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Measurements and simulations have found that water moves 
through carbon nanotubes at exceptionally high rates owing to 
nearly frictionless interfaces1–4. These observations have stimulated 
interest in nanotube-based membranes for applications including 
desalination, nano-filtration and energy harvesting5–10, yet the 
exact mechanisms of water transport inside the nanotubes and 
at the water–carbon interface continue to be debated11,12 because 
existing theories do not provide a satisfactory explanation for the 
limited number of experimental results available so far13. This lack 
of experimental results arises because, even though controlled and 
systematic studies have explored transport through individual 
nanotubes7–9,14–17, none has met the considerable technical 
challenge of unambiguously measuring the permeability of a single 
nanotube11. Here we show that the pressure-driven flow rate through 
individual nanotubes can be determined with unprecedented 
sensitivity and without dyes from the hydrodynamics of water jets 
as they emerge from single nanotubes into a surrounding fluid. Our 
measurements reveal unexpectedly large and radius-dependent 
surface slippage in carbon nanotubes, and no slippage in boron 
nitride nanotubes that are crystallographically similar to carbon 
nanotubes, but electronically different. This pronounced contrast 
between the two systems must originate from subtle differences in 

the atomic-scale details of their solid–liquid interfaces, illustrating 
that nanofluidics is the frontier at which the continuum picture of 
fluid mechanics meets the atomic nature of matter.

Measuring the pressure-driven flow of water through individual 
 carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs) 
with well-defined radii (Rt) and lengths (Lt) requires overcoming two 
 considerable challenges. First, when Rt decreases to the nanoscale, the 
flow rate through a tube drops too rapidly for even state-of-the-art flow-
rate measurements to detect. Flow rates as low as a few picolitres per 
 second have been measured through single nanocapillaries18, but such 
a rate is still about three orders of magnitude higher than the sensitivity 
required to probe mass flow through a single nanotube. Our approach 
avoids this problem by focusing instead on the flow that a fluid jet 
entrains outside a nanotube (see Fig. 1) and on the scaling property of 
the jet hydrodynamics19. The external flow is characterized by a  driving 
force FP that originates in the fluid momentum transfer at the tube 
opening20,21 and scales linearly with Rt, so the flow velocities remain 
measurably large even when Rt shrinks to nanometre-scale dimensions. 
The second challenge is fabricating an experimental system for manip-
ulating and using a single nanotube, in the form of a nanofluidic needle 
with a single nanotube protruding from the tip. To do this, we adapted 
a technique for selecting and manipulating nanotubes of known length 
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Figure 1 | Nanojet experimental set-up. a, SEM image of a CNT insertion 
into a nanocapillary (top) and after sealing (bottom). The CNT has 
dimensions of (Rt, Lt) =  (50 nm, 1,000 nm). b, Sketch of the fluidic cell 
used to image the Landau–Squire flow set-up by nanojets emerging  
from individual nanotubes. Red arrows represent the Landau–Squire flow 
in the reservoir; orange spheres are tracer particles; z is the optical axis.  
c, Left, sketch of a nanotube protruding from a nanocapillary tip. The flow 

of water molecules emerging from the nanotube is probed by the tracer 
particles. Right, trajectories of individual colloidal tracers in a Landau–
Squire flow field in the outer reservoir. The colour scale quantifies the 
velocity v of the tracer particles. The flow is driven by a nanojet from a 
CNT with dimensions of (Rt, Lt) =  (33 nm, 900 nm), with ∆ P =  1.7 bar. 
Both reservoirs contained water with 10−2 M KCl.
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and diameter with a nanomanipulator operating inside a  scanning 
electron microscope (SEM)9; see Supplementary Methods 1 and 
Supplementary Video 1. We guided a nanotube into the tip of a laser-
pulled glass nanocapillary with an orifice in the range 250–350 nm. 
The dimensions of the nanotubes were determined by ionic  transport 
measurements and by electron microscopy (see Supplementary 
Methods 2 and 4). For this study we tested five different CNTs with 
dimensions (in nanometres) of (Rt, Lt) =  (15, 700), (17, 450), (33, 900), 
(38, 800) and (50, 1,000), and three different BNNTs with  dimensions 
(in nanometres) of (Rt, Lt) =  (23, 600), (26, 700) and (7, 1,300);  
see Supplementary Methods 2 and 4 and Supplementary Table 1.

The nanotube at the tip of the glass capillary bridged two macro-
scopic fluid reservoirs: one inside the capillary and another in the wide, 
transparent flow cell into which the capillary was placed (see Fig. 1b and 
Supplementary Methods 3). We filled both reservoirs with potassium 
chloride (KCl) solutions of a chosen concentration Cs and controlled 
pH, and seeded the flow cell with 500-nm polystyrene tracer particles. 
We then applied a pressure drop ∆ P to the capillary and tracked the 
resulting motion of the tracers under a microscope (see Fig. 1b) to map 
the velocity profile of the flow (see Figs 1c and 2). Flow measurements 
were performed with salt concentration Cs =  10−3 M or Cs =  10−2 M. 
Low salinity is required during the tracking experiments to prevent 
salt-induced colloid aggregation.

