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ABSTRACT: Understanding of the liquid imbibition dynamics in
nanoporous materials is important to advances in chemical separations,
phase change heat transfer, electrochemical energy storage, and diagnostic
assays. We study the liquid imbibition behavior in films of ceramic-coated
vertically aligned carbon nanotubes (CNTs). The nanoscale porosity of
the films is tuned by conformal ceramic coating via atomic layer
deposition (ALD), enabling stable liquid imbibition and precise
measurement of the imbibition dynamics without capillary densification
of the CNTs. We show that the imbibition rate decreases as the ceramic
coating thickness increases, which effectively changes the CNT-CNT
spacing and therefore decreases the permeability. We derive a model,
based on Darcy's law, that incorporates an expression for the permeability
of nanoscale post arrays, and we show that the model fits the experimental
results with high accuracy. The tailorable porosity, along with controllable
surface wettability and mechanical stability of coated CNTs, suggest their suitability for application-guided engineering, and for
further investigation of imbibition behavior at finer length scales.

1. INTRODUCTION
Imbibition is the replacement of one fluid by an immiscible and
more viscous fluid in a porous medium, and often happens as a
result of the capillary suction pressure. Liquid imbibition occurs
in a variety of natural and synthetic processes such as water
uptake by plants,1,2 ink writing on paper,3 dyeing of textiles,4,5

and lateral flow separation of biomolecules.6 Fundamental
understanding of the imbibition of nanoporous materials is also
important to advanced technologies, including electrochemical
storage devices, diagnostic assays, and composite materials,
because nanoporous materials have a very large liquid−solid
contact area, and enable tailoring of interfacial transport via
their pore size and chemistry. However, while liquid imbibition
in macroporous materials or microtextured surfaces is well-
understood by both experimental and analytical ap-
proaches,7−12 there has been relatively little exploration of
the imbibition of bulk nanoporous materials.13−15 Further
exploration of the imbibition dynamics within nanoporous
materials also requires scalable fabrication techniques that
control the critical dimensions and surface properties that
govern imbibition.
In particular, synthesis and assembly of carbon nanotubes

(CNTs) provides a scalable route to create nanoporous
materials in configurations such as random CNT networks,
aligned CNT films and “forests”, and long CNT fibers.
Combined with the attractive thermal, mechanical, and
electrical properties of CNTs, fundamental understanding of
how CNT materials interact with liquids is critical to their
viability as surfaces for phase change heat transfer,16,17 battery

and capacitor electrodes,18,19 and lab-on-a-chip devices.20

Previously, Zhou et al. studied liquid imbibition in CNT
forests using fluorescent dyes;21 however, capillary-induced
aggregation of the CNTs and the dye-induced Marangoni effect
complicated the flow and prevented quantitative analysis of the
dynamics.
Here, we use ceramic-coated CNT forests as a means to

study the capillary-driven liquid imbibition behavior in
nanoporous media. Deposition of a conformal Al2O3 coating
by atomic layer deposition (ALD) prevents capillary-induced
deformation of the CNT forests, and enables quantitative study
of how the permeability and imbibition rate decrease as the
coating thickness is increased. A model based on Darcy’s law is
derived, and is found to accurately relate the effective pore size,
the surface wettability, and the viscosity of the liquid to the
measured imbibition dynamics.

2. METHODS
Fabrication of CNT Forests. Vertically aligned CNTs (“forests”)

are synthesized on quartz substrates by chemical vapor deposition
(CVD). First, a supported catalyst layer of Fe/Al2O3 (1 nm/10 nm) is
deposited on 150 mm diameter, 0.5 mm thick quartz wafers (Silicon
Quest International) by electron beam evaporation (VES-2550,
Temescal). The wafer is then cut into 18 mm × 18 mm pieces and
placed in a CVD furnace for CNT growth. The growth recipe starts by
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flowing 100/400 sccm (standard cubic centimeters per minute) of He/
H2 while heating the furnace to 780 °C over 10 min then maintaining
the furnace at 780 °C for 10 min with the same gas flow. Then, the gas
flow is changed to 100/400/100 sccm of C2H4/He/H2 at 780 °C for
CNT growth. The vertical growth rate of the CNTs is approximately
60 μm/min and the growth duration is chosen according to the
desired height. After the growth step, the furnace lid is opened, causing
the tube and sample to cool rapidly while maintaining the same gas
flow. When the temperature is below 100 °C, the furnace is purged
with 1000 sccm of He for 5 min. After removal from the CVD system,
the CNT samples are exposed to an oxygen plasma for 1 min at 30 W
(AutoGlow, Glow Research). The CNT forest height is measured by
optical microscopy (Zeiss Axio Imager Z1m) in the dark field mode.
The height is measured at five different locations on each forest.
Atomic Layer Deposition (ALD) of Al2O3. Al2O3 is deposited

