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Here we studied the aqueous transport of different alkali-metalions in
charged boron nitride nanotubes (BNNTs) and compared the results with
those obtained in carbon nanotubes, using macroscopic, vertically aligned
nanotube membranes at densities up to 10’ pores cm2. Our study reveals
thation transportin 3-and 12-nm-diameter charged BNNTs is fundamentally
different from thatin either carbon nanotubes of a similar size, or
two-dimensional boron nitride nanochannels. We find two unexpected
transport phenomena: ultrafast, cation-selective diffusion that exceeds
Fickian diffusion up to 31-fold; and preferentially enhanced transport

rates for Li* over other alkali-metal ions (K" and Na*) that are opposite to

the ordering of their mobilities in bulk solution. We show that the overall
fast transport of cations is due to diffusio-osmotic surface transport,

while the preferentially enhanced transport of Li* is believed to result from
ion-specificinteractions with the charged BNNTs. As aresult of enhanced
and cation-selective transport, the BNNT membranes produced per-pore
osmotic-power densities up to 15,300 W m2inal mM:1 M LiCl concentration
gradient at pH 11. The energy-conversion efficiency approached the
theoretical limit of 50% at pH 5.5. As ademonstration, we power a calculator,
watch and light-emitting diode using 1-cm? BNNT membranes in a salinity
gradient. The unusual transport phenomena in BNNTs, as well as the flexible
and scalable membrane-fabrication process, may enable ion-selective
nanotube membranes optimized for lithium recovery, ‘blue’ osmotic energy
and other separation and energy-conversion processes.

Therapid and selective transport of ions through nanopores is central
to biological systems, as well as a variety of energy-conversion and
molecular-separation processes. Anumber of remarkable ion-transport
phenomena have been observed in nanopores, nanotubes and nano-
channels, including exquisite ion selectivity', complete ion exclusion®,
enhanced mobility*”and osmotic-power generation®’. Pioneering work
by Siria et al. has shown that, in individual charged boron nitride (BN)
nanotubes (BNNTs) connecting reservoirs with different potassium

chloride (KCI) concentrations, acombination of cation selectivity and
enhanced transport can generate ‘giant’ osmotic power from salinity
differences’. Recent work by Lietal. onfew (1-3), short (20-60 nm) BN
porins in artificial lipid vesicles has revealed an unusual conductance
scaling with KCl concentration, excellent K* selectivity that persists to
neutral pH and high osmotic powers". However, it is not known how
different cations would pass through BNNTs (of relevance, for exam-
ple, to desalination, batteries or lithium recovery). It is also not clear
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how the ion transport would compare with that in carbon nanotubes
nor how the transport would scale up from single or few nanotubes to
macroscopic membranes with many BNNT pores.

Here, we report on our observations of anomalous transport of
differentalkali-metalions through aligned BNNTSs, using macroscopic
membranes made withasolution-based, field-assisted method. The
ion transport in narrow (3- and 12-nm-diameter) charged BNNTSs is
found to be fundamentally different from thatin either carbon nano-
tubes of similar size or two-dimensional (2D) BN nanochannels'*",
We observe two unexpected transport phenomena: (1) ultrafast,
cation-selective diffusion that exceeds Fickian diffusion up to 31-fold
and (2) preferentially enhanced transport rates for Li* over other
alkali-metal ions (K" and Na®) that are opposite to the ordering of
their bulk mobilities in solution. We show that the enhanced dif-
fusive transport in charged BNNTs is a result of diffusio-osmosis,
with linearly additive transport up to the maximum-tested pore
density of ~10” nanotubes cm™. Our study further reveals that the
anomalously enhanced transportof drivenLi* cations appears to arise
from species-specific interactions with trapping OH™ groups inside
the BNNTSs that lead to higher effective axial mobilities. As a result,
the BNNT membranes produced per-pore osmotic-power densi-
ties up t0 15,300 W m~2in al mM:1 M LiCl concentration gradient at
pH11. The maximum energy-conversion efficiencies approached the
theoretical limit of 50% for al mM:1 M KCl concentration gradient at
pH5.5and remained high up to pH 9.5. These unusual transport phe-
nomena, along with the flexible and scalable membrane-fabrication
process, may enable ion-selective nanotube membranes optimized
for lithium recovery, ‘blue’ osmotic energy and other separation
and energy-conversion processes. As a demonstration, we power a
calculator, watch and light-emitting diode (LED) using 1-cm? BNNT
membranes in a salt concentration gradient.

