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Abstract: Mechanical abrasion of stainless steel (SS) surfaces is demonstrated as an effective technique
for the deposition of catalyst to support growth of high density layers of carbon nanotubes (CNTs) in water-
assisted catalytic chemical vapor deposition. In all cases of Fe-containing materials abraded on Al2O3

substrates, CNT growth is observed; the 400 series of SS appears to deposit catalyst most efficiently. We
demonstrate that this simple abrasion technique enables both micro- and nanoscale accuracy in catalyst
patterning as well as large area catalyst deposition for uniform, dense CNT growth. Raman spectroscopy
characterization indicates high quality CNTs grown by this approach. This technique provides an inexpensive
and simple route for addition of catalyst for Fe-based surface growth of CNTs.

Introduction

Given their unique structure, size, and physical properties,1,2

carbon nanotubes (CNTs) have been considered for a growing
number of important applications. Interesting technological
device performances have been reported in the form of CNT
field emitters,3,4 capacitors,5,6 sensors,7,8 field effect transistors
(FET),9,10 and molecular filters,11,12 among others. Many of
these applications have triggered the search for low cost and
large scale CNT production processes, and these are now
becoming a reality.13 There are several reports in the literature
focusing on the improvement of traditional CNT synthesis
methods.14 Chemical vapor deposition (CVD) has emerged as

a promising technique for CNT growth, suitable for large areas
(wafer-scale) and irregular substrates. In addition, thermal CVD
growth is free from the complications of abundant uncontrollable
radicals found in most common plasma-related growth tech-
niques15 and allows relatively simple control of crucial CNT
growth parameters. Scale-up of CNT production, while main-
taining simplicity in the growth process, has been a common
goal of many research efforts. The search for a cost-effective
production process has motivated investigation into alternative
catalyst deposition methods,16-19 multicomponent catalyst
materials (besides Fe, Co, and Ni),20,21 and new substrates and
catalyst supports to aid and assist the growth process.22,23

One crucial aspect of CVD-grown CNTs is the requirement
for external deposition of catalyst on a solid oxide surface prior
to growth. There have been a wealth of studies documenting
unique catalyst deposition techniques such as metal evapora-
tion,24 roll-to-roll metal and oxide support evaporation,19
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sputtering,25 nanoparticle spin-coating,16 dip-coating,17

sol-gel,18 and layer by layer metal deposition,26 among others.
All of these approaches support CNT growth, although some
are more effective than others. In addition to catalyst deposition
techniques, several studies have focused on different supporting
substrates for CNT growth. The use of quartz and glass instead
of Si/SiO2 is quite common, and recent studies have emphasized
that growth can be achieved on bulk metals, including stainless
steel (SS) foils, where additional metal catalyst is not
required.27-29 Recently, CNT growth has been reported from
grinding hardened steel balls with graphite, with mechanical
milling followed by thermal annealing at 1400 °C.30 In that
study, milling times as long as 200 h were used to produce
CNTs. In addition, Yuan et al. have recently reported CNT
growth on quartz where the catalyst was deposited via scratch-
ing31 in a manner similar to our observations. More recently,
two research groups have reported metal-free CNT growth,
through SiO2 particles abraded upon a surface.32-34 Another
approach toward continuous CNT production involves the use
of aluminum foil as the catalyst supporting surface, although
this route still requires Fe catalyst deposition to achieve CNT
growth.35 Growing CNTs on metallic substrates or conductive
substrates is essential for the development of CNT-based
applications such as field emitters and other electronic devices,
where good electrical contact between the CNTs and the metallic
contacts is needed. Although there has been a reasonable level
of success achieved along these lines, there still remains
significant room for improvement of CNT properties, and simple
catalyst deposition techniques that result in high yield and
scalable growth of high quality CNTs are needed. To date, the
water-assisted CVD supergrowth process remains the most
efficient process for high yield, high-quality CNT growth in a
dense aligned structure.19,36-40

In this study, we report abrasion as a simple, cost-effective
deposition technique of catalyst that supports high density CNT
growth and micro- and nanoscale patterning. Mechanical friction
applied between a metal surface and the growth substrate
abrades enough catalyst onto an oxide supporting layer to result
in the growth of dense vertically aligned CNT forests (VA-
CNTs) with a reasonably high quality compared to other
processes for CNT synthesis. This work presents a new route
toward catalyst deposition from easily obtained bulk materials,
with the capability to impact cost-effectiveness of currently
developing CNT applications.

