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ABSTRACT: Atomic layer deposition (ALD) can be used to coat high aspect
ratio and high surface area substrates with conformal and precisely controlled
thin films. Vertically aligned arrays of multiwalled carbon nanotubes
(MWCNTs) with lengths up to 1.5 mm were conformally coated with alumina
from base to tip. The nucleation and growth behaviors of Al2O3 ALD precursors
on the MWCNTs were studied as a function of CNT surface chemistry. CNT
surfaces were modified through a series of post-treatments including pyrolytic
carbon deposition, high temperature thermal annealing, and oxygen plasma
functionalization. Conformal coatings were achieved where post-treatments resulted in increased defect density as well as the
extent of functionalization, as characterized by X-ray photoelectron spectroscopy and Raman spectroscopy. Using
thermogravimetric analysis, it was determined that MWCNTs treated with pyrolytic carbon and plasma functionalization
prior to ALD coating were more stable to thermal oxidation than pristine ALD coated samples. Functionalized and ALD coated
arrays had a compressive modulus more than two times higher than a pristine array coated for the same number of cycles. Cross-
sectional energy dispersive X-ray spectroscopy confirmed that Al2O3 could be uniformly deposited through the entire thickness
of the vertically aligned MWCNT array by manipulating sample orientation and mounting techniques. Following the ALD
coating, the MWCNT arrays demonstrated hydrophilic wetting behavior and also exhibited foam-like recovery following
compressive strain.

KEYWORDS: carbon nanotube (CNT), atomic layer deposition (ALD), alumina, aligned carbon nanotube array,
CNT−inorganic hybrid, plasma, functionalization

1. INTRODUCTION

Carbon nanotube (CNT)−inorganic hybrids are a class of
functional materials which have drawn widespread and
increasing interest in recent years.1 As opposed to nano-
composites where the CNT and inorganic phases are combined
via mechanical means, CNT−inorganic hybrids are charac-
terized by CNTs which are coaxially coated with thin layers of
inorganic material. Due to interfacial charge transfer processes
and size domain effects, the CNT−inorganic hybrids are
expected to exhibit a synergistic set of enhanced physical
properties. CNTs are an interesting template for these hybrids
as they possess superior mechanical, thermal, and electrical
properties, while simultaneously being low density and of high
surface area. There is considerable difficulty, however, in
achieving smooth, conformal, and pinhole free coatings on
CNTs for three major reasons: (1) the inherent chemical
inertness of high crystallinity and purity CNTs, (2) the
tendency of CNTs to bundle and agglomerate due to large van
der Waals forces, and (3) the lack of synthesis methods suitable
for coating 3D and aligned CNT architectures.

Atomic layer deposition (ALD) is a versatile technique used
to conformally deposit a wide variety of multifunctional
materials onto complex micro- and nanosized structures with
atomic scale precision. Using ALD, a variety of metal oxides
and metals have been deposited on CNTs including Al2O3,

2

HfO2,
3 ZrO2,

4 TiO2,
5 SiO2,

5 ZnO,6,7 V2O5,
8 Pt,9,10 Ru,11 and

W12 for a wide range of applications including catalysis,9,10 Li-
ion batteries,13 field-effect transistors,14 and many others.11 The
trimethylaluminum and water ALD process used to form Al2O3

nanoscale coatings has a favorable Gibbs free energy of
formation between the reactants and products which allows for
“ideal” ALD growth behavior in a relatively wide temperature
range from 30 to 300 °C.15−18 Al2O3 is an attractive material to
coat CNTs due to its excellent thermal stability and resistance
to corrosion.
Several studies have demonstrated the ability to successfully

coat multiwalled CNTs (MWCNTs) with Al2O3 via ALD
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without any post-treatment to activate the MWCNT
surfaces.2,6,12,13 In these instances, the defect density in the
MWCNT walls is high enough that they act as nucleation sites
for deposition and growth. For many applications, however,
MWCNTs with large amounts of defects are highly undesirable
as they degrade the MWCNTs’ physical properties. Much like
single-walled CNTs (SWCNTs), MWCNTs of high purity and
low defect density will not readily nucleate the growth of
conformal thin films due to their surfaces being nonreactive and
chemically inert toward the ALD precursors.19−21 This leads to
sparse nucleation and the development of a bead-like structure
on the CNT surface instead of a uniform coating.3 This has
been overcome through the development and application of
covalent and noncovalent functionalization techniques which
promote interaction between the CNT surface and precursor.
To promote conformal ALD coating, a common method of

