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T
ranslation of the interesting physical
properties (high strength, high elec-
trical conductivity, high current capa-

city, high thermal conductivity, low thermal
expansion) of carbon nanotubes (CNTs) into
useful macroscale applications has been a
significant challenge since the inception
of CNT research due to limitations on CNT
availability and on the accessibility of tech-
nologies for measuring and utilizing the
CNT properties in large-scale structures.
Continual improvements in high volume
carbon nanotube synthesis have resulted
in current processes with sufficient yield to
allow bulk testing and handling of carbon
nanotubes. In bulk quantities, CNTs can
provide a high surface area scaffolding
material capable of supporting coatings
that provide functionality for diverse new
applications.1,2 These include structural
composites, stabilization for material hand-
ling, strain or gas sensing, tissue scaffolds,
separations, drug delivery, environmental
remediation, catalysis, chromatography, and
battery and supercapacitor electrodes.2,3

CNTs are most commonly available as
powders that may be dispersed in suspen-
sion and then collected into different en-
semble forms. In other cases, CNTs are now

available as forests on substrates, or as yarns
or sheets. Spinning of CNT sheets with
incorporated atomized titania and boron
particles has been identified as one me-
chanism of formation of CNT bulk compo-
sites with optimized properties.4 However,
this mechanism is limited to only one struc-
tural modality, the formation of yarns or
other linear structures.
Amore versatile approach is to addcoating

technologies as processing steps after the
initial bulk CNT shape-forming processes that
generate sheets, filaments, or other modal-
ities of CNT ensembles. Liquid coatings have
been used to provide customizable surface
treatments (such as polymer-derived ceramic
formation) on some CNT materials,1,5,6 but
liquid-based processes canmodify CNT forest
shapesdue to capillary forces.7�9 Some larger
polymer molecules such as PDMS and PVA
will readily infiltrate microporous CNT net-
work structures,1 but these molecules may
not reliably penetrate CNT bundles. Small
molecules in liquid and gas phases may
penetrate the tight, rope-like packing of sin-
gle wall and double wall CNTs clumped into
bundles in bulk ensembles.10�13

Gas phase deposition processes provide
a complementary approach to conformal
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ABSTRACT Molecular layer deposition (MLD) techniques were used to

deposit conformal coatings on bulk quantities of carbon nanotubes (CNTs).

Several metalcone MLD chemistries were employed, including alucone

(trimethylaluminum/glycerol and trimethylaluminum/ethylene glycol),

titanicone (TiCl4/glycerol), and zincone (diethyl zinc/glycerol). The me-

talcone MLD films grew directly on the CNTs and MLD initiation did not

require atomic layer deposition (ALD) of an adhesion layer. Transmission

electron microscopy revealed that MLD formed three-dimensional con-

formal deposits throughout a CNT scaffold. Mechanical testing was also performed on sheets of CNT networks coated by MLD. Young's Modulus values

improved from an initial value of 510 MPa for uncoated CNT sheet to values that ranged from 2.2 GPa, for 10 nm of glycerol alucone (AlGL), to 8.7 GPa for a

composite 5 nm AlGL þ 5 nm Al2O3 coating.
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coating and bonding of CNTs. One such technology is
atomic layer deposition (ALD), which deposits materi-
als conformally based on the automated cycling of
component gases.14,15 The growth of individual layers
is a self-limiting reaction, resulting in linear growth of
material, with precise thickness dependent upon
the number of ALD cycles exposed to the substrate.
Molecular layer deposition (MLD, Figure 1) uses a
similar approach to generate controlled-thickness con-
formal organic or hybrid organic�inorganic films, and
can be deposited in combination with inorganic ALD
layers.16�18 The ALD andMLDprocesses are performed
at relatively low temperatures, typically <200 �C.
MLD can be performed using a range of precursors

to deposit polyamide, polyimide, and metal�organic
polymer coatings such as alucones and zincones, which
are hybrid polymers of metal ions (aluminum and zinc,

respectively) bound to alcohols such as ethylene glycol
or glycerol.14,17 A variety of metals can be substituted
into polymer layers grown with MLD. In fibrous scaf-
folds, the pore size may slow gaseous diffusion for ALD
and MLD (or the related process of sequential vapor
infiltration, SVI), but deposition has nonetheless been
achieved on numerous fibrous materials, including
polymers,19�29 quartz fibers,19 cellulose and cellulose
acetate,19�21,30�32 other biomaterials such as spider silk
and collagen,33�35 and carbon nanotubes.36�44

