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Plasma deposition of Ultrathin polymer films on carbon nanotubes
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Ultrathin films of pyrrole were deposited on the surfaces of carbon nanotubes using a plasma
polymerization treatment. High-resolution electron transmission microscopy images revealed that
an extremely thin film of the polymer layer {27 nm) was uniformly deposited on the outer and
inner surfaces of the nanotubes. The nanotubes of all sizes exhibited equally uniform ultrathin films,
indicating well-dispersed nanotubes in the fluidized bed reactor during the plasma treatment. In
particular, the inner wall of the nanotube was also coated with a uniform ultrathin film of-ahh3

nm. Time-of-flight secondary ion mass spectroscopy experiments confirmed the highly branched
and cross-linked polymer thin films on the carbon nanotubes. The plasma deposition mechanism is
discussed in this letter. @002 American Institute of Physic§DOI: 10.1063/1.1527702

The development of surface nanostructures will be onalso be able to increase the piezoelectric properties of
of the key engines that drive our technological society in thenanotube¥ for use in high-frequency strain sensing applica-
21st century. This rapidly growing area focuses on tailoring &ions. An innovative plasma polymerization coating
nanoparticle surface structure for specific and uniqueproces¥ that can be used for many of the above applications
properties:=® One of the important developments in nano-is discussed subsequently.
structures is the synthesis of carbon nanotubes. Carbon nano- Generally, nanoparticles are difficult to handle in the
tubes are intrinsically superelastic one-dimensional strucplasma polymerization coating process due to aggregation
tures that are chemically inert, and they possesand the large surface area per unit mass of the potider.
electrochemical, piezoelectric, tunable electronic, and higlHowever, a fluidized bed reactor is an ideal tool for gas—
thermal conductivity properti€sThese properties make car- particle reactions due to the intensive mass and heat transfer
bon nanotubes the potential successor to carbon fibers imetween the two phases, short reaction time, omnidirectional
composites, silicon in electronic devices, ionic polymers fordeposition, and flat temperature proﬁfe,'rherefore, the
actuators, and a myriad of other technologies for sensors.combination of plasma polymerization and the fluidized bed
Unfortunately, the surface of the nanotube is often not ideaprocess represents an innovative approach for low tempera-
for a particular application. The ability to deposit well- ture surface modification of nanoparticfes:
controlled coatings on nanotubes would offer a wide range of | this experiment, we used Pyrograf Ill PR-24-PS and
technological opportunities, based on changes to both ther-24-HT’ nanotubes as substrates. These nanotubes have
physical and chemical properties of the nanotubes and nanghe same structure and purchased from Pyrograf Products,
particles. Inc. The plasma reactor for thin film deposition of nanotubes

The coating nanotechnology being reported in this lettehas peen introduced previouskyThe vacuum chamber of
is also critically important for active materials developmentipe plasma reactor consists of a Pyrex™ glass column about
and in the design of smart nanocomposites. Nanocompositgy cm in height and 6 cm in internal diameter. The carbon
film actuators are being investigated by coating carbon nanqyanotubes are vigorously stirred at the bottom of the tube
tube ropes with a structural polymer electrolyte to improveang thys the surfaces of nanotubes can be continuously ro-
ion exchange and transduction efficieicy. Coatings may  (ated and exposed to the plasma for thin film deposition dur-
ing the plasma polymerization process. A magnetic bar was
3Electronic mail: shid@email.uc.edu used to stir the powders. The gases and monomers were in-
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FIG. 1. Bright-field TEM images of the original uncoated carbon nanotubes
of Pyrograf Ill PR-24-PS PR-24-HTa and Pyrograf Ill PR-24-P$b). FIG. 2. HRTEM images of Pyrograf Ill PR-24-PS PR-24-HT nanotybg.