Results

Fabrication method

We have devised a field-assisted, solution-based method to fabricate
macroscopic membranes with vertically aligned (VA) BNNT pores
(Fig.1a). The fabrication method is scalable and provides flexibility
inusing different types of nanotubes (in powder form) to make mem-
branes. In this work, we aligned BNNTSs (3- and 12-nm inner diameter)
and carbon nanotubes (CNTs; 3-nm inner diameter) with magnetic
and electric fields"* ™, respectively. The BNNTs were decorated with
iron-oxide nanoparticles to make them magnetically susceptible and
thus alignable by a magnetic field (Fig. 1b,c). By contrast, the CNTs
naturally develop aninduced electrical dipole under an external elec-
tric field as a result of Maxwell-Wagner interfacial polarization™, so
functionalization with nanoparticles was not necessary. The BNNTs or
CNTswerethensuspendedinaliquid urethane prepolymer, aligned and
concentrated by the external field and locked in place by in situ ultra-
violet (UV) polymerization (Fig. 1d). Plasma etching was used to remove
excess polymer and uncap nanotubes, yielding permeable arrays of
VA-nanotube embedded in a 4-5-pm-thick polyurethane matrix. We
mounted and tested 1-cm?samples cut from larger, -20-cm? nanotube
arrays. The open-pore densities were up to 6.9 x 10° pores cm™ for
the 3-nm BNNT membranes, 2.7 x 10° pores cm 2 for the 12-nm BNNT
membranes and 1.7 x 10° pores cm ™ for the 3-nm CNT membranes.
The solution-based, field-assisted membrane-fabrication approach
issimple and flexible in the types of nanotubes used. It is also scalable
and potentially compatible with roll-to-roll processing®.

The surface charge of the BN surface can be tuned by adjusting the
solution pH, which changes the density of chemi- and physio-sorbed
OH~ ions (BN, + H,0 < BN,~OH™ + H")'*%*, At low KCl solution molari-
ties, the BNNTSs displayed surface-dominated ion transport with a
constant conductance thatbecame independent of salt concentration
(Fig.2a,b). Using amodel forionic conductance that accounts for both
bulk and surface transport™®,
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the BNNT arrays were deduced from the transport to have
surface-charge densities of -170 and -45 mC m2at pH 11 for the 12-nm
and 3-nm BNNTs, respectively. In the above equation, A,.,, L,and R,
are the total open area, length and radius of the pores, respectively,
whileF, u*, pe~, C,and Zare the Faraday constant, mobilities of potas-
sium or chlorine ions, solution concentration and the wall
surface-charge density. At pH 7,the BNNT charge densities decreased
to-35and-16 mC m>for the 12-nmand 3-nm BNNTSs, respectively. By
contrast, the 3-nm CNTs exhibited negligible surface charge. Instead
of showing a constant conductance at low solution molarities, the CNTs
followed a power-law G ~ C? scaling, with exponent1/3 <a <1/2, that
is typical of small-diameter CNTs>*"*2,

lon diffusion

Then, we studied diffusive ion transport in the nanotube arrays by
immersing the membranesinasalt concentration gradient and meas-
uring their /-Vbehaviour. For these tests, the high-side molarity C,
was varied, while the low-side molarity C; was fixed at 1 mM (see the
Supplementary Discussion for details). The BNNTs, with their charged
surfaces and small diameters, were highly cation selective, while CNTs
of the same size were not. The selectivity was quantified as the ratio of
cation-to-total ion flux, with the transference number, ¢', calculated
from the membrane’s diffusion potential, £, as®

Jr 1 Egige
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where/*,/ ", V.1, Cu, R, Tand zare the cation and anion fluxes, activity
coefficient,ion concentration, gas constant, temperature and valence,
respectively. The diffusion potential is experimentally found as the dif-
ference between the measured open-circuit (zero-current) voltage and
theredox potential, thatis, E = Voc — Eeqox- The subscripts Hand L refer
tothe high-and low-molarity solutions. A transference number of ' =0
or limplies complete anion or cation selectivity, respectively, while
t'=0.5indicatesacomplete lack of selectivity. Figure 2c,d reveals that
the BNNTs possessed excellent K* cation selectivity, with ¢ approach-
ing 1. The high selectivity remained constant with increasing C,;, with
t'=0.91evenfor C,/C, =10%inthe 3-nm BNNTSs. Cation selectivity per-
sisted for BNNT diameters of 12-nm and C, =1 M, for which the Debye
length on the high-concentration side is smaller than the pore size. By
contrast,3-nm CNTs showed arapid declinein selectivity withincreas-
ing C,,, which is typical of Donnan-type (charge-based) exclusion®.
This is believed to result from the screening of the charged groups
at the CNT tips as salt concentration increases. Thus, despite their
identical crystallographic structure and diameter, the 3-nm BNNTs and
CNTs showed very different ion selectivity because of their different
surface-charge densities and the distribution thereof”.

Intriguingly, measurements of ion transport in these BNNTs
revealed atypical absolute rates of cation diffusion. Asshownin Fig. 3a
and Extended Data Fig. 1, the experiments demonstrated strikingly
enhanced diffusion rates of K, Na" and Li* over Fickian diffusion in
these BNNT pores. For Li*, the per-pore fluxes were 21-fold and 31-fold
higher than those expected for bulk diffusion in the 3-nm and 12-nm
BNNTs, respectively. By comparison, the previously reported cation
flux for asingle 80-nm BNNT under the same KCl concentration gradi-
entrevealed anenhancement of 1.6-fold'°. As discussed in more detail
later, the order-of-magnitude larger enhancement in cation-diffusion
rates for the present BNNTSs is attributed to their smaller diameter,
which increases the importance of surface transport relative to bulk
diffusion. The enhanced cation mobilityin BNNTs s also notable com-
pared with CNTs of the same size (3 nm), as well as previous 4-nm-deep
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Fig.1| VA-BNNT and CNT membranes. a, Solution-based, field-assisted
fabrication of VA-BNNT arrays: (1) magnetically functionalized BNNTs suspended
inthe liquid oligomer, (2) magnetic alignment and magnetophoretic deposition
of nanotubes, (3) UV curing of urethane oligomer to the desired thickness,

