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O
ne-dimensional nanoscale systems,
such as nanowires, nanofibers, and
nanotubes, are well-known for their

phenomenal electrical,1�4 thermal,5�8 and
mechanical properties,9�11 which could en-
able the design and manufacture of next-
generation materials with unprecedented
properties.12�18 However, while many stud-
ies have previously explored the synthesis of
new architectures and devices using one-
dimensional nanomaterials, specifically car-
bon nanotubes (CNTs), the properties they
reported were far lower than the properties
predicted using current theory.12 Some of
the main reasons why existing models can-
not accurately predict the behavior of CNTs
in scalable architectures, such as aligned CNT
arrays, are the various CNT morphology and
proximity effects,13�15,19 which can strongly
impact properties but are notwell-understood
and cannot be properly integrated into
theoretical frameworks. Here we report
the presence of a commonly neglected
morphological effect, an unexpectedly large
(compared to the CNT mass) amount of
moisture located on the surface of CNTs in

aligned CNT (A-CNT) arrays at ambient
conditions; show the nonlinear and non-
monotonic dependence of this effect on
array porosity, which suggests two compet-
ing mechanisms; and discuss the strong
impact such an effect can have on the
structure and properties of nanocomposite
architectures composed of A-CNTs.
Previous studies on how water interacts

with the outer surface of a CNT illustrated
that the water molecules form a layer-like
shell surrounding the CNTs,20�23 and that
the water layer density varies greatly and
non-monotonically with its thickness.21,22

A recent study on the physisorption ofwater
onto the external surface of a suspended
∼1.1�1.2 nm diameter single-walled CNT
showed that more than one layer of water is
present on the CNT surface in water vapor,
and that water molecules more easily ad-
sorb onto larger diameter CNTs.24 However,
this study was limited to isolated and de-
fect-free CNTs,24,25 meaning that the inter-
action of moisture present in ambient air
with multiwalled CNTs, which normally
have native wall defects,26 in aligned arrays
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ABSTRACT Here we present a study on the presence of physisorbed water on

the surface of aligned carbon nanotubes (CNTs) in ambient conditions, where the

wet CNT array mass can be more than 200% larger than that of dry CNTs, and

modeling indicates that a water layer >5 nm thick can be present on the outer CNT

surface. The experimentally observed nonlinear and non-monotonic dependence of

the mass of adsorbed water on the CNT packing (volume fraction) originates from

two competing modes. Physisorbed water cannot be neglected in the design and

fabrication of materials and devices using nanowires/nanofibers, especially CNTs, and further experimental and ab initio studies on the influence of defects

on the surface energies of CNTs, and nanowires/nanofibers in general, are necessary to understand the underlying physics and chemistry that govern this

system.
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is currently unknown. Here we show that, depending
on the inter-CNT spacing, the amount of water that is
physisorbed onto the CNT surface in the arrays is
governed by competing mechanisms that are a func-
tion of CNT proximity. The implications of the physi-
sorbed water on the A-CNT arrays are two-fold: (1) the
behavior of the CNT array as a whole may be altered,
due to a change in electrostatic interactions between
the individual CNTs; (2) adsorbed water can alter the
intrinsic properties of the CNTs and can hinder the
deposition of a secondary material onto the CNT sur-
face with implications for processing. Sensitivity of
CNT devices to moisture was previously reported in a
number of studies,13 yet the exact mechanism of water
interference is still debated and is one of the primary
challenges of designing and operating CNT architec-
tures at ambient conditions.13 In this report, some of
the electrostatic effects that could be responsible for
the origin of the physisorbedwater layer are discussed,
and future work that could enable better understand-
ing, and ultimately control, of the moisture sensitivity
of CNT architectures is proposed.

