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Nanofluidics:	  fluid	  transport	  at	  nanoscales	  

•  Get	  inspiraJon	  from	  efficient	  natural	  
systems	  	  

	  
•  Explore	  new	  materials	  /	  create	  new	  

funcJonaliJes	  

•  Fundamentals	  of	  fluid	  transport:	  
change	  of	  paradigm	  ?	  

	  
	  	  	  	  	  

Greger	  and	  Windhorst,	  
Comprehensive	  human	  physiology	  (Springer)	  

ApplicaJons:	  	  
	  biological	  analysis,	  energy	  harvesJng,	  filtraJon,	  desalinaJon…	  	  	  	  

	  

AQP-‐1:	  water	  filter-‐	  High	  
permeaJon/high	  selecJvity	  



Biomolecular	  analysis	  

Oukhaled	  et	  al.,	  PRL	  2007	  
Cressiot	  et	  al.,	  ACS	  Nano	  (2012)	  

Solid	  state	  nanopores	  as	  bio-‐sensors	  

Loïc	  Auvray	  et	  al.	  



New	  materials,	  new	  behaviors	  
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Giant osmotic energy conversion measured in a
single transmembrane boron nitride nanotube
Alessandro Siria1, Philippe Poncharal1, Anne-Laure Biance1, Rémy Fulcrand1, Xavier Blase2, Stephen T. Purcell1 & Lydéric Bocquet1

New models of fluid transport are expected to emerge from the
confinement of liquids at the nanoscale1,2, with potential appli-
cations in ultrafiltration, desalination and energy conversion3.
Nevertheless, advancing our fundamental understanding of fluid
transport on the smallest scales requires mass and ion dynamics to
be ultimately characterized across an individual channel to avoid
averaging over many pores. A major challenge for nanofluidics
thus lies in building distinct and well-controlled nanochannels,
amenable to the systematic exploration of their properties. Here
we describe the fabrication and use of a hierarchical nanofluidic
device made of a boron nitride nanotube that pierces an ultrathin
membrane and connects two fluid reservoirs. Such a transmem-
brane geometry allows the detailed study of fluidic transport
through a single nanotube under diverse forces, including electric
fields, pressure drops and chemical gradients. Using this device, we
discover very large, osmotically induced electric currents generated
by salinity gradients, exceeding by two orders of magnitude their
pressure-driven counterpart. We show that this result originates
in the anomalously high surface charge carried by the nanotube’s
internal surface in water at large pH, which we independently
quantify in conductance measurements. The nano-assembly route
using nanostructures as building blocks opens the way to studying
fluid, ionic and molecule transport on the nanoscale, and may lead
to biomimetic functionalities. Our results furthermore suggest
that boron nitride nanotubes could be used as membranes for
osmotic power harvesting under salinity gradients.

The field of nanofluidics has developed recently as a result of the
characteristic length scale in fluidic systems being reduced to the
nanometre range. From a fundamental point of view, novel transport
properties are expected to emerge from the combination of strong
confinement and the importance of surface properties on the nanos-
cale4, and such properties may lead to technological breakthroughs.
Accordingly, studying the physical and chemical interactions of water
and ions with the confining structure is crucial to discovering new
fluidic properties, as exemplified by the design of fluidic diodes5,6

and nanofluidic transistors7. Fast mass and ion transport through car-
bon nanotubes was recently demonstrated8–11, suggesting that water
flow in such carbon-based pipes is nearly frictionless12–14. Several
recent molecular simulations have suggested that boron nitride nano-
tubes (BNNTs), which have the crystallographic structure of carbon
nanotubes but have radically different electronic properties15, show
great potential for water and ion transport16,17. However, unlike for
carbon nanotubes, nanofluidic transport in BNNTs has not yet been
studied experimentally.

