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Liquid slippage in nanofluidic systems such as carbon nanotubes has attracted
great research interest in the past decade. However, it remains unclear whether
liquid slippage can happen in a capillary filling system with wetting surface.
In this work, we experimentally demonstrate a capillary slipping flow in com-
pressed carbon nanotube sponges for both oil and water, which shows clear
dependence on the effective pore size of the sponge. The slip length reaches
around 20 nanometers for our most compressed sponges. The present work
may inspire the research on designing nanofluidic devices with wetting sur-
faces and meanwhile high fluid transport rate.
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1 INTRODUCTION

Capillary filling in porous media has attracted great attention from funda-
mental research to engineering applications [1-3]. Different capillary filling
regimes have been identified, such as linear and square-root (or Lucas-Wash-
burn) regimes, resulting from the compromise among the inertial, gravita-
tional, viscous and capillary forces [4-8]. The filling kinetics also shows
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significant dependence on the channel size. When it approaches nanometer
scale, the surface effect becomes dominated, making the filling process sus-
ceptible to the solid-liquid boundary condition [3]. The immobility of strongly
pre-adsorbed water monolayers in hydrophilic nanopores could retard the
fluidity of water in nanoconfinement, which has been used to rationalize the
observation of the classic Lucas-Washburn capillary rise dynamics in nano-
porous silica with macroscopic hydrodynamics [9, 10]. On the other hand,
pronounced liquid slippage in carbon nanotubes and graphene nanocapillar-
ies has been widely demonstrated by numerical simulations and experiments
[11-18]. This inspires the research on how liquid slippage modifies the capil-
lary filling kinetics [19, 20]. However, the existence of liquid slippage on a
hydrophilic surface premising the spontaneous capillary action is still under
debate [21-25]. Although molecular dynamics simulations have revealed a
slip length comparable with the nanochannel size in a capillary flow of poly-
mer melt [26], to the best of our knowledge, few experiments have evidenced
such a slip effect in a capillary filling process.

In this work, we take advantage of the compressibility of carbon nanotube
(CNT) sponges to investigate the capillary filling kinetics in these sponges
with different effective squeezed pore size. CNT sponges are randomly
stacked with carbon nanotubes into 3D macroscopic monoliths and exhibit
high porosity (> 99%), conductivity and mechanical flexibility [27]. The
inter-CNT pore space is adjustable through simple compression (as schemat-
ically shown in Figure 1A) without hindering continuous fluid flow [28],
making this kind of sponges an ideal platform for studying the dependence of
capillary filling kinetics on the effective pore size using a gravimetric method
(see Figure 1B). While these sponges show superior ability for oil adsorption
due to their intrinsic lipophilicity and hydrophobicity, electrocapillary effects
can render them hydrophilic so as to spontaneously imbibe water [29]. Thus,
both oil and water are used here to probe the slip boundary condition during
capillary filling in carbon nanotube sponges.

2 EXPERIMENTAL PROCEDURES

CNT sponges were fabricated by chemical vapor deposition on a copper wire,
resulting in cylindrically shaped samples with diameter of approximately 7
mm (see Figure 1C). The scanning electronic microscopic (SEM) image of an
as-grown sponge is shown in Figure 1D, illustrating an assembly of uniformly
distributed multi-walled carbon nanotubes. CNT sponges with reduced pore
size were obtained by compressing as-grown sponges uniformly in the radial
direction using heat shrink tubing under controlled temperature and heating
time. Prior to thermal compression, as-grown sponges were covered with a
thin, thermally stable PTFE film to avoid sample contamination. This film
also gives spatial confinement of sponge samples and helps minimize liquid
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FIGURE 1

Carbon nanotube sponges and experimental setup. (A) Schematics show the compression of
CNT sponges in the radial direction by heat shrink tubing. (B) Schematic shows the experimen-
tal setup with a sponge sample hung from a microbalance over a liquid reservoir. (C) Photogra-
phy of as-grown (left) and compressed CNT sponges (right). (D) SEM image of as-grown CNT
sponges. (E) and (F) show the SEM images of compressed sponges with lower and higher mag-
nification, respectively.

evaporation from the sidewall. The compression ratio (o) is calculated
according to o = (A-A)/A,, where A and A, are cross-sectional areas of
compressed and as-grown sponges, respectively. Here, o ranges from O up to
around 80% in the present experimental conditions. SEM images in Figure
1E and Figure 1F show the uniform structure of compressed sponges, with
only slightly increased packing density of CNTs in comparison with that of
as-grown sponges (see Figure 1D).

