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ABSTRACT

We demonstrate here that water can be efficiently wet and pumped through superhydrophobic aligned multiwalled nanotube membranes by
application of a small positive dc bias. At a critical bias (  ~1.7 V), with the membrane acting as anode, there is an abrupt transition from a
superhydrophobic to hydrophilic state. Interestingly, this phenomenon is strongly polarity dependent; for a negative bias applied to the membrane ,
2 orders of magnitude higher bias is required for the transition. The polarity and voltage-dependent wetting that we report could be used to
controllably wick fluids through nanotube membranes and could find various applications.

The wettability and capillary transport of water through car- driven flow through nanochannels; our objective here is to
bon nanotube membranes have generated much irtérest study the mechanics of wetting and electrically driven
due to the fundamental biological interest of water flow transport of water through nanotube membranes made of

through nanochannels and for several applicatidAsn aligned arrays of densely packed multiwalled carbon nano-
nanofluidic and separation technologies. Aligned carbon tubes (MWNT). Note that, while in the literature, a nanotube
nanotube arrays due to their frictionless surfatemd membrane is generally referred to as an aligned nanotube

nanoscale pores offer unique possibilities as flow conétiits. array embedded in a solid matrix (only pathway for mass
Molecular dynamic simulatiod% 7 show that water can flow  transport is through the inner pore of the nanotube), in this
rapidly through pores created from nanotube assemblieswork, the membrane is an aligned nanotube array with the
because the process creates ordered hydrogen bonds betweevater transport taking place between the MWNT and not
the water molecules and the nanotube surfaces. In principle through the interior of the individual tubes.
if water wets the nanotubes, then it can be drawn into the The MWNT arrays used in this study were grown by
channels of nanotube arrays by capillary suction. However, thermal chemical vapor deposition of ethylene on Al/Fe
the top/bottom surfaces made from arrays of vertically catalyst film on Si wafer (Supporting Information). The
aligned nanotubes (nanotube membranes) demonstrate susanotube membrane yields a nearly spherical droplet (volume
perhydrophobic behavidrjnhibiting the wetting of water ~ ~2 ul) at the macroscopic level when deionized water is
on these surfaces. For water to wet the nanotube membranegjeposited on the surface, as shown in Figure 1. The measured
work has to be done to overcome the energy barrier to effectcontact angle for the MWNT is-163, indicating that the
the transition from the superhydrophobic to hydrophilic membrane is superhydrophoBfcThis measurement is in
state!® Although chemical and mechanical me#n% can good agreement with the theoretical calculation based on the
be used to alter the wetting and flow properties of fluids well-known Cassie model (Supporting Information). The
through membranes, an electrical method offers a powerful, superhydrophobic MWNT membrane displays a stable
nondestructive, and selective way to achieve this. Only very character in air, with the contact angle showing no apparent
few studied!~2* have attempted to look at this electrically change for up to 15 min. The droplet eventually evaporates
on the surface on the membrane without any obvious sinking

* Corresponding authors. E-mail koratn@rpi.edu (N.K.); ajayan@rpi.edu iNto the membrane.

(P.M.A)). Telephone: 518-276-2630. Fax: 518-276-2623. We studied the effect of the application of external
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Figure 1. Effect of positive bias (nanotubes as anode) on the droplet response. (a) Left schematic shows the test setup. A deionized water
droplet -2 uL volume) rests on the surface of a superhydrophobic hanotube membrane (right image). A Pt wire probe is inserted into the
droplet to establish electrical contact. (b) Snapshots of water droplet shape chang® i potential applied with multiwalled nanotube

film as anode and Pt wire as cathode. The droplet sinks into the hanotube membrane in about 90 s. (c) Apparent contact angle variation
with time for different applied voltages. The rate of sinking of the droplet is shown to be dependent on the applied voltage. (d) Apparent
contact angle variation with positive potential applied to the MWNT membrane. Below 1.7 V, the contact angle does not change and the
droplet does not sink into the membrane. Above 1.7 V, the contact angle changes dynamically due to droplet sinking.