RESULTS

CNT Surface Structure and Interaction with Adsorbates.
Since electrostatic interactions are heavily dependent
on the exposed surface of the material, the surface
morphology of the CNTs was characterized using both
scanning (SEM) and transmission (TEM) electronmicro-
scopy (see Figure 1a). In order to quantify the amount
of water present on the CNT surface, the influence of

the CNT surface on the molecular orientation and
moisture layer density was examined using the results
of previously reported molecular dynamics (MD)
simulations.20�22 These simulations illustrate that, at
layer thicknesses below 1 nm, water molecules inter-
actingwith the outside surface (knownas the exohedral
surface) of the CNT have preferred orientations and
assumea spatially varyingdensity profile (see Figure 1b)
that is independent of CNT outer diameter.21,22 On the
other hand, these simulations show that water mol-
ecules interactingwith the inside surface (known as the
endohedral surface) are strongly influenced by confine-
ment effects27�29 and assumedensity profiles that are a
strong function of the CNT inner diameter.20,21,30 While
the scalingbehavior of thewater layer density observed
in these simulations should be similar for CNTs with
native wall defects (such as those ones used here), dif-
ferences in interaction potentials mean that the results
of these previous studies may not be representative
of the current system of aligned CNTs. Another conse-
quence of confinement effects is the formation of
water clusters, whichplay a significant role in the stabili-
zation of water in hydrophobic carbon micro- and
mesopores.31,32 By forming clusters of five or more
water molecules (cluster size of ∼1 nm),31,33�35 the
affinity of thewatermolecules can be transformed from
hydrophilic to hydrophobic,33 making their interaction
with the CNT walls more favorable. While many pre-
vious studies have explored the mechanics, kinetics,
and energetics of the entry of water molecules into
uncapped single-walled CNTs,30,36�38 the likelihood

Figure 1. (a) HRSEM image showing the morphology of an as-grown CNT forest and HRTEM image showing the structure
of individual CNTs that make up the forest. (b) Plot of the layer density profile of water physisorbed onto the surface of a CNT
from a previously reported MD simulation illustrating the strong influence of film thickness for thin (j1 nm) films of
physisorbed water.21 (c) Raman spectra illustrating that the CNTs used in this study had a significant number of defects
(IG/ID ratios j1). (d) Plot of the specific surface area as a function of number of CNT walls for CNTs with no wall defects
(exohedral adsorption) and with wall defects (unrestricted adsorption), and HRTEM images showing that the multiwalled
CNTs used here are capped and have a significant number of wall defects.
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that a water molecule can enter the inner region of a
capped multiwalled CNT via wall defects is low (since
the openings in the CNTwalls are likely smaller than the
cluster size), meaning that the exohedral physisorption
of water is expected. Wall defects may also lead to the
following: higher CNT surface energies,39 which lead
to stronger interactions with water molecules40,41 and
enable the separation of salt ions from solution;42

altered electronic properties,43�46 which can lead to
a CNT behaving as either a metal or semiconductor43

and can also lead to reversible wetting and dewetting
of water in nanopores.47 Since wall defects can funda-
mentally change the CNT�water interactions,48 their
characterization is necessary.

Defect concentration is evaluated via the Raman
spectra of the CNTs with volume fractions, defined as
Vf, up to 20% (see Figure 1c). The resulting ratios of the
integrated intensities of the G and D peaks, known as
the IG/ID ratio, illustrate that the defect concentration
in the CNTs was non-negligible because the evaluated
IG/ID values for all values of Vf werej1 and not.1, the
expected IG/ID for largely defect-free graphitic carbon
systems.26,49,50 Such wall defects are well-known
in multiwalled CNTs synthesized via chemical vapor
deposition.51 While Raman spectroscopy is a very
useful tool for studying defects in carbon materials,52

the quantitative study of wall defects in multiwalled
CNTs using Raman scattering is very challenging,26 so
a secondary technique was therefore utilized: evalua-
tion of the specific surface area of the CNTs using the
adsorption isotherms of Kr via the theory developed
by Brunauer, Emmett, and Teller (known as BET).53

Figure 1d shows that the experimentally determined
specific surface area of the CNTs is 776.8( 16.3 m2/g, a
value consistent with amonolayer of Kr adsorbing onto
both the exohedral and the endohedral surfaces of the
CNTs, defined as unrestricted adsorption.54 The equa-
tions used to compute the specific surface area of CNTs
undergoing both exohedral and unrestricted adsorp-
tion and a table of themodel predicted specific surface
areas as a function of the number of CNT walls can
be found in the Supporting Information. Since these
CNTs are capped (see Figure 1d for a HRTEM image of
a CNT attached to a catalyst particle), unrestricted
adsorption could only occur if wall defects such as
ultra-micropores (<0.7 nm in diameter) or interlayer
bonds are present. See Figure 1d for a HRTEM image
that shows an example of a CNT with wall defects.