(4) extraction of urethane-embedded VA-nanotube array (total area~20 cm?) and

image of 3-nm (left) and 12-nm (right) BNNTs. ¢, Fe;0,-nanoparticle decorated
BNNTs withinner diameters of 3 nm (left) and 12 nm (right). d, SEM image
showing aligned BNNT in the cross-section of the urethane matrix (left) and
BNNT tips protruding from the top surface of the membrane (right).

2D silica nanochannels?, both of which showed no enhancement in
diffusive cation flux over bulk rates (/*/ ;Ckian < 1). Note that these
calculations of cation-transport enhancementinthe BNNT arrays are
inherently conservative because they come from the measured current
and assume that only cations are diffused through the nanotubes, that
is,=q(J* —J7) ~ g¢J*. As the BNNTs showed transference numbers
closetobutnotexactly1(Fig.2c,d), theactual transport rate of cations
is probably slightly greater than shown in Fig. 3a.

To interpret the enhanced absolute rate of cation diffusion,
we first considered a continuum explanation based on the osmotic
pressure-driven flux of concentrated cations in one-dimensional (1D)
nanotubes. To screen the measured wall surface-charge density of X =
-170 mC m~in the 12-nm BNNT, the average cation concentration in
the electrical double layer (A1, = 10 nm) would need to be 2/1,= 0.2 M,
two orders of magnitude higher than the bulk concentration on the
low-molarity side (C, =1 mM). Then, an osmotic-pressure gradient
can drive the concentrated cations in the double layer, resulting in a
diffusio-osmotic current’,

2mR,

I = NPz B (21, 3
OsM, total I | |’I/13 ’I(CL> (3)

where Nisthe porenumber, R, isthe poreradius, L, isthe porelength,
nistheviscosity and Ay is the Bjerrum length.

We have compared this prediction with the measured osmotic
currentsinthe present 3-nmand 12-nm BNNT arrays, as well as previous
single BNNTs of larger diameters'®. The per-pore osmotic currents for
KClinall of the BNNTs collapse onto asingle line when plotted against
(Rp/Lp)xlog(Cy/Cy ) (Fig.3b). The agreementshownin Fig. 3b between
the dataand theory over three orders of magnitude in osmotic current,
with no adjustable parameters, provides strong evidence that

diffusio-osmosis is the primary mechanism for enhanced,
cation-selective transport in the charged BNNTs. Moreover, the col-
lapse of the per-pore current for both the present BNNT arrays and the
previously studied individual BNNT shows that the total osmotic cur-
rent scales linearly with pore number up the maximum-studied pore
density of 6.9 x 10° pores cm™. This is probably because the average
spacing between the nanotubes at this pore density is on the order of
4 pum, which remains muchlarger thanthe diameter of the BNNTs and
issimilar to the membrane thickness. By contrast, inarrays of poresin
anultrathin, 2D silicon-nitride membrane, asubadditive ionic transport
has been found?. Finally, the osmotic current can be seen to scale with
R,. Asaresult, the current or power density scales inversely with pore
diameter, highlighting the advantage of ultranarrow nanotubes such
as the 3-nm BNNTSs used in this study. Overall, the enhanced absolute
rates of cation diffusion in the BNNTs can be rationalized in a contin-
uum sense (equation (3)) as arising from diffusio-osmosis of concen-
trated ionsinthe electrical double layer within the charged pores.

Anomalous lithium-ion transport

However, the data also revealed an anomalous relative transport
of alkali-metal cations that cannot be explained by continuum
diffusio-osmosis. Figure 3a shows that the apparent diffusion rates of
K*, Na" and Li* in BNNTs differed by up to 4.2-fold but in the opposite
order to their known mobilities in bulk solution”. In bulk solution,
Li* (asmall ion with a strong hydration shell) has a lower diffusivity
than Na* and especially K*. However, in the narrow, charged BNNTSs,
the diffusive transport of cations was ordered asJ,;, > Jy.+ >Jk.» in the
opposite order to their hydrated ion mobility. Notably, the faster rela-
tive transport of Li* is not limited to concentration gradient-driven
diffusioninthe BNNTs butis alsoseeninthe electricfield-drivenionic
conductance. As shown in Fig. 3c and Extended Data Fig. 2, the ionic
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conductance of the BNNT arrays diverged substantially for KCI, NaCl
and LiCl solutions at low molarities, with LiCl giving the highest con-
ductance for C, <100 mM. By contrast, ionic conductances for 3-nm
CNTs pores are nearly identical for the different salt solutions, with
only a small difference (KCI having the highest conductance) that is
consistent with the difference in hydrated size and bulk mobilities of
Li*,Na*and K* cations in solution. Furthermore, the ordering of cation
transport rates in the BNNTs is also different from what has been pre-
viously reported for 2D BN nanochannels'>" and 2D graphene-oxide
(GO) nanochannels?. The BNNTs showed both diffusive and electric
field-driven (conductance) transport rates that were anomalously
enhanced forLi* compared with that of Na* or especially K', in contrast
to both CNTs and 2D nanofluidic channels.

