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Multi-walled carbon nanotubes (CNTs) were synthesized directly on stainless steel film thermally

deposited on an alumina plate. To activate the growth of CNTs, the stainless steel film was reduced

in H2 stream without oxidation step. The electrical resistivity of the CNT film synthesized by this

way turned to be 1/190 of CNT film synthesized by a conventional way using catalyst preparation

method with magnetron sputtering. Dielectrophoretic (DEP) particle capture was demonstrated

using the patterned CNT film synthesized on stainless steel film, and it was observed that carbon

nanohorns (CNHs) dispersed with Pd nanoparticles (Pd-CNHs) and Pd-Au alloy nanoparticles

(Pd/Au-CNHs) were captured at the CNT electrodes due to the high electric field strength there. In

this DEP capture, Pd-CNHs were enriched in the present condition. The temperature to deposit

stainless steel film and the influence of oxidation step were also investigated for the growth of

CNTs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870856]

I. INTRODUCTION

Carbon nanotubes (CNTs)1 have variety of unique prop-

erties, and new applications have been developed for many

fields. So far, there are considerable number of literatures

about applications of CNTs, for example, electromagnetic

composite materials,2 chemical/physical sensors,3,4 low-

voltage field emission devices,5,6 and so forth. In addition to

these applications for electronics, the structure of CNTs hav-

ing high surface area and high chemical stability enable ones

to use CNTs for some energy applications, for example, high

performance super capacitors7,8 and fuel cell electrodes.9,10

In spite of these many applications reported so far, still one

can try to develop novel applications using CNTs. In the

present study, an application of CNTs for dielectrophoretic

(DEP) particle capture is newly proposed.

The synthesis of CNTs on solid surfaces is necessary for

some applications. For such synthesis, it is common to syn-

thesize CNTs by catalytic growth in chemical vapor deposi-

tion (CVD) process. For the CVD synthesis, it is necessary

to prepare catalyst nanoparticles on the surfaces for the

growth of CNTs, and there are several ways for catalyst

preparation, for example, magnetron sputtering, dip coating,

attaching pre-fabricated nanoparticles, etc. Fe, Ni, and Co

seem to be the most common catalyst components for the

CNT growth. After preparing the catalytic nanoparticles,

gases containing carbon are fed to the surfaces on which the

catalyst nanoparticles are dispersed, and CNTs are synthe-

sized on catalyst nanoparticles.

When blush-like CNT film is synthesized on a solid sur-

face, the CNTs are grown independently from each discrete

catalyst nanoparticle. Therefore, the electric sheet resistance

of CNT film can be mainly determined by contact resistance

between CNTs, and the sheet resistance can be high although

each CNT can have a very high electric conductivity.

However, it is necessary to reduce the sheet resistance of

CNT film for some applications. To realize to fabricate the

CNT film of low sheet resistance, CNTs must be electrically

connected one another effectively. In the present study, a

method is proposed in which a conductive stainless steel film

is prepared on the solid surface and CNTs are directly syn-

thesized on it. By this way, CNTs will be electrically con-

nected at their bottoms, so that CNT film having low sheet

resistance can be fabricated. Here, a patterned CNT film was

fabricated by this way, and a DEP particle capture was dem-

onstrated using this CNT film as an electrode.

II. EXPERIMENTAL

A. Synthesis of CNT film on stainless steel film

High quality multi-walled CNTs (MWCNTs) can be

synthesized directly on stainless steel surface when the sur-

face is properly treated.11–19 This surface treatment involves

an oxidation followed by a mild reduction. In the previous

studies reported, CNTs were synthesized on the surfaces of

stainless steel of bulk forms. In the present study, CNTs are

synthesized on a conductive stainless steel film deposited on
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an insulate alumina plate. This layered structure can be use-

ful for some applications as electrodes.

A flake of a stainless steel, type SUS316, of a size

about 3 mm � 5 mm � thickness 0.5 mm was put on a

graphite plate (thickness¼ 1 mm) placed in a vacuum

chamber, and the electric current was supplied to the graph-

ite plate to raise its temperature up to 1500 �C. When the

temperature became above the melting point of the stainless

steel, the flake of the stainless steel was melted and its

vapor was generated. An alumina plate (thickness¼ 1 mm)

was placed in parallel to the graphite plate with a distance

about 8 mm. The vaporized stainless steel was condensed

on the surface of the alumina plate. The temperature of the

stainless steel flake was measured by a radiation thermome-

ter (Land Corp., CYCROPS100B).

When the stainless steel film on the alumina plate was

patterned to fabricate the DEP electrodes, a patterning was

conducted by photolithography. A photosensitive resin

(Fujiyakuhinkogyo Co., Ethylene glycol monoethyl ether)

was coated on the stainless steel film, and a light from a cas-

ual fluorescent lamp was radiated to it through a mask sheet.