Theoretical Framework. Since electrostatic effects have
a very strong dependence on CNT separation distance,
a theoretical framework that describes the inter-CNT
spacing as a function Vf was necessary. This was achieved
using a previously developed continuous coordination
model for the average inter-nanowire (NW) spacing (Γ)
of aligned NW arrays.55 The origin of Γ as a function of
the two-dimensional coordination number (N) is fur-
ther discussed in the Supporting Information. Since the

previous study used HRSEM, a method which is only
accurate in one dimension (depth information is lost),
to approximate the inter-CNT spacing, the minimum
(Γmin), and maximum (Γmax) values of the inter-CNT
spacing evaluated for each coordination (see Figure S1
in the Supporting Information) were assumed to have
equal contribution and were combined into a 1D
average, previously defined as Γ. However, since the
scaling behavior of the electrostatic effects in defective
CNTs is not currently known, the assumption that Γmin

and Γmax contribute equally is not justified, and their
independent evaluation is therefore necessary. See
Figure 2a for a plot of Γ, Γmin, and Γmax as a function
of Vf (the equations ofΓ, Γmin, and Γmax can be found in
the Supporting Information).

Since previously reported MD simulations have
shown that water molecules form a layer-like structure
when interacting with the surface of a CNT,20�24 the
physisorbed water molecules are modeled as a layer

Figure 2. (a) Geometry and results of the inter-CNT spacing
analysis performed using a previously reported continuous
coordination model.55 (b) Geometry used to model the
exohedral layer-like physisorption of water molecules on
the CNTs in the forests. (c) Plot of the available porosity as a
function of minimum inter-CNT spacing for water layers up
to 6 nm thick.
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which adheres to the previously reported density
profile (see Figure 1b).21 As illustrated by Figure 1d,
the wall defects of the CNTs allow for unrestricted
adsorption of Kr molecules, but since water molecules
require large openings (J0.6 nm due to an equilibrium
water�CNTwall separation of∼0.3 nm21) to access the
internal region of the CNT, the adsorption of the water
molecules is taken as only exohedral in nature (see
Figure 2b for an illustration of the model geometry).
This assumption is revisited in the next subsection.

Using these assumptions, two easily accessible
physical measures of the CNT arrays can be evaluated
as a function of the thickness of the water layer (w):
the ratio of wet and dry mass of the CNT array (m*) and
CNT array porosity unoccupied by water, defined
as accessible porosity (φ). w can be determined using
the following geometric relation involvingm*; the inner
(Di) and outer (Do) diameters of the CNTs (a previous
HRTEM study showed that these CNTs are composed
of 3�7 walls with average Di= 5 nm and Do= 8 nm);56

the ratio of the CNT intrinsic density (Fcnt= 1.7 g/cm3)57

and the average density of the water layer (Fw); and the
equilibrium separation of the water molecules and the
CNT wall (l =0:3 nm):21

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D2
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The procedure used to evaluate eq 1 can be found
in the Supporting Information. To find φ, the amount of
inter-CNT space not occupied by water needs to be
evaluated. This can be done using the isosceles angle
of the constitutive triangles at each coordination (θ)
and Γmin (details can be found in the Supporting
Information) and yields the following relationship:

φ ¼ 1� π

8 tan(θ)
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(2)

As eq 2 demonstrates, φ is a very strong function of
Γmin, meaning that φ for as-grown A-CNTs (Vf ∼ 1%f

Γmin ∼ 60 nm) is largely unaffected by the presence
of physisorbed water, whereas densified A-CNTs with
VfJ 5% (fΓminj 20 nm) may have a φ of 60% or less.
See Figure 2c for a plot of φ as a function of Γmin.

Water Physisorption as a Function of Volume Fraction.
Using the ratio of the wet and dry mass of the CNT
arrays (m*), eq 1 was used to evaluate the thickness of
the exohedral water (w) present on the CNT surface in
ambient conditions. See Table S3 in the Supporting
Information for the experimentally determined wet
and dry CNT array mass ratios and the evaluated w

values. No changes in A-CNT volumes were observed
since the water layer thicknesses (∼3�5 nm) are

smaller than the minimum inter-CNT separations
(∼10�60 nm). The trend of water layer thickness (see
Figure 3a), which increases from Vf = 1% to Vf = 5% and
then decreases from Vf = 5% to Vf = 20%, demonstrates
that at least two competing modes are present with a
crossover point at Vf = ∼5%. To simplify the analysis,
two competing modes were defined: mode I (1% J