The anomalous relative transport rates for different alkali-metal
ionsinthe BNNTSs are not only distinct from observations in previous
experiments butalso differ fromwhatis predicted for diffusio-osmosis.
The diffusio-osmotic model of equation (3) does not differentiate
betweendifferent cations of the same charge, such as monovalent Li*,
Na*andK'. While differences in anion-to-cation diffusivities can gener-
ate an electric field of Egi = kLT,BV log C,where =(D*-D")/(D" +
D)*3°, the osmotic current produced by this self-generated field is
estimated tobe an order of magnitude smaller than what we measure
(see the Methods for the calculations). In addition, anions are nearly
completely excluded inthese charged, small-diameter BNNTs (¢ > 1in
Fig.2c,d),so f=1independent of the salt type, and we would not expect
to see salt-specific differences in diffusive transport in BNNTs. We
emphasize that the anomalous ordering of cation transport rates also
extends to conductance experiments (Fig. 3c) in which the solution

molarities are equal onboth sides of the BNNTs and transportis driven
by an external electric field rather than diffusion. This is additional
evidencethattheelectrophoretic termassociated with the difference
in mobility of cations and anions does not fully explain the observed
anomalous relative transport rates. For these multiple reasons, it does
notappear plausible that the self-generated £ can explain the anoma-
lous relative transport rates of different cations in the BNNTs. Further-
more, the ordering of ion transport rates observed in BNNTs is opposite
towhathasbeenreported forelectrical conductancein angstrom-scale
2D BN channels, despite both systems having the same hexagonal BN
walls and surface properties™. For all of these reasons, the ion-specific
diffusion rates and conductances observed in BNNTs are
quite unexpected.

Abinitio calculations

These results suggest that transport in BNNTSs is strongly influenced
by ion-specific interactions within the nanotube. To elucidate such
interactions, we performed ab initio calculations of OH™ and each of
the metal hydroxides on a2D BN flake, aswellasinside aperiodic BNNT
supercell with a 3-nm diameter and 1-nm tube length (Extended Data
Figs.3and 4).As presentedin Table 1, both calculationsindicate that the
dissociation energy of OH™ from the BN surface is substantially reduced
wheninteracting with free alkali-metal cations. Moreover, the binding
energy of LiOH is approximately half of that of KOH to the BN surface.
The BNNT calculations further reveal that the presence of multiple
metal hydroxidesinside the nanotube additionally reduces their aver-
age binding energy. On the basis of these findings, we hypothesize that
Li* can promote the release of OH from the inner walls of the BNNTSs.
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Table 1| Ab initio dissociation energies from BN surfaces in
planar and cylindrical configurations (Extended Data Figs. 3
and 4)

Species Bindingenergy Bindingenergy Average binding energy
onplanar BN in3-nm BNNT of ten hydroxides in
(eV) (eV) 3-nm BNNT (eV)

LiOH -0.15 -0.7 -0.3

NaOH -0.32 =11 -0.5

KOH -0.35 =11 -0.6

OH -0.52 =87/ -3.8

Kramers’ theory

Continuum analysis supports the hypothesis that ion-specificinterac-
tions between cations and charged OH™ groups on the interior of the
BNNTs candrastically affect theion transport. To qualitatively estimate
these effects, we can model these local interactions with an additional
potential, where the potential depth Q varies for different species, for
example, Li* versus K'. The fraction of cations trapped in the energy
wells canbe shown to be

1

T 1t ae @Rl @

Then, Kramers’ theory®** gives areduced effective mobility for cations
trappedin the wells,

ﬂ; — ”+a2e—Q/kB T (5)

where a; and a, are dimensionless constants that depend on the detailed
profile of the energy barrier. Animportantimplication of equation (5)
is that small differences in the ion-surface interaction (that is, the
potential well depth Q) can have an exponential impact on the effec-
tive mobility of various cations. Thus, different binding energies of
the hydroxides and their varying likelihood of removal from the sur-
face could substantially affect the transport of different species in
the BNNTs.

MD simulations

Next, we performed atomistic molecular dynamics (MD) simulations to
study the effect of the hypothesized OH release on therelative transport
ofthedifferentionsinthe BNNTs. Three different scenarios were consid-
ered: (1) the same number of explicit, fixed OH™ groups on the interior
ofthe BNNT for all three solutions, (2) different numbers of explicit OH™
groups for the three solutions and (3) the same distributed wall charge
of30 e but differing numbers (ten for KCI, five for NaCland zero for LiCl)
of explicit OH™ groups on the interior. The last scenario is motivated by
the observation that, by reducing the binding energy of the OH™ surface
group, Li* may be in effect making some of the surface charge mobile,
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thatis, physisorbed rather than chemisorbed?’, which could be approxi-
mated by the distributed charge onthe wall. Moreover, inreal multiwalled
BNNTs, a portion of the ‘surface’ charge could come from the outer BN
walls and/or the matrix material®* and would presumably remain even if
OH isreleased from the inner BN surface. The interior of the nanotube
would notbe shielded from these outer chargesbecause the BN walls are
insulating. However, as polarization is likely to smear the electric fields
produced by the outer charges, we have distributed ahomogeneous
chargeof30 e”onasingle-wall BNNT. An additional ten OH™ groups were
placed on the inner wall in the KCI case, compared with five OH™ groups
forNaCland none for LiCl, as shownin Fig.4b. Thus, the total charge was
40e7,35e and 30 e for KCI, NaCland LiCl cases, respectively.