response with the membrane as the anode (positive potential) Next, the droplet sinking dynamics was observed with the
and the Pt wire as the cathode (negative potential). The membrane as the cathode (negative potential) and the Pt wire
droplet shape and contact angle was found to remainas anode; Figure 2a shows snapshots of the droplet shape at
unchanged up to a voltage of1.7 V. Once this critical different applied voltages. It is interesting to note that the
voltage was reached, there was an abrupt transition fromdroplet sinking is strongly dependent on the polarity of the
superhydrophobic state to hydrophilic state, and the dropletmembrane electrode. The droplet shape for up to 60 V of
rapidly sank into the nanotube forest. This is demonstrated applied bias is nearly identical to that at 0 V. For voltages
in Figure 1b, which shows snapshots of the droplet sinking greater than 60 V, a gradual reduction in the contact angle
into the forest for an applied voltage of 2.6 V. The droplet is observed. Figure 2b shows the measured contact angle vs
pumping (or sinking) speed was determined by the applied the applied voltage; the threshold voltage needed to activate
voltage, as shown in Figure 1c. For an applied voltage of the sinking of the droplet into the membrane wa35 V,

1.8 V, the droplet took over 140 s to be submerged, while which is nearly 50-fold greater than when the membrane was
for 2.6 V, the time taken was 90 s. This time was reduced the anode. To check whether the Pt wire plays any role in
to 60 s for 3.6 V and only 40 s for an applied voltage of 4.5 influencing the observed polarity dependence, we also
V. The sinking of the water droplet was not activated unless performed a series of control experiments without the Pt wire.
the applied potential is larger than a threshold value df7 For these tests, the water droplet was sandwiched between
V, as shown in Figure 1d. Below 1.7 V, the contact angle two identical nanotube membranes. In the first experiment
shows no change with respect to the no-bias case and remaing~igure 3a), the bottom membrane was the anode and the
relatively constant at-163°. Above ~1.7 V, the droplet top one was the cathode. The droplet was attracted toward
dynamically sank into the membrane, causing the contactthe bottom electrode (anode). In the second experiment
angle to be reduced as shown in the figure. SEM charac- (Figure 3b) the top membrane was the anode, while the
terization of the nanotube membrane prior to and after bottom one was the cathode. Once again the water droplet
wetting confirmed that water is indeed sinking into the was pumped toward the anode side. Finally, an ac voltage
membrane and is not merely being electrolyzed on the (Figure 3c) was applied to the two membrane electrodes.
surface (see Supporting Information). The frequency of the ac voltage was varied between 1 Hz
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Figure 2. Effect of negative bias (nanotubes as cathode) on the hanotube interface, which lowers the soiiiliid interfacial

droplet response. (a) Snapshots of water droplet shape change withension. However electrowetting is in general weakly de-
negative bias applied to the nanotube membrane. The droplet isPendent on the polarity, as was seen in ref 27. According to
deionized water. The nanotube membrane is cathode and Pt wirethe Young-Lippmann equatiof the contact angle change

is anode. No significant droplet shape change is observed @il with voltage is symmetric for both positive and negative bias.

V. (b) Apparent contact angle variation with negative bias applied
to the nanotube membrane. The threshold voltage needed to actlvatTherefore electrowetting does not appear to explain the
abrupt transition from nonwetting to wetting state at low

the droplet pumping is-95 V, which is nearly 50-fold greater than
that for the positive bias case. voltages that occurs only when the nanotube membrane is

the anode.