onto the CNTs by atomic layer deposition (ALD; Gemstar, Arradiance
Corporation). Trimethylaluminum (TMA) and ozone (O3) are used
as the metallorganic and oxidizing precursors, respectively. Using
nitrogen as the carrier gas at a flow rate of 40 sccm, TMA and O3 are
sequentially pulsed into the deposition chamber (2−3 Torr, 175 °C)
for 22 and 100 ms, respectively. Following each precursor pulse, the
chamber is purged with 90 sccm nitrogen for 28 s.
ALD Coating Thickness Measurement. The outer diameters of

the Al2O3-coated CNTs are measured from cross-section images taken
using a Zeiss Merlin scanning electron microscope (SEM). For each
CNT diameter measurement, at least 15 CNTs are measured from
each of the top, middle and bottom sections of a forest. The average
value of the ensemble of at least 45 measurements is used to represent
the coated CNT diameter within the entire forest. The measured outer
diameter is assumed to be equal to the sum of the CNT diameter and
twice the Al2O3 coating thickness.
Imbibition Measurements. The Al2O3-coated CNT sample is

placed on a glass slide clamped onto a manual XYZ translation stage
(PT3, Thorlabs). A glass capillary (1B100-3, World Precision
Instruments) with OD = 1.0 mm and ID = 0.58 mm is connected
to a stainless steel holder that holds a glass capillary perpendicular to

the sample. Side view imaging is performed with a setup comprising a
2× objective (Mitutoyo) connected to a 16× zoom tube lens (NT-56-
219, Edmund Optics) and a high-speed camera (Phantom Miro M310,
Vision Research). For the bottom view, a DSLR camera (Nikon
D5100) connected to a 5× objective (Mitutoyo) is used. A light source
(model 1-150, CUDA) is placed next to the sample to provide lighting
for imaging both the side and bottom views. The entire setup is placed
on a vibration isolation table (ScienceDesk, Thorlabs). When
performing the imbibition experiment, the glass capillary, which is
filled with deionized water by capillary action, is brought into contact
with the CNT surface and held in place once a liquid bridge is formed.
The diameter of the spreading liquid film is measured from the bottom
view video (29.97 frames per second) using ImageJ software. A stage
graticule slide (GT Vision) is used as the measurement reference; one
pixel in the image is measured to correspond to 5.3 μm.

Fluorosilane Coating of Glass Capillaries. It is important to not
wet the outside of the capillary. Thus, to coat the capillary outer
surface, the ends are first sealed neatly using kapton tape. The capillary
is exposed to a fluorosilane precursor ((tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane, Sigma-Aldrich) by placement next to
10 μL (∼3 drops) of fluorosilane inside a vacuum desiccator for 4 h.
The tape prevents deposition on the ends and inside of the capillary,
allowing these surfaces to remain hydrophilic.

Contact Angle Measurement. The static contact angle is
measured using a goniometer (model 590, rame-́hart) by depositing
a 4 μL deionized water droplet onto the surface to be measured. For
each surface, the measurement is repeated at three locations.

