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Abstract

We report on anomalous transport of ions in solution through macroscopic arrays
of vertically aligned, surface-charged boron-nitride nanotubes (BNNTs). The 3-
and 12-nm-diameter BNNTs revealed two atypical transport phenomena: (i)
ultra-fast cation-selective diffusion under concentration gradients that exceeded
Fickian diffusion by up to 31-fold and (ii) anomalous relative diffusion rates and
ionic conductances for alkali-metal ions (K+, Na+, and Li+) that were oppo-
site to the ordering of their bulk mobilities in solution, and also different from
that observed in carbon nanotubes and 2D boron-nitride (BN) nanochannels.
The enhanced diffusive transport is shown to result from diffusio-osmosis at the
charged BN walls, with the enhancement scaling inversely with pore diameter.
The anomalous relative diffusivities for different cations is seen to arise from
ion-specific interactions with the charged surface of the BNNTs. These unusual
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transport phenomena, as well as the flexible and scalable membrane-fabrication
process, may enable ion-selective membranes optimized for “blue” energy con-
version, lithium recovery, and other molecular separations. As an example,
macroscopic arrays of aligned BNNTs in a salt-concentration gradient pro-
duced per-pore osmotic-power densities up 15,300 W/m2, with energy-conversion
efficiencies approaching the theoretical maximum of 50%.

Keywords: Diffusion, conductance, ion selectivity, osmotic energy, nanotubes

1 Main

The rapid and selective transport of ions through nanopores is central to biological
systems, as well as a variety of energy-conversion and molecular-separation processes.
A variety of remarkable ion-transport phenomena have recently been observed in low-
dimensional synthetic nanopores, nanochannels, and nanotubes. For instance, quasi-
0D nanopores formed in atomically thin materials have been shown to provide ion
selectivity persisting up to 20-nm pore sizes in graphene [1, 2], and enormous osmotic-
power generation in nanoporous single-layer MoS2 