Gravimetric measurement was used to investigate the spontaneous capil-
lary filling of oil and water in CNT sponges. All experiments were carried
out at room temperature (~25°C). Two hydrocarbons with different chain
length, that is, cyclohexane (Sigma-Aldrich, Shanghai), melted tetracosane
(Sigma-Aldrich, Shanghai) at 80°C, as well as 1 M KOH (Sigma-Aldrich,
Shanghai) aqueous solution were used as the imbibed liquid. Their physical
properties are listed in Table 1 (cyclohexane and 1 M KOH at 25°C, tetra-
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TABLE 1
Physical parameters of cyclohexane, tetracosane and 1M KOH solution.

Density (g/ml) Viscosity (mP-s) Surface Tension (mN/m)
CeH,, 0.778 0.993 24.33
CpHs™ 0.763 2.859 26.22
IM KOH?! 1.046 1.054 73.90

cosane at 80°C). In order to initialize the spontaneous imbibition of water,
a constant electrode potential of -1.0 V (versus Ag/AgCl in 3 M KCI) was
applied on the sponge, which renders the sponge hydrophilic [28]. The
sponge sample was hung from a microbalance (ME36S; Sartorius, GmbH)
to monitor the imbibed mass variation (Figure 1B). An automatic lab stage
was used to raise the liquid level to contact the test sample and start the
imbibition.

3 RESULTS AND DISCUSSION

Figure 2 shows the imbibed mass changes (m) of cyclohexane, melted tet-
racosane and 1 M KOH with time (t) for sponge samples with different
compression ratio (o). We remark that abrupt mass change at the contact
moment of the sponge with test liquid has been subtracted from the experi-
ment data. A linear correlation between the imbibed mass (m) and the
square root of time (t'/%) is recovered here for all the three imbibed liquids
and sponge compression ratios (o), which clearly indicates the classic
Lucas-Washburn law. The plateau of mass change is reached when the sam-
ple is saturated with liquid. The saturation value, implying the imbibing
capacity of a sponge, decreases with the compression ratio since the inter-
CNT space has been reduced. Note that a gradual transition between the
Lucas-Washburn filling and the final saturation phases was observed for
both experiments using hydrocarbon liquids and aqueous solution. This
may be related to the invasion front broadening during imbibition as dis-
cussed in Refs. [32] and [33]. The more gradual transition for hydrocarbon
experiments may be attributed to their better affinity with CNT sponges.
This results in the slight expansion of the free top end of sponge samples
after being fully saturated, which is not observed for the case of aqueous
solution.

To achieve a better understanding of the imbibition kinetics, we investi-
gate the variation of the imbibition coefficient with the compression degree
of CNT sponges for different liquid, that is, the slope (C,,) in the linear mass
change with square root of time as shown in Figure 2. According to the
Lucas-Washburn equation, the imbibition coefficient (C) is expressed as [31]
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FIGURE 2

Capillary filling in compressed CNT sponges. Graphs show imbibed mass change (m) with
square root of time (t"?) for cyclohexane (A), melted tetracosane (B) and 1 M KOH aqueous
solution (C), respectively.

Gcoso
c= pAda/f . (1)

where p, M, G, and 0 are liquid density, viscosity, surface tension, and contact
angle, respectively, and A, ¢, T, and r are cross-sectional area, porosity, tortuos-
ity, and effective pore radius of sponge samples. The tortuosity (t) characterizes
the connectivity and meandering of the pores, and for fibrous media, T is close
to 1. The sponge compression may increase T slightly but generally within 10%
in the present experiment condition [34, 35], which only gives slight underesti-
mation of the effective pore radius. Thus, it is a good approximation to assume
t equal to 1 and independent of compression. For as-grown sponges, the initial
values of porosity and effective pore radius are measured to be 99% and 81 nm
(1), respectively [28]. We remark that here only the inter-CNT space contrib-
utes to the spontaneous imbibition as the inner-CNT space is sealed by catalytic
nanoparticles. We estimated the volume fraction of the inter-CNT space or the
actual porosity (¢,) of as-grown sponges accounting for liquid imbibition by
measuring the total volume of imbibed oil into a sponge sample, which gives ¢,
~ 94%. Then the porosity (¢) of a sponge with a compression ratio (o) can be
calculated by the following geometric relation,

0=(0)—)/(I-0). @)

Further geometric calculation gives the expected pore radius of a com-
pressed sponge,

rg=r0,/((])0—0c)/(])0. 3)
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Here and in the following the subscript “0” means as-grown sponges and
“g” denotes parameters derived by geometric calculation. Then combination
of Equations (1) and (3) gives the expected imbibition coefficient (C,).