3. RESULTS AND DISCUSSION

To study liquid imbibition in ceramic-coated CNT forests, we
prepared Al2O3-coated vertically aligned CNT samples with
different Al2O3 coating thicknesses as shown in Figure 1. We
first synthesized CNT forests, and then exposed the CNTs to
oxygen plasma. The exposure to oxygen plasma removes the
micrometer-thick dense entangled “crust” layer at the top of the

Figure 1. Control of Al2O3 coating thickness on CNT forests. (a) Side-view SEM image and schematic (inset) of an Al2O3-coated CNT forest. (b)
Outer diameters of Al2O3-coated CNTs measured from both the exterior and interior of a coating reference sample (53 μm tall) and from the
exterior of an imbibition test sample (57 μm tall) as a function of the ALD cycle number. (c−e) Side-view SEM images of CNT forests conformally
coated with 80, 150, and 220 ALD cycles of Al2O3 coating, respectively.
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CNT forests, which represents the initial stage of growth
wherein the CNTs become vertically aligned. Additionally, the
removal of the crust allows for improved penetration of the
ALD precursors into the forest and improves the uniformity of
the CNT forest texture for the imbibition experiments.
For imbibition experiments, we employ the setup shown in

Figure 2, which allows a liquid-filled glass needle to be brought

into contact with the substrate, along with optical imaging from
the side and bottom (looking through the quartz). To prevent
the liquid (deionized water) from rising up the outside surface
of the capillary as liquid spreads outward into the Al2O3-CNT
forest, the capillary is coated with a fluorosilane (see Methods).
To initiate imbibition, the capillary is brought close to the top
of the Al2O3-CNT forest; when a liquid bridge forms between

the capillary and the top of the forest surface, the forest begins
to draw liquid from the capillary (Video S1). Subsequently, a
growing, circular liquid front is observed as liquid is imbibed by
the forest. The high-speed camera (side view) and color DSLR
camera (bottom view) capture the liquid bridge formation
process and the radial spreading behavior, respectively.
Liquid imbibition testing is also performed on bare CNT

forests to compare wetting behavior to that of coated forests.
When the above procedure is applied to a bare CNT forest, it
fractures and shrinks locally as the meniscus advances (Video
S2 and Figure S1a). Capillary forces exerted by the meniscus
exceed the lateral strength of the CNT forest, and cause the
forest to densify.22,23 Therefore, coating of the CNTs by a thin
layer that reinforces the CNT forest is critical to enable
controlled imbibition measurements wherein CNT densifica-
tion does not occur. The CNTs are coated with Al2O3 using
atomic layer deposition (ALD) with trimethylaluminum
(TMA) and ozone (O3) being the precursors. Ozone provides
the twofold benefit of etching the surface of the CNTs as well
as reducing TMA to form Al2O3. Etching CNTs increases the
density of surface defects, which serve as nucleation sites for the
coating.24 This coating is conformal, and the growth rate is
approximately 0.1 nm per deposition cycle. The ALD Al2O3
layer is slightly hydrophilic with a measured water contact angle
of θ = 83.2 ± 0.2° (Figure S4) on a flat Al2O3 surface. Notably,
the water contact angle on pristine Al2O3 is small (∼10°);25
however, the hydrophilicity of the deposited Al2O3 layer
decreases due to hydrocarbon adsorption from the ambient
air.26

Upon water imbibition of CNT forest samples coated by 40
cycles of alumina ALD, we do not observe significant
elastocapillary densification, yet small cracks are still formed
(Figure S1b). On samples with 80 cycles of ALD Al2O3 (∼8 nm
thick coating), no densification or cracking is observed after
imbibition (Figure S1c). Previously, Tawfick et al. found that
the CNT densification is suppressed by an ALD coating
because it increases the effective bending rigidity of the coated
CNTs and adheres the CNTs at contact points, thus
significantly increasing the in-plane and shear moduli of the
forest.27 Therefore, to allow for measurement of liquid
imbibition in stable, rigid nanoporous CNT forests, we applied
a minimum of 80 cycles of ALD coating.
To study the dynamics of imbibition a series of samples with

different CNT heights is prepared and taken through the same
sequence of ALD coating, imbibition measurement, and further
coating (Figure S2). As such, imbibition tests are performed on
each sample after exposure to 80, 150, and 220 total ALD
cycles. This incremental coating procedure ensures that the
CNT diameter measurements and liquid imbibition tests are
performed with increasing Al2O3 coating thicknesses on the
same sample, which therefore preserves the initial CNT forest
morphology, and decouples the influences of CNT morphology
and coating thickness on the liquid imbibition behavior.
On each sample, the coating thickness is determined by

averaging measurements from high resolution SEM images
along the exterior and interior of the forest (at least 45
measurements per sample; see Methods). In Figure 1b, we
show the relationship between ALD cycle number and the
resulting coating thickness. Due to diffusion limitation of the
ALD precursors, it is expected that the coating thickness on the
interior and base of the CNT forest would be less than at the
top and outer surfaces.28 The differences in the diameters
measured from exterior and interior of a reference sample (53