Experimental Section

The catalyst deposition technique relies on simple mechanical
friction generated between a solid metal catalyst source and a
10-100-nm-thick film of Al (forming Al2O3) deposited on a SiO2

substrate. A number of different catalyst sources were used,
including magnetic Fe, cast Fe, carbon steel, 99.98% pure Fe from
Alfa Aesar, and SS series 300 (SS-302, SS-316) and 400 (SS-416,
SS-420). The catalyst sources involved many different shapes and
forms such as discs, blades, bars, granules, and wool fibers. By
rubbing any Fe metal object against an Al2O3/SiO2 substrate,
catalytic Fe particles are transferred to the growth substrate, as
shown in Figure 1. The pressure applied during the abrasion resulted
in the deposition of a light to heavy coating of Fe particles on the
substrate, depending on the conditions. At low pressures, CNTs
were observed on the surface only as mats or sparsely grown
domains. However, when greater pressure was applied, a higher
concentration of catalyst particles was deposited on the growth
substrate, resulting in the formation of a vertical array of CNTs.

CVD growth experiments were carried out in a hot filament
chemical vapor deposition (HF-CVD) apparatus, which has been
described elsewhere.19,41,42 To chemically reduce the deposited
metal and produce an active catalyst, after rapid insertion of the
abraded substrate into a hot furnace, a brief exposure to atomic
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Figure 1. Scheme that describes catalyst deposition through abrasion. Any object with Fe metal content abrades catalyst in the form of particles that can
be used as nucleation sites for CNT growth.
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min (sccm) of H2, 2 sccm H2O, and 2 sccm C2H2 was maintained
in the 1 in. tube furnace under 1.4 Torr vacuum while the abraded
substrate was introduced and CNTs were grown. The temperature
was maintained at 750 °C for the duration of the process, settings
that have been found to yield the highest quality growth in water-
assisted conditions.42

Alumina coated substrates, with 100-nm-thick Al2O3 deposited
through atomic layer deposition (ALD) of Al onto a clean SiO2

wafer, were provided by Sundew Technologies LLC. A 10-nm-
thick Al2O3 layer was prepared by electron beam evaporation of
Al at typical pressures of 10-6 Torr.

Results and Discussion

SS has been previously simultaneously used both as the
catalyst source and the substrate27-29,43,44 for CNT growth.
Other processes require additional Fe to be deposited on the
SS substrates45-47 to achieve CNT growth. The results here
indicate that all the Fe-containing alloys abraded on Al2O3 grow
CNTs, once deposited on a proper supporting substrate, although
some Fe-containing sources appear more efficient than others.
Figure 2a shows VA-CNTs grown on Al2O3 substrates as a
dense forest while Figure 2b shows micrometer-wide patterns
of CNTs where SS-420 was abraded through single stripes made
by a sharp scalpel. As shown in Figure 2b, patterns of dense,
aligned CNTs can be easily obtained in this technique with a
feature resolution determined by the size of the object used for
abrasion. We also note that some Fe sources abrade more easily
than others. The SS-420 hardness on the Hardness Brinell (HB)
scale is higher than that of SS-316; however, abrasion occurs
more easily with SS-420. This is probably related to the
machinability of SS-420 compared to SS-316; SS-316 machin-
ability rates are lower and cause higher tool wear than SS-420.
SS has many potential active components for CNT growth,
including Fe and Ni, both of which are known as catalysts for
CNT growth.48 However, the SS-400 series (SS-416 and SS-
420) has no Ni in the SS matrix but still results in the growth
of VA-CNTs. This suggests that Ni is not a required component
in the growth process and allows us to focus on Fe as the likely

active component of CNT growth. In addition, Cr and C content
appear to have some effect on the abrasion process. The presence
of Cr presumably results in surface hardness enhancement of
SS that affects the Fe transfer through abrasion. The presence
of carbon in the SS also increases hardness and might accelerate
the nucleation and growth of CNTs.