covalent functionalization of MWCNT surfaces is via refluxing
in concentrated sulfuric and nitric acids.22 This results in the
creation of carboxyl and hydroxyl groups on the MWCNT
surfaces, which act as surface reaction sites for ALD precursors
corresponding to conformal ALD growth.5,8,23 However, this
method is aggressive and creates many defects on the MWCNT
walls which degrades their physical properties. Additionally, this
method is not suitable for the functionalization of aligned
MWCNT arrays as wet-processing will disrupt the MWCNT
alignment and cause bundling and agglomeration upon drying.
Alternatively, gas-phase covalent functionalization via oxygen
plasma treatment has been used on aligned MWCNT arrays as
well as MWCNT powders to promote the ALD nucleation of
Pt.9,10 Though effective, covalent modification of MWCNTs
and SWCNTs alters their intrinsic optical, electrical, and
mechanical properties. For this reason, noncovalent function-
alization techniques have been explored as a method of weakly
bonding the CNT surface to the ALD film via an adhesion
layer. Farmer and Gordon accomplished this by adsorbing NO2
molecules to the surfaces of suspended SWCNTs, and then
reacting TMA with the adsorbed NO2 to yield a stable and
uniform seed layer for subsequent coating with Al2O3.

24 Using
this same method, Cavanagh et al. conducted ALD on gram
quantities of MWCNTs, but it was shown that the deposited
Al2O3 coating was free to slide along MWCNTs due to the lack
of covalent bonding between adjacent layers.25

Despite the intense interest in his field, the application of
ALD thin film techniques to 3D CNT architectures such as
vertically aligned CNT arrays (VACNTs) has not been fully
explored. Not only do arrays present a unique set of issues for
functionalization, but due to their ultrahigh aspect ratios and
surface area, special considerations must be made regarding the
ALD processing parameters. Adequate dosing and purging time
must be provided for the full diffusion of precursor into and out
of the array structure in order to ensure ideal ALD-type growth.
Additionally, high aspect ratio structures are prone to
nonuniformly distributed coatings due to gas flow effects in
the reactor and within the sample.26−28 It is important to
mitigate these effects so that property enhancement may be
achieved via conformal coating along the entire length of the
CNT rather that preferential accumulation at the top of the
array.
In this work, we present a systematic study of various gas-

phase MWCNT surface modifications and their associated
effects on the nucleation and growth of Al2O3 ALD coatings on
high graphitic quality, low defect density VACNT arrays. Once
the MWCNT surfaces were optimized to achieve conformal

ALD coatings, sample orientation and mounting techniques
were explored in order to promote full precursor infiltration
and purging. As a result, 1.5 mm tall VACNT arrays were
uniformly and conformally ALD coated with Al2O3 from base
to tip without increasing precursor exposure time.

2. MATERIALS AND METHODS
2.1. Aligned MWCNT Growth. VACNT arrays were grown on

quartz substrates via chlorine mediated low-pressure chemical vapor
deposition (CVD) using iron(II) chloride, anhydrous (99.5%, VWR)
catalyst, and acetylene carbon precursor.29 After 20 min of growth, the
resulting arrays were 1.5 mm tall with an average MWCNT diameter
of 43 nm, as measured from TEM images. While the MWCNT aspect
ratio is ∼35 000, the pore aspect ratio is ∼15 000 corresponding to a
MWCNT spacing of approximately 100 nm.

2.2. MWCNT Surface Modification. Three treatments were used
to modify the as-grown VACNT surface chemistry, graphitic quality,
and defect density. These included CVD of pyrolytic carbon (PyC),
high-temperature graphitization (G), and O2/CF4 plasma functional-
ization (O2). For PyC treatment, the VACNTs were conformally
coated with PyC using CVD. Samples were heated in a vacuum in a
quartz tube furnace. At 800 °C, C2H2 began to flow at 600 sccm, and
the pressure of the system was maintained at 30 Torr. After 5 min,
C2H2 flow was stopped, and the system was cooled while being purged
with Ar gas.

The O2/CF4 plasma treatment was conducted in a capacitively
coupled dielectric barrier discharge atmospheric pressure plasma
system. The custom-built system consists of two parallel Cu plate
electrodes (60 × 60 cm2), with a spacing of 3 cm. The plasma was
operated by a 4.8 kW audio frequency power supply at 1.67 kHz. All
treatments were carried out for 5 min in 1.0% oxygen + 1.0% CF4 +
98% helium gas mixture (by mass).