Figure 2. (a) Photograph of the experimental setup for liquid
imbibition tests on Al2O3-coated CNT films on quartz substrates. (b)
Schematic of the liquid imbibition process with initial liquid film radius
r0, time-dependent liquid front radius rf(t) and CNT forest height h.
(c) Model representation (top-down view) of Al2O3-coated CNT
forest as a square array of posts with radius a and spacing 2rm. The
pitch p = 2(a + rm).
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μm height, see Table S1 in the Supporting Information) are
used to estimate the average Al2O3-CNT diameters in the
interior of the forest sample used for liquid imbibition tests.
The same exterior−interior diameter difference after each
coating step is used to estimate the interior Al2O3-CNT
diameters of the imbibition test sample (see Table S2 in the
Supporting Information).
The dynamics of liquid imbibition in the Al2O3-coated CNT

forest are now examined by measurement of the radial
imbibition distance rf(t) versus time, which is captured using
the bottom-view imaging path. As described above, a series of
imbibition tests is performed on each sample, at increased
Al2O3 coating thicknesses; at each thickness, the imbibition test
is repeated three times. Frames of a bottom-view video (Video
S3) of a representative imbibition test are presented in Figure 3.
The lighting provides a clear contrast between the wetted and
dry areas as water spreads within the forest, showing a clear
circular imbibition front that grows with time. The starting
point (t = 0 s) is assigned based on the frame in the bottom-
view video where the liquid film is first visible. The initial
wetted area is defined at the instant when the liquid bridge is
formed, as observed in the side-view high-speed imaging taken
simultaneously, which matches the bottom-view measurement
within 2% error.
The dynamics of imbibition are modeled according to the

schematic diagram in Figure 2b. The liquid wets the Al2O3-
coated CNT surface with an initial radius r0, and then spreads
radially with a time-dependent radius rf(t) at the liquid front.
The properties of the deionized water are assumed to be (at 25
°C), density ρ = 0.997 × 103 kg/m3, dynamic viscosity μ = 8.94
× 10−4 Pa·s and surface tension γ = 72 × 10−3 N/m. Typical
Al2O3-coated CNT dimensions are radius ∼ 10 nm, spacing ∼
100 nm, and height ∼ 50 μm. With the characteristic length Lc
being the CNT-CNT spacing (∼100 nm) and measured
characteristic velocity ∼1 mm/s, the Reynolds number is

approximately = ≈ ≪ρ
μ

−Re 10 1UL 4c . Therefore, the inertial-

dominated initial stage of wetting is negligible compared to the
measured time frame (30 s), and the flow can be treated as a
quasi-steady-state Stokes flow, driven by the capillary force and

balanced by the resisting viscous drag through the nanoporous
forest. Liquid evaporation and the flow resistance from the glass
capillary are negligible (see the Supporting Information).
To model the radial imbibition of liquid, Darcy’s law is

applied in cylindrical coordinates,

μ
= − ∂

∂
Q
A

k P
r (1)

where Q is the volumetric flow rate, A is the liquid cross-
sectional area (A = 2πrh), and k is the permeability of the
Al2O3-coated CNT forest. The volumetric flow rate can be
written as

π ϕ=Q rh
r
t

2
d
d

f
(2)

where ϕ is the porosity of the forest and rf(t) is the position of
the liquid front. Substituting eq 2 into eq 1 and integrating
from the liquid source (r = r0) to the liquid front (r = rf(t))
yields

μϕ=P
k

r
r
t

r
r

d
d

lnc f
f f

0 (3)

where Pc is the capillary pressure which is expressed as

γ θ=P
r

2 cos
c

m (4)

Here, rm is the mean pore radius of the forest and θ is the
contact angle of water on a flat Al2O3-coated silicon wafer
(measured θ = 83.2 ± 0.2°). Equating eqs 3 and 4 and
introducing a nondimensional parameter, ≡R r

rf
f

o
, yields

γ θ
μϕ

− +
= ≡

( )R R k
r

C
ln 4 cos

t
r

f
2

f
1
2

1
2

m
0

2 (5)

The right side of eq 5 depends on the properties of the liquid
and nanoporous film, which are constant in each test; the
constant C in eq 5 is introduced for convenience.