In this work, we report the fabrication of a new class of nanofluidic
devices and study the fluid transport properties inside a single BNNT.
The results may have application in renewable-energy harvesting. Our
hierarchical nanofluidic device is made of a single BNNT connecting
two reservoirs across an impermeable, solid-state membrane (Fig. 1).
This transmembrane nanotube (t-BNNT) configuration combines the
advantages of an ideal cylindrical nanopipe geometry with the versa-
tility of solid-state nanopore devices18,19. It allows fluid transport in

the nanopipe to be probed under electric, pressure and chemical
forcings, and their combinations. The t-BNNT consists of a single
BNNT inserted into a hole in a silicon nitride (SiN) membrane. A single
hole with a diameter of between 100 and 200 nm is drilled through
the membrane using a FIB. An individual multiwalled BNNT is glued
at the extremity of an electrochemically etched tungsten tip and its
apex is opened using electric field ion evaporation (Supplementary
Methods). The insertion of the nanotube into the hole is realized
in situ in an SEM by nanomanipulation (Fig. 1a and Supplementary
Methods). The movements of the tip are controlled by a home-made
nanomanipulator consisting of five-axis piezo-inertial motors, which
allows us to insert the nanotube into the membrane with nanometre
precision. Once the tube is in place, the hole is sealed with cracked
naphthalene using local electron-beam-induced deposition. The tip is
then retracted, producing a telescopic sliding of the internal walls of the
nanotube (Fig. 1a). This step ensures that the inner surface of the
nanotube is atomically flat and that both extremities are fully open,
thus avoiding inner defects in the channel. A final inspection using
TEM allows the quality and inner diameter of the nanotubes to be
checked and measured. We studied tubes with inner radii of R < 15–
40 nm and lengths of L < 1mm.

The membrane traversed by the BNNT is then squeezed between
two macroscopic fluid reservoirs containing potassium chloride (KCl)
solutions of various concentrations, with controlled pH (Fig. 1b).
We use Ag/AgCl electrodes to measure the electric current passing
through the t-BNNT, with a precision in the picoampere range. In
addition to the direct TEM visualization of the system, which allows us
to verify the integrity of the transmembrane nanotube both before and
after fluidic experimentation, benchmark measurements and experi-
mental cross-checks are systematically performed to ensure that trans-
port occurs exclusively through the BNNT (Supplementary Methods).

Our final interest in this work concerns electrical transport
induced by salinity gradients in individual BNNTs, which is known
as diffusio-osmosis20,21. However, we start by first characterizing the
response of the BNNT to voltage and pressure drops, which provide
key information on the BNNT’s surface properties. Accordingly, the
ion current, I, generated through the t-BNNT under an electric poten-
tial drop, DV, is first measured as a function of salt concentration
(Fig. 2a). The electric conductance, G 5 I/DV, and corresponding con-
ductivity, K, defined as K~GL=pR2, are deduced as functions of
salt concentration (Fig. 2b). For a given tube, these conductance and
conductivity curves show saturation of the conductance for low salt
concentration. This observation is a signature of a charged confining
surface22, which is in strong contrast with the behaviour reported for
carbon nanotubes11. The predicted conductance is4

G~2e2mCs
pR2
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where Cs is the KCl concentration, e is the electronic charge,
m~(mKzmCl{ )=2~4:8 | 1011 s kg{1 is the KCl mobility and S
is the surface charge density on the BNNT surface (in C m22). The
correction a 5 (2plBmg)21 < 1 accounts for the electro-osmotic
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•  New	  tools	  for	  fundamental	  understanding	  
•  Huge	  produced	  osmoJc	  power	  in	  BN	  tube	  

	  4kW/m2	  (versus	  ~5	  W/m2)	  

Falk	  et	  al.	  Nanolebers	  (2010)	  

Holt	  et	  al.	  Science	  (2006)	  

Siria	  et	  al.	  Nature	  (2013)	  



Why	  graphene?	  



Graphene	  for	  fluidic	  applicaJons	  

Merchant	  et	  al.	  Nanolebers	  (2010)	  

Ul<mate	  membrane:	  atomic	  thickness	  (down	  to	  Angstroms)	  
	  
ü  SculpJng	  smaller	  nanopores	  (limited	  by	  aspect	  raJo)	  

ü  Huge	  increase	  in	  flow	  permeability	  
	  
ü  Fine	  tuning	  of	  chemical	  sensiJvity:	  selecJvity,	  

funcJonalizaJon	  

ü  A	  new	  fundamental	  tool:	  water	  and	  ion	  
transport	  at	  the	  molecular	  scales	  

«	  Reading	  »	  molecules	  



UlJmate	  biological	  sensor	  

C.A.	  Merchant	  et	  al.	  
DNA	  transloca<on	  through	  
graphene	  Nanopores	  	  	  
NanoLebers	  (2010)	  

Dekker	  et	  al.,	  Nanolebers	  (2013)	  