ALD has been demonstrated to add functionality to
CNT scaffolds, generating nanoscale coaxial wires,15,36

Pt catalytic systems,37,43 lithium battery cathodes,38,41

and stabilization of patterned CNT microstructures for
chromatography and electrical vias.39,44 MLD and ALD
may be adapted for processing in an industrial envi-
ronment, which is an important qualification for devel-
opment of CNT composites and their applications.
Large-scale processing with ALD has been incorpo-
rated in semiconductor electronics manufacturing
processes45,46 and ALD has been demonstrated on
gram quantities of CNTs using a rotary reactor.36

Achieving a smooth, conformal coating has been
one of the major challenges for ALD on CNTs. Without
a nucleating layer, an alumina coating will typically
nucleate in nodules, and smooth coatings are achieved
after relatively thick (approximately 25 nm) deposits
have been generated.15 Thinner conformal coatings
have been achieved when adsorbed molecules (for
example, NO2,

36,47 ozone48) are used to nucleate ALD
coatings. However, films nucleated with NO2 on CNTs
can experience a “macaroni” effect allowing the film
to slip off the CNT.36

Graphene presents similar challenges as CNTs with
regards to ALD of continuous coatings. Graphene appli-
cations may benefit from the availability of additional
mechanisms for generating conformal coatings. For
conformal coatings on graphene, similar approaches
are required as for CNTs. ALD initiation has beendemon-
strated on graphene with NO2 and with an organic
perylene-derivative monolayer.49,50

The work presented in this paper extends ALD
technology to conformal deposition of metal alkoxide
polymers on CNTs by use of molecular layer deposition
(MLD). We found that MLD is capable of conformal
deposition of coatings on CNTs without the use of
initiator reagents to provide an adhesion layer. MLD
films were deposited with trimethylaluminum (TMA)
and glycerol (GL) or ethylene glycol (EG),51,52 with
diethyl zinc (DEZ) and GL,52,53 or with titanium(IV)
chloride (TiCl4) and GL.54

Materials deposited by ALD and MLD have been
subject to much mechanical characterization,55�57

frequently through nanoindentation.16,18,51�55,58�60

However, not many papers have explored ALD or
MLD for mechanical applications in composite materi-
als. With the use of nanoindentation, mechanical

Figure 1. Scheme showing MLD process for generation of
AlGL. Step A: A hydroxylated surface reacts with trimethy-
laluminum to generate amethylated aluminum surface and
methane byproduct. Step B: The methylated aluminum
surface reactswith glycerol to generate the polymer surface
with hydroxyl termination. Steps A and B alternate, building
up layers with thickness defined by the number of times the
two steps are cycled. Nanotube substrates do not typically
present hydroxylated surfaces. Adsorbed molecules are
necessary for coating initiation on pristine nanotubes. For
the MLD reactions presented here, adsorbed glycerol or
ethylene glycol may play a role in coating initiation.
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properties of nanoparticle thin films have been found
to improve after ALD.61�63 Furthermore, uniaxial ten-
sile tests of bulk samples of polytetrafluoroethylene
(PTFE) and two biopolymers, spider silk and collagen,
showed that mechanical properties were improved by
ALD and infiltration of ALD precursors.29,33�35 Few
other papers, if any, have explored the mechanical
properties of ALD�fiber scaffold composites. We per-
formed uniaxial tensile tests on both uncoated, as-
provided CNT sheets and on CNT�MLD polymer com-
posites, and we observed that MLD coatings signifi-
cantly improved mechanical properties over uncoated
bulk CNT scaffold structures.

RESULTS

Coatings of aluminum�glycerol (AlGL), aluminum�
ethylene glycol (AlEG), titanium�glycerol (TiGL), and
zinc�glycerol (ZnGL) were successfully deposited
(Figure 2 and Supporting Information Figures S1 and
S2) on carbon nanotube sheet specimens (CNT1
material). For deposition on CNT1, two types of reactor

were used, designated as flow reactor and static
reactor. Depositions of AlGL were also performed on
CNT powder samples from three different sources
(designated CNT2, CNT3, and CNT4). Deposition param-
eters and specific CNT sources are provided in the
Methods section below. Molecular layer deposition
produced conformal, smooth coatings on CNT1,
CNT2, and CNT4, with very rare defects of balled or
uncoated areas. Figure 2b shows typical coating results.
Transmission electron microscope (TEM) imaging of
CNT1 with AlGL coating confirms that the coating was
capable of filling junctions between CNTs (Figure 3),
both within bundles of CNTs and between bundles of
CNTs. (Additional TEM images are available in Support-
ing Information Figure S3.)
Atomic layer deposition of Al2O3 was performed in

order to check CNT materials' propensities for forming
conformal coatings. Depositions of Al2O3 on CNT1,
CNT2, and CNT4 formed rougher, more granular coat-
ings than the AlGL, although smooth regions were
occasionally present. In general, CNT3 did not accept