Finally, the graphitization treatment (G) was carried out in a Red
Devil Webb 124 high-temperature graphite furnace (R. D. Webb
Company, Natick MA, USA). After removing the VACNT from the
quartz substrate and loading it into the furnace, the chamber was
evacuated with a vacuum pump. The sample was heated from 25 to
1500 °C at a rate of 25 °C per minute and then soaked at 1500 °C for
25 min. Following the dwell stage, the sample was heated from 1500 to
2000 °C at a rate of 15 °C per minute. During this step, at 1750 °C,
the chamber was refilled with argon and kept there under a continuous
flow of argon at 7.5 scfh. After dwelling at 2000 °C for 15 min, the
temperature ramped up to 2150 °C at a rate of 3 °C per minute. Upon
reaching 2150 °C, the program terminated and the furnace was left to
cool, switching the chamber back to vacuum at ∼1750 °C.

The three post-treatments were used alone and in combination on
the VACNT arrays to make five of the six distinct samples for these
experiments: PyC, G, O2, PyC+O2, and G+O2. An as-grown sample
was used as a control throughout the study and is referred to as
“Pristine.”

2.3. ALD of Al2O3. Al2O3 ALD was performed in a custom hot wall
viscous flow reactor at 100 °C and 1 Torr using trimethylaluminum
(TMA, 98% Strem Chemicals, Inc.) and biotechnology performance
certified grade high purity water (Sigma-Aldrich) as a precursor and
coreactant, respectively. The pressure of the viscous flow reactor was
kept constant at 1 Torr via an Alcatel 2021SD mechanical pump and
an MKS (model PR4000B) flow controller with a nitrogen gas flow
rate of approximately 400 sccm. The ALD process began with an N2
purge of 300 s followed by an ALD cycle sequence of TMA/N2/H2O/
N2 = 0.2:30:0.2:45 s, which was repeated for the desired number of
cycles. Separate experiments were carried out with the arrays oriented
parallel and perpendicular to the flow of gas through the reactor. The
MWCNT arrays were attached to the front of the sample stage via
loops of thermally stable Kapton tape between the quartz substrate
and the sample stage (for parallel orientation to the gas flow) or an
angle bracket that was screwed into the front of the stage (for
perpendicular orientation to the gas flow) and were then moved to the
center of the ALD reactor. Photographs depicting sample mounting
techniques are provided in the Supporting Information (S1).
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For the majority of experiments in this study, the VACNT arrays
were coated with 100 cycles of alumina ALD. They are labeled as such:
VACNT_100, PyC_100, G_100, O2_100, PyC+O2_100, and G
+O2_100. For compression testing, TGA samples were coated with
500 cycles of Al2O3 ALD and are labeled accordingly.
2.4. Characterization. Scanning electron microscopy (SEM) was

conducted on a JEOL JSM-6400F field-emission SEM with a beam
voltage of 10 kV and a Hitachi S3200 variable-pressure SEM fitted
with a 4Pi Isis energy dispersive spectrometer (EDS) system.
Elemental spectra were gathered over an acquisition time of 100 s,
and accompanying images were taken with a beam voltage of 20 kV.
For quantitative elemental analysis, the collected spectra were
compared to an Al2O3 standard. Transmission electron microscopy
(TEM) images were taken using a Hitachi HF2000 cold field emission
TEM with a beam voltage of 200 kV. A probe sonicator was used to
disperse 0.001 g of CNTs in 10 mL of ethanol. The mixture was pulse
sonicated (1 s on, 0.3 s off) in an ice bath for 1 h. Immediately
following ultrasonication, a small amount of the dispersion was
deposited on holey carbon mesh and Cu TEM grids and then allowed
to dry. The graphitic quality and defect density of the MWCNT arrays
was analyzed using a Renishaw Ramascope with a laser wavelength of
514.5 nm focused to the sample using a using a Renishaw microscope
with 50× objective. Five measurements were taken from different
locations on each sample, and the collected data were averaged.
Thermogravimetric analysis (TGA) experiments were conducted on a
PerkinElmer Pyris 1 TGA using 5−10 mg of each sample heated at a
rate of 10 °C/min in air to 900 °C, and then isothermally soaked for
30 min. The compressive properties of MWCNT-Al2O3 nano-
composites were measured using an Instron 5544 mechanical tester
operated in compression mode. Platens were custom-designed and
fabricated to fit securely in the clamp holders to prevent unwanted
instrument compliance. The top platen measured 3.175 cm in
diameter, while the bottom measured 5 cm, which allowed for total
coverage of all arrays tested. The load rate was set to 0.1 mm/min, and
a 2 kN load cell was used for all samples.