After this photosensitizing step, the area on the resin which

received the light was removed by a developing liquid

(Fujiyakuhinkogyo Co, FPPR-B), and exposed area of stain-

less steel film was dissolved by 1 mol/l HCl aq. The pat-

terned stainless steel film was obtained after the remaining

resin was washed by ethanol.

When CNTs were synthesized, the alumina plate on which

the stainless steel film was patterned was oxidized at 800 �C in

air for 30 min as a first step. Next, it was placed in H2 environ-

ment in a tubular furnace (H2 flow rate¼ 200 cc/min) and its

temperature was controlled at 750 �C for 30 min. After this

reduction step, the gas components were switched to ethylene

(C2H4) mixed with H2 (C2H4 flow rate¼ 120 cc/min, H2 flow

rate¼ 200 cc/min), and the temperature was kept 750 �C for

30 min. After this CVD process, the products were sent to struc-

tural analyses. It should be noted that the oxidation step could

be omitted to synthesize CNT film in the present study as

explained later.

A transmission electron microscope (TEM) (JEOL,

JEM1010) and a scanning electron microscope (SEM)

(Technex Lab Co., Tiny-SEM1710) were used to observe the

structure of the products. A Raman spectroscopy (Ramda

Vision, MicroRAM-3000L) also was used to analyze the

structure. An energy dispersive X-ray (EDX) (Technex Lab

Co., Tiny-EDX(LE)-a) mounted on the SEM was used to an-

alyze the components in the stainless steel film fabricated

here. The same EDX instrument was used when the DEP

particle capture using the patterned CNT film was evaluated.

B. DEP particle capture

When particles are electrically polarized in non-uniform

electric field, the particles may receive DEP force.20–24

When particles receive such force in liquid, they may move

toward areas which have high electric field strength. It is

known that this force can be, in principle, proportional to the

cube of the particle diameter. Thus, it is difficult to capture

nano-size particles by DEP force. Nevertheless, it is

desirable to develop DEP particle capture system for nano-

particles because conventional methods such as sedimenta-

tion and filtration25–29 also have drawback to separate nano-

size particles. It can be expected that nanoparticles having

different dielectric properties can be separated by DEP sepa-

rator if it is properly developed.

In the experiment, AC voltage of 200 V amplitude with

50 kHz frequency was applied on the patterned CNT film to

generate DEP force. The AC voltage was generated by a

power generator (NF Co., BA4825) that can amplify signals

from a function generator (NF Co., DF1906). Target par-

ticles for the DEP particle capture were carbon nanohorns

(CNHs) dispersed with Pd nanoparticles (Pd-CNHs) and

CNHs dispersed with Pd-Au alloy nanoparticles (Pd/Au-

CNHs), which were synthesized by gas-injected arc-in-water

(GI-AIW) method. The detail of this method to synthesize

metal-dispersing CNHs can be referred elsewhere.30,31 These

particles were mixed and dispersed in ethanol by sonication

prior to the DEP particle capture experiment. The weights of

Pd-CNHs and Pd/Au-CNHs were almost even in mixing, and

the total particle concentration in ethanol was 0.2 wt. %. The

ethanol containing these particles was dropped on the area of

the CNT-film electrodes to realize DEP particle capture

there.

III. RESULTS AND DISCUSSION

A. Synthesis of CNT film on stainless steel film
deposited on alumina plate

When the stainless steel was evaporated by approxi-

mately 1500 �C, a shiny metallic film was fabricated on the

alumina plate. CNT film was formed by the process

explained in the Experimental section. In addition, CNT film

was formed even when the oxidation step was omitted.

There was no significant difference between these CNT films

by visual observation.

Fig. 1 shows a SEM image of the cross-section of the

alumina plate on which the CNT film was synthesized. This

CNT film was obtained without the oxidation step. The sche-

matic image of the multi-layer structure on the alumina plate

is also shown in this figure. A stainless steel film was depos-

ited on the surface of alumina plate, and blush-like CNT film

was formed on the stainless steel film layer. A TEM image

of the CNTs synthesized here is shown in Fig. 2. It is

shown that the structure of the CNTs is multi-wall, and the

FIG. 1. SEM image of CNT film synthesized on stainless steel film depos-

ited on alumina plate.
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inter-layer distance in each wall is approximately 0.35 nm,

which is equivalent to the inter-layer distance in graphite

structure. One can consider that each CNT is electrically

connected by the stainless steel film at their bottoms. The

electric surface resistivity was analyzed (Sanwa Co,

PC5000) in several places on the CNT film. As a result, the

surface resistivity turned to be around 25 X/sq in average.

The stainless steel film was so thick that the stainless steel

film remained as conductive even after the CNTs are grown

thereon. It was impressed that the growth mechanism of

CNTs is root growth because most of CNTs did not contain

catalytic particles in their tips in TEM observation.

