG. 13a. HRTEM micrograph 30 

shows the lattice fringes of both the CNT and the palladium 
nanoparticles. FIG. 13b shows the same CNT as in FIG. 13a 
investigated with a scamiing transmission electron micros
copy (STEM) using a high-angle annular dark field detector 
for Z-contrast imaging. Because of the high atomic weight, 35 

palladium nanoparticles in FIG. 13b appear as bright spots. 
HRTEM micrograph in FIG. 13c shows the lattice fringes of 
theCNT. 

In order to investigate the crystal structure of the palladium 
nanoparticles, selected-area diffraction patterns (SAED) 40 

were collected in the TEM mode. FIG. 14 shows a Fourier
filtered SAED pattern with nine distinct Debye-Scherrer 
rings compatible with a face-centered cubic crystal structure 
of the palladium particles. The de-convoluted X-ray photo
electron spectroscopy (XPS) spectrum with the Pd(3d) enve- 45 

lope is shown in FIG. 15 revealing the presence of Pd(3d512) 

and Pd(3d312) peaks at binding energy values of 335.6 and 
340.9 eV, respectively. The presence of a small amount of 
palladium oxide has also been observed in the XPS envelope 
as shown in FIG. 15. 50 

The carbon nanotubes (CNTs) formed during the arc dis
charge in solution process were studied using transmission 
electron microscopy (TEM). It was observed that the original 
graphene sheets were partially rolled up leaving behind some 
bath tub-shaped portions, suggesting that rolling of graphitic 55 

layers from the anode materials formed the CNTs. In FIG. 16 
the HRTEM micrograph shows a dislodged graphene sheet 
with a wavy surface morphology, which supports the scroll 
mechanism for the formation of CNTs. 

The formation of multi-walled CNTs during the arc dis- 60 

charge in solution process is shown in FIGS. 17a, 17b, and 
17c. FIG. 17a shows a HRTEM micrograph of a CNT with 
nested cylindrical graphitic layers. FIG. 17b shows different 
numbers of walls on the two sides of a CNT with a final 
closure by a single cap. FIG. 17b also reveals the presence of 65 

incomplete and bent layer at the inner concentric wall 170, as 
marked by arrows. Such defects could initiate the formation 

and scope of the claims here appended. 
We claim: 
1. A method of preparing a composition of matter wherein 

carbon nanotubes are simultaneously formed and filled with 
metallic-nanoparticles prepared by in-situ arc discharge in 
solution comprising the steps of: 

a) selecting a cylindrical reactor cell consisting of 
i) a double walled glass with 2 cm thickness, on two 

sides of a cylindrical cell having an inner diameter of 
10 cm, for flowing of cold water at 7° C. to cool the 
cell; 

ii) a cell cavity with a pair of inlets and a pair of outlets, 
wherein a first inlet is paired with a first outlet con
nected to the volume between the double glass walls 
for the flow of chilled water, and a second inlet is used 
for filling the cell with a solution for the arc-discharge 
reaction and is paired with a second outlet for filtering 
out the encapsulated and decorated carbon nanotubes 
formed in the cell; 

iii) a first stainless steel plate covering the top of the 
cylindrical reactor cell that connects to an anode and 
a second stainless steel plate covering the bottom of 
the cylindrical reactor cell that connects to a cathode; 
and 

iv) a direct current power supply system connecting to 
both the anode and the cathode that are immersed in 
the solution for the arc-discharge reaction; 

b) preparing a metallic compound solution comprising a 
metallic compound powder, de-ionized water, and 
hydrochloric acid in a container; 

c) using the second inlet to fill the cell cavity with the 
metallic compound solution; 

d) immersing a graphite electrode assembly, having two 
graphite electrodes, wherein the electrode assembly 
consists of one electrode acting as a cathode and another 
electrode acting as an anode, into the metallic compound 
solution; 

e) connecting the graphite electrodes to a direct current 
power supply; 
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f) bringing the electrodes into contact with each other to 
strike an arc and create an in-situ arc-discharge, wherein 
the temperature at the site of the arc-discharge is greater 
than 3000° C.; 

g) vaporizing the metallic compound solution to leave a 
residue of a plurality of metallic-nanoparticles; 

h) separating the electrodes to sustain the arc inside the 
solution; 

i) forming graphene layers that roll away from the elec
trodes thereby forming graphitic carbon nanotubes that 
simultaneously encapsulate the metallic-nanoparticles; 

j) flowing chilled water at a temperature of approximately 
7° C. through the first inlet of the cell to facilitate cool
ing; and 

10 
k) collecting metallic-nanoparticles entrapped in carbon 

nanotubes. 
2. The method of preparing a composition of matter in 

claim 1, wherein the metallic compound solution for the 
in-situ arc discharge reaction includes a solution selected 
from at least one of metallic chlorides, metallic oxides, metal
lic sulfides, metallic carbides and metallic nitrides, for syn
thesizing carbon nanotubes filled with metallic nanoparticles. 

3. The method of preparing a composition of matter in 
10 claim 2, wherein the solution for the in-situ arc discharge 

reaction includes palladium chloride for synthesizing carbon 
nanotubes filled with palladium nanoparticles. 

* * * * * 


	In-situ Synthesis of Carbon Nanotubes Filled with Metallic Nanoparticles Using Arc Discharge in Solution
	Recommended Citation

	US000007968072B220110628