To study the properties of the CNT arrays grown from
abraded catalyst, data from Raman spectroscopy (laser excitation
at 514, 633, and 785 nm) was collected and is shown in Figure
3a. In all spectra, the D/G ratio remains small, indicative of the
low-defect CNT growth that is characteristic of the water-
assisted CVD process. The low D/G ratios are comparable to
those from VA-CNTs grown in the water-assisted CVD process
from e-beam evaporated catalyst sources.38,49 Raman spectra
of CNTs in the solid state and CNTs dispersed in sodium
dodecyl benzene sulfonate (SDBS) surfactant show no signifi-
cant D/G ratio difference. The radial breathing modes (RBM)
in Figure 3a indicate the presence of CNTs with walls less than
∼2 nm in diameter, which can be due to the inner walls of
multiwalled carbon nanotubes (MWCNTs) or small diameter
single-walled carbon nanotubes (SWCNTs).50 Figure 3b shows
an atomic force microscope (AFM) image of particles deposited
in a single stripe abrasion with a SS scalpel. A large particle
size distribution was found, including many particles larger than
10 nm. The diameter range of VA-CNTs grown from these
particles suggests that it may not be necessary to have small
diameter (<10 nm) particles present to sustain uniform nucle-
ation and growth of VA-CNTs. Transmission electron micro-
scope (TEM) images (Figure 4a) obtained after dispersing the
CNTs through 15 min of bath sonication in ethanol and
deposition on lacey carbon TEM grids suggest the presence of
a variety of CNT species, including SWCNTs, double-walled
CNTs, and MWCNTs. When dispersed in SDBS with 6 h of
bath sonication, the CNTs display fluorescence, albeit weak,
with excitation at 660 nm, indicating the presence of small
amounts of semiconducting SWCNT species.51

Comparison of XPS spectra of the catalysts deposited by
abrasion and e-beam evaporation provides further support
for the presence Fe on abraded substrates. XPS analysis
indicates that Fe deposited through abrasion has features
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Figure 2. SEM images of (a) a top-down view of a dense CNT forest and (b) a top-down view of microscale patterned CNTs, both formed from abrasion
of Fe (SS-420) catalyst through abrasion. Inset images show higher resolution images of (a) the CNT alignment in the dense array and (b) a single line
formed from abrasion. Scale bars in inset images are 20 µm.
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similar to a 1 nm Fe layer deposited by e-beam evaporation
(Figure 4b), the latter being the most common catalyst layer
used in VA-CNT growth.19,52,53 In addition, SEM images of
a surgical scalpel (SS 420) used as a catalyst source before
and after metal abrasion reveals the removal of some material
from the initial scalpel (see Supporting Information Figure
S1). To demonstrate that this approach is applicable to larger
areas, the scalpel was used to abrade upon a rotating substrate
(∼3000 rpm), quickly generating circular patterns of catalyst
on ∼1 cm diameter substrates in an open environment, as
shown in Figure 5a. Furthermore, exposure to water-assisted
growth conditions resulted in VA-CNT growth with circular
patterns as shown in Figure 5b.

In addition to using abrasion geared toward large-scale
production of VA-CNTs or forming microscale patterns of VA-
CNTs, the use of abrasion for the formation of nanoscale

patterns has been explored. A 12-nm-layer of Fe was e-beam
deposited onto a conventional silicon AFM tip. Using contact
mode AFM, catalyst patterns were drawn. Figure 6 is a patterned
catalyst stripe having a length of ∼5 µm on ALD-deposited
alumina substrates. Prior to deposition of the Fe, the AFM tip
diameter was ∼20 nm; after Fe deposition the diameter was
∼40 nm. Therefore the resolution of the Fe pattern obtained is
limited by the radius of curvature of the tip, similar to the
process described in Figure 2. To demonstrate this, Fe was
deposited using 2, 5, and 10 AFM scans, as shown in Figure
6a (10 scans). Following catalyst deposition, the catalyst stripe
was exposed to water-assisted CVD growth conditions, which
resulted in the growth of a significant number of CNTs, as
shown in Figure 6b. The height of the deposited catalyst was
typically found to be 1-3 nm, although some larger particles
(10-20 nm) at the edges of the pattern were observed. As
expected, the amount of catalyst deposited decreased with the
number of scans. However, it should be noted that this catalyst
deposition process can be just as easily carried out with used
or broken AFM tips, decreasing the cost of the nanoscale