For comparison, the CNT film was fabricated by a con-

ventional method with a catalyst preparation using a magne-

tron sputter (JEOL, JEC-3000FC).32 In this method, Fe was

deposited by 40 mA for 200 s as main catalyst component,

and Mo was also deposited on Fe layer by the same ion cur-

rent for 1 s to enhance the CNT growth. From this catalyst

preparation, CNT film which seemed similar to that synthe-

sized by the present method was obtained on the alumina

plate. In this case, the metallic layer (Fe, Mo) was so thin

that this layer can be transformed to discrete nanoparticles

dispersing on the surface on an alumina plate. Then, each

CNT can be grown on these nanoparticles. From this struc-

ture, the sheet resistance of CNT film must be very high. As

a result, the surface resistivity of this CNT film was approxi-

mately 4700 X/sq. From this result, the resistivity in CNT

film became 1/190 times by introducing the stainless steel

deposition under the CNTs by the present synthesis method.

B. Influence of pretreatment conditions on CNT
growth

A previous report about the influence of the temperature

in the oxidation step suggested that the higher the oxidation

step temperature could lead to the faster growth of CNT.19

However, the tendency seen at this time seems different

from such previous case. The SEM images of CNTs synthe-

sized without the oxidation step was similar to the case with

the oxidation step. Nevertheless, as seen in Fig. 3, there was

some difference observed in Raman spectra between in the

CNT film synthesized with oxidation step and without it.

One can see two peaks indicating graphite structure (G-peak)

at about 1570 cm�1 and disorder structure (D-peak) at about

1340 cm�1 in the both films. However, it should be noticed

that the intensity of G peak seems similar to that of D peak

in the case of the CNT film synthesized with oxidation step,

while G peak is apparently more prominent than G peak in

another case without oxidation step. It could be interpreted

that CNTs synthesized with oxidation step would have less

crystallinity than the others. Thus, CNT film synthesized

without oxidation step was employed for the DEP particle

capture experiment.

Note that the purity of CNTs synthesized in this study

was evaluated to be high by microscopic observations. It

must be also noted that CNTs synthesized by any thermal

CVD do not have perfectly straight structure with extremely

high crystallinity because they tend to become aligned verti-

cally to the substrate surface by being supported by CNTs

one another, and they are not free standing. So, multiwalled

CNTs synthesized by thermal CVD are always curling and

look like Fig. 2. Therefore, CNT synthesized by thermal

CVD can exhibit D-peak which is comparable to G-peak

even when their purity is high. Because the perfectly straight

structure of MWCNTs is not necessary to realize DEP cap-

ture of nanoparticles by use of CNTs, the quality of CNTs

synthesized here should be fine for our purpose.

It was found that the temperature used to evaporate

stainless steel flake to deposit stainless steel film on alumina

plate was critically important. When the temperature was

raised to a melting point of stainless steel at approximately

1500 �C, the stainless steel flake was melted and it turned to

be liquid. After its liquidization, the temperature of the

melted liquid turned to become a supercooling temperature

about 1200 �C keeping its liquid phase. The metallic film can

be formed on the surface of the alumina plate during the

FIG. 2. TEM image of CNTs synthesized on the stainless steel film. The

high magnification image corresponds the square mark pointed by “A” in

the low magnification image.

FIG. 3. Raman spectra of (a) CNT film synthesized with oxidation step, and

(b) without oxidation step.
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stainless steel was evaporated at this temperature. However,

the growth of CNT was rarely seen on the film prepared at

this temperature. Instead, CNT film was obtained when the

stainless flake was evaporated at 1500 �C, as explained

above. The metallic films formed by the evaporation temper-

atures 1200 �C and 1500 �C were analyzed by EDX as shown

in Fig. 4. When the evaporation temperature was 1200 �C,

the main components of the resulted film became Mn as

shown in Fig. 4(a). This component is not the main compo-

nent of stainless steel but considered impurity. Mn was con-

centrated in the deposited film because the vapor pressure of

the main components in stainless steel, Fe and Cr, should be

significantly lower than that of Mn in this condition. When

the evaporation temperature was as high as 1500 �C, the

components in the deposited film became similar to the origi-

nal stainless steel as shown in Figs. 4(b) and 4(c).

C. DEP particle capture experiment using patterned
CNT film

In the present study, DEP particle capture experiment

was demonstrated using the CNT-film electrodes patterned

on the alumina plate. The dimensions of the electrodes are

described in Fig. 5. As seen here, comb-like shape electrodes

were prepared by the CNT growth without the oxidation step

on the stainless steel film patterned by the photolithography.

