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Individual Water-Filled Single-Walled Carbon Nanotubes
as Hydroelectric Power Converters**
N

By Yuanchun Zhao, Li Song, Ke Deng, Zheng Liu, Zengxing Zhang, Yanlian Yang,

Chen Wang, Haifang Yang, Aizi Jin, Qiang Luo, Changzhi Gu, Sishen Xie,* and

Lianfeng Sun*
The filling, structure, and transport properties of water

confined in one-dimensional nanochannels are of great interest

in physics, biology, and materials science.[1] An ideal model for

these studies is water that is confined inside carbon nanotubes,

specifically, single-walled carbon nanotubes (SWNTs). Mole-

cular dynamic (MD) simulations predicted that water can enter

the hydrophobic channels of SWNTs which gives rise to unique

structures and transport behavior.[2] Experimental studies,

including X-ray diffraction (XRD),[3] NMR spectroscopy,[4]

neutron scattering,[5] IR spectroscopy,[6] and Raman spectro-

scopy,[7] demonstrated notable changes in properties that are

induced by water (H2O/D2O) being encapsulated in open-

ended SWNTs, which in turn confirmed that water can indeed

occupy SWNT channels. Furthermore, water confined in

closed multiwalled carbon nanotubes (MWNTs) of 2–5 nm

diameter was directly observed using transmission electron

microscopy (TEM).[8] Very recently, a remarkably enhanced

transport of water through nanotube membranes was

reported,[9] and the possibility of water-filled SWNTs being

employed as nanovalves to control a gas flow inside SWNTs

has been proposed.[10]

Water flowing inside/outside SWNTs represents a unique

nanofluidic system, in which the water molecules and the walls

of the SWNTs form an intimate contact on the atomic level.
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Although, the transport of water through nanotube mem-

branes was shown to be highly efficient,[9] it is not entirely

frictionless. Due to the polar nature of the water molecules a

weak coupling is observed between water dipoles and free

charge carriers of the nanotubes.[11,12] Theoretical work of Král

and Shapiro proposes that an electric current is generated

along a metallic SWNT if it is immersed in a flowing liquid,[13]

whereby the dominant mechanism is believed to be the

momentum transfer process from the flowing liquid to the

acoustic phonons, and from there to the free charge carriers in

the nanotube. Ghosh et al.[12] showed experimentally that a

voltage is induced by water and/or other polar/ionic fluids

flowing over bundles of SWNTs. They reasoned that the free

charge carriers present in the SWNTs are dragged along the

nanotube by the fluctuating Coulomb field that is caused by a

liquid flowing past the nanotubes. However, the weak

interaction between water molecule and SWNT wall, which

determines the transport behavior of water through the

nanotube channels, still lacks a fundamental and clear

understanding. It is quite possible that the coupling between

water dipoles and free charge carriers in the nanotube is

mutual, i.e., a constant current can induce a directional water

flow inside the nanotube, whereby the one-dimensional

confinement of the nanotube channel ensures that the induced

water flow is steady and concerted, which is very much

different to the water flow outside of the SWNT.

In this communication, we report on the detection of a

significant voltage difference at one end of an individual

nanotube of a SWNT device when a current is applied on the

opposite side and it is exposed to water vapor. We suggest that

a water flow is induced inside the SWNT which is driven by the

applied current and causes one part of the device to act as a

‘‘motor’’. Thereby electrical energy is partially converted into

kinetic energy of the water molecules and the water flow

subsequently generates an electromotive force along the other

part of nanotube, the ‘‘generator’’ (Fig. 1b).

Individual SWNTs with an average diameter of �1.6 nm

were used to fabricate SWNT devices, whereby individual

nanotubes were suspended �100 nm above the substrate

surface (Si wafer) to exclude possible effects of the SiO2

layer. A focused ion beam (FIB) was used to open both ends of

the SWNTs, thus allowing water molecules to fill the nanotube

channels. Figure 1a shows a typical scanning electron

microscopy (SEM) image of an as-fabricated SWNT device.
mbH & Co. KGaA, Weinheim 1
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Figure 1. a) A typical scanning electron microscopy (SEM) image of an
individual single walled carbon nanotube (SWNT) device prior to focused
ion beam (FIB) cutting. b) Schematic device structure. A suspended SWNT
is connected to four electrodes. Current/voltage is applied between elec-
trodes 3 and 4 (‘‘motor’’ part) and the induced electromotive force will
result in a voltage difference being measured between electrodes 1 and 2
(‘‘generator’’ part) when the device is exposed to water vapor.