(52) Pint, C. L.; Bozzolo, G.; Hauge, R. H. Nanotechnology 2008, 19,
405704(11).

(53) Wei, Y. Y.; Eres, G.; Merkulov, V. I.; Lowndes, D. H. Appl. Phys.
Lett. 2001, 78, 1394–1396.

Figure 3. (a) Raman spectra at three excitation wavelengths from a typical dense forest of VA-CNTs grown from Fe catalyst (surgical scalpel SS-420)
deposited through abrasion on an Al2O3 supporting surface. (b) AFM image of single stripes drawn with a surgical scalpel (SS-420) on an Al2O3 substrate
before CNT growth, revealing the particles that form during abrasion and that support the VA-CNT growth. The image is 20 µm on a side while the inset
is 1 µm on a side collected from the area in the square.

Figure 4. TEM images of CNTs from a typical dense forest of VA-CNTs grown from abrasion deposited catalyst (surgical scalpel SS-420) on an Al2O3

film. The CNTs were removed by sonication and dispersed in ethanol and applied to a lacy carbon grid for imaging (a), inset image scale bar is 200 nm. Fe
content comparison by XPS spectra between catalyst deposited through abrasion and e-beam evaporation on Al2O3 substrates (as prepared).
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patterning. Ideally, a standard contact mode AFM tip should
be used, although the radius of curvature of the tip would be
larger, which would affect the width of the patterns.

There are additional advantages to the abrasion catalyst
deposition method. It is generally accepted that catalyst particle
size determines the diameter of the CNT.37,54 As is evident from

the AFM images of particles deposited through abrasion (Figure
7a), the majority of deposited particles are much larger than
that expected to grow CNTs of diameters and quality shown in
Figures 3 and 4. In conventional VA-CNT growth substrates,
the catalyst film thickness is generally the factor which
determines the size of islands that nucleate CNTs.53 Among
others, Wei et al.53 have reported that a minimal catalyst
thickness is required to successfully grow VA-CNT. The fact
that dense, uniform CNT growth is observed on a full 1 cm2

(54) Cheung, C. L.; Kurtz, A.; Park, H.; Lieber, C. M. J. Phys. Chem. B
2002, 106, 2429–2433.

Figure 5. SEM images of (a) abraded Fe (SS-420 surgical scalpel) deposited on a spinning Al2O3 substrate. (b) SEM images of CNTs grown from catalyst
deposited through abrasion on a spinning Al2O3 substrate. Scale bars in the inset images are 25 µm.

Figure 6. (a) AFM image of catalyst patterns drawn from abrasion using an AFM tip coated with a thin layer of evaporated Fe metal. (b) CNTs grown from
a nanopatterned catalyst drawn with the Fe-coated AFM tip.

Figure 7. AFM images of abraded Fe on Al2O3: (a) before and (b) after heating to 750 °C for 60 s in a typical CNT growth environment (H2/H2O). After
heating, the surface of the catalyst particles has developed into a “nano-dome” morphology that supports CNT nucleation and growth.
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substrate is interesting in the framework of understanding CNT
growth from nanoscale particles. From the AFM images of
Figure 7a, it is evident that these larger Fe particles exposed at
750 °C for 60 s results in the formation of smaller semispherical
particles as shown in Figure 7b. It is generally observed that
nanoparticles larger than a typical CNT diameter initially have
smoother and flatter surfaces (Figure 7a), which changes in the
early stage of CNT growth, as soon as they are exposed to
reduction conditions at 750 °C. At this temperature under
reduction conditions, dome-like structures emerge with feature
sizes generally corresponding to the range of CNT diameters
observed (Figure 7b). This indicates that these “nano-dome”
features are the precursors for nucleation and subsequent CNT
growth.