3. RESULTS AND DISCUSSION

3.1. Conformal Coating of MWCNTs. An example
VACNT array used in these experiments is shown in Figure
S2. After 20 min of growth, the arrays measured 1.5 mm tall
with individual MWCNTs having an average diameter of 43
nm. The calculated aspect ratio of these MWCNTs was ∼1:35
000, and the average specific surface area as measured by BET
was 40 m2/g. An EDS spectrum (Figure S3) taken from an as-
grown array detected only 0.96 atom % and 0.42 atom % O and
Fe, respectively, indicating rather high purity.
Al2O3 ALD on as-grown VACNT arrays resulted in the

surface nucleation and growth of beads or nanospheres as
depicted in Figure 1a. TEM micrographs taken after 25, 75, and
100 cycles are shown in Figure S4. After 25 cycles, only sparse
nucleation can be seen on the MWCNT surface. Increasing the
number of cycles resulted in the growth of the nucleated Al2O3,
with some local coalescence. After 100 cycles, the MWCNT
surface was covered with large, monodisperse Al2O3 beads. The
Al2O3 morphology was indicative of substrate-inhibited island
growth where a lack of −OH functional sites for TMA reaction
results in poor nucleation.30 Due to the lack of a conformal
surface functionality, precursor molecules chemisorb at defect
sites on the MWCNT surface and subsequently nucleate to
grow disparate beads. This nonideal growth mode has been
demonstrated predominantly on SWNTs,3,19 which have
comparatively fewer defects than MWCNTs. In fact, the
majority of prior work in ALD coating of MWCNTs with Al2O3
has demonstrated facile and conformal coating on MWCNTs
without any functionalization treatment.2,6,12,13 Since the
nucleation of Al2O3 relies on the presence of surface −OH

groups and/or a high concentration of defects in the CNT
walls, it is likely that the MWCNTs from previous studies had
higher amounts of defects. Similar to the findings from
Cavanagh et al., the MWCNTs grown and used for this
study likely had a much lower defect density than those used in
previous work, and thus did not readily nucleate and grow
conformal Al2O3 films on unfunctionalized surfaces.25

Two additional control samples were synthesized in order to
evaluate ALD coating uniformity on MWCNTs with a variety
of graphitic qualities and amorphous contents. This was
achieved via post-treatment of as-grown MWCNTs with high
temperature graphitization and PyC deposition. TEM micro-
graphs of samples G_100 and PyC_100 after 100 Al2O3 ALD
cycles are shown in Figure S5. The Al2O3 morphology on
graphitized MWCNTs appears similar to that seen on as-grown
CNTs with coverage of monodisperse beads. During high
temperature annealing of MWCNTs, amorphous and graphitic
defects can be healed.31,32 Long soak times at high temperature
in an inert atmosphere allow disordered carbon atoms at defect
sites to rearrange, thus increasing the degree of graphitization
but also decreasing nucleation sites for Al2O3 growth.
The nucleation and growth behavior of ALD Al2O3 on PyC

coated MWCNTs appeared different compared to the other
controls. The particles were no longer monodisperse, instead
having a wide range of diameters. Additionally, the deposited
material formed both smooth, round beads as well as angular
and plate-like morphologies. This can be attributed to the
increased surface roughness created during PyC deposition.
PyC formed via thermal decomposition of C2H2 is a mixture of
sp2−sp3 hybridized carbon molecules. This technique has been
used to radially grow MWCNTs, where additional walls are

Figure 1. TEM micrographs taken after 100 cycles of Al2O3 ALD on
(a) VACNT_100 and (b) PyC+O2_100 (PyC deposited and plasma
functionalized) MWCNTs.
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deposited in a layer-by-layer fashion.33,34 Characteristic of this
mechanism, the roughness of the film increases as a partial layer
is formed, only decreasing once the layer is complete. The areas
of roughness resemble high surface energy MWCNT wall
defects, and thus act as sites for nucleation. Jensen et al.
demonstrated conformal Al2O3 coatings on MWCNT arrays
using amorphous carbon pretreatment.35 In our case, however,
PyC deposition alone was not enough to achieve smooth films.
To enhance Al2O3 nucleation and coating uniformity,

functionalization treatment was employed to modify the
MWCNT surface chemistry and thus MWCNT-TMA reac-
tivity. Pristine, PyC coated, and graphitized VACNT arrays
were treated for 5 min in O2/CF4 plasma before being
deposited with 100 cycles of Al2O3. All plasma treated samples
exhibited a significant improvement in conformality of the
Al2O3 coating compared to the nonfunctionalized controls.
TEM images taken at low magnification (Figure S6a,c,e) show
many Al2O3-coated MWCNTs, which was exemplary of the
entire grid. The smoothest and most conformal Al2O3 coatings
were formed for PyC+O2_100, as shown in Figure 1b. The
average deposition rate of Al2O3 on each sample was calculated
to be within 1.0−1.3 Å/cycle, using measurements taken from
high-magnification TEM micrographs. This deposition rate is
typical for the ALD parameters used.15−17

Improvement in Al2O3 film quality is attributed to increased
nucleation site density from surface activation. Defects are
incurred to MWCNTs upon plasma treatment due to ion
bombardment and breakage of sp2 bonds. When treated in an
oxidizing environment like O2, defects and dangling bonds can
be satisfied by an oxygenated species. Oxygen-containing
functional groups react with TMA to nucleate Al2O3.