Figure 2. a) Under vacuum V1 and V2 are almost equal and show linear dependence on the current
applied. The inset shows the linear I-V characteristic of the device. b) Under vacuum V1 and V2 equal the
voltage at point ‘‘A’’. The contacts between electrodes and SWNT can be described by four contact
resistors. c) If water vapor is present in the chamber a significant difference between V1 and V2 is
observed. The inset confirms that the I-V characteristic of the device is still linear. d) In the case of a
negative current, the flowing water inside the SWNT can induce voltages in sections ‘‘1–2’’ and ‘‘2–3’’ of
the SWNT, respectively. The voltage difference DV (DV¼V1–V2) can eliminate changes in R3.

2

Devices were loaded into a steel

chamber (0.8 L), which was evacuated

to approximately 10�4 Pa, and mea-

surements were performed using a

modified four-probe contact config-

uration. As shown in Figure 1b,

current/voltage was applied between

electrodes 3 and 4 (‘‘motor’’ part,

electrode 3 was grounded), and two

voltmeters were connected to electro-

des 1 and 2 (‘‘generator’’ part). All

measurements were carried out at

room temperature.

Firstly, we measured the I-V char-

acteristics of the device in vacuum. As

displayed in Figure 2a, the voltages V1

and V2 are not zero due to the contact

resistance between electrode 3 and

nanotube (Fig. 2b, R3). Both, V1 and

V2 are equal to the voltage at point

‘‘A’’ (Fig. 2b), because there is no

current flowing in the SWNT on the

left hand side of electrode 3 (I< 1 pA).

The I-V characteristic of the ‘‘3–4’’

part of the nanotube shows linear
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
behavior (inset of Fig. 2a) and no dependence on the gate

voltage, which indicates that the SWNT is metallic. Then,

600mL deionized water (MilliQ, 18MV � cm�1) was injected

into the chamber. To ensure the water molecules are uniformly

dispersed in the chamber, the following measurements were

performed several minutes later. Figure 2c shows the I-V

characteristics of the device when it is exposed to water vapor.

Compared to the vacuum the absolute values of V1 and V2 are

larger, but most importantly, V1 and V2 are no longer equal to

each other, and thus a voltage difference (DV¼V1–V2) is

measured in the ‘‘generator’’ part of the device. The induced

DV shows a linear dependence on the current applied on the

‘‘motor’’ part. This voltage difference reveals a newly induced

electromotive force along the nanotube, which is directly

related to the injection of water vapor into the chamber. It

should be noted that similar voltage differences were measured

in six other working devices (see Supporting Information).

When the device is exposed to water vapor the absorption of

water molecules firstly changes the work function of the metal

electrodes,[14] and then the contact resistance R3 (Fig. 2d, R3’),

which in turn results in changes in V1 and V2. The adsorbed

water molecules also donate electrons to the nanotube through

a charge transfer process,[15] which slightly changes the

nanotube resistance (RNT). However, conventional changes

inR3 andRNT cannot generate the voltage differencemeasured

between electrodes 1 and 2. Hence, the measured voltage

difference must be generated by other mechanisms.

When water is injected into an evacuated chamber water

molecules are uniformly dispersed. The collision rate, rc, of
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1–5
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water molecules with one open end of the SWNT (diameter

�1.6 nm) can be estimated using Equation (1):
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Figure 3. a) Dependence of the induced voltage difference on the quantity
of water injected into the chamber. Induced DV increases with the quantity
of water inside the chamber and tends to saturate at �500mL. It is nearly
symmetric for either a positive or negative current. b) Dynamic charac-
teristics of the SWNT device when water is injected into or pumped out of
the chamber.
where n is the density of water molecules in the chamber, v

the velocity of water molecules, and S the area of the open end

of the SWNT.Upon injection of 600mLwater into the chamber

the water molecule density is �0.025 water molecules per nm3.