As shown in Extended Data Fig. 5, in the first scenario, when the
whole charge (40 e, equivalent to a density of -45 mC m; Fig. 2b)
originates from OH™ groups attached to the interior surface of the
tubes, we obtained currents that had the opposite ordering to the
experiments. Likewise, as seenin Extended DataFig. 6, when we simu-
lated the second scenario with explicit OH™ groups corresponding to
surface-charge densities of X,,;;=-310mC m =, %y, = -140 mC mand
%,k =—45mC m~(Fig.3c), we also found,;, <Jy,, <Jx.- Inboth of these
cases, despite the equal or higher surface-charge density that attracted
counterions into the BNNT, the Li* cations were particularly trapped
by the fixed OH™ groups.

Only when the experimentally observed surface charge is partially
distributed onthe BNNT, with reduced OH numbers inside the BNNT

depending on the likelihood of release, did we obtain currents that
matched the ordering observedinthe experiments for the three salts.
As shown in Fig. 4¢, the radial distribution functions and residence
timesindicate that the Li* ions were no longer bound to the wallin the
absence of interior OH groups. Asaresult, the Li*ions showed the fast-
est axial (zcomponent) velocity, v, (Fig. 4d), although the K" ions still
had the fastest absolute velocities, v,,.. Thus, despite having the low-
esttotal surface charge (30 e for LiCl versus 40 e for KCI), the BNNTs
filled with LiCl solutions produced the highest current in our simula-
tions (Fig. 4a). For the three alkali-metal ions simulated, the currents
were ordered as/,;, > Jxa. > Jis, CONsistent with experiments (Fig. 3a,d).
By contrast, as shown in Extended Data Figs. 5 and 6, the presence of
fixed OH™ groups on the surface invariably reduced the axial mobility
of Li* compared with other cations, thereby reducingitsionic current.
These combined density functional theory (DFT) and MD simulation
results support the hypothesis that the anomalous relative transport
rates of different alkali-metal cations are due to the Li-promoted release
of charged OH™ groups on the inner BN surface. This may effectively
convert the OH™ from being chemisorbed to physisorbed, which has
been shown in simulations to increase interfacial mobility and ionic
conductivity?’. We emphasize that our classical MD simulations and ab
initio modelling withimplicit water are our first approximation. Polar-
izable MD simulations or even full ab initio modelling with molecular
water are desirable to validate the conclusions and quantify the surface
reactions and OH™ dynamics in different solutions.
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Discussion

While the proposed mechanism of enhanced transport due to
Li-promoted OH™ release has only been tested in MD simulations of
electric field-driven transport, it may have implications for diffusive
transport as well. Specifically, while equation (3) for diffusio-osmotic
currentexplicitly depends on surface-charge density (and not mobility),
the charge density ¥, could be considered an effective surface-charge
density. Indeed, the standard practiceisto calculate X, fromionic con-
ductance measurements using equation (1) or similar expressions'**.
However, the conductance measurements actually give the product of
mobility and surface charge: pX,. Thus, the very large surface-charge
densities for BNNTs reported in this Article and by Siria et al. (up to
1C m~2inthe case of the latter) may be a consequence of the enhanced
ionic mobilities under certain circumstances. This would suggest that
thesurface-charge density X, in equation (3) for diffusio-osmotic cur-
rentshould either be viewed as an effective charge density or potentially
revised to account for differing effective ion mobilities. Furthermore,
theoretical work by Bonthuis and Netz indicates that there is a differ-
encebetween conductive surface charge density (which can be found
by conductance measurements) and an electrokinetic surface charge
density (which canbe found from the streaming potential using the Gra-
hame equation)*. Thisis primarily due to the enhanced condensation
of ions close to the surface resulting from the low effective dielectric
constant of interfacial water. For these reasons, it may be desirable
to re-examine whether the experimental surface-charge density for
electric field- and diffusive-driven transport in BNNTs is more properly
viewed as an actual surface-charge density or an effective one poten-
tially influenced by differing ion mobilities.