Figure 2. CNT sample (CNT1 sheet material) with (a) no coating and (b) 10 nm AlGL coating.
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any conformal coatings, with balled coating regions
readily observed. ALD Al2O3 on CNT3 had worse coat-
ing quality than the AlGL; the alumina hadmore balling
and less conformality. The AlGL layer was also used for
successful nucleation of a smooth outer Al2O3 layer
(Figures S4 and S5). Coatings of AlGL and ZnGL with
2, 4, 8, and 10 nm thicknesses were deposited in the
flow reactor on CNT1 samples. For this range of coating
thicknesses, coating morphology was not observed to
vary significantly.
Focused ion beam (FIB) cross-sectioning of uncoated

CNT sheetmaterial was challenging, frequently appear-
ing to destroy or densify the CNT sheet. However, cross
sections of CNT sheet coated using MLD revealed
coating throughout the thickness of the sheets, except
in void regions in the sheets. Little difference was
observed in the FIB cross sections that were obtained
(Figure 4 and Figures S5�S7). Samples with thick
(36.7 nm) AlGL coating were observed to have slightly
smaller voids near their outer surfaces, and overall
smoother surface features (Figure S1c) when compared
with samples coated with 10 nm AlGL.

Energy-Dispersive Spectroscopy. Energy-dispersive X-ray
spectroscopy (EDS) spectra obtained on the coated
CNT1 samples confirmed the presence of metal ions

in the different coatings (Table 1; Figures 5 and 6, and
Figure S8). Quantitative analysis of EDS results (Table 1)
found metal atom concentrations typically <10 atomic
percent (atom %) for the MLD samples. In contrast, the
Al2O3-coated sample had a much higher concentration
of aluminum, about 19 atom %. As might be expected,
the concentration of C increased from the Al2O3-coated
sample to the AlEG-coated sample to the AlGL-coated
sample. TiGL EDS showed the presence of trace quan-
tities of Cl, 0.90 ( 0.03 atom %. Uncoated CNT1 sheet
sample was 99 atom % C, 1 atom % Fe, with trace
(0.1 atom %) S. Coated samples typically showed
1.0�2.3 atom % Fe catalyst, but to simplify compar-
isons, the Fe composition was excluded from the ratios
presented in Table 1.

EDS spectra taken from points on fibers separated
from bulk sheet samples typically show 5�10 atom %
more carbon in composition than area scans of the
bulk samples (Table 1). This indicates that the coating
remained present on the separated fibers, but some of
the coating may have been removed in the process of
separation of the fiber from the larger mass. In contrast
to the typical EDS point results, data collected on a
sample of AlGL-coated CNTs in a TEM grid supported in
a scanning transmission electron microscopy (STEM)

Figure 3. TEM imageof CNT sheet (CNT1material) coatedwith 10nmAlGL. Annotations: (1) example of striations indicative of
locations of CNT sidewalls visible in TEM image; (2) examples of bundles of CNTs; (3) some locations of AlGL coating on
exterior of CNT bundles; (4) junction of CNT bundles where MLD AlGL forms a nanoscale fillet and spans the bundles;
(5) location where MLD filled a loosely packed space between CNTs within a bundle.
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stage and using 20 kV accelerating voltage showed
lower carbon and aluminum content, and significantly
more oxygen. In this instance, compositional analysis
(Figure 6) found 72�77 atom % C, 21�26 atom % O,
and 1.4�2.3 atom % Al. Given the presence of the
significant Cu signal (Figure 6), these compositional
values may differ from those in Table 2 in part because
of a CuO layer on the surface of the grid used to
support this sample.