At 25 8C the velocity of water molecules is�641 nm � ns�1, thus

about eight molecules collide with the open end per

nanosecond. Previously published works predicted that SWNT

channels possess a deep potential well in their interior, which is

strong enough to break some of the hydrogen bonds of liquid

water and suck single water molecules into nanotube

channels.[2] And, if the water is already in the vapor phase,

water molecules colliding with the open end of the SWNT

should be able to enter the channel more easily, hencemaintain

a higher concentration inside the SWNT than on the outside.

Moreover, due to the one-dimensional confinement of the

SWNT channel the water molecules inside it can form chain- or

tubelike structures through hydrogen bonds,[16] and can be

driven in a concerted fashion through application of an

external field.[17]

Furthermore, we suggest that the coupling between water

dipoles and free charge carriers of the nanotube is mutual,

which – in conjunction with the concepts established above –

clearly explains our experimental results: The electromotive

force that is detected along the nanotube results from a

directional flow of water inside the SWNT channel. The water

itself is dragged bymoving free charge carriers when an electric

field is applied on the ‘‘motor’’ part (Fig. 1b). Since the

experimental results presented in this paper are based on a

metallic SWNT device, metallic SWNTs are discussed in detail

in the following section. For a negative current (Fig. 2d), the

water inside the ‘‘motor’’ part of the nanotube will be driven to

flow from the ‘‘motor’’ part to the ‘‘generator’’ part. At the

same time, electrons in the ‘‘generator’’ part of the SWNT will

be dragged to move in the same direction resulting in their

accumulation in the SWNT and generation of an electromotive

force. This prevents further movement of electrons along the

SWNT (Fig. 2d), hence a voltage difference can be detected

between electrodes 1 and 2.[18] If the direction of the current is

reversed (positive current), a voltage difference of opposite

sign can measured along the ‘‘generator’’ part. The absolute

values of induced DVs (jDVj) are almost equal for identical

positive/negative currents (Figs. 2c and 3a). Notably, water

molecules inside the ‘‘generator’’ part can be pushed (negative

current) or pulled (positive current) by moving water

molecules inside the ‘‘motor’’ part of the nanotube, and

induce similar values of jDVj. This indicates that the water

molecules inside the SWNT are transported concertedly, as

predicted previously.[2a,19]

Water molecules adsorbed on the outer surface of the

nanotube may also be dragged by moving free charge carriers.
ter. 2008, 20, 1–5 � 2008 WILEY-VCH Verlag GmbH &
However, they have no effect on the measurement results. In

our experiments, the current flew along the ‘‘motor’’ part only,

while no stable current was measured in other regions of the

nanotube. We therefore conclude that only water molecules

outside the ‘‘motor’’ part of the SWNTmay obtainmomentum.

However, the nanotubes in our devices are in the contact

regions entirely enclosed by metal electrodes (Fig. 1b), and it is

feasible that the directional movement of outside water

molecules from the ‘‘motor’’ part to the ‘‘generator’’ part

could be blocked.

We have also investigated the dependence of the induced

voltage difference on the quantity of water injected into the

chamber. As shown in Figure 3a, the DV that is induced

increases linearly with the water quantity injected within a

range of 0–240mL, and then, which is very interesting, DV is

gradually being saturated between 240 and 500mL.At constant

current an increase inDV can be attributed to an increase in the

quantity of water inside the SWNT, which is caused by a higher

concentration of water vapor in the chamber. However, DV
Co. KGaA, Weinheim www.advmat.de 3
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reaches saturation when the number of water molecules inside

the SWNT reaches a maximum, even if the condensation of

water molecules in the chamber is higher. This also indicates

that the degree of filling of SWNTs has a maximum, i.e.,

SWNTs can be fully filled.

Figure 3b displays the dynamic characteristics of the device.

The current applied to the ‘‘motor’’ part was set to - 8.00 nA

and at time point ‘‘2’’ 60mL water were injected into the

evacuated chamber. Both, V1 and V2 decrease, and the voltage

difference discussed earlier was observed. After �15 s

the voltage difference reached maximum and stabilized. The

chamber was re-evacuated at time point ‘‘3’’, upon which V1

and V2 were found to return to their original values in 2–3 s,

which is much faster than the decreasing process for both, V1

and V2. When the voltage difference reached its maximum and

remained stable, an equilibrium state was attained for the

flowing water molecules inside the SWNT, i.e., when some

water molecules outflow at one end the same number of water

molecules entered the nanotube from the other end. When the

chamber is re-evacuated the number of water molecules in the

chamber rapidly reduces and the equilibrium is disturbed. This

causes the SWNT to be emptied very rapidly, and therefore V1

and V2 restore to their original values very quickly.