Ag/AgCl electrodes inserted into either reservoir were used to 
 measure the ionic conductance across the nanotube before and after 
each fluidic experiment to ensure the integrity of the device, as well as 
to obtain information on the dimensions and the surface charge density 

of the nanotube (see Supplementary Methods 4). These electrodes were 
grounded during flow measurements.

Owing to the needle geometry of the system, the pressure-driven flow 
through the nanotube sets up a flow in the outer reservoir called a 
Landau–Squire nanojet18,20,21. The Landau–Squire solution of the Navier–
Stokes equations at low Reynolds number predicts radial and angular 
components of the flow velocity of =
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 respectively, where r is the radial distance from the tip, θ is the angle 
 relative to the symmetry axis of the jet and η is the viscosity20. FP is the 
driving force of the jet applied at the origin. Figure 2a, b shows that our 
 measurements of the flow field around single nanotubes agree well with 
the Landau–Squire prediction. The inset of Fig. 2b further highlights the 
long-range 1/r-dependence of the Landau–Squire flow, which extends 
over tens of micrometres despite the nanometre-scale size of the source 
of the flow.

From our analysis of the Landau–Squire flow, we extracted experi-
mental values of FP for each nanotube and ∆ P. The results, presented 
in Fig. 2c, show a linear relationship between FP and ∆ P. To gain insight 
into the permeability of the nanotubes, we begin by observing that the 
mass flow rate and FP are both proportional to ∆ P and, hence, 
 proportional to one another. The viscous origin of FP at low Reynolds 
numbers as well as dimensional considerations motivate the definition 
FP =  αηRtvNT, where α =  O(1) is a geometry-dependent numerical 
prefactor and vNT is the average fluid velocity inside the nanotube. The 
permeability of the tube kNT is defined by =

η
∆v k P
LNT

NT

t
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these expressions, FP, kNT and ∆ P are related by ∆ = ∆αF P P( )P
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Figure 2 | Measurement of Landau–Squire flows driven from 
nanotubes. a, Maps of the velocity field near a CNT with 
(Rt, Lt) =  (33 nm, 900 nm) for various ∆ P as indicated (Cs =  10−2 M and 
pH 6). b, Magnitude of mean particle velocity v as a function of 
θ θ′ = / +r r( ) 2 1 3cos2  for ∆ P =  0.5 bar (black), ∆ P =  1 bar (blue) and  
∆ P =  1.5 bar (red). Dashed lines are fits of the Landau–Squire prediction. 
Inset, particle velocity along the jet axis (θ =  0) versus distance from the 
nanotube, for ∆ P =  0.75 bar (green) and ∆ P =  1.7 bar (orange); the 
dashed line is a 1/r fit. c, Dependence of 

ηπ
F

4
P  on ∆ P for CNTs (green 

circles) and BNNTs (blue triangles). CNT dimensions (in nanometres) are, 

from top to bottom, (Rt, Lt) =  (50, 1,000), (33, 900), (38, 800), (15, 700)  
and (17, 450); BNNT dimensions (in nanometres) are (Rt, Lt) =  (26, 700) 
and (23, 600). The salt concentration is Cs =  10−3 M, except for the 33-nm 
CNT, which was studied at both Cs =  10−3 M and Cs =  10−2 M without a 
detectable difference. Dashed green lines are linear fits from which the 
permeability was calculated. The orange line indicates the lowest detectable 
flow strength. The black dashed line corresponds to the results of a control 
experiment using a nanocapillary without a nanotube (see Supplementary 
Methods 5). Error bars correspond to the uncertainty in the slope in b, 
estimated from at least three measurement replicates at each ∆ P.
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According to this equation, the slope of the plots in Fig. 2c provides 
an estimate of the nanotube permeability, so we can already see that the 
permeability of CNTs is greatly enhanced as compared with BNNTs. 
But, to properly quantify the permeabilities, we need to know the value 
of α. We calculated α from the precise relationship between FP, vNT and 
∆ P that we obtained by numerically solving the full hydrodynamic 
Landau–Squire flow. Furthermore, because α could be sensitive to 
details of the geometry of the nanotube and the tip, we repeated our 
calculations for every nanotube device, taking in account its particular 
geometry as measured by SEM (see Supplementary Methods 6). This 
exhaustive study, which combines numerical hydrodynamic  calculations 
with experimental benchmarking using nanocapillaries, is summarized 
in Supplementary Methods 5. Our study showed that α ≈  0.3 for the 
nanotube devices considered in Fig. 2a, b, with only small variations 
between nanotubes. Having removed all uncertainty from the value  
of α, we obtained accurate values for kNT from the  experimental 
 dependence of FP on ∆ P. Figure 3a presents the  dependence of kNT on 
Rt for every nanotube. The permeabilities are normalized by a simple 
no-slip reference, ­ = /k R 8no slip

ref
t
2 ,  corresponding to a nanotube of  

the same size with a no-slip boundary condition at its surface. Note that 
the flow from the smallest BNNT tube, with Rt =  7 nm, was below the 
 detection limit.