VfJ 5%) and mode II (5%J VfJ 20%). To evaluate the
scaling behavior of each mode, the nondimensional
reduced thickness of the water layer, defined as the
ratio ofw and 0.5Γmin, was plotted as a function Vf (see
Figure S2 in the Supporting Information), and each
regime was fit with a straight line with coefficients of
determination (R2) J0.98. As Figure 3a illustrates, the
predicted crossover point of the two modes occurs
at Vf ∼ 5.3% when the separation of the exohedral
water layers is ∼10 nm (Γmin ∼ 24 nm and w ∼ 7 nm),
which is where retardation effects can begin to influ-
ence the interactions of NWs.58 The implications of
these retardation effects are discussed further in the
Discussion.

Since the physisorbed water layer might hinder the
adherence of a second material onto the CNT surface,
especially hydrophobic materials such as polymers,
the experimentally determined infusion efficacy of
the A-CNT arrays with a hydrophobic phenolic resin
was used to estimate the accessible array porosity (φ)
as a function of Vf. See Table S3 in the Supporting

Figure 3. (a) Water layer thickness (w) as a function of CNT
volume fraction (Vf) showing the nonlinear and non-mono-
tonic dependence of the physisorption process on CNT
proximity and indicating a change of mechanism at Vf ∼
5.3%. (b) Plot of the accessible porosity of the CNT arrays
evaluated using the ratio of the dry and wet CNT arraymass
(see eq 2 and Table S3 in the Supporting Information) and
infusion of the CNT arrays with a hydrophobic phenolic
resin. The plot illustrates the strong influence of the thick-
ness of the physisorbed water layer, especially at Vf J 5%.
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Information for the experimentally determined φ

values for the polymer infusion study and Figure S2
for cross-sectional SEM micrographs of as-grown
(Figure S2a) and densified A-CNTs (Figure S2b) and a
densified A-CNT polymer nanocomposite (Figure S2c)
illustrating continuous through-thickness infusionwith
polymer even for A-CNTs with Vf ∼ 20% (Figure S2c).
The resulting experimentally determined estimates of
the accessible array porosity were then compared to
the ones predicted by eq 2 using the w values eval-
uated from eq 1 (see Figure 3b). As Figure 3b illustrates,
both measurements show good agreement and that
the presence of the physisorbed water layer becomes
very significant at Vf J 5%. An important note should
be made about the large uncertainties of the data
points at Vf∼ 5%,which did not allow the experimental
evaluation of the crossover point of modes I and II
using the current densification technique with suffi-
cient confidence. The origin of the experimental un-
certainty is discussed further in the next section.

DISCUSSION

Since the Raman spectra exhibit IG/ID j 1 and the
specific surface areas evaluated using the BET analysis53

show that Kr can adsorb onto both the exohedral and
endohedral surfaces of the CNTs, a non-negligible
amount of wall defects is likely present in the CNTs
used in this study. These results are consistent with a
recent study on the adsorption of CO2 onto double-
walled CNTs, where the predicted specific surface area
was slightly (∼10%) lower than the experimentally
determinedone, indicating that unrestricted physisorp-
tion took place.54 However, for the case of water
physisorption, the accessible porosity results presented
here (see Figure 3b) indicate that the water molecules
do not penetrate the inner CNT volumes to a significant
degree, meaning that the adsorption was exohedral in
nature. This is likely a result of the size andmorphology
of wall defects, which are smaller than the size of the
water clusters (∼1 nm) that enable the physisorption
of water onto the CNT walls.31,33�35 Recent work
on graphite indicates that lattice monovacancies can
become mobile at temperatures J200 �C59 and that
the aggregation of these vacancies can lead to the
formation of interlayer bonds, known as interlayer
divacancies,59�61 which can become the nucleation
site for an extended interlayer defect, where two
CNT wall planes become connected via a graphene
ribbon.60 The aggregation of native CNT wall defects
likely does not provide continuous through-thickness
pathways of sufficient size (J0.6 nm) to enable the
water clusters to enter the inner volume of the CNTs.
Further work is necessary to determine the size and
morphology of the native wall defects present in the
CNTs used here and the effect of the CNT structure and
surface chemistry on the kinetics and energetics of the
exohedral physisorption of water.