Surface Treatment. To examine the effects on coating
quality of possible surface contaminants from as-
provided materials, the CNT materials were subjected
to thermal treatments in flowingoxygen.One treatment
was at 350 �C, intended to remove most adsorbed
organic molecules. A second thermal treatment was
performed at 560 �C, which was previously demon-
strated to remove most of the amorphous carbon of
CNT1 while leaving the CNTs intact.64,65 In both cases,
samples were supported in ceramic boats, and held at
the temperatures for about 35 min before cooling back

to room temperature. Samples of CNT1 were able to be
processed in large enough quantities that washing the
thermally treated samples with concentrated HCl(aq),
followed by rinsing with H2O, was possible. The transfer
of Fe catalyst materials to ionic solution in HCl was
readily observed by a color change in the HCl(aq)
solution.

The results of these cleaning treatments were quali-
tatively observed by scanning electron microscope
(SEM) imaging (FEI Nova 600i). As provided, CNT1 was
a large network of CNTs with significant amorphous
and particulate matter (Figure 2a). CNT2 was tangles of
smooth CNTs, largely free of particulates. CNT3 was
mostly particulate matter with fine, small CNTs inter-
spersed. CNT4 was also largely tangles of CNTs, which
appeared to have small quantities of amorphous
material attached to the CNTs. The 350 �C processing
had little effect on the CNTmorphology, possibly giving
some densification of samples. The 560 �C processing
led to significant changes. CNT1 became a more
delicate sheet material than prior to processing and
exhibited little if any amorphous carbon, although
some particulate matter remained. CNT2 and CNT3
became harder to find and possibly more packed, and
the CNTs in sample CNT4 were eliminated, leaving only
a particulate residue.

The HCl treatment removed particulates from the
560 �C treated CNT1 sample, resulting in a largely pure
network of CNTs, but the HCl treatment was insuffi-
cient to remove particulates from CNT1 treated at
350 �C. Rapid coating experiments were performed
by immobilizing these materials on TEM grids, and

Figure 5. Comparison of EDS spectra of (a) uncoated CNT1
sheet and (b) CNT1 sheet coated with approximately 10 nm
AlGL.

Figure 4. FIB cross section of 10 nmAlGL on a CNT1 sample,
coated in static reactor, showing coating throughout the
thickness of the CNT sheet sample. Stage tilt angle is 52� for
this image.

TABLE 1. EDS Compositional Analysis Results for

Approximately 10 nm of Coatings on CNT1 Sheeta

coating C [atom %] O [atom %] Me [atom %] range [atom %]

Al2O3 48 34 19 (4
AlEG 72 19 9 (2
AlGL 83 11 6 (1
TiGl 87 8 4 (2
ZnGl 77 14 9 (1

a The metal ion Me percent refers to Al, Ti, or Zn, depending on the material.
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then mounting multiple TEM grids in the flow reactor
for simultaneous deposition. A coating of 10 nm AlGL
was applied to the thermally treated materials. No
major differences in AlGL coating morphology were
observed between the treated and as-provided sam-
ples. On CNT1, 10 nm Al2O3 deposits appeared to be
smoother for the HCl-treated 350 and 560 �C samples,
and for the unwashed 560 �C sample, than for the
as-provided material.

Mechanical Testing. The CNT1 samples were used for
mechanical testing because they were provided as a
sheet material that can be readily handled. The other
samples were powder samples that would require
further processing into buckypapers in order to be
useful for macroscale mechanical testing. The CNT1
sheet samples had anisotropy that was evident in the
mechanical data. They were fabricated by compressing a
CNT aerogel produced as an output from a chemical
vapor deposition furnace. Mechanical properties varied
dependingonwhether the sampleswere tested inanaxis
parallel or perpendicular to the furnace output. Most of
the results discussed here were from tests performed on
samples loaded parallel to the sheet orientation.

Figure 7 summarizes the mechanical testing results
for CNT1 sheet samples with different MLD coating
treatments and tested under uniaxial tension parallel
to the CNT sheet orientation. Numerical data for this
figure are summarized in Supporting Information
Table S1. Results for mechanical testing of samples
perpendicular to the CNT1 sheet orientation may be
found in Supporting Information Table S2.

The MLD coatings resulted in significant reduction
in failure strain, modest improvement in ultimate ten-
sile strength, and significant improvement in Young's
Modulus by a factor that ranges from 4.3 (for AlGL) to
13.5 (for AlEG), in comparison to the untreated CNT1
material. The AlEG MLD coated CNT sample achieved
the highest average Young's Modulus and ultimate
tensile strength, 6.9 ( 2.2 GPa and 99 ( 43 MPa,
respectively. The CNTs with AlGL coating achieved
the greatest failure strain (3.92 ( 0.61%) of the MLD-
treated samples. Testing of the composite AlGL�Al2O3-
coated specimens revealed an even higher Young's
Modulus, 8.7 ( 1.7 GPa, which is 17 times greater
than that of the uncoated CNT sheet. Maximum Young's
Modulus values for individual tests ranged up to 8.88GPa
for AlGL (flow reactor), 8.85 GPa for AlEG, and 11.3 GPa
for AlGL�Al2O3. The highest ultimate tensile strength
values obtained from individual tests on CNT�MLD
polymer composites were 144 MPa for AlEG, 80.6 MPa
for TiGL, and 98.2 MPa for AlGL�Al2O3.