While considerable challenges remain in terms of scale-up and
increasing areal power density, the fast, ion-selective transport in
BNNTs could potentially enable membranes for applications such as
lithiumrecovery or electricity generation by harvesting ‘blue’ energy
from concentration gradients at natural estuaries or desalination
plants®~%. As per-pore power density scales as £,/R,, (see equation (2)
andFig.3b), decreasing the pore size substantially increases the power
density compared with previous, larger-diameter BNNTs. As shownin
Fig. 3d, the 3- and 12-nm BNNT arrays show per-pore power densities
exceeding 7,500 W m~ for 1 mM:1 M KCl solutions and 15,300 W m™
for LiCl at pH 11. This is a notable improvement over the 4,000 W m~
found for the single 80-nm BNNT studied previously under similar
conditions'®. The osmotic power increased linearly with surface-charge
density (which was varied by changing pH), as well as with the log of
the concentration gradient across the membrane, as shown in
Extended DataFig.1. Asaresult of their high cation selectivity, forapH
between5.5and 9.5, the BNNT arrays achieved osmotic-energy conver-
sion efficiencies P = (2’+2_1)2
50% for an individual ion-exchange membrane, as shown in Fig. 2c,d.
Higher efficiencies are only possible for pairs of cation- and
anion-selective membranes. The conversion efficiencies of the BNNTs
were notably higher thanthe n $10% of CNTs of the same diameter, the
n = 8% of 4-nm-high 2D silica nanochannels® and the n =17.6% of
5-nm-diameter nanopores in MoS, nanosheets®.

For scale-up, the solution-based, field-assisted method for fab-
ricating membranes with VA nanotubes is flexible with respect to the
type of nanotube used and is potentially compatible with roll-to-roll
processing. The present membranes demonstrate considerable
increase insize and total current over previous work, with 1-cm? BNNT
arrays generating an overall current that is 10*-fold greater (10 pA
versus 1 nA) than that of the single 80-nm BNNT of previous studies™
(Extended DataFig.7 and Extended Data Table 1). Asaproof of concept,
we have powered a calculator, watch and LED using astack of eight 1-cm?
BNNT arraysinseries (Extended DataFigs. 8 and 9 and Supplementary
Videos 4-6). Furtherimprovementsin areal power density and the total
power of the membrane could be achieved by decreasing nanotube

(ref. 23) approaching the maximum of

diameter and increasing the pore density. It would be particularly help-
ful to increase the open-pore percentage, as it is currently estimated
that lessthan 1% of the available BNNTs are serving as through pores.

Conclusion

Theseresults show thationtransportinnarrow BNNTsis enhanced with
respect to bulk and highly selective for specific cations, particularly
Li*. The marked difference in both ionic diffusion and conductance
between BNNTs and CNTs—whichexhibit negligible osmotic power gen-
eration but substantial enhancement in water flow>">***°—highlight the
subtle butimportant differencesinsurface chemistry and charge that
governiontransportin otherwise dimensionally and crystallographi-
cally similar 1D nanotubes. The quasi-1D confinement of ionsin BNNTs
also appearsto be fundamentally different from 2D confinementin BN
nanochannels, as evidenced by the different ordering of ionic conduct-
ance for various alkali-metal ions between the two systems. Because
of the surface-dominated diffusio-osmotic transport in charged, 1D
BNNTs, the overall transport of cations is enhanced by more than
an order of magnitude over bulk values. Moreover, species-specific
interactions between cations and OH™ groups on theinner BN surface
cause the relative transport rates of different alkali-metal ions to be
anomalous, with Li* transported 4-7-fold faster than K, for instance.
Onthe basis of ab initio calculations and MD simulations, we hypoth-
esize that the preferentially enhanced transport of Li* may be due to
OH™groups beingreleased from the hexagonal-boron-nitride surface
and becoming mobile, effectively becoming physisorbed rather than
chemisorbed. These unexpected phenomena, together with the scal-
able and flexible fabrication method that enables macroscopic mem-
branes with different types of nanotubes, may offer opportunities to
design nanotube membranes optimized for lithium recovery, energy
conversion, desalination and other separation processes.
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Methods
Fabrication of aligned BNNT membranes
To create arrays of VA-BNNTs embedded in a polymer matrix, func-
tionalized nanotubes were dispersedin a UV-curable acrylated polyu-
rethane oligomer, SU-710 (Soltech). A photoinitiator (Darocur 1173,
BASF) was mixed with the liquid oligomer at a 5% vol. concentration.
The mixture of photoinitiator and liquid oligomer was bath sonicated
at 50 °C for 30 min and mixed with a vortex mixer for another 10 min
before the introduction of nanotubes. Magnetically functionalized
nanotubes were mixed in the oligomer mixture at a concentration of
1 mg ml™and bath sonicated at 50 °C for 30 min. The dispersed nano-
tube-liquid oligomer mixture was then placedin afluidic setup consist-
ing of two ITO-quartzslides with high transmission of UV light (OPCO
Laboratory), separated by a200-um-thick double-sided tape spacer.
A 285-nm UV lamp illuminated the urethane oligomer through
the UV-transparent ITO slides for a certain duration, typically a few
seconds. The thickness of the cured matrix was varied by changing
the duration of UV exposure. Aninitial calibration of thickness versus
UV exposure duration was performed to enable curing of the target
thickness of the membranes. Before curing of the liquid oligomer, nano-
tubes were aligned and deposited vertically in the fluidic setup with a
magneticfield, as detailed in the Supplementary Discussion. Scanning
electron microscopy (SEM) images of the VA-BNNTSs protruding from
the polymer surface are shown in Fig. 1d. The uncured, excess liquid
oligomer on top of the cured film was then washed away by spraying
acetone and deionized water. After the ~20-cm? BNNT arrays were
fabricated, they were cut into smaller ~1-cm? sections and mounted
on 200-um-thick polymer supports for plasma etching and testing.