The amount of adsorbed water is significantly
larger than the recently reported value for isolated
single-walledCNTs,24 and thewater layer thickness varies
nonlinearly and non-monotonically with CNT proximity.
The Vf dependence can be explained by considering two
competing modes analogous to the pairwise potential
commonly used to simulate atomic interactions:62,63

mode I, which represents long-range attractive interac-
tions, and mode II, which represents short-range repul-
sive interactions. Of interest is the crossover point of the
two modes, which occurs at Vf ∼ 5.3% where Γmin ∼
24 nm. Electrostatic forces, which originate from quan-
tum fluctuations in the electromagnetic field, play a
significant role in the interaction of nanostructures,
molecules, and surfaces with nanometer-scale separa-
tions.64�66 In small separations (j a few nanometers),65

known as the nonretarded regime, these forces are
commonly known as the van der Waals forces.64,65

However, in larger separations, a virtual photon emitted
from one nanostructure may not be able to reach,
and therefore be absorbed by, another nanostructure
during its lifetime (as determined by the Heisenberg
uncertainty).65 This regime is known as the relativistic
retarded regime,65 where the finite speed of light leads
to significant attenuationof thedispersion interactions,64

and the resulting fluctuations in dipole moments lead to
forces knownas theCasimir forces.65,67 Recent studies on
the interactions of two materials, including NWs, sepa-
rated by a thin film of fluid have shown that the
Casimir68,69 interaction energies can be either repulsive
or attractive depending on the permittivities of the
materials (NWs and fluids).70�72 They also reported that,
due to retardation effects, the separation of the two
materials has a very strong influence on the permittivi-
ties,71 which could transform the Casimir interaction
energy from attractive to repulsive at intermediate se-
parations (j10 nm).72 Thismeans thatmode I andmode
IImaynot bedue to vanderWaals interactions,whichare
usually dominant at relatively short separations,58,71�73

and may actually originate from the Casimir interac-
tions that become significant at intermediate separa-
tions.72 The presence of wall defects, which strongly
influence the electronic properties of the CNTs (e.g., the
dielectric permittivities),43�46,74 may also contribute to
the presence of Casimir interactions, which were pre-
viously shown to influence adsorption onCNTs.65,75 The
energetic and structural origins of the two modes
observedhere have yet to be elucidated. Recent studies
on graphitic surfaces indicate that their affinity can
change from hydrophobic to hydrophilic within min-
utes of exposure to ambient conditions due to adsorp-
tion of volatile hydrocarbon species in ambient air.76

Future work should explore the presence of hydro-
carbon species on the CNT surface in ambient condi-
tions and the influence of defects that are known to
act as nucleation hotspots39,77,78 on the kinetics and
energetics of hydrocarbon adsorption on CNTs.
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The accessible porosity results (see Figure 3b) show
that the physisorbedwater can hinder the introduction
of a coating or intermediatematerial into the CNT array
and will therefore impact the fabrication and perfor-
mance of CNT-based devices. Since the biaxial densi-
fication technique used to control the Vf can lead to
spatial inhomogeneities in Vf at low (j10�) densifica-
tions, the infusion results at Vf ∼ 5% were associated
with large uncertainties in local Γmin. These uncertain-
ties inΓmin at Vf∼ 5%were estimated at approximately
(10�15%, which lead to about the same order of
magnitude of uncertainty in accessible porosity (see
Figure 2c), as observed in the experimental data (see
Figure 3b). Also, because previous studies on the
capillary-assisted wetting of CNT arrays of varying Vf
with epoxy resins, which are less sensitive to moisture
than phenolics, did not observe such an impact on
infusion yield,79�82 further studies on the interaction of
the physisorbed water layers with introduced polymer
species of varying chemistries are necessary.