. . . The fragments of the wall with inclined plané302) showing lattice space
troduced from the gas inlet during the plasma cleaning treats the outer and inner surfaces of uncoated Pyrograf lll PR-24-PS PR-

ment or plasma polymerization. The system pressure wasi-HT nanotubes with slight roughneés1 nm) on the surface(b) An
measured by a thermocouple pressure gauge. A rf power gehltrathin film of pyrrole can be observed on both outer and inner surfaces of
erator operating at 13.56 MHz was used for the plasma filnfo2ted Pyrograf lll PR-24-PS PR-24-HT nanotubes.

deposition. Based on the bright-field TEM and HRTEM images, the wall

Before the plasma treatment, the chamber pressure W3gickness of the nanotubes can be estimated to be about 20

pumped down to less than 5 Pa, at which time the monomer. 34y, for hoth the Pyrograf 11l PR-24-HT and Pyrograf Il]
vapors were introduced into the reactor chamber. The opebr_o4-ps carbon nanotubes.

ating pressure was adjusted by the mass flow controller. Pyr-  \anotubes  with axially parallel graphite layetgot

role was used as the monomer for plasma polymerization. Tgn,\n hergand nanotubes with axially parallel graphite lay-
be able to distinguish the deposited polymer thin film and theers oriented at an angle to the tube ajfisg. 2(@)] were
surface of carbon nanotubes, we introduced a small fractiogy,sarved. The edge dislocations can be seen due to the dis-
of CgFy, to copolymerize with the pyrrole monomer. In this o qer of the graphite layer®02). It is noticed that both the
way, we will be able to characterize the deposited thin film ing ;sar and inner surfaces terminate at the grapiiee) layer
the time-of flight secondary ion mass spectromeffDF- oyt the addition of a surface layer, for the originally
SIMS) experiments. During the plasma polymerization Pro-ncoated nanotubéBig. 2(a)]. The bright-field and HRTEM
cess, the rf power was 15 W and the system pressure was §, a5 of these nanotubes after plasma treatment are shown
Pa. The plasma treatment time was 30 min per batch of 0.3 o Fig. 2(b) (Pyrograf Ill PR-24-PS PR-24-HT nanotubes
of powder. and Fig. 3(Pyrograf Il PR-24-PS carbon nanotubese-
After the plasma treatment, the carbon nanotubes wergnectively. An ultrathin film amorphous layer can be clearly

examined using_transmission electron mICrosCAB¥EM)  sean covering both the inner and outer surfaces of the Pyro-
and TOFSIMS. The high-resolution TERHRTEM) experi- graf Ill PR-24-HT nanotubegFig. 2(b)], but only covering

ments were performed using a JEOL JEM 2010F electronye oyter surface of the Pyrograf Il PR-24-PS carbon nano-
microscope with a field emission source. The acceleratmgubes[l:ig. 3@)]. The thin film is uniform on both surfaces
voltage was 200 kV. The nanotubes were dispersed in methag 4 larger thickness on the outer wéll nm) than on the

nol and suspended on a perforated carbon film supported Qe wall (1~3 nm) surfaceFig. 2b)]. The thickness of
Cu grids. Bright-field and high-resolution imaging tech- ;iathin film is approximately 2 7 nm surrounding the en-
niques were used to characterize the features of both the. 4notube surface of both the Pyrograf Ill PR-24-HT and
original and the coated carbon nanotubes. TOFSIMS wWapyqqraf || PR-24-PS carbon nanotubes. The film is also
performed on a lon-Tof model IV equipped with a 25 keV yicxer and more uniform than the roughnés<. nm) on the
69Ga source. The mass resolution of the instrument Wagyter surface of the carbon nanotu@g. 2@]. In Fig.
8000 at 28 amu. Positive and negative spectra were coIIecteﬂb) we show the HRTEM image of a coated Pyrograf Ill

in the mass range of 0 to 1000 amu. The spectra were agg_>4.ps carbon nanotube. The lattice image of graphite can
quired by rastering the beam over an areas of 300

X 300 um of bundle of the untreated or treated carbon nano-
tubes.