and 100 kHz. For the ac bias, we find that the droplet got  To describe the situation we observed, we have considered
distributed equally between the top and bottom electrodes.the role of water electrolysis in the polarity dependence of
This is expected because each of the membrane electrodeslectrowetting. To examine the extent of electrolysis, we
(top and bottom) will alternate as anode and cathode during performed current measurements (Figure 4a) between the
each cycle of polarity reversal, and no preference was nanotube membrane electrode and Pt wire using the experi-
observed toward which side the droplet will be pumped. mental arrangement of Figure 1. First, a negative biak@
Figure 3 demonstrates that directional control of the transport V) was applied to the membrane for about 15 s; next, the
wherein the majority of the droplet is either pumped only bias was flipped and-1 V was applied. This process of
up or only down or equally in both directions is possible by reversing the polarity was repeated at 1.5, 2, and 2.5 V,
controlling the polarity of the applied bias. respectively. Note that the sinking of the droplet {&& V

To explain the above observations, we first considered bias with the membrane as anode) was accompanied by a
classical electrowetting phenomeridre® A recent study has  sharp increase in the current. However, when the polarity
shown that the application of electric potential to a single- was flipped to—2 V (membrane as cathode), the sinking of
walled carbon nanotube attached to an AFM tip can be usedthe droplet stopped immediately (see snapshot of droplet in
to wet mercury’’ The wetting mechanism is based on Figure 4a) and the steady-state current also decreased. Again,
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a ] when the polarity was switched t&-2.5 V, the droplet

1.0x10" resumed sinking and the current increased again. The sharp
] 2V increase in current at-2 and +2.5 V is indicative of
5.0%10" - electrolysis, which suggests that the sinking of the droplet
< 2V is linked to the presence of electrolysis in our system. During
£ M,_#r_r/ electrolysis, electrochemical oxidation of the nanotube anode
E [ v 2.5V could be responsible for the observed abrupt transition
Q

(switching) from nonwetting to wetting state. A recent sttidy
has shown that a minimum of 1.7 V of anode voltage is
necessary to activate the oxidation of a MWNT electrode,
which correlates well to the onset voltage (Figure 1d) for
T r T droplet sinking observed in our experiments. To confirm our
0 20 40 60 . . T

Time (S) hypothesu; regarding nanotube oxidiation, we per_formed a

simple test; we wetted a nanotube array by application of

voltage and then dropped a second droplet on to the nanotube
045  ® Oxvgenatom ? . without any voltage being applied. The second droplet also
o4l Hydrogenatom J wetted the surface, which is expected because oxidation of
0.35) %, | the nanotube membrane is an irreversible process. In addition,
o3l — we observed that the superhydrophobicity of the MWNT
| membrane was restored by high-temperature treatment in
0zl » _ vacuum; this is also expected because oxygen will desorb
o5l (».,* | from the MWNT array at the elevated temperatures.

j | To understand the effect of attachment of oxygen-
containing functional groups on the wetting behavior of the
. nanotube, we carried out theoretical study (Supporting
Pristine  CNT with oxygen  CNT with oxygen Information) of interaction of LD molecules with a pristine
CNT pre-adsorbed on  occupying a nanotube and an oxidized nanotube using the first-principles
Stone-Wales vacancy defect . - ~
defect density functional methotf. For the oxidized nanotube, we
¢ ; considered two cases: in the first case, oxygen was pread-
160 g pr—1v sorbed on to a StoréNVales defect, while in the second case,
—e— OV we considered a vacancy defect that is occupied by oxygen
(the oxygen molecule dissociates on the vacancy site and
] one of the atoms is bonded to two dangling carbon atoms,
while the other oxygen binds to the third dangling carbon
120 n-o-o-m and is saturated with hydrogen). In both cases, we calculated
] the binding energy of D molecule with the oxidized
100 \ nanotube and compared the results to the binding of tae H
" molecule with a pristine (or nonoxidized) nanotube. The
u simulation results are shown in Figure 4b; the insets in the
300 S S A S A S figure show the opt|m|zepl structure after convergence is
Time (S) completed. Clearly the binding energy of water with the
oxidized nanotube (0.160.31 eV) is several times that of
the pristine nanotube~0.03 eV) and is comparable to
Figure 4. Control experiments and simulations to investigate the hydrogen-binding energy in liquid water and in water dimmer
polarity dependence of the wetting. (a) Current and droplet (~0.19 eV), which confirms that nanotube oxidation indeed