A similar voltage difference to the one discussed above was

also detected in semiconducting SWNT devices (see Support-

ing Information, Fig. S3). However, the detected voltage

difference is remarkably smaller than the observed in metallic

SWNTs. This can be attributed to the much lower density of

free charge carriers in semiconducting SWNTs. Furthermore,

the I-V characteristics of a device were measured in pure

oxygen gas (see Supporting Information, Fig. S4), and no

voltage difference was observed in the ‘‘generator’’ part. This

indicates that the polar nature of water molecules is essential

for the interaction between water molecules and nanotubes,

which is in agreement with previously published works.[11,12]
Figure 4. Fabrication process of suspended SWNT devices: a) Individual
SWNTs are deposited on a Si/SiO2 substrate covered with a 100 nm thick
polymethylmethacrylate (PMMA) film. b) Coating another layer of PMMA
(thickness¼ 260 nm) on top of the SWNTs. c) Metal electrode (Ni/Au,
120 nm) fabrication. d) Opening the ends of suspended SWNTs via FIB.

www.advmat.de � 2008 WILEY-VCH Verlag GmbH
In conclusion, a newly induced electromotive force was

detected in the ‘‘generator’’ part of a water-filled SWNT when

a current was applied on the ‘‘motor’’ part. We suggest that the

water molecules inside the nanotube channel are dragged to

flow directionally by an external electric field thereby

generating an electromotive force along the nanotube. This

energy conversion process is probably realized by the mutual

coupling of water dipoles and free charge carriers present in

SWNTs. Our results suggest that SWNTs can be exploited as

unique, tunable molecular channels for water and might find

potential application in nanoscale energy conversion. Nano-

fluidic logics based on the observed effects will also be of

interest for future studies.
Experimental

Synthesis of Individual SWNTs: Single-walled carbon nanotubes
(SWNTs) were synthesized using floating catalytic chemical vapor
deposition (CVD) [20]. The experimental setup consists of two tube
furnaces: the first furnace is used for sublimation of the catalyst, while
the second furnace is used for SWNT growth. An especially designed
quartz tube is placed in the two furnace system. The main tube
(Ø¼ 35mm) provides space for both, catalyst sublimation and SWNT
growth, and between the two furnaces a transition tube (Ø¼ 10mm) is
inserted into the main tube. A mixture of ferrocene and sulfur (molar
ratio¼ 16: 1) served as catalyst source and was sublimed in the first
furnace at a temperature of 60–65 8C, and subsequently carried through
the transition tube into the second furnace by Ar (800–1200 sccm)
and methane (2–4 sccm) flow. The reaction temperature of the second
furnace was 1100 8C, and the pressure in the quartz tube was held
constant at �1 atm. Using these optimized parameters SWNTs were
directly deposited onto various substrates. Most as-deposited SWNTs
were isolated from each other. The average diameter of the obtained
SWNTs is �1.6 nm, which was determined by atomic force microscopy
(see Supporting Information, Fig. S2).

Fabrication of Suspended SWNTDevices: Four steps were involved
in the fabrication of suspended SWNT devices: Nitrogen-doped Si
wafers (resistivity�0.01V cm�1) with a 200 nm thick SiO2 surface layer
were used as substrates and were firstly coated with a 100 nm thick
polymethylmethacrylate (PMMA) film. Then, individual SWNTs were
deposited on the Si/SiO2 substrates in the low temperature zone
(<200 8C) of a floating catalytic chemical vapor deposition system
(Fig. 4a) before another 260 nm thick PMMA film was added on top of
the as-deposited SWNTs (Fig. 4b). In a third step, desired patterns were
defined in the PMMA film using electron beam lithography (EBL,
Raith 150) and exposed PMMAwas removed with a mixture of methyl
isobutyl ketone (MIBK) and isopropyl alcohol. Ni/Au electrodes
(20 nm/100nm) were then deposited at the desired positions via
evaporation; and after lifting the devices off the wafer suspended
SWNTs (�100 nm above the substrate surface) were obtained (Fig. 4c).
Finally, a focused ion beam (FIB, FEI, DB235) was used to open the
nanotubes at both ends (Fig. 4d).
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