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Giant osmotic energy conversion measured in a
single transmembrane boron nitride nanotube
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New models of fluid transport are expected to emerge from the
confinement of liquids at the nanoscale'?, with potential appli-
cations in ultrafiltration, desalination and energy conversion’.
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-
cale*, 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 diodes™
and nanofluidic transistors’. Fast mass and ion transport through car-
bon nanotubes was recently demonstrated® "', suggesting that water
flow in such carbon-based pipes is nearly frictionless'*'*. Several
recent molecular simulations have suggested that boron nitride nano-
tubes (BNNTSs), which have the crystallographic structure of carbon
nanotubes but have radically different electronic properties', show
great potential for water and ion transport'®"”. However, unlike for
carbon nanotubes, nanofluidic transport in BNNTSs 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 devices'®". 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 = 1 um.

The membrane traversed by the BNNT is then squeezed between
two macroscopic fluid reservoirs containing potassium chloride (KCI)
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-osmosis***'. 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, AV, is first measured as a function of salt concentration
(Fig. 2a). The electric conductance, G = I/AV, and corresponding con-
ductivity, K, defined as K=GL/ nR?, 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
surface??, which is in strong contrast with the behaviour reported for
carbon nanotubes'’. The predicted conductance is*

nR? 2nR
G=2e2,uCST +euT\Z\(1+oc) (1)

where C; is the KCl concentration, e is the electronic charge,
= (g + - )/2=4.8 x 10" skg™' is the KCl mobility and X
is the surface charge density on the BNNT surface (in Cm ™ ?). The
correction o= (2migun) ' =~1 accounts for the electro-osmotic
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Figure 1 | Hierarchical single nanotube nanofluidic set-up. a, In situ
nanomanipulation of a BNNT (left, sketch; right, scanning electron microscope
(SEM) images): 1, insertion of a BNNT (grey) through a nanopore drilled in a
SiN membrane (green) using a focused ion beam (FIB); 2, carbon sealing of the
FIB-drilled hole using local electron-beam-induced deposition (orange);

contribution to the conductance (/g = 0.7 nm is the Bjerrum length
and 7 is the water viscosity). At low pH (pH5 in Fig. 2a, b), the
calculated surface charge is found to increase slightly as the diameter
of the tube is decreased, with a typical value of X =~ 0.1 C m ™~ (Fig. 2b).
Although this surface charge is already very large, we measure a
large—and reversible—increase with pH, with X rising to 1Cm™>
for pH ~11 (Fig. 2c), which corresponds to 9enm™> on the BNNT
surface. This exceeds typical surface charge densities by at least an
order of magnitude. Although zeta potential measurements on BN
powders have consistently suggested that the BN surface is charged
and that the charge is dependent on pH*, the observed chemical
reactivity of the BN surface as a function of pH has not been docu-
mented up to now. Our results are consistent with a possible chemical
equilibrium, BN; +H,O=BN; —OH~ +H™, in analogy with the
reactivity of boric acid, with a corresponding reaction constant K,.
This unexpected chemical reactivity is supported by preliminary ab
initio simulations, which demonstrate that an ‘activated’ boron site,

3, telescopic retraction of internal walls of the BNNT; 4, finalized transmembrane
BNNT device. b, Top, schematic of the experimental set-up for measuring fluid
transport through the single BNNT. Bottom, sketch of the final transmembrane
BNNT for nanofluidic measurements (left) and its experimental realization,
imaged by transmission electron microscopy (TEM) (right).

that is, one with a hydrogen atom bound to a nitrogen atom, can
indeed seed water dissociation on a BN sheet (Supplementary
Methods). It is well documented™ that defects in the large bandgap
of the ionic h-BN system (the planar hexagonal BN sheet) lead to
open-shell in-gap states prone to capturing charge. This behaviour
echoes that recently described at the non-polar GaN surface, which
was shown to generate surface-bound OH™ fragments through spon-
taneous water dissociation®. In the present situation, a charge regu-
lation model® accordingly reproduces the pH dependence of the
charge (Fig. 2c), providing a value of pK, =~ 5.5 for the equilibrium
constant (with the density of chargeable sites identified as the surface
density of boron in the BNNT, I"=18nm % see Supplementary
Methods). This value is also consistent with the pK, of porous glass,
with an expected surface excess of boron.

The response of the confined fluid to a pressure drop across the
t-BNNT furnishes an alternative, sensitive probe to assess the coupled
fluid-ion dynamics. By transporting ions in the electric double layer,
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Figure 2 | Electrical conductance and chemical reactivity of the BNNT.

a, Ton current versus voltage drop for C; = 1 M (blue), 10~' M (purple), 10 > M
(orange) and 107> M (red) at pH 5, for a t-BNNT with {R, L} = {29 nm,