DISCUSSION

Coating Quality. With the exceptionof theCNT3 speci-
mens, molecular layer deposition provided a reliable
and repeatable coating technology for CNT scaffolds,
leading to observable changes in macroscale behavior.

The CNT3 specimens may be harder in general to coat
due to their smaller diameter in comparison to the
other materials. In CNTs, as diameter decreases, strain
energy per atom increases proportional to the inverse
square of the diameter.66 At some small diameter,
this strain energy may disrupt the uniform adhesion
of molecules to the CNT substrates. Intermolecular
forces in the adsorbed layermay then only be sufficient
to draw the adsorbedmolecules into clumps or droplets
rather than maintaining a uniform coating.

The observation here of significant FIB damage to
uncoated CNT sheets is similar to other observations
of FIB on CNT networks.67 In past work, the presence of
a matrix surrounding the CNTs provided some stabili-
zation of the FIB cross sections,68,69 even if the CNT
structure itself was damaged by the ion beam.69,70 This
appears to be the case as well for the CNT sheets with
MLD coatings, and suggests that the MLD coatings
may provide a means to stabilize scaffolding networks
for FIB cutting.

The FIB cross sections (Figure 4 and Supporting
Information Figures S5 and S6) show that the MLD
precursors sufficiently penetrated the CNT scaffold layer

Figure 6. Point EDS of CNT1 sample with 10 nm AlGL
coating, mounted in a TEM grid and an STEM holder. (a)
SEM image of material sample. (b) EDS results for location
indicatedby arrow in (a). The unspecified peak at 0.9 keV is a
Cu signal resulting from the TEM grid used to support this
sample.

TABLE 2. Young’s Modulus of Some Materials Generated

by MLD, Measured by Thin Film Nanoindentation

material Young's Modulus [GPa] references

AlEG 36.8 55
AlGL 32.0 51, 52
TiGL 30.6 54
ZnGL 38.7 52, 53
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to deposit material throughout the thickness. However,
the void spaces evident in the FIB cross sections indicate

that one challengewith the as-provided CNT scaffolds is
that they are not uniformly packed. This is not important

Figure 7. Uniaxial tensile test results for CNT1 sheet samples tested parallel to the sheet orientation. Values are reported
in Table S1. Error bars indicate 95% confidence intervals. (1) Deposition in static reactor; (2) deposition in flow reactor.
(a) Young's Modulus results; (b) ultimate tensile strength results; (c) failure strain results.
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for the CNT powders, unless they are to be processed
into a buckypaper for macroscopic handling. The CNT1
sheets may be readily handled in a laboratory setting,
but further processing may ultimately be necessary to
establish uniformity of thickness and packing density
before undergoing MLD.

Improving the uniformity of the CNT scaffold
may help reduce the variability in mechanical test
results, and reduce stress concentrations that may be
responsible for initiating failure in tested materials.
Relatedly, the static reactor did not give greatly differ-
ent mechanical results from the flow reactor, but the
longer soak times of the static reactor did lead to more
consistent results, with lower uncertainty. This may
reflect the ability of the static reactor to better accom-
modate variability in the CNT sheet thickness.

We note that the cleaning processes did not have
much of an effect on coating results. This observation
indicates that the MLD coating process is independent
of any potential adsorbed organic materials remaining
from synthesis. One question not explored here was
whether adsorbed gases from air lead to any effects on
the MLD quality.

Other than achieving the most consistent results
with samples coated with 10 nm AlGL in the static
reactor, there was not a significant difference of stiff-
ness among the AlGL-coated samples, whether with
10 nm or thicker coatings, or with static or flow reactor
processing. Furthermore, the ZnGl and TiGl coatings
result in composites with similar properties, regardless
of whether the static or flow reactor was used for
deposition. Thedifferencebetweenflowandstatic reactor
processing was not readily evident in the mechanical
data. In handling samples and picking at them with
tweezers, samples processed in the flow reactor ap-
peared to more frequently come apart into multiple
layers, as if uncoated material lay at the center.