BNNT-array etching and thickness measurement. To eliminate the
excess polymer and uncap the deposited BNNTSs, a plasma-etching
protocol was introduced. For etching, 1:1 (percentage mass flow rate)
SF¢,-0,gas was used in a plasma-etching system (March Instruments,
PX250). Among these gases, SF, etches BN**?, while O, targets the
excess polymer matrix. To check the effect of SF, on the hexagonal
BN, exfoliated h-BN platelets were etched and examined under SEM.
Toreduce sample heating and defect generationin the cured polymer
matrix, etching was done in multiple 1-min cycles at a plasma power of
100 W for each side until the target open-pore number was reached.
After each cycle, measurements were made of the ion conductance and
osmotic-power generation of the membranesto check for any possible
defects. Typically, membranes with a starting thickness of 6.0-um thick-
ness were etched down to 5.0 pm after six or seven rounds of plasma
etching on each side. Membrane thicknesses were measured using a
thin-film measurement system using spectral reflectance (Filmetric
F20-EXR) withawavelength range of400-1,700 nm. Before thickness
measurement, light-exposure conditions were calibrated for SiO, on
Si wafers with known thickness.

Abinitio calculations
We used first-principle methods to calculate the binding energies
of LiOH, NaOH and KOH molecules to the passivated BN surface and
compared themwith the binding energies of the chemisorbed OH" ions.
For 2D BN flakes, the calculations were done in implicit solvent
(water) using the Conductor-like Polarizable Continuum Model (CPCM)
method. All systems were calculated using the MP2/6 -311G** method
and basis set using Gaussian 16 (ref. 43). We obtained the binding ener-
gies by subtracting the energies of attached and detached molecules
as shown in Extended Data Fig. 3. In particular, the binding energies
for the metal-OH and OH-to-BN surface (X + BN > X-BN) is defined as
the enthalpy change for the reaction:

AHyong = AHy_gn — (AHx + AHpgy), (6)

where Xis OH, LiOH, NaOH or KOH.

For calculations of binding within a BNNT, a periodic BNNT
supercell of 3 nm diameter and 1 nm of unit tube length was
generated with 176 atoms of B and 176 atoms of N, as shown in
Extended Data Fig. 4. We used a projector augmented-wave method
and a plane-wave basis set implemented in Vienna***, with an
implicit solvation model for water using VASPSol***’. We conducted
two separate studies to calculate the binding strength of the metal
hydroxides: (1) when one hydroxideion and one cation are present
and (2) whenten OHions and ten cations are present. Density func-
tional theory calculations were used to optimize the designed BN sur-
face using the Vienna Ab Initio Simulation Package****. The projector
augmented-wave formalism described the valence electrons of Li,
Na, K, B,N, O and H atoms using plane wave-based wave functions*®.
The structure optimization, involving the minimization of ground
state energy, used the generalized gradient approximation of Per-
dew and Wang and the PW91 functional**°. Akinetic cut-off energy
of 500 eV was set to enhance calculation accuracy. The Brillouin
zone of the simulation cell with 240 atoms was sampled with 1 x 1 x
1k meshes forionic optimization. lonic and electronic optimizations
were alternately performed until the forces on eachionreached less
than 10 meV A™.

MD simulations

MD simulations were done with NAMD®' usinga CHARMM force field**
and TIP3P water*®. Langevin dynamics were used with adamping con-
stantofy=0.001ps™. Boronand nitrogen atoms within 2.5 A from the
ends of the tube were held fixed, whereas all other atoms were allowed
tomove freely. The time step was set to 2 fs. NVT ensemble was used at
atemperature of T=298 K. Particle mesh Ewald summation (PME) was
used to describe long-ranged Coulombicinteractionsin the presence
of periodic boundary conditions®’.

The simulated (22,22) BNNTs (radius of r, = 1.5 nm) were 15 nm
long. Systems without reservoirs were placed inabox of asize of 11.7 nm
x11.7 nm x15.2 nm. Systems with reservoirs had abox size of 11.7 nm x
11.7 nm x 55.1 nm, where there were two reservoirs, each 20 nm deep.

All simulations were initially minimized for 5,000 steps and
then warmed for 2,000 steps at 1K per five steps. During the pro-
duction runs, an electric field of £=0.05 MV cm™ was applied to
induce a current in each simulation. In the simulations of explicit
OH™ groups, 40 OH™ groups and 40 cations were randomly placed
inside the tube. The simulation atoms that were further than 5 A
away from the OH™ groups had a uniform charge to ensure charge
neutrality in the system.