900 nm}. Dashed lines are linear fits, from which conductance, G = I/AV, and
conductivity, K= GL/ nR?, are determined. b, Conductivity versus salt
concentration for various t-BNNTs, with {R, L} = {40 nm, 1,250 nm} (purple),
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{29 nm, 900 nm} (red), {22 nm, 1,500 nm} (green) and {15 nm, 800 nm} (blue),
at pH 5. Dashed lines are predictions using equation (1) with X' = 25, 85, 90,
125mCm %¢, Dependence on pH of the conductance and the surface charge,
deduced from equation (1), for a t-BNNT with {R, L} = {29 nm, 900 nm} and
C,=10"*M. Error bars, 1s.d.
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Figure 3 | Pressure-driven streaming. a, Streaming current induced by a
pressure drop, for a t-BNNT with {R, L} = {29 nm, 900 nm}, pH7 (red),
8.5 (blue) and 10 (green), and C; = 10 ?>M. The straight lines are the
corresponding linear fits. Inset, sketch of the pressure-driven streaming
current. AP = P, — P_, pressure drop. b, Calculated zeta potential versus

an electric streaming current, I e.m, typically of a few picoamperes,
results from the pressure-driven flow (Fig. 3). This provides a mea-
surement of the electro-osmotic mobility and corresponding zeta
potential, {, here defined by the Smoluchowski relationship?,
Istream = — (6{/1)A(AP/L), where ¢ is the dielectric permittivity of
water, A = TR? is the tube cross-sectional area and AP is the applied
pressure drop. A pressure drop of up to 1.5 bar is applied between the
two fluid reservoirs by means of a voltage-controlled valve (Fig. 1b),
and the resulting electric current, Iy e,m(AP), is measured (Fig. 3a).
Like the surface charge, 2, the corresponding zeta potential is found
to increase with pH; in Fig. 3b it is shown to be nearly linearly pro-
portional to X(pH) as obtained from the independently measured
surface conductance. It is also a slowly decreasing function of the
salt concentration, varying linearly with pC, = —log;o(C;) (Fig. 3¢).
Overall, the value of the zeta potential is markedly smaller than the
estimated surface potential, as calculated from, for example, the non-
linear Poisson-Boltzmann equation (Supplementary Methods). Such
behaviour has been reported for other types of charged interface and its
origin is the subject of active investigations™.

Together, these first measurements highlight the presence of a very
large, pH-sensitive surface charge carried by the inner walls of BNNTs.
To our knowledge, values of X as high as 1 Cm~* have not been
reported up to now. We now demonstrate that this property has a
key impact on the osmotic transport through the nanotube, whereby
an electric current is generated by a difference in salt concentration.
This phenomenon is particularly interesting in the context of energy
conversion from the mixing of masses of water with different salinities.
However, although as much as 0.7 kW h of energy could theoretically
be captured per cubic metre of water®, boosting the efficiency of the
energy extraction process remains a key challenge.

We use different KCl concentrations, Cs; and Cgyj, in the range
107°-1M in the two reservoirs and measure the resulting electric

Surface charge, ¥ (C m™)

Salt concentration, C (M)

surface charge for C; = 10> M and pH 5-11.5. The measured surface charge is
determined from equation (1) for each pH. The dashed line is a linear fit.

¢, Measured zeta potential versus salt concentration for a t-BNNT with

{R, L} = {40 nm, 1,250 nm} and pH 5.5. The dashed line is a linear fit of {
versus log(Cy). Error bars, 1 s.d.

current for a variety of concentration ratios, Cs;/C, 1. The bare cur-
rent is corrected for the contribution resulting from the Nernst poten-
tial originating in the difference in salt concentration at the two
electrodes™ (Supplementary Methods). As shown in Fig. 4a, a very
large, osmotically driven current is measured. It is in the nanoampere
range, whereas the pressure-driven streaming current is in the picoam-
pere range (Fig. 3). Furthermore, we find that it increases linearly with
the logarithm of the salinity ratio, Alog(C;) = log(C1/Cs11):

Iosm = KosmAlog (Cs) (2)
Here Kosm = 0.07-0.16 nA is the transport coefficient for the nanotube
in Fig. 4, with pH ranging from 5.5 to 11, and is almost linearly
proportional to the surface charge, X' (Fig. 4a, inset).

The nanotube is not ion-selective for the configuration presented in
Fig. 4a, because no Debye layer overlap occurs here. The origin of the
produced current therefore differs from the ion-selective mechanism
usually assumed in the osmotic generation of energy, known as
reversed electrodialysis, which uses ion exchange membranes to con-
vert a salinity gradient into electric energy®*. Rather, we suggest that
this osmotic current results from the diffusio-osmotic flux induced
by the difference in salt concentration at the inner interface of the
tube®®. Although no global osmotic pressure drop builds up in this
permeable configuration, the salt concentration difference builds an
osmotic pressure gradient within the diffuse layer at the interfaces®**'
(Fig. 4¢). Accordingly, the diffusio-osmotic flow, expressed in terms of
the diffusio-osmotic velocity, Vpo, results from a balance between
viscous flow and the osmotic pressure gradient within the Debye
layer: nVpo/Ap x ApkgTVC,. Here VC, = AC/L is the salt concen-
tration gradient, Ap = (8mAxC,) V2 is the Debye length, T is the tem-
perature and kg is the Boltzmann constant. The diffusio-osmotic
velocity can then be written as Vpo = tipoV1og(Cs), where Vlog(C,) =

Diffusio-osmotic streaming current
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Figure 4 | Osmotic power generation under salinity gradients. a, Osmotic

streaming current versus concentration difference for a t-BNNT with

{R, L} = {40 nm, 1,250 nm} and pH 5.5 (yellow), 9.5 (purple) and 11 (red). The
experimental points show measurements for various salt concentrations in the
two reservoirs, with Ci, and Cpp,y in the range 10 >~1 M. Error bars follow

from the corresponding error analysis. Dashed lines are linear fits:

Tosm = Kosml0g(Cinax/ Cimin)- Inset, osmotic mobility versus surface charge.