Several mechanisms for CNT growth have been proposed in
the literature; however, the process is not fully understood. The
most accepted mechanisms are bulk carbon diffusion and
precipitation, surface migration, and carbide formation.55 In a
similar manner to particle size changes reported by Park et al.,29

Zhou et al.,43 and Gao et al.,23 we have observed a large number
of nanometer-sized particles forming on SS substrates when
exposed at 750 °C for 15 min under C2H2, H2, and H2O flow.
Under these typical CNT growth conditions, bulk SS substrates
develop cracks and particle formation as a result of sintering,
leaving a different surface morphology than the original one,
with only a few fibrillar or MWCNTs observed during growth
(no VA-CNTs). This is evidence of C diffusion into the
substrate, but since diffusion is continuous through the bulk Fe
metal, the concentration of C is not high enough to promote
CNT nucleation. This observation suggests that C diffusion
followed by saturation and precipitation are important steps for
CNT growth.56 A SS-420 scalpel that had been previously heat-
treated in a growth environment was used for catalyst abrasion
on a new Al2O3 substrate. This C rich SS was quite easily
abraded on Al2O3 substrates and promoted good CNT growth
with denser and longer CNTs. This observation is similar to
results reported by Liu et al.,15 where sputter-cast Fe gave better
growth than pure Fe, suggesting that preabsorbed C in the
catalyst promotes faster CNT nucleation.

Although abrasion is a simple and effective technique for
catalyst deposition, the application of manual force to generate
abrasion leads to difficulty in reproducing specific conditions
of the abrasion process. To study this process quantitatively, a
controlled mechanical device was developed to enhance repro-
ducibility in consecutive experiments. This was achieved with
the use of a vortex agitator having a fixed substrate on the
bottom surface held via double-sided adhesive tape. The
substrate was covered with ∼10 g of Fe source, granules, SS-
420 powder, SS-420 balls, or steel wool, and agitated for
different periods of time resulting in a more controlled abrasion
of the Fe onto the substrate. This setup allowed control of the
variable parameters time, speed, and power intensity of the
vortex, which provides better control of the pressure and
abrasion forces between the particles and substrate. Initial studies
indicate a more homogeneous distribution of catalyst transferred
over the entire substrate. Formations of island-like patches of
transferred catalyst have been observed (Figure 8a) that support
the nucleation and growth of dense CNTs (Figure 8b). This
process can be used for uniform, large-area coating of catalyst
layers that support dense CNT growth.

It is not clear whether the abrasion process results in a catalyst
that is strongly or weakly adhered to the substrate. To better
determine this, the catalyst-abraded substrate was washed with
ethanol, and the rinse was applied onto a different, clean Al2O3

substrate. Both the abraded and the rinse-exposed substrates
were then subjected to the CNT growth conditions and both
exhibited CNT growth. In the first case, the substrate on which
abrasion was carried out grew patches of CNTs, indicating that
much of the abraded metal was firmly attached to the Al2O3

surface. However, the growth observed on the second substrate
(from the dried ethanol rinse) typically occurred from small
flakes of alumina containing abraded metal that had lodged on
the surface and grew microfibrillar, dense CNTs as shown in
Figure 9. It should be noted that this growth process was similar
to “flying carpet” growth,19 with some of the catalyst-coated
flakes growing away from the substrate (Figure 9a) or growing
CNT fibrils from the substrate (Figure 9b) based upon the
orientation of the catalyst on the flake with respect to the
supporting surface.

In addition to catalyst deposition, dense aligned CNT growth
by CVD requires the presence of a thin supporting oxide layer

(55) Rodriguez-Manzo, J. A.; Terrones, M.; Terrones, H.; Kroto, H. W.;
Sun, L.; Banhart, F. Nat. Nanotechnol. 2007, 2, 307–311.

(56) Deck, C. P.; Vecchio, K. Carbon 2006, 44, 267–275.