CONCLUSION

In conclusion, the presence of a non-negligible
amount (on the order of the CNT array mass) of

physisorbed water on the surface of CNTs in aligned
arrays at ambient conditions was reported. The experi-
mental results, coupled with theory, illustrate that the
thickness of the physisorbedwater layer present on the
outer CNT surface scales non-monotonically with the
CNT volume fraction (Vf) and ranges from∼3 to∼7 nm
at 1% j Vf j 20%. The non-monotonic Vf scaling
behavior of the water layer is attributed to two com-
peting electrostatic modes that have a crossover point
of ∼25 nm inter-CNT spacing (Vf = 5.3%). Since a
significant amount of wall defects was present in the
CNTs used here, but their exact contribution to inter-
CNT electrostatic interactions is not currently known,
further study on the impact of wall defects on the
surface energies of multiwalled CNTs is required. Once
the mechanism in which wall defects influence the
surface energies of CNTs is better understood, control
over inter-CNT electrostatic interactions may become
possible, allowing the design andmanufacture of next-
generation CNT architectures with tuned properties,
such as insensitivity to moisture, allowing opera-
tion in ambient conditions,13 or selective attraction
of charged species (particles or ions), enabling low-
energy high-throughput water purification.42

METHODS

Sample Preparation. The A-CNT arrays were grown in a 22mm
internal diameter quartz tube furnace at atmospheric pressure
via a previously described thermal catalytic chemical vapor
deposition process using ethylene as the carbon source.55,79�81

The CNTs were grown on 1 cm � 1 cm Si substrates forming
A-CNT arrays that are up to ∼1 mm tall and are composed of
multiwalled CNTs that have an average outer diameter of∼8 nm
(3�7 walls with an inner diameter of ∼5 nm and intrinsic CNT
density of∼1.7 g/cm3),56,57 inter-CNT spacing of∼80 nm,55 and
Vf of∼1%CNTs.56 TheA-CNT arrays were then delaminated from
the Si substrate using a standard lab razor blade and mechani-
cally densified (biaxially) to the desired Vf (up to ∼20%).15,55

Surface Morphology and Wall Defect Characterization. The surface
morphology of the CNTswas characterized using both scanning
and transmission electron microscopy. The SEM analysis was
performed using a JEOL 6700 cold field-emission gun SEMusing
secondary electron imaging at an accelerating voltage ranging
from 1.0 (Vf up to 5% CNTs) to 1.5 kV (Vf > 5% CNTs) and a
working distance of 3.0 mm.55 The TEM analysis was performed
using a JEOL 2100 TEM at an accelerating voltage of 120 kV.

Native wall defects present in the CNTs were characterized
using both Raman spectroscopy and the Brunaur�Emmett�
Teller (BET) surface area measurement. Raman spectra were
collected using a LabRamHR800 Ramanmicroscope (Horiba Jobin
Yvon) with 532 nm (2.33 eV) laser excitation through a 50�
objective (NA = 0.75). The BET surface area measurement was
performed using a Micromeritics ASAP 2020 physisorption analy-
zer and consisted of two stages: degas and analysis. Degas
consisted of two phases: evacuation and heating. The evacuation
phase had the following parameters: temperature ramp rate
of 10 �C/min; target temperature of 50 �C; evacuation rate of
5 mmHg/s; unrestricted evacuation from 5 mmHg; vacuum set
point of 20 μmHg; evacuation time of 60 min. The heating
phase used the following parameters: temperature ramp rate of
10 �C/min;hold temperatureof300 �C;hold timeof24h.Bothdegas
phases had a hold pressure of 100 mmHg. The BET analysis was
then performed using Kr, due to the low total surface area (<10m2)
of the A-CNTs. Additional details can be found elsewhere.83

Mass and Array Porosity Quantification. The A-CNTs were dried
using the degas conditions via a Micromeritics ASAP 2020
physisorption analyzer, and their dry mass was measured using
a Mettler AE100 analytical balance. Previous work indicates
that exposure to ambient conditions should result in CNTs with
accessible porosity that are filled/nearly filled with water,84 so
the A-CNTs were exposed to ambient conditions until their
mass stabilized (∼72 h). Once themass of the A-CNTs stabilized,
testing at different relative humidities indicated that the total
amount of adsorbed water is not very sensitive (,5% change)
to the relative humidity of the ambient condition. The wet
mass of the A-CNTs was then measured using a TA Instruments
Discovery thermogravimetric analyzer. The accessible porosity
of the CNT arrayswas estimated by comparing the dry density of
the pyrolytic carbon matrix of aligned CNT carbon matrix nano-
composites (Vf up to20%CNTs),made via the pyrolysis of polymer
matrix precursors,57 with the dry density of pure pyrolytic carbon
baseline samples. Additional details can be found elsewhere.83
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