
In situ Fluid Studies in Carbon Nanotubes with Diameters Ranging 
from 1 to 500 nm 

 
DAVIDE MATTIA, MARIA PIA ROSSI, HAIHUI YE, and YURY GOGOTSI 

Materials Science and Engineering Department and A.J. Drexel Nanotechnology Institute 
Drexel University 

3141 Chestnut Street, Philadelphia PA, 10104  
USA 

gogotsi@dr http://nano.materials.drexel.edu 
 

Abstract: - The processes that govern fluid transport in pipes are well understood for diameters in the range of 
micrometers and above. As the diameters diminish (e.g., in the range of a few nanometers), the roles of surface 
tension and capillarity seem to vary. Thus, the expected promise of carbon nanotubes (CNT, 1-50 nm inner 
diameter) and nanopipes (CNP, 50-300 nm inner diameter) in technological applications is in urgent need of a 
well-documented, basic understanding of such forces, especially since no consistent experimental data have 
been collected until recently. We have investigated the liquid/vapor distribution in nanotubes, the interaction 
of fluids with the tube walls, and the effect of surface chemistry on liquid behavior in carbon nanotubes. On 
this basis, we are developing a research program that will thoroughly explore the various aspects of phase 
interfacing in a number of different nanotube situations.  Hydrothermal and CVD-grown CNP and CNT have 
been examined.  Fluid behavior and chemical modification of the tubes have been investigated. This paper will 
give an overview of experimental studies of behavior of aqueous fluids in carbon nanotubes.  
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1   Introduction 
Nanofluidic research has increasingly expanded in 
the last few years from the early work based on 
molecular dynamics simulations to experimental 
measurements of fluid velocity in multi-walled 
carbon nanotubes (MWNT) [1]. Initial numerical 
predictions proved to be contradicting, with 
indications that water would not fill carbon 
nanotubes based on the non-wetting behavior of 
graphite [2], and, on the other hand, suggestions that 
water molecules would form single or double helical 
strands [3] or even pearl-like chains [4] in single-
walled carbon nanotubes (SWNT) due to the 
confinement effect. Numerical models also showed 
that water molecules at ambient pressure and room 
temperature should transition to a quasi-solid phase 
as an effect of confinement forming complex ice-
like structures inside SWNTs and MWNTs [5,6]. 

The first direct observation of water in a 
hydrothermally synthesized carbon nanotube 
showed water forming a low contact angle, wetting 
meniscus [7]. More recently, fluid flow 
measurements in 2 and 7 nm diameter carbon 
nanotubes have shown fluid velocities up to 105 
times faster than what predicted by classical fluid 
dynamics calculations [8,9]. It is still unclear, 
though, if this unusual behavior is caused by space 
confinement, the structure or chemistry of the 
nanotube walls, or all of the above. 

In this paper we review experimental observations 
of fluids in carbon nanotubes with diameters ranging 
from 1 to 500 nm with particular attention on the 
effect of the nanotubes’ surface chemistry and 
structure on their interaction with the investigated 
fluids. 
 
2 Fluid Studies in Multi-Walled 
Nanotubes (1 – 100 nm) 
Transmission electron microscopy (TEM) was used 
to study the behavior of water trapped in closed 
nanotubes with diameters from 1 to 100 nm.  
 
2.1 SWNTs 
We have visualized fluid motion in real time at 
length scales approaching molecular dimensions. 
TEM micrographs of SWNTs and double-walled 
carbon nanotubes (DWCNT) hydrothermally filled 
with water show chains of water molecules forming 
a double-helix structure along the nanotubes’ axis 
(Figs. 1a and 1b). A very slow liquid dynamics has 
been observed at this length scale, as demonstrated 
by the possibility of in-situ TEM observation and 
image recording. This suggests an ice-like behavior 
of water.  In slightly larger nanotubes of 3-6 nm in 
diameter (Fig. 1c), a clear interface between the 
liquid and vapor phases cannot be detected. This 
suggests that we are under the threshold below 
which classical continuum fluid mechanics cannot 
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be used anymore. A transition to the continuous 
meniscus was observed at the inner tube diameter of 
about 10 nm. 
 
2.2 Hydrothermal MWNTs 
Hydrothermal nanotubes were synthesized using a 
carbon precursor and water in a high pressure – high 
temperature autoclave. As a result, capped MWNTs 
were formed, filled with high pressure fluids in the 
liquid and vapor phase (Fig. 1d). The graphitic 
structure of the hydrothermal MWNT is able to 
withstand the difference in pressure between the 
fluid in its inside and the ultra high vacuum of the 
TEM column. By focusing the electron beam on the 
liquid phase, liquid evaporation and condensation 
can be induced with the formation of vapor bubbles 
[7]. The low contact angle of the water phase 
wetting the tube’s internal wall is due to the 
presence of oxygen-based terminations on the inner 
walls of the tubes, as a result of the hydrothermal 
synthesis [7,10,11].  
 
3   Fluid Studies in Large MWNTs and 
Nanopipes 
The environmental scanning electron microscope 
(ESEM) is a powerful tool for in situ analysis of the 
wetting of CNT with water. The ability of the ESEM 
to condense and vaporize liquids within the chamber 
has enabled the dynamic study of CNT/water 
interactions, including condensation, transport and 
evaporation of water and other liquids inside open 
tubes [12]. CNT with inner diameters from 10 to 
300 nm have been fabricated by chemical vapor 
deposition (CVD) from ethylene gas in an Al2O3 
membrane [13]. When studying the interaction of 
these CNT with water, it was possible to see liquid 
menisci inside the CNT [12]. From the small 
measured contact angles, it is clear that these CNTs 
are hydrophilic. Complex meniscus shape and slow 
liquid dynamics due to water confinement have been 
observed [14]. It is possible to control the contact 
angle that water forms inside the CVD nanotubes by 
controlling the surface chemistry and structure of the 
carbon nanotubes [13,15]. In the wetting condition 
(Fig. 1e) water fills the nanotube forming a low 
contact angle meniscus. In the non-wetting condition 
(Fig. 1f) water does not enter the hydrophobic 
nanotubes, but forms high contact angle drops on its 
surface. 
 
4 Conclusions and Future Perspectives 
In this brief review we have shown that it is possible 
to fill carbon nanotubes having diameters from 1 to 
500 nm with water using different techniques. The 

diameter, surface structure and chemistry of the 
nanotubes all affect the nanotube-water interactions, 
giving the possibility of controlling it, and hence 
ultimately controlling the liquid flow through the 
tube. Currently we are developing multifunctional 
nanotubes [16] and use them to fabricate CNT-based 
pipettes for nano- and attofluidic applications such 
as sub-cellular interrogation and probing [17]. 
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Figure 1. TEM and SEM images of water inside carbon nanotubes and nanopipes: 
a,b) TEM micrographs of double–helix water strands in (a) SWNT and (b) DWNT. c) TEM 
micrograph of the interface between water molecules and vapor in a capped MWNT. d) TEM
micrograph of a low contact angle liquid meniscus between 2 vapor bubbles in a hydrothermal
MWNT.  e)  Water-filled CVD MWNT in the environmental SEM.  
f) Water droplets forming outside a graphitized CVD nanotube in the environmental SEM.  
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