shape measurements performed with nanotube membrane an o :
Pt wire as the electrodes. The nanotube film polarity is flipped akes the membrane strongly hydrophilic. This result also

from the cathode to anode at several voltages (1, 1.5, 2, and®XPlains why the sinking of the droplet stops when the
2.5 V). The sinking of the droplet into the positively biased nano- hanotube polarity is flipped, as shown in Figure 4a. When
tube film (e.g., at+2, +2.5 V potential) is accompanied by a the nanotube is the cathode, no further oxidation of the
significant increase in the current. Once the polarity is switched, nanotube occurs and only the oxidized part is wetted, while

the droplet sinking stops immediately. (b) Binding energy e®H L - . :
molecule with oxidized nanotubes and a pristine (or nonoxidized) the remaining portion of the nanotube is still nonwetting to

nanotube using density functional method. For the oxidized the water droplet. In this way, the applied bias can be utilized
nanotubes, we considered a vacancy defect on the nanotube, whiclio controllably wet the membrane surface; the transport of
is occupied by oxygen as well as oxygen interacting with a Stone  water through the nanotube membrane can in fact be
Wales defect. The insets show the optimized structure after repeatedly stopped and then restarted on demand depending

convergence is completed. (c) Selectively stopping and then . - .
restarting water transport through the nanotube membrane isOn the applied voltage, as demonstrated in Figure 4c. This

demonstrated by simply cycling the applied voltage from 8108 illustrates a simple low-voltage technique for gating the flow
V. of aqueous liquids in nanofluidic systems.
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Figure 5. Using electrochemical oxidation of nanotubes to set up

a controllable wetting gradient on the membrane surface. Top panel
shows three droplets placed side-by-side on the membrane. Middle

panel shows that a wetting gradient fronf @8 155 can be set up
by biasing the leftmost droplet by4 V for 20 s and the center
droplet by+2 V for 20 s. The lower panel shows that the wetting
gradient is increased from 6% 155 by applying the bias to the
leftmost and center droplets for a further 20 s.

Figure 5 illustrates another interesting application of this

wetting phenomenon. Three droplets were placed side-by-

are provided in the Supporting Information. For this case,
no polarity dependence of the wetting was observed; this is
expected because oxidation of the electrode due to electroly-
sis will not occur for mercury.

In conclusion, we have demonstrated the electrochemically
controlled transport of water through nanotube membranes
where a critical threshold voltage, which is strongly polarity
dependent, is required to activate the water transport. The
strong polarity dependence of the wetting suggests that
oxygen-containing functional groups are attached as a result
of water electrolysis at the nanotube anode, which causes
the observed transition from nonwetting to wetting state. The
controllable nanofluidic pumping that we demonstrate could
have strong applications in biotechnology, lab-on-chip
devices, and nanofluidic plumbing systems, which may be
designed to controllably move and manipulate the flow of
very small volumes of aqueous liquids precisely in space
and time.
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side on the nanotube surface (see top panel in figure). Nopubs.acs.org.

voltage was applied to the droplet on the extreme right, and
it showed no contact angle change with time. A bias-@f

V was applied to the center droplet for 20 s, and then the
bias was switched off. The contact angle of the droplet
decreased to 125n 20 s (middle panel in Figure 5). Next,
the bias {2 V) was applied to the center droplet for a further
20 s. After the bias was switched off, the contact angle of
the middle droplet has now decreased t8, %> shown in
the lower panel of Figure 5. The same procedure of biasing
the droplet in two 20 s intervals was repeated for the droplet
to the extreme left but at a higher potentiat4 V). The
contact angle of the droplet decreased t6 B320 s and
then to 69 in 40 s. Note that, after the voltages were
switched off, the sinking of the droplets stopped and the
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