Figure 3. Snapshots from the bottom-view camera of deionized water imbibition in Al2O3-CNT forest (150 ALD cycles) at t = 0, 0.1, 0.5, 1, 5, 10,
20, and 30 s.
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The CNTs within the forest have pronounced waviness upon
their general vertical alignment, and as a result are found in
both isolated and bundled positions with a distribution of
spacings.29 In spite of this feature, we investigated the utility of
approximating the forest as a square array of vertical posts when
modeling the imbibition dynamics. In this array, the posts have
radius a, pitch (center-to-center distance) p, and height h
(Figure 2c). Because of the extremely high aspect ratio of the

CNTs ( > 10h
a

3), the capillary pressure is independent of the

height h, and the mean pore radius in eq 4 can be approximated
as = −r ap

m 2
. Several solutions for Stokes flow through a

square array of posts have been shown to accurately predict the
permeability for a wide range of materials with solid volume
fractions smaller than 0.3,30 among which Sangani and Acrivos
derived an analytical expression for the permeability31

ε
ε ε ε ε

ε

= − − + − +

+

k
a

O
8

( ln 1.476 2 1.774 4.076

( ))

2
2 3

4 (6)

where the solid volume fraction in a square array is ε = πa
p

2

2 .

Neglecting the higher-order terms in eq 6, the right side of eq 5
can be written as

γ θ
πμ π

π

π π π

=
− −

− −

− + − +

⎛
⎝⎜

⎞
⎠⎟

C
p

p a p a
a
p

a
p

a
p

a
p

cos
( )( 2 )

2ln ln

1.476
2 1.774 4.076

4

2 2

2

2

2 4

4

3 6

6
(7)

For our nanoporous materials, the Al2O3-CNT radius a is
measured and estimated from side-view SEM imaging after
each coating step, yet the pitch p cannot be directly measured
due to the waviness and polydispersity of CNTs in the forest.
Hence we choose p as the only fitting parameter in the model.
When additional coating is applied to each sample, we first
assume that p remains constant and the nanotube radius a
increases, resulting in a decrease in the pore radius rm.
Plotting of the experimental imbibition data, according to the

nondimensional representation of the imbibition distance

− +( )R Rlnf
2

f
1
2

1
2

versus t
r0

2 shows straight line trends

(Figure 4a), as predicted by eq 5. The slopes of the trend lines
decrease with increasing Al2O3 coating thicknesses, and the
linear correlations are strong (coefficients r2 > 0.997) in all
tests. The data at Rf < 3 is excluded due to the possibility of
unsteady flow in the early stage of imbibition. Uncertainties
introduced by the measurements of the initial wetted radius r0
and the liquid front radius rf are calculated (see the Supporting
Information); these total uncertainties increase with the liquid
spreading distance. The maximum uncertainties of the three
repeated experiments after each coating step are shown as error
bars in Figure 4a.
Also, in Figure 4a, we compare the model (eqs 5 and 7) to

the experimental results. For each sample, linear fitting of the
experimental data with 80 ALD cycles of Al2O3 coating is first
performed and the average fitted slope of the three tests is
calculated. Then the parameter p in the model is calculated by
fitting the model to the average measured slope. For a 57 μm
tall CNT forest shown in Figure 4a, the CNT pitch is calculated
to be p = 78 nm. For subsequent coatings, the same calculated

p is used while the radius a increases, based on which the
nondimensional imbibition rates from the model are calculated
according to eq 5 and 7. The uncertainties in the model
introduced by the measurements of the contact angle θ and the
Al2O3-coated CNT radius a for each coating thickness are
calculated (see the Supporting Information) and shown as the
narrow shaded bands in Figure 4a. Within the uncertainty
range, the model accurately predicts the position of the liquid
front versus time for all coating thicknesses. We also performed
calculations and fitting for a hexagonal post array geometry.31

Like the square array approximation, this approach also
captures the experimental data well (see the Supporting
Information), suggesting that the definition of an effective
average spacing is sufficient to understand the imbibition
dynamics at these dimensional scales, in spite of the
polydisperse spacing among the CNTs in the forest.
We also investigated the influence of CNT forest height on

the imbibition dynamics. In addition to the sample (57 μm
height) shown above in Figure 4a, CNT samples with heights
of 48 and 20 μm were also prepared and tested using the same
procedure. The measured and estimated Al2O3-CNT diameter
values are listed in Table S2, using the exterior-interior coating
thickness difference from the reference sample (Figure 1b).