Data availability
The data supporting the findings of this study are available in this
Article and its Supplementary Information.
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Extended Data Fig. 3 | Optimized structures for MP2/6-311G" calculations on hydrogen-passivated BN flake. Optimized structures for MP2/6-311G " calculations on
hydrogen-passivated BN flake with: (a) OH", (b) LiOH, (c) NaOH, and (d) KOH.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article https://doi.org/10.1038/s41565-026-02182-5

Extended DataFig. 4 | Relaxed geometries of BNNT for ab initio calculations with 10 OH™ and 10 different cations. Relaxed geometries of BNNT along with 10 OH™
and 10 cations for ab initio calculations with: (a) Li*, (b) Na*, and (¢) K*.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-026-02182-5

A7O i

60

net charge (e)
8 & 8

N
o

-
o

60 70 80 90 f1
time (ns)

1 L 1 L 1 L 1 L
10 20 30 40 50 00

(@]

~ ©
(%) o

[o2]
o

w
o

residence times (ps)
ey
[4)]

-
(5,

v, (m/s)

o

12
6
0
0o 2 4 6 8 10 12 14 16
BNNT
r(A) wall

Extended Data Fig. 5| MD simulations of ion transport in BNNT with 40 fixed
OH™ groups oninterior surface. MD simulations of ion transport in (22,22) BNNT
with40 OH™ groups oninterior surface. (a) Net charge of ions passed through the
tube. (b) Trajectories of randomly selected free cations (green) in tube during

© © © O

Free Bounded OH BorN
Cation Cation Group Atom
120
100
80 "\n\
E
60 ¢
©
>
40
20
. 0
Li Na
lons

last 2.5 ns of simulation. (c) Radial distribution of ions with respect to the center
ofthe BNNT. Inset: Residence times of the ions bonded to interior OH™ groups. (d)
Average axial velocities of cations (patterned bars), as well as absolute velocities
(solid bars).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-026-02182-5

A

w B a [o2] ~
o o o o o

Net charge (e7)

N
o

30 40 50 60
Time (ns)

60

50 F
45}

Q

40} €
351
=30}
25}
20}

151
10

0 2 4 6 8 10 12
r(A)

Extended Data Fig. 6 | MD simulations of ion transport in BNNTs with different
fixed OH™ surface-charge densities for different salts. K* with 40 OH", Na* with
123 OH", and Li+ with 273 OH, corresponding to surface-charge densities of 45,
140, and 310 mC/m?, respectively. (a) Net charge of ions passed through the tube.
(b) Trajectories of randomly selected free cations (green) in tube during last

14 BNNT 16
Wall

1nm e 6 o ¢
Free Bounded OH BorN
D Cation Cation Group  Atom
1.0
120
0.8 100
0.6 80 @
£
60 ¢«
0.4 S°
40
0.2
20
0.0 . 0
Li Na K
lons

2.5ns of simulation. (c) Radial distribution of ions with respect to the center of
the BNNT. Inset: Residence times of the ions bonded to interior OH™ groups. (d)
Average axial velocities of cations (patterned bars), as well as absolute velocities
(solid bars).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article https://doi.org/10.1038/s41565-026-02182-5

=
o
= 1]

BNNT-12nm

density (W/m?)
2,

max,pore

P

10° 10° 1010 10"°
Total Open Area (nmz)
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Extended Data Fig. 9| Electrical characteristics of BNNT-membranes osmotic generators connected in series. (a) Open-circuit potential for differing numbers of
BNNT membranes in series. (b) Short-circuit current against the number of BNNT membranes in series.
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Extended Data Table 1| Table comparing vertically aligned BNNT membranes with other single-pore and
macroscopic systems

Label: Citation  Pore type Pore diameter (nm) Estimated power density (W/m?)  Total open area (nm?) Maximum efficiency (%)
1: [60] Polyamide NRED 40 31.8x10% (KC1, 1M-1mM) 1.26x10% 29.3
2: [8] Single-MoSs 5 9.21x10° (KCl, 1M-1mM) 7.15x10! 17.6
3: [10] Single-BNNT 80 4.0x103 (KCl, 1M-1mM) 5.03x 103 8.7
4: (3] CNT-porin 0.4 39.3x103 (KCl, 0.1M-5mM) 1.26x10! 33.6

. Porous block } 8

5: [61] copolymer (BCP) 10 1.60 (KCI, 1M-1mM) 3.60x10 30.6

6: [62] Silk nanofibril- AAO 20 1.32x102 (KCI, 1mM-6M) 6.06%x108 12.9
hybrid membrane

7: [63] PAEK-HS hybrid 8.5 22.8 (NaCl, 1M-10uM) 3.61x108 29.2

8: [64] Carbon/Alumina hybrid 7 3.05x10% (KCl, 0.1M-64M) 3.40x 108 37.3

9: [65] Kaolinite/Janus hybrid 0.68 1.60 (KCl1, 1IM-1mM) 1.73x107 47.1

10: [21] Silica nanochannels 4 7.7 (KCl, 1M-0.1mM) 1.25x102 3.6

11: [66] Mesap_orsoi‘llizaSBAw 2 3.9 (KCl, 1M-1mM) 1.76% 106 45.8

12: [67] Charged hydrogel 156 3.0x10~2 (NaCl, 1IM-1mM) 9.59x10° 5.8

13: [68] Chitosan/PAA 12 7.4x10~2 (NaCl, 1M-1mM) 4.59%108 N/A
conical nanopore

14: [35] Nafion based N/A 2.8x1073 (KCI, 0.1M-0.1mM) 2.0x10'3 7.0
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