Mechanical Behavior. The tested coatings clearly have
effects on the Young's Modulus and failure strain of the
CNT1 sheet samples. For ultimate tensile strength, any
effect ismore ambiguous. The results for Young'sModulus
are not simply explained by a rule of mixtures calculation
based on known data (Table 2) about the MLD layers,
however. If only the MLD layers carried load, then they
would have about 10% of the total cross-sectional area in
order to achieve the results reported in Table S1 (3 GPa
results/30 GPa modulus = 10% of cross-sectional area
bearing load, leaving 90% void space). From the FIB cross
sections (Figure 4 and Supporting Information Figures S5
and S6), the polymer-coated regions clearly occupymuch
more than 10% of the overall area.

One explanation for this discrepancy between re-
sults and calculation could be that the polymer films
have a different in-plane behavior than the out-of-
plane behavior characterized by the nanoindenter.
However, mechanical characterization of ALD alumina
with other kinds of measurements has not observed

anisotropy in the properties of these films.49,56 Another
explanation could just be that thickness and curvature-
dependent variation in the coated film properties is
not captured in the nanoindentation data reported in
Table 2. Finally, the many voids present in the cross-
section areas may allow for significant deformation
(as the voids collapse during loading) that negates
stiffening due to the coating and the CNT fibers.

The uncoated CNT1 sheet specimens are notable
for their low Young's Modulus values and their extre-
mely large strain to failure values. The failure strain
behavior observed during tensile testing of these
specimens is indicative of a polymer-like plastic defor-
mation, wherein the CNT macromolecules pull past
each other over a long distance before they ultimately
fail. Assuming that the individual CNTs comprising this
material have some high Young's Modulus on the
order of 500�1000 GPa, the very low bulk Young's
Modulus measured for the uncoated sheets again
would seem to be a result of the insufficient packing
of the sheets. Rather than testing a dense array of well-
aligned CNTs, these tests are performed on a material
of CNTs entangled together in a web-like structure.
In a fiber reinforced composite, randomly oriented
fibers in a sheet have three-eighths the modulus
of aligned fibers.71 Taking a low estimate for CNT
modulus, 500 GPa, the randomly oriented fully packed
sheet should have (3/8)(500) = 188 GPa modulus.
With a 10% packing density, the sheet should still then
have a modulus of 19 GPa. Even this is orders of
magnitude larger than the measured value of 510 MPa.
This discrepancy may be explained by several possibil-
ities: (1) The assumed individual CNT stiffness may yet
be overestimated, but this is unlikely because the bond
strength of double-bonded carbon imparts significant
rigidity to bonds within CNTs. (2) The bending curva-
ture of CNTs and voids of the CNT sheet require further
modification of the simple rigid fiber model. (3) The
load transfer is insufficient between the CNTs; they are
tangled and have short contact lengths, especially
when considered in contrast to the lengths needed
to fully transfer CNT load to CNT load.

With the MLD coatings added, the CNTs are rein-
forced against bendingmotion by the coating layers, and
as observed in Figure 3, the coatings have filled in spaces
between CNTs, possibly modifying the shear interactions
between residual fibers. Both of these effects provide
mechanisms that may offer some explanation in the
improvement of mechanical properties observed in the
composite sheets, in addition to the possibility of load-
bearing by the alkoxide polymermatrices themselves. All
of these effectswarrant further investigation. Because the
deposit of a thick AlGL coating did not lead to results
muchdifferent froma10nmcoating, an interesting route
for later investigation may be to find the minimum
coating thickness required to significantly modify the
properties of the composited sheet.
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From a practical standpoint, we note that handling
the coated CNT sheets is much easier than handling
the uncoated material. The uncoated CNT sheet ma-
terial tends to stick to itself fairly readily. In contrast, the
coated materials are more rigid, as is evident in the
reported data, and their macroscopic behavior is simi-
lar to that of rigid polymer films. The MLD-coated CNT
films are easier to handle, tape, and cut than the
uncoated films, suggesting an application of MLD as
a means to stabilize material networks of CNTs for
improved handling.