S.	  Garaj	  et	  al.	  
Graphene	  as	  a	  sub-‐nanometer	  
transelectrode	  membrane	  	  
Nature	  (2010)	  



Nanopores	  in	  graphene	  sheets	  
3	  step	  process:	  FIB	  drilling	  

J.	  Gierak	  et	  al.	  (LPN)	  



To	  probe	  biomolecule	  structure	  

•  Goals:	  
–  DNA	  sequencing	  
–  Protein	  folding	  and/or	  	  
molecular	  structure	  probes	  

•  Advantages:	  	  
–  very	  high	  sensiJvity	  	  
due	  to	  atomic	  thickness	  
–  fine	  tuning	  of	  molecular	  interacJons	  

	  
•  Challenges:	  

–  Chemical	  funcJonalizaJon	  
–  OpJcal	  characterizaJon	  (more	  sensiJvity	  and	  selecJvity)	  

L.	  Auvray,	  F.	  Montel	  (MSC)	  



UltrafiltraJon	  and	  desalinaJon	  

PredicJons	  of	  (classical)	  MD	  simulaJons	  

Allows:	  
•  Best	  selecJvity	  
•  Huge	  permeability	  

Challenges:	  
•  Need	  for	  experiments	  	  
•  Scale	  up	  
	  
Aims:	  	  
•  DesalinaJon	  
•  New	  osmoJc	  membranes	  

A.	  Siria,	  A.-‐L.	  Biance,	  L.	  Bocquet	  (ILM)	  
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Blue	  energy	  harvesJng	  
Harvest	  free	  energy	  available	  from	  difference	  in	  salinity	  (sea-‐river)	  

	  

•  Dedicated	  membranes:	  
SelecJve	  (semi-‐permeable)	  or	  ion-‐selecJve,	  	  
chemically	  coated…	  
	  
•  Efficiency:	  
State	  of	  the	  art	  (Majumdar,	  2010):	  ~	  7W/m2	  

BN	  nanotubes	  (Siria	  et	  al.,	  2013):	  4000	  W/m2	  

Graphene	  or	  BN	  membrane:	  10??	  W/m2	  

	  
	  
	  

Logan	  &	  Elimelech,	  Nature	  (2012)	  

determined from the intensities of B1s and N1s core levels in
X-ray photoelectron spectroscopy (XPS; Supporting Informa-
tion, Figure S1).
Apart from the equilibrium h-BN phase, thin film deposition

at temperatures far below those used for growing BN single
crystals29 can give rise to well-ordered metastable crystalline
phases, such as rhombohedral BN (rBN), a BN polymorph in
which honeycomb atomic BN layers are arranged in non-
equilibrium A−B−C stacking order.30 In BN growth by
magnetron sputtering on Ru, the termination of the metal
surface determines the layer stacking and hence the BN phase
that forms. Whereas direct growth onto clean Ru(0001)
produces h-BN (A−A′−A stacking; Figure 2), the termination

of the Ru surface with a graphene monolayer prior to BN
growth induces a different stacking order (A−B−C; Figure 3),
that is, produces rBN. Monolayers of both graphene and boron
nitride on Ru(0001) have complex moire ́ structures, either a
BN nanomesh12 for BN growth directly onto Ru(0001) (Figure
S2 of the Supporting Information), or a graphene moire ́31 with
inhomogeneous charge distribution in the two C sublattices.32

Calculations show rBN and conventionally stacked h-BN nearly
degenerate in the bulk,33 but our results suggest that different
interface configurations favor different incipient stacking
sequences (A−A′ or A−B) defined by the first BN sheet
beyond the interfacial layer, which then persist for the entire
thickness of the BN film (Figure 3). While A−A′−A stacked h-
BN and A−B−C stacked rBN have very similar electronic
structures,33 that is, they likely show comparable dielectric

properties, control over the stacking sequence can add
significantly to the tools for BN materials processing. For
example, the kinetics of conversion of the two hexagonal BN
phases to cubic (zincblende) c-BN should be very different,
with rBN transforming along a facile, diffusionless pathway.33,34