As explained in the Experimental section, AC voltage was

applied on the electrodes for DEP particle capture. During

the AC voltage was applied on the electrodes, the ethanol

containing the particle mixture prepared by the procedure

explained in the Experimental section was dropped onto the

alumina plate on which the patterned CNT film was fabri-

cated. An example of TEM image of the target particles is

shown in Fig. 6. It was observed that the average diameter of

the metallic particles dispersing in CNHs were 2.6 nm and

5.0 nm in Pd/Au-CNHs and Pd-CNHs, respectively. After

the ethanol was dried from the alumina plate, its surface was

directly analyzed by the selective-area EDX.

The role of CNT in the DEP particle capture is depicted

in Fig. 7. As mentioned in the Experimental section, the

DEP particle capture should be difficult if the particle size is

nano. Nevertheless, DEP force on small particles should

become extremely strong when the electric field strength is

significantly enhanced in a localized zone near a micro-size

electrode. CNTs should be the preferable electrode materials

to realize such a condition. Namely, the electric field at the

CNTs should be extremely large due to the CNTs’ curvature

radius of nanometer scale. It can be estimated that the elec-

tric field strength at MWCNT can reach 6–7 � 109 V m�1

level at similar applied voltage,33 which cannot be achieved

FIG. 4. EDX spectra of (a) stainless steel film deposited at 1200 �C, (b) de-

posited at 1500 �C, and (c) initial stainless steel.

FIG. 5. Dimensions of CNT electrodes used for DEP particle capture

experiment.

FIG. 6. TEM of Pd/Au-CNHs used in DEP particle capture experiment.
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by use of conventional electrodes. The nanoparticles can be

attracted by top of MWCNTs and also by side of MWCNTs

that is exposed to liquid. The side of MWCNTs facing the

inter-MWCNT spaces may not attract the nanoparticles by

dielectrophoresis because the concentrated electric field is

not formed there.

In the present study, a part of CNT film was removed to

clarify the effect of CNTs. As shown in Fig. 5, one edge of

an electrode pair was scratched out. Then, one side in the

electrode pair keeping CNTs (side A) should exhibit the

effect of CNTs, and other side whose CNTs were removed

(side B) should correspond the conventional DEP particle

capture without CNTs.

EDX spectra obtained at the side A and the side B are

shown in Fig. 8. On the side A, there are the peaks indicating

Pd and Au at 2.85 keV and 2.15 keV. In contrary, these peaks

are not prominent on the side B. This result suggests that the

target particles could be captured due to the large electric

field strength induced by CNTs.

It should be informed that the weight ratio Pd/Au in the

captured particles detected by EDX analysis changed by the

DEP particle capture. The weight ratio Pd/Au detected in the

initial particle mixture before the DEP capture was approxi-

mately 1.0. The weight ratio Pd/Au in the particle mixture

captured by CNT electrode was approximately 1.4. It means

that Pd-CNHs were enriched by this DEP capture. It could

be speculated that this enrichment occurred because the di-

ameter of Pd nanoparticles dispersed in Pd-CNHs is larger

than Pd-Au alloy nanoparticles in Pd/Au-CNHs as men-

tioned above. This result would indicate the feasibility of

application of CNT electrode to purify specific metal-

dispersing carbon nanoparticles according to the dispersion

of the metals. The effort to raise the purification extent

should be pursued in future.

IV. CONCLUSIONS

Multi-walled CNTs were synthesized directly on the

stainless steel film deposited on an alumina plate to electri-

cally connect CNTs at their bottoms. It can be expected that

CNT film synthesized in this way can have low electric re-

sistance so that the patterned CNT film can be used for elec-

trode applications. In the present experiment, the DEP

particle capture experiment was demonstrated. Making lay-

ered stainless steel film for MWCNT growth is one of the re-

markable points because DEP particle separator cannot be

fabricated without it. It must be noted that currently both

electro and electroless plating of stainless steel is not techni-

cally available. Under such situation, the method to deposit

stainless steel film applied in this study (thermal vacuum

coating) is the simplest technique to fabricate stable stainless

steel film of low electrical resistance on a insulate substrate.

An important information is obtained that the temperature to

deposit stainless steel must be high enough (1500 �C) to

active the growth of CNTs thereon. Regarding CNT growth,

it was found that oxidation step in pretreatment on stainless

steel is not necessary.

As a result, the electric resistivity in the CNT film fabri-

cated by the present method became 1/190 of that in CNT

film, which was synthesized by a conventional catalyst prep-

aration method using magnetron sputtering. A patterned

CNT film was fabricated by photolithography for patterning

the stainless steel film, and this CNT film was used for DEP

electrode. It was observed that CNHs dispersed with Pd and

Pd-Au alloy nanoparticles can be captured by a high electric

field induced by CNTs, and CNHs dispersed with Pd nano-

particles were enriched by this DEP capture. It can be

emphasized that new application of CNT film layered with

deposited conductive stainless steel film based on DEP force

may enable ones to purify nanoparticles, which are hardly

separated by other methods.
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