18 A
higher concentration of reactive sites results in dense nucleation
along the MWCNT surface. These nuclei quickly grow and
coalesce due to favorable surface energy to form smooth films.
O2 plasma treatment has also been shown to be an effective
means for improving the uniformity of Pt nanoparticle
distribution on MWCNT surfaces deposited via ALD.9 In the
TEM micrographs, there are obvious areas where it appears that
the Al2O3 film has cracked and slid along the length of the
MWCNTs. This “macaroni on a string” morphology has been
previously reported by Cavanagh et al.,25 and it is suspected
that ultrasonication caused the deposited film to break, slip, and
even be completely removed in areas of the MWCNTs.
XPS spectra, shown in Figure 2, confirm the presence of

oxygen-containing functional groups on PyC deposited and
plasma treated arrays. Before any treatment, only the C 1s peak
was visible (∼285 eV), indicating that the concentrations of
oxygen or other impurities are below the detection limit of the
instrument. After 5 min of PyC deposition, the XPS spectrum
remained unchanged. Following the 5 min O2/CF4 plasma
treatment, O 1s and F 1s peaks became apparent in the survey
scan, each comprising ∼5 atom %. The high resolution O 1s
scan for plasma treated MWCNTs is majorly symmetric and
centered over 533 eV, corresponding to carbon atoms with
single oxygen bonds (O−C).36 Despite the presence of oxygen,
however, high resolution spectra collected for arrays with and
without plasma treatment show no change in the shape of the
C 1s peak. This indicates that there is no significant change in
the nature of carbon−carbon bonding on the MWCNT surface,
whether in the form of defects, functional groups, or other sp3

carbon species. This is reasonable due to the low concen-
trations of O2 and CF4 (1%) in He and the short duration of
the plasma treatment (5 min). O2/CF4 plasmas are commonly

used to modify the surface chemistry of polymer films to affect
surface energy and adhesion properties, but there are
competing reactions between the plasma species generated
from O2 and CF4.

37 While oxygen species are used to make
surfaces more wetting, atomic fluorine and molecules consisting
of fluorine may act as etchants or can react with the substrate to
make surfaces hydrophobic, nonwetting to polar solvents, and
nonsticking. The ratio of O2/CF4 gases in the plasma will
greatly affect the surface modification imparted to the
substrate.38 In fact, in gas ratios as low as 40:60 (O2/CF4),
oxidation of the substrate is preferentially accelerated, thus
creating a more hydrophilic surface.39 Since the gas ratio used
in these treatments was 1:1:98 (O2/CF4/He), the MWCNT
arrays were oxidized and made fully wetting.
Pristine and functionalized MWCNT arrays were charac-

terized with Raman spectroscopy to elucidate changes in the
MWCNT structure and defect density. In sp2-bonded carbon
materials, it is common to compare the ratio of intensities of
the G-band (∼1580 cm−1), which arises from in-plane
vibrations of graphite and the material disorder induced D-
band (∼1350 cm−1). Predominance of the G-band over the D-
band corresponds to a highly graphitic sample with a relatively
small presence of disorder due to chemical impurities, structural
defects, or amorphous material. Representative spectra for all
samples are plotted in Figure 3. Though all arrays had
predominantly higher G-bands, they exhibited varying degrees
of defect density based on surface treatment. Pristine arrays had
an average G/D ratio of 2.06, which confirms that the as-grown
samples have a low defect density. The ratio nearly doubled
after graphitization, with an average of 3.78 attributed to
healing of defects. Additionally, the D-band peak width
decreases, which signifies the removal of amorphous carbon.
PyC deposition results in a decrease of the average G/D ratio
to 1.7 and a broadening of the D-bandwidth, resulting from
coating the MWCNTs with disordered sp3-rich carbonaceous
material. After O2/CF4 plasma functionalization, all G/D ratios
are observed to decrease due to incurred defects in the form of
broken and dangling bonds plus incorporation of oxygen-
containing functional groups.