CONCLUSIONS

Conformal deposition of metal alkoxide polymers
by molecular layer deposition has been repeatedly
demonstrated onmultiple CNT specimens. These coat-
ings typically generate conformal films and TEM data
reveals that they are capable of filling spaces and
junctions between CNTs and in bundles of CNTs. Coat-
ings of AlEG, AlGL, ZnGL, and TiGL were successfully
deposited on CNT scaffolds, and EDS confirmed pre-
sence ofmetal ions in the coatings. A layer of 5 nmAlGL
on CNT scaffold was also used to achieve nucleation of
a conformal coating of an additional 5 nm of Al2O3 that
was deposited by ALD.
Macroscopic sheet samples were made easier to

handle by MLD, and were subjected to tensile testing
under a controlled strain rate in a DMA. The Young's
Modulus values of the macroscopic sheet samples
improved from a starting value of 510 ( 140 MPa to
results that ranged from 2.20 ( 0.27 GPa for 10 nm
AlGL to the best result, 8.7( 1.7 GPa, for the composite

5 nm AlGL þ 5 nm Al2O3 coating. In addition to
demonstration of improvement of material handling
and a new route to fabrication of a macroscale
CNT�polymer composite with mechanical properties
improved relative to uncoated CNT networks, this work
suggests great possibilities for additional routes of
investigation.
MLD may be applicable to developing many addi-

tional coatings for CNT scaffolds, including thiol- and
quinone-based chemistries. The observation of con-
formal coatings from MLD on CNTs suggests that the
interplay of surface energy, surface curvature, adsorp-
tion, and vapor pressure should be explored in order to
develop a quantitative theory for ALD/MLD nucleation,
perhaps drawing upon concepts such as the Tolman
length, which is relevant to nanoscale systems. Further
work can be done developing a detailed mechanical
model that describes networks of CNTs in polymer
composites, whether formed by MLD or otherwise.
Further development of CNT packing and macromater-
ial uniformity should be investigated for improvements
in mechanical properties of the macroscale material,
although this may make MLD more difficult by limiting
the channel size available for gaseous diffusion. Explora-
tion of controlled environments preventing air exposure
to CNTs before deposition may also be an interesting
route of investigation. Finally, coated networks based on
CNT scaffolding should be explored for applications
requiring high surface area functionality, such as sen-
sing, separations, chemical processing, and electrodes,
and MLD should be explored for coating deposition on
additional carbon allotropes such as graphene.

METHODS
Materials and Chemical Systems. The chemicals used for the

fabrication of the AlGL, ZnGL, and TiGL films were trimethylalu-
minum (Al(CH3)3; 97%, Sigma Aldrich), diethyl zinc (Zn(CH2CH3)2;
Aldrich) titanium(IV) chloride (TiCl4; 99%, Sigma Aldrich), and
glycerol ((HOCH2)2CHOH; 99%, SigmaAldrich). DepositionofAlEG
used trimethylaluminum and ethylene glycol (HO(CH2)2OH; Re-
agent Plus >99%, Sigma Aldrich). The carrier gas used was ultra
high purity N2 (Airgas). (Caution: Trimethylaluminum and diethyl
zinc are pyrophoric, and titanium(IV) chloride is corrosive. Safe
handling requires proper exhaust of ALD/MLD deposition reactor
outflow, leak checking before reactor operation, and use of purge
gases to prevent gas phase mixing of reagents. ALD and MLD
hazards aremitigated using a nitrogen flow in a reaction chamber
that is isolated from the atmospheric gases during pumping.
Gases are dosed using a leak-free piping system that ensures gas
control and isolation.) Deposition experiments were performed
on CNTs from the following four sources:

Sample CNT1: Standard CNT sheet material, lot number Ah-
3CV (obtained in 2011), from NanoComp Technologies
(Merrimack, NH).
Sample CNT2: Multiwalled CNTs, item #43839, Alfa Aesar
(Ward Hill, MA).
Sample CNT3: Single-walled CNTs, item #44508, Alfa Aesar.
Sample CNT4: Multiwalled CNTs, 7000 series, Nanocyl
(Sambreville, Belgium).

Depositions were performed on as-provided materials, un-
less additional processing is noted. The CNT4 material was

previously used for experiments reported in ref 36. CNT materi-
als were handled in air. CNT1 sheets were fixed in place using
polyimide tape at the edges of the sheets. Other CNT samples
were supported on Cu TEM grids that were mechanically
clamped in the reactors.