Figure 8. Controlled catalyst deposition through abrasion using 100 mesh SS particles in a vortex agitator. (a) As deposited catalyst, inset image scale bar
is 2 µm. (b) CNTs grown from Fe deposited through a vortex system abrasion, inset image scale bar is 10 µm.
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(Al2O3) to support the metal catalyst. In the processes described
thus far, an e-beam deposited Al2O3 layer (from Al) was used
to support the abraded catalyst. We also abraded an Al2O3 layer
onto the SiO2 through the abrasion of Al onto a Si/SiO2 wafer
followed by Fe abrasion. Although Al abrasion can be simply
achieved, the planarity and smoothness of the surface that
enhances the uniform abrasion of Fe was lost. As a result, CNT
growth on these substrates no longer produced a continuous
dense forest over the whole surface. Second, we investigated
the use of a bulk alumina substrate (not atop Si/SiO2) wherein
the direct abrasion of catalyst onto the bulk Al2O3 surface was
performed. In general, it was observed that this process does
promote the growth of dense CNTs but is complicated by the
enhanced surface roughness of Al2O3 discs and other inexpen-
sive forms of Al2O3. The root-mean-square (rms) roughness of
a typical polycrystalline, unpolished, bulk alumina substrate is
on the order of micrometers, while the rms roughness of a
typical ALD-deposited Al2O3 layer is less than 0.25 nm. The
low rms roughness appears to be important for the abrasion
process to yield catalyst layers that will support the growth of
uniform, dense CNT arrays. To study the abrasion process on
bulk Al2O3 materials, we used single crystals of Al2O3 that were
epitaxially polished. This leads to smooth surfaces that allow
the abrasion of Fe similar to that observed for the e-beam or
ALD deposited Al2O3 layers. Fe abraded on the single crystal

substrates grows uniform, dense aligned carbon nanotubes over
the entire abraded surface, except for one. For the different A,
C, M, and R crystals, only the C-cut exhibited poor growth.
Analysis of the RBMs of the resulting CNTs shows a variety
of SWCNT diameters but only slight differences between growth
on the different crystal cuts. However, distinct differences arise
when comparing the D and G bands (Figure 10), as the D/G
ratio appears smaller for CNTs grown on A, M, and R cuts.
Interestingly, the D/G ratio is consistently large for the growth
that occurs from the C-cut Al2O3 that demonstrated poor growth.
Since the rms surface roughnesses of all four surfaces are not
substantially different, there may be a fundamental difference
in the efficiency of a catalyst supported on a C-cut Al2O3 surface
compared to the other faces, even though there is no obvious reason
why the catalyst deposition process should be different on the
various surfaces. Nonetheless, catalyst deposition for uniform and
high quality CNT growth can be achieved on smooth bulk Al2O3

surfaces, which further illuminates the capability and utility of the
abrasion process for catalyst deposition.

Conclusions

A simple approach for catalyst deposition on substrates at
ambient conditions based upon mechanical abrasion of inex-
pensive bulk metals onto catalyst supports has been demon-
strated. This technique can be used to make micrometer-scale and

Figure 9. SEM images of CNT grown from surgical scalpel (SS-420)-treated Al2O3 flakes that had been transferred through rinsing to a second substrate
before CNT growth. (a) VA-CNTs with an Al2O3 flake attached on the base of the array and (b) a rope of CNTs without an observed Al2O3 flake or support.

Figure 10. Raman spectra of CNT grown from abraded Fe (surgical scalpel SS-420) on A, C, M, and R single crystal cuts of Al2O3 substrates. (a) Spectra
showing both the RBM region and D and G bands for CNTs grown on the different cuts and (b) D/G ratios for all cuts at the three different laser excitation
energies utilized.
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even nanoscale patterned surfaces of dense CNTs, in addition to
providing a useful approach to large-scale catalyst deposition. The
microscopic morphology of the film is important as well as the
nucleation behavior of the catalyst particles. Finally, growth results
for abrasion catalyst deposition on single crystal cuts of Al2O3

suggest that A, M, and R faces are better than the C-cut for catalyst
abrasion that supports dense CNT growth.
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