Figure 4. (a) Comparison of model and experiments of liquid
imbibition on a 57 μm tall Al2O3-CNT forest, with fitted pitch value p
= 78 nm. (b) Nondimensional permeability k/p and slope C/
(γ cos θp/πμ) determined by the model versus the ratio of coated
CNT radius to pitch (a/p). The data points indicate the a/p values
achieved in experiments.
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The experimental data and corresponding model curves are
plotted in Figure S5; all samples show highly linear imbibition
behavior. Within the uncertainty range, the model closely
matches the data for the taller (48 μm) forest, with a fitting
pitch p = 77 nm. Greater deviation between the model and data
is observed for the shorter (20 μm height) forest. The deviation
is likely caused by height-dependent variation of CNT density
and alignment, which is well-known in CNT forest growth;29

this changes the local pore size which is further determined by
the local kinetics of ALD coating. Therefore, our estimation of
the average Al2O3-coated CNT diameter and effective pore size
is less accurate for the short forest sample.
In Figure 4b, we show how the permeability k and slope C

depend on the coating thickness; these are presented in
nondimensional forms using the fixed pitch p for each sample.
With increasing coating thickness, the nanotube radius/pitch
ratio (a/p) increases, leading to monotonically decreasing
permeability and slope (i.e., liquid spreading rate). Note that as
the spacing of the coated CNTs decreases, the viscous drag
increases (as a result of lower permeability) faster than the
capillary driving force, causing the liquid imbibition rate to
decrease. For the sample studied in Figure 4a, the a/p values
corresponding to the diameter values of the Al2O3-coated
CNTs are represented by the markers on Figure 4b. The
corresponding maximum solid volume fraction is ε = 0.29 (a/p
= 0.296 for 220 cyeles of ALD coating). Within this range the
permeability model adopted from Sangani and Acrivos (eq 6) is
shown to match experimental data from various sources well.30

However, the permeability model in eq 6 does not apply to
highly dense post arrays. For post arrays with a/p greater than
approximately 0.3, the permeability and imbibition rate are
expected to decrease monotonically with increasing thickness as
a/p reaches the theoretically maximum value of 0.5 at which the
spacing is zero (see Figure S6 and Supporting Information
text). However, the same scaling does not apply as the pore size
is reduced to a few nanometers or subnanometers, as the no-
slip boundary condition may no longer hold and the interfacial
viscous forces in nanoconfined fluids such as water can increase
dramatically as the gap becomes smaller than ca. 1−2 nm.32,33

Imbibition in this smaller pore size regime is interesting and
important, but is beyond scope of the current work.

4. CONCLUSIONS
We have shown that the dynamics of liquid imbibition can be
precisely tuned by controlling the nanoscale porosity of
ceramic-coated CNT forests. Our analytical and experimental
understanding of imbibition dynamics in coated CNT forests is
important for applications that can utilize nanoporous materials
including fluidic devices, phase change heat transfer surfaces,
and liquid-based sensors. For instance, the imbibition rate is
directly related to the wickability of the porous surfaces, which
has been found to influence the boiling critical heat flux.34 In
addition, conformal coating of the CNTs can effectively tune
the pore size from ∼100 nm to a few nanometers, or even
completely close the CNT-CNT gap. This precise and large
range of tunability of pore size may also be attractive for size-
based biomolecular separation, because this pore size range is
comparable to the length scales of DNAs and proteins.35 CNTs
can be coated conformally by metals, ceramics and
polymers,36−38 suggesting that CNT-based imbibition materials
can be designed for various operating conditions while
preserving liquid-stable nanoporosity. Moreover, the mechan-
ical robustness, the high electrical conductivity of CNTs, and

the capability of forming CNTs into three-dimensional (3D)
microarchitectures,39,40 make this approach promising for the
design of liquid-stable nanoporous microstructures with
complex 3D geometries.
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