Figure 1 shows the bright-field TEM images of the origi-
nal uncoated Pyrograf Ill PR-24-H[IFig. 1(a)] nanotubes
and the Pyrograf Ill PR-24-PS carbon nanotuffég. 1(b)].
As can be seen in this figure, both Pyrograf Il carbon nano-
tubes have similar sized features with a hollow channel. The
Pyrograf Il PR-24-HT nanotubes have slightly smaller out-
side diameters averaging about 70 nm, and they are quits
uniformly distributed. The Pyrograf 1l PR-24-PS carbon
nanotubes have outside diameters ranging between 40 and
120 1 Some nanotubes become curved dung thei rondlS, & e DL TEU wd WIS et S e
Wl_th_ the open ends. An HRTEM imadéig. 2@)] of the The Ia?tice image of carbon can be clgarﬂl seen with an extremely thin Iayerl
original Pyrograf Il PR-24-HT carbon nanotubes shows theuf polymer film (~2 nm) on the outer surface of the coated Pyrograf Ill

graphite structure with the interlayer spact_d@ =0.34 nm.  PR-24-PS carbon nanotubes. _
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x10° , - ' - However, in this work, the deposition must take place in the
20 . © © inner tube whose diameter is only about 20 nm. The length
o N | ‘l \ of these tubes is on the order of several microns. In order to
x10° 10 20 2 40 obtain a uniform coating at the inner wall surfaces, the flu-
- ’ 3 idization of the nanotubes and the plasma condition must be
o), N ]] S critically controlled. In our plasma coating process, both en-
2w 50 60 70 80 ergy terms(surface energy of the nanotube and the surface
' a9 G Gty tension of the polymerwere balanced by controlling the
ﬁ AR Lol plasma coating parameterjs, including electron density, tem-
Xwﬁ"" % 160 1io 120 perature, and energy density. The gas pressure must be mod-
08 S CH OO, erate for a low collision rate on the nanotube inner and outer
) 1“11 l” L surfaces. As shown i_n Fig.(12), _there is an (_extremely thin
0.0k T TIRMRRERS 7T anmanman T ennmanne T (1~3 nm) polymer film deposited on the inner wall tube
e e CHOr surface while a relatively thicker film is deposited on the
2_‘3 outer surface. This is an indication of the deposition rate
@) v lm;%‘ dad Mléa . % o1 difference within and outside the nanotube. Because of the
ass nanoscale diameter of the tube, for a given gas pressure, the
. collision frequency must be reduced inside the nanotube, re-
e c G sulting in a lower deposition rate. However, this deposition
2 { o rate difference does not appear to be great for both inner and
0.0 - T T o outer surfaces, as evidenced in Figb)2
A S o In summary, we have deposited an ultrathin polymer film
10 ‘ i on the inner and outer surfaces of carbon nanotubes by
. 00 4 e L p b - means of a plasma polymerization treatment. The polymer
g e O o layer is not only uniform on both inner and outer surfaces,
s 20 ‘ but it is also deposited in an extremely thin layer of 2
= Dol | S Traumn ~7 nm. TOFSIMS spectra confirmed the polymer nature of
X1 — 2 the deposited thin films. By controlling the plasma coating
o v conditions, the deposition rate can be closely controlled so
M . , e that the film thickness on both the inner and outer wall sur-
x1o;01?°cF 12:’&‘ 1‘?0%‘ 150 160 faces is uniform and nearly identical.
55 L ch; The TEM analyses were conducted at the Electron Mi-
(b) 00 T e b e crobeam Analysis Laboratory at the University of Michigan,

Ann Arbor, Michigan. This research was supported in part by
FIG. 4. TOFSIMS spectra df) untreated an¢b) treated carbon nanotubes. a grant from NSF, DMII division, No. DMI-9713715.
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