We attribute the enhanced permeability of the CNTs to hydrody-
namic slippage at the carbon surface12,13,22,23. The fundamental way to 
account for this is to introduce a slip length b and to apply Navier’s slip 
boundary condition to the fluid at the nanotube surface. We included 
the slip condition in our numerical analysis of the hydrodynamics of 
each nanotube device and obtained experimental b values by matching 
the computed flow rate enhancement due to surface slippage with the 
measured permeability data in Fig. 3a (see Supplementary Methods 6). 
This analysis, which uses the geometry of each nanotube device and 
takes into account hydrodynamic entrance effects at the nanotube ends, 
offers the most accurate estimation of b possible. The  permeability 
and b can also be quantitatively obtained from an analytical model 
of  hydrodynamic resistances in series, using the Sampson formula to 
account for both Poiseuille flow with slippage inside the nanotube and 
entrance effects24; see Supplementary Tables 2 and 3.

The peculiar nature of the water–carbon interface inside CNTs is 
revealed in Fig. 3b, which presents the experimentally determined slip 

length as a function of Rt. A first key observation is that the slip length 
is strongly radius-dependent, reaching 300 nm inside the smallest CNT 
investigated here. This observation allows us to resolve a long- standing 
debate regarding the large difference in permeabilities reported 
 previously2–4,25 using large-scale CNT membranes. The results of those 
studies are consistent with a decreasing permeability enhancement 
 factor for larger nanotubes, and the range of slip lengths they report is 
fairly compatible with what we have measured. Our results also explain 
why the slip lengths measured previously inside CNTs were  consistently 
much larger than the values measured on planar hydrophobic and 
graphite surfaces13,26, for which b is typically a few tens of nanometres at 
most. From a theoretical perspective, the transport behaviour of water 
inside CNTs has been the subject of numerous studies, mostly using 
molecular dynamics simulations12,13. Radius-dependent slippage was 
predicted inside CNTs with Rt <  10 mn (refs 22, 23) and rationalized 
in terms of curvature-dependent friction23. The results presented here 
confirm the predicted trend, but the measured slip lengths far exceed 
the numerical predictions. This discrepancy suggests that molecular 
dynamics simulations do not represent the interfacial dynamics well at 
a quantitative level, echoing similar limitations encountered in studies 
of slippage at hydrophobic surfaces13.

A second key feature of Fig. 3c is the vastly different behaviour of 
CNTs and BNNTs, with the latter showing no substantial slippage of 
water. The comparison is illuminating because CNTs and BNNTs have 
the same crystallography, but radically different electronic properties, 
with CNTs being semi-metallic and BNNTs insulating. That these 
nearly identical channels exhibit very different surface flow dynamics 
is unexpected: molecular dynamics simulations using semi-empirical 
interfacial parameters predict similar flow behaviour through CNTs 
and BNNTs27,28. More recent ab initio simulations predict that the 
 friction of water on carbon surfaces is lower than on boron nitride 
 surfaces29, but even these predictions strongly underestimate the 
 difference observed here. The stark differences in flow behaviour 
must therefore originate in subtle atomic-scale details of the solid–
liquid interface, including the electronic structure of the confining 
material. A more detailed understanding will require a systematic 
theoretical  investigation of physico-chemical factors that could affect 
surface  friction, such as chemical surface dissociation or specific ion 
 adsorption. Useful information could also be gained by measuring the 
slip behaviour in CNTs at high salt concentrations, a regime in which 
the surface charge of CNTs is expected to increase15.

The unexpected slippage behaviour inside CNTs and BNNTs points 
to a hitherto not appreciated link between hydrodynamic flow and 
the electronic structure of the confining material. This opens up 
a new  avenue for research that could bridge the gap between hard 
and soft condensed matter physics. We also expect that, with further 
 improvements in sensitivity, the methods we have developed will enable 
the direct measurement of water transport through biological channels 
such as aquaporins.
Received 11 May; accepted 15 July 2016.  
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Figure 3 | Permeability and slip length of individual CNTs and BNNTs. 
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ref ) of CNTs (green) and BNNTs 
(blue) as a function of nanotube radius Rt. The permeability of the BNNT 
with Rt =  7 nm was below the experimental detection limit and is indicated 
as kNT =  0 for completeness. Error bars correspond to the experimental 
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the uncertainty in the permeability. Salt concentration is Cs =  10−3 M, 
except for the 33-nm CNT, which was studied at both Cs =  10−3 M and 
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