Figure 2. XPS spectra (a) survey and high resolution scans of the (b)
O 1s and (c) C 1s collected for pristine, PyC deposited, and plasma
treated MWCNT arrays. Only the C 1s peak is visible for nonplasma
treated arrays, but O 1s and F 1s peaks are found in PyC+O2.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505107s | ACS Appl. Mater. Interfaces 2014, 6, 19135−1914319138



Prior research has shown that after an ALD coating, the G/D
ratio and peak intensities will decrease due to the inability of
coated CNTs to resonate at the same magnitude as uncoated
CNTs.3,23 This was generally true for these samples with the

exception of G_100, O2_100, and G + O2_100 arrays. For
these samples, the G/D ratio increased after ALD coating,
especially for the latter. Though the exact reason for this
behavior is unclear, we suspect that the increasing G/D ratio is
the result of a shielding effect caused by preferential grafting of
nucleated alumina to functional defect sites on the MWCNT
surfaces. This effect has been previously observed in the
grafting of metal nanoparticles to CNT surfaces.40

3.2. Al2O3 Distribution in VACNT Arrays. Cross-sectional
SEM analysis of sections located in the center of the ALD
coated arrays, shown in Figure 4a, reveal an uneven distribution
of Al2O3 through the array thickness. A visible gradient from
top to bottom caused by charging induced bright field contrast
indicates an accumulation of insulating Al2O3 material. This
effect was especially apparent in the cross-section of samples
which were plasma treated prior to ALD, which are presented
in Figures S6−S8. The uneven distribution was further
confirmed using EDS spectral analysis acquired at the top,
middle, and bottom of each ALD coated array, and the change
in Al concentration was quantified using an Al2O3 standard. All
samples were observed to have a higher concentration of Al at
the top of the array. This disparity was maximized for plasma
treated samples, the highest top surface concentration being
34.4 atom %, followed by 28.6 atom % and 28 atom % for
O2_100, G+O2_100, and PyC+O2_100, respectively. Plasma

Figure 3. Raman spectra were collected from post-treated VACNT
arrays with (b) and without (a) plasma functionalization treatments to
characterize changes in defect density.

Figure 4. EDS analysis at the top, middle, and bottom of each ALD coated array. The atomic % of Al was measured through the thickness as a
function of experimental setup. (a) The MWCNT axes were aligned perpendicular to the flow of ALD precursor, and the array remained on the
quartz growth substrate. This resulted in a high concentration of Al at the top of the array, which rapidly decreased through the thickness. (b) The
array mounted to the quartz was then rotated 90° so that the MWCNT axes were oriented parallel to precursor flow. (c) Finally, Al was
homogeneously dispersed throughout the MWCNT array, which was both removed from the quartz growth substrate and rotated.
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treatment can preferentially functionalize the top of VACNT
arrays due to increased bombardment by energetic species.
Furthermore, as these arrays are known to grow via base
growth, the MWCNT tips are likely to have many defects.
These defects would have an affinity for oxidation during
plasma treatment in the O2 atmosphere.
Generally, the Al concentration decreases through the

thickness of the array. As shown in Figure S8, this effect was
somewhat mitigated for graphitized samples which had higher
Al concentrations at the top and bottom of the array, with a
depleted region in the middle. Prior to high temperature heat
treatment, these VACNTs were removed from the quartz
growth substrate to prevent melting. By removing the quartz,
ALD precursors were able to diffuse into the array from the top
and bottom, creating the unique concentration profile.
A similar concentration profile was found to occur when

arrays still mounted to the quartz were turned 90° so that the
MWCNT axes were parallel to the precursor flow, as can be
seen in Figure 4b. It is suspected that the quartz substrate
causes a gas turbulence within the array and extending outward
from the sample surface. This turbulence prevents satisfactory
purging and delivery of reactants to the VACNT array. As a
result, CVD-like growth occurred at the array surface, further
inhibiting adequate product removal and prohibiting ideal ALD
nucleation and growth throughout the sample cross-section. In
previous studies of ALD on high aspect ratio materials, this
nonideal behavior has been attributed to site blocking by
reaction byproducts.41 Only by both rotating the array as well
as removing it from the quartz substrate could a uniform Al
distribution be achieved, as shown in Figure 4c. A sample
holder was fabricated to carefully sandwich the array between
two pieces of PET mesh screen and suspend it in the middle of
the ALD reactor cross-section. This technique was used to
produce all arrays for mechanical testing and thermal analysis.
These samples included pristine and PyC+O2 arrays coated for
100 cycles (VACNT_100 and PyC+O2_100, respectively) as
well as PyC+O2 coated for 500 cycles (PyC+O2_500). SEM
micrographs showing the thick conformal coatings for samples
coated for 500 cycles are shown in Figure 5.