Thus, the selective growth of single crystalline rBN could
provide a basis for the formation of ultrathin, high-quality cubic
BN films.
The realization of ordered films with controlled thickness is

an important requirement for a rational BN synthesis method.
The preparation of uniform single monolayer BN on metals has
been facilitated by the low chemical reactivity of the h-BN
surface, which leads to a self-termination of growth by low-
pressure borazine CVD after the completion of a monolayer
film (Figure 4i).35,36 The synthesis of few-layer BN films with
uniform thickness is significantly more challenging and has not
been achieved by CVD. We have identified different growth
scenarios in reactive magnetron sputtering that provide high-
quality BN films with good thickness uniformity. Via deposition
at high substrate temperatures (850−900 °C), crystalline films
up to two layers thickness are obtained. Analysis by XPS shows
a progressive reduction of the growth rate such that two
complete BN layers are only achieved asymptotically (Figure
4ii). The slowing of the growth rate and apparent inability to
realize films with more than two layers using slow deposition at
high substrate temperature is consistent with a thickness-
dependent sticking coefficient of the deposited B/N species on
the BN surface. The first BN layer is readily achieved due to the
high reactivity and sticking coefficient of the metal surface. The
observed saturation coincides with the transition from a still
moderately reactive, corrugated interfacial BN layer37 to a BN
bilayer with much lower surface reactivity approaching that of
bulk BN. The drop in reactivity at a thickness of 2 BN layers is
corroborated by ab initio calculations of the projected density
of states (DOS; Figure S3), and of the binding energy of a B3N3
radical used to model adsorption on the BN surface. Monolayer
BN on Ru shows a finite DOS near the Fermi level (EF) and a
high binding energy of B3N3 (0.9 eV). For bilayer BN on Ru, a
large bandgap comparable to that of bulk BN opens up. The
DOS at EF is negligible, and the computed B3N3 binding energy
(0.5 eV) becomes equal to that on bulk BN (see Supporting

Figure 1. Hexagonal boron nitride growth by reactive magnetron
sputtering. (a) Schematic diagram of the planar magnetron geometry
for deposition from a solid boron target in Ar/N2 gas. (b) UHV
scanning electron micrograph of the surface of a three-layer h-BN film
on epitaxial Ru(0001)/Al2O3. The secondary electron intensity scales
with the BN thickness.

Figure 2. A−A′−A stacked h-BN on Ru(0001). (a) Overview
HRTEM image of a three-layer BN film. (b) Comparison of the
experimental contrast with a dynamic image simulation assuming the
equilibrium A−A′−A stacking of h-BN. (c) Model of A−A′−A stacked
h-BN, computed electron density map, and experimental HRTEM
image.

Figure 3. A−B−C stacked rhombohedral BN on graphene-covered
Ru(0001). (a) Overview HRTEM image of a 10-layer BN film. (b)
Comparison of the experimental contrast with a dynamic image
simulation assuming nonequilibrium A−B−C stacking. (c) Model of
A−B−C stacked (rhombohedral) BN, computed electron density map,
and experimental HRTEM image.
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BN	  few	  layers	  membranes	  
Suber	  et	  al.	  Nanolebers	  (2013)	  

A.	  Siria,	  A.-‐L.	  Biance,	  L.	  Bocquet	  (ILM)	  



Models	  
Aim:	  	  
-‐  modeling	  of	  fluid	  transport	  through/close	  to	  graphene	  
-‐  fundamental	  understanding	  to	  develop	  new	  funcJonaliJes	  
	  

Two	  levels	  of	  modeling:	  
-‐  semi-‐empirical:	  collecJve	  dynamics	  of	  water	  and	  ions	  
-‐  Ab	  iniJo:	  molecular	  interacJons	  and	  electronic	  properJes	  

L.	  Joly,	  L.	  Bocquet	  (ILM),	  M.-‐L.	  Bocquet	  (ENS	  Lyon)	  

Water-‐BN	  interacJon	  
with	  X.	  Blase	  
(Siria	  et	  al.	  2013)	  

Mesoscale	  bridge	  required	  at	  quantum/classical	  interface	  



Nanofluidics	  and	  graphene	  
ü NanofabricaJon	  
ü Bio-‐diagnosis	  

ü Energy	  harvesJng	  and	  desalinaJon	  
ü Linking	  classical	  and	  quantum	  properJes	  	  



Kidney:	  a	  very	  advantageous	  nano-‐filter	  

Greger	  and	  Windhorst,	  
	  Comprehensive	  human	  physiology	  (Springer)	  

AQP-‐1:	  water	  filter	  
High	  permeaJon/high	  
selecJvity	  

ArJficial	  systems	  can	  be	  improved!	  