100 1,000

Concentration ratio, C_.. /C

max’ ~min

Surface charge is obtained from independent conductance measurements. The
dashed line is a linear fit: K4, =0.332" b, Corresponding power density (per
unit surface of the BNNT) for the three values of pH. Dotted lines are a guide to
the eye. In the present graph, the minimum concentration is fixed to

Cunin = 10> M. ¢, Sketch of the osmotically driven streaming current under a
salt concentration difference, C, .y — Crnin-
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Alog(C,)/L and the diffusio-osmotic mobility scales as pipo o< kpT/
nig=10""m*s" ' (ref. 20). This diffusio-osmotic flow drags the
charges in the double layer at the BNNT interface (Fig. 4c). The pre-
dicted osmotic current is written accordingly as I, o< 2nR2 Vpo:
2nRY kL Alo
L nip
A rigorous derivation of the osmotic current is given in Supplemen-
tary Methods and confirms the scaling described by equation (3). This
expression captures the observed functional dependence of the
osmotic current on the salinity ratio (Fig. 4a), with a predicted trans-
port mobility (here expressed in nA) proportional to X for large
surface charge, K'°~0.2%, in good quantitative agreement with
experiments (Fig. 4a, inset).

Furthermore, the complete theoretical model predicts that for
small 2 values the osmotic mobility, Ko, decreases to zero like >3
(Supplementary Methods): this points to the unique qualitiy of BN asa
confining material, whose giant surface charge generates much larger
osmotic current than for alternative materials. Also, the measured
osmotic current is larger than the pressure-driven streaming currents
plotted in Fig. 3a. This is due to a combination of factors. First, owing
to the difference in microscopic origin of the two phenomena, the
osmotic mobility is much more sensitive to large surface charges than
its electro-osmotic counterpart (Supplementary Methods). Second,
the osmotic pressure drop that exists inside the double layer for the
osmotically driven phenomenon is much larger than the external
pressure drop that can usually be applied. Typically, AP, = 50 bar
inside the double layer for AC; = 1 M as compared with the applicable
pressure range for pressure-driven flows, AP.,,, which is at most a few
bars. Under such large pressures, a streaming current of up to 0.5nA
could be extrapolated, although the origins of the two phenomena are
clearly different. Finally, the predicted linear scaling of Iy, as a func-
tion of nanotube radius makes the osmotic generation more efficient
for smaller tubes than its pressure-driven counterpart, which is pro-
portional to the square of tube radius (Supplementary Methods).

The t-BNNT device thus generates electrical energy from a salinity
gradlent The maximum power generated is P = Igsm /AGion =

K2, /4Gion[Alog (C))* (ref. 29), which leads to a power density per
unit tube surface of Ppax =Pray/TR?, reaching 4kW m

g(Co) 3)

osm™>

2 for the
single BNNT (Fig. 4b). This single-nanotube result could be extrapo-
lated to a macroscopic BN membrane®, with a similar BNNT density
of ~10"cm ™2, for which the predicted power density reaches values
in the same range (kW m™2). These values exceed by several orders of
magnitude the reported power densities, usually of a few tens of watts
per square metre, using classical reversed electrodialysis with alterna-
tive exchange membranes’. Our results thus demonstrate the impress-
ive performance of BNNT membranes for energy conversion from
the mixing of water masses with different salinities, making them
potentially superior to photovoltaics. They open a new avenue in the
exploration of new sources of renewable ‘blue energy’.

METHODS SUMMARY

The transmembrane nanotube device is realized by in situ SEM insertion of a
nanotube in a FIB-drilled SiN - membrane. The nanotube is opened via in situ TEM
field evaporation of the apex. The membrane and nanotube are positioned on a
five-axis nanomanipulator allowing x-y-z translation (Attocube ANPx-z51)
along with 6-¢ rotation (Attocube ANRS51). A first, coarse, approach is performed
with 100-nm stick-and-slip steps of the inertial motors. The final insertion of the
nanotube in the membrane is done with nanometre precision, by applying a d.c.
voltage to the piezoelectric element of the motors. Once inserted, an electron beam
is focused on the hole and a gas injection system is used to inject naphthalene
(CgHsg) locally, which is decomposed under electron-beam irradiation and subse-
quently fills the hole with a water-impermeable and electrically insulating material.
The transmembrane nanotube is then squeezed between two reservoirs, allowing
for measurements of the ion current induced by voltage drop, pressure drop and
salt concentration difference.
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