CNTs were placed in either a viscous flow reactor or a static
reactor; these reactors were described in earlier work.36,72

For the viscous flow reactor, the TMA was maintained at 25 �C
and a temperature gradient was maintained up to the reactor
temperature of 150 �C. The GL was heated to 120 �C and a
temperature gradient was maintained up to the reactor tem-
perature of 150 �C. The GL necessitated heating to this tem-
perature because of its inherent low vapor pressure. Dosing for
one cycle takes the formof {DoseA/PurgeN2/Dose B/PurgeN2}.
For AlGL (Figure 1), the deposition parameters used for the
viscous flow reactor were {2 s TMA/120 s/0.5 s GL/120 s}. The
growth rate was approximately 2.4 Å/cycle for AlGL deposition.
The conditions were changed for ZnGL deposition and were
{1 sDEZ/30 s/1 s GL/30 s}. The growth rate at 150 �C for ZnGLwas
1.3 Å/cycle at 150 �C. The conditions for TiGL were {1 s TiCl4/30
s/1 s GL/30 s}with a growth rateof 2.2 Å/cycle at 150 �C. For Al2O3

deposition, the parameterswere {1 s TMA/30 s/1 s H2O/30 s}with
a growth rate of 1.1 Å/cycle at 130 �C. The alucone AlEG MLD
films were deposited using {0.5 s TMA/120 s/1.5 s EG dose/120 s}
as the reaction parameters, with growth rates of 2.5 Å/cycle
at 100�120 �C. The AlEG dose times produced TMA pressure
transients of approximately 130mTorr and EGpressure transients
of approximately 70 mTorr above the baseline pressure.
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The conditions were changed slightly to accommodate the
static deposition reactor. The reactor was maintained at 150 �C
but instead of having continuous flow, the reactant doses
were held for a predetermined time and then purged from
the reactor. This allows for the reactants to penetrate into very
high aspect structures such as CNT sheets or papers. The dosing
process takes a different form and follows: A = {Dose A/Static
Time/Purge Time} and B = {Dose B/Static Time/Purge Time}.
Each of the half cycles is followed by an additional purge cycle
that is the same for both half cycles: 20 s N2 dose/5 s N2 static
hold/45 s N2 pump purge/20 s hold. This was repeated 5 times
per half cycle. For the AlGL reaction, the dosing parameters
were {2 s TMA/60 s/60 s}{2 s GL/240 s/240 s}. These conditions
gave amuch larger growth rate of about 6 Å/cycle. For the ZnGL
and TiGL reactions, the dosing parameters were the same.

Microscopic Analysis. Focused ion beam (FIB) cross-sectioning
was performed using an FEI Nova 600i dual beam focused ion
beam scanning electron microscope (FIB-SEM). Quantitative
energy dispersive X-ray spectroscopy (EDS) was performed
on coated CNT sheets using a JEOL JSM-7401F field emission
scanning electron microscope (FESEM) running 10 kV acceler-
ating voltage, with data collection and analysis by a Thermo
Scientific NORAN System SIX EDS system. Results were deter-
mined by averaging EDS results from area scans in two locations
on each surface of coated sheet. EDS data were rounded to
the nearest percent because typical results showed at least
a percent difference between the carbon composition at the
different locations of each sample. Composition ranges are
reported as (atomic percent (atom %) around the reported
average. SEM images were acquired primarily with the FEI Nova
600i; the JEOL JSM-7401F provided additional SEM data during
the EDS analysis. TEM images were acquired using a JEOL 2000
FX with LaB6 cathode.

Mechanical Experiments. Mechanical testing was performed
by cutting coated and uncoated samples of CNT1 sheetmaterial
into rectangular test specimens approximately 5 mm � 20 mm
in size. Specimen width was measured directly from calipers,
and specimen thickness was defined by the average of 10 thick-
ness caliper measurements. Because of the large number of
specimens tested, specimens cut from adjacent regions of CNT
sheet material were assumed to have the same thickness;
measured thickness of one specimen was also used for the
thickness of neighboring specimens.

Mechanical testing was performed using a dynamic me-
chanical analyzer (DMA; TA Instruments Q800). All tests were
performed using a constant strain rate of 6% min�1 (10�3 s�1).
Gauge lengths were measured by the DMA for each sample
before testing. Each tensile test in the DMA produced a tensile
plot, and from each tensile plot, the maximum slope defined
the Young's Modulus measured for that test, and the ultimate
tensile strength and failure strain were also determined. The
data reported were found by averaging the results obtained
for a number of samples,N. Uncertainty was calculated from the
standard deviation of the mean, multiplied by a coverage factor
defined by the two-sided Student t variable for 95% probability
and N � 1 degrees of freedom.
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