It is generally accepted that the aligned nature of VACNT
arrays is beneficial in promoting ideal ALD-type growth
compared to more dense, randomly oriented CNT structures
such as buckypapers.42 Aligned structures have more free space
between adjacent CNTs, which allows for easier precursor
diffusion and purging. This alone, however, does not guarantee
uniform coating thickness through the array cross-section.
Nonuniform coating thickness as a function of precursor
penetration depth has been demonstrated by other researchers

working with VACNT arrays.7,10 It has been theoretically and
experimentally determined that this is caused by the decreasing
pore diameter with additional ALD cycles which hinders the
diffusion of precursor molecules.28,43 Additionally, with more
ALD cycles, the surface area of the VACNT array increases,
meaning more precursor molecules and/or longer exposures
are required with each subsequent cycle to satisfy all available
active sites on the CNT surfaces. In the case of ALD on anodic
alumina, another high aspect ratio structure, large precursor
dose (120 s) and purging times (240 s) were required to
uniformly coat the anodic alumina membrane through the
whole thickness.26 None of these prior studies investigated the
effect of rotating the long pore axis parallel to the direction of
precursor flow. Though longer purge times were used in this
current study (30 and 45 s for TMA and H2O, respectively), a
uniform coating thickness was achieved without increasing the
overall exposure despite the ever-decreasing pore diameter.
TGA and dTGA curves for coated and uncoated arrays, with

and without surface treatments, are shown in Figure 6. The

large drop in mass above 600 °C corresponds to the
decomposition of the MWCNTs due to thermal oxidation.
The onset of this decomposition (Tonset) is shifted toward
higher temperatures for all ALD coated samples, though by
varying amounts. Without any surface pretreatment, Tonset
increased significantly from 670 to 730 °C following 100
cycles of Al2O3 ALD. Additionally, the mass remaining
following a 30 min isothermal soak at 900 °C increased from
0.52 wt % to 24.1 wt % after ALD treatment, corresponding to
the weight of deposited alumina. The addition of PyC
deposition and plasma treatment did not significantly change
the thermal behavior of pristine arrays, but after 100 ALD
cycles, the Tonset increased to 744 °C with almost 36 wt %
remaining. The higher onset and increased mass remaining are
a result of more uniform nucleation and coating on the
MWCNT array. The greatest improvement in thermal stability
was measured for surface pretreated samples coated with 500
cycles of Al2O3, with Tonset = 763 °C. The decomposition rate
was significantly lower than others tested, only 0.9%/min as a
result of the thick Al2O3 coatings that uniformly coat and
protect the MWCNTs from oxidation. Interestingly a small
increase in mass was repeatedly observed around 500 °C for
samples coated with 500 cycles of Al2O3. We suspect that this is
a result of the incorporation of oxygen from the atmosphere
into the amorphous Al2O3 as it is heated. Aksel and Eder
investigated the oxidation resistance of many metal oxide−
CNT hybrids, including Al2O3, fabricated via a modified sol−
gel technique.44 They found that Al2O3−CNT hybrids

Figure 5. SEM micrographs of pretreated VACNT arrays after 500
cycles of Al2O3 ALD at (a) low and (b) high magnification. Both
images were taken from the middle section of the coated array.

Figure 6. (a) TGA and (b) dTGA plots show improvement in
oxidation resistance of all alumina ALD coated CNT samples
compared to as-grown.
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exhibited improved resistance to thermal oxidation by almost
100 °C, which agrees well with our results.
All samples were fully calcined after TGA testing, leaving

behind arrays of vertically aligned Al2O3 nanotubes, which are
shown in Figure 7. The Al2O3 arrays were found to be

continuous through the thickness with high porosity and
surface area. The porosity is likely a product of CO2 gas release
upon thermal oxidation of the MWCNT walls. Al2O3
nanotubes have previously been produced by coating CNTs
using solution methods followed by CNT removal via
oxidation, and though the resulting structure had a high surface
area (60 m2 g−1) it was also discontinuous and highly
fragmented.45 The creation of aligned Al2O3 nanotubes using
the ALD technique is straightforward and can be easily
controlled by varying the height of the MWCNT array and
the thickness of the ALD coating.
Compression testing was carried out on pristine and

functionalized VACNT arrays to compare the mechanical
responses of the arrays with and without ALD coatings. Due to
their ultralow density, as-grown VACNT arrays have poor
mechanical properties, as can be seen from the stress−strain
plots in Figure 8. The modulus is observed to increase from
0.83 MPa for the pristine arrays to 3.24 MPa simply after ALD
coating. Even more significant is the increase in the
compressive modulus of functionalized arrays after ALD
coating (PyC+O2_100), which nearly triples to 11.11 MPa.
This large increase is attributed to the uniform coating of the
VACNTs throughout the entire array rather than sparse
nucleation that was found to occur on pristine, non-
functionalized VACNTs. In the case of the latter, nucleated
Al2O3 beads on the MWCNT surface do not participate in load
transfer in the same manner than a concentric, conformal Al2O3
coating would. Another explanation could also be that the
strong presence of functional groups on the MWCNT surfaces
can improve interfacial bonding between the MWCNT surface