Experimentally measured imbibition coefficient (C,), normalized by
corresponding expected value (C,), is plotted as a function of the pore
radius (ry) according to geometric calculation in Figure 3. It is reasonable to
assume 0 = 0° for hydrocarbons because of the superior oil adsorption abil-
ity. The contact angle for water is obtained by Equation (1) for imbibition
into as-grown sponges under a constant electrode voltage of -1.0 V (versus
Ag/AgCl in 3 KCI), which gives 6 ~ 80°. Note that r, decreases with the
compression ratio (o) according to Equation (3). When the compression is
slight, C,, shows a good agreement with the prediction (C,) based on simple
geometric calculation. However, it is surprising to find that the derivation
between C,, and C, emerges as the increase of the compression degree (or
the decrease of the geometric pore radius, r,) for all three kinds of liquid.
The stronger divergence of the experiment data for 1 M KOH is attributed
to the relatively poor wettability of water on CNT surfaces even under
potential control. The maximum C,, achieved experimentally here surpasses
the expected C, by around 120%, indicating the flow rate in compressed
sponges has been significantly enhanced. This observation manifests liquid
slippage on CNT surfaces during capillary filling of both oil and water in
CNT sponges, which becomes more pronounced as the geometric radius
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FIGURE 3

Imbibition coefficient versus geometric pore radius. The experimentally measured imbibition
coefficient, C,, normalized by the theoretical prediction, C,, is plotted as a function of the geo-
metric pore radius, r,. Dots: experiment, Lines: exponential fitting for eye guide.
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decreases. This is consistent with the recent demonstration of radius-depen-
dent liquid slippage inside carbon nanotubes [17]. We remark the structure
alteration of CNT sponges by compression may also influence the imbibi-
tion kinetics, for example, by changing the tortuosity besides effective pore
radius. However, the tortuosity generally increases with the solid fraction of
a fibrous media [34, 35], which, in fact, decreases the imbibition coefficient
instead according to Equation (1), rather than the enhancement as observed
in the present experiments.

In order to estimate the magnitude of slip length on CNT surfaces during
capillary filling, we calculate the effective pore radius (r,,) by experimentally
measured imbibition coefficient (C,,) according to Equation (1). Consider the
CNT sponge as assembly of circular tubes of radius, r,, and treat liquid flow
in the channels as a Hagen-Poiseuille problem. Then the effective pore radius,
Iy, for capillary filling is correlated with the geometric radius, r,, by [10]

I =1, 4D, @)

where b is slip length. The resultant slip length (b) as a function of the geo-
metric radius (r,) is plotted in Figure 4. Consistent with the trend of the imbi-
bition coefficient in Figure 3, slip length, b, also increases with the shrinkage
of the pore size. A slip length of 18 nm is achieved when the geometric radius
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FIGURE 4
Pore-size dependence of liquid slippage. The graph shows the variation of the slip length (b) with
geometric pore radius (r,). Dots: experiment, Lines: exponential fitting for eye guide.
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is around 20-30 nm for both organic liquid and water. The pore size-depen-
dent slip length observed here is attributed to the reduction of interfacial fric-
tion between liquid and CNT surfaces, which is consistent with the observation
in Ref. [17]. The relatively smaller magnitude may be due to the curvature
dependence of liquid slippage on graphitic surfaces inside and outside the
carbon nanotubes [14]. Although high shear rates may also induce slippage
on solid surface, the shear rate in the present experiments (below 10° s!) is at
least two order of magnitude smaller than required to produce similar slip
effect on smooth hydrophobic surfaces [21, 36]. Thus, the dependence of
liquid slippage on shear rate can be neglected here. In summary, it is seen that
water slippage can happen on graphitic surfaces despite of surface wettability
since the CNT surface has become hydrophilic by electrocapillary effects
while the slip length magnitude may be reduced.

4 CONCLUSIONS

In summary, we have experimentally investigated the capillary filling of oil and
water into CNT sponges with different compression degree using a gravimetric
method. The classic Lucas-Washburn law is found to be well followed here in
all the capillary filling processes. More importantly, we find that the imbibition
rate in compressed sponges is accelerated for both oil and water, which is more
pronounced for smaller pore size. The flow enhancement demonstrates liquid
slippage on CNT surfaces during capillary flow in CNT sponges, which exhib-
its clear pore size dependence. The slip length reaches a magnitude of 20 nano-
meters, implying liquid slippage can also happen on wetting surfaces. The
finding here contributes to the design of nanofluidic capillary system for (bio)
chemical applications with high throughput.
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