and Al2O3 film. It is also interesting to note that these particular
samples exhibited foam-like recovery of nearly 100% after the
compressive load was removed. In earlier work, this researcher
and others have fabricated VACNT sponges via PyC
deposition.33,46 It is impressive that the foam properties can
be maintained and even enhanced with the addition of a 12 nm
thick alumina coating. The modulus was further improved to
12.81 MPa by coating the functionalized arrays for 500 cycles.
The compressive strengths at 20% and 60% strain for each array
was also measured. At low strains, the compressive strength is
also low due to buckling of the VACNT forest structure. An
increase was observed for higher strains, however, as the
samples were densified and consolidated during compression.
At 60% strain, the compressive strength increased from 0.15 to
2.16 MPa after only adding 100 cycles of alumina ALD. After
500 cycles, the compressive strength further increased to 6.32
MPa. These values are especially impressive when one
considers the low density of even the ALD coated VACNT
arrays. The average compressive moduli and strength values are
summarized in Table 1.

An additional benefit to coating the MWCNT arrays with
Al2O3 is their improved ability to be processed into ceramic
composites. One common route for the manufacture of
toughened ceramic composites is the addition of CNTs to
ceramic powders prior to consolidating and sintering.47 There
are several issues with this method however. First, CNTs are
prone to agglomeration due to mutual van der Waals
attractions. Second, due to large differences in density between
the ceramic powders and CNTs, it is difficult to achieve a
uniform dispersion of CNTs in the matrix, which results in a
worsening in properties. Additionally, because pristine CNTs
are for the majority inert, they will exhibit little to no interfacial
bonding with the surrounding matrix. Finally, due to the
presence of oxygen during many sintering techniques, CNTs

Figure 7. VACNTs removed via oxidation to leave behind a vertically
aligned network of alumina nanotubes with high porosity and high
surface area.

Figure 8. Compressive stress−strain curves for ALD coated and
uncoated VACNTs. Arrays which underwent surface activation prior
to ALD coating (PyC+O2_100 and PyC+O2_500) exhibited a larger
enhancement in compressive properties compared to uncoated and
nonfunctionalized arrays (Pristine, PyC, VACNT_100).

Table 1. Average Compressive Modulus and Strength Values
for ALD Coated and Uncoated VACNTs

sample
modulus
(MPa)

strength @ 20%
(MPa)

strength @ 60%
(MPa)

pristine 0.83 ± 0.16 0.11 ± 0.002 0.15 ± 0.01
PyC 1.34 ± 0.29 0.24 ± 0.05 0.37 ± 0.11
VACNT_100 3.24 ± 0.60 0.44 ± 0.07 0.56 ± 0.10
PyC_O2_100 11.11 ± 3.42 0.61 ± 0.10 2.16 ± 0.18
Pyc_O2_500 12.81 ± 3.27 0.71 ± 0.22 6.32 ± 0.96
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are prone to degradation from thermal oxidation. The ALD
Al2O3 coated MWCNTs fabricated in this study have the
potential to resolve these issues due to the observed
improvements in thermal stability and mechanical robustness.
In addition, the coated MWCNT surfaces are effectively surface
functionalized by their being conformally coated in oxygen-rich
Al2O3. As shown in Figure 9, arrays coated for 100 cycles are

easily wettable by water and other aqueous solutions where
pristine arrays are typically hydrophobic due to high
hierarchical micro- and nanoscale surface roughness.

4. CONCLUSIONS
ALD is a useful technique for the uniform and conformal
coating of high surface area and high aspect ratio VACNT
arrays, but not without first optimizing the sample and process
parameters for best results. The surface chemistry of high
graphitic quality, low defect density MWCNTs was optimized
for Al2O3 nucleation via PyC deposition and oxygen plasma
functionalization. The combination of these two surface
pretreatments provided a high concentration of oxygen-
containing functional groups that could complex with TMA
upon dosing, thus creating a high nucleation density of Al2O3
on the MWCNT surface, which then quickly spread and
coalesced into a thin film. Furthermore, a uniform distribution
of Al2O3 through the thickness of the array was achieved by
removing the MWCNTs from their growth substrate and
orienting the MWCNT axes parallel to the flow of the reactor.
It was determined that the Al2O3 coated MWCNTs not only
exhibited greatly enhanced compressive properties, but also
improved thermal stability to oxidation by delaying onset by
nearly 100 °C. To the best of the authors’ knowledge, this is the
first demonstration of conformal ALD coating of 1.5 mm long
VACNTs with a pore aspect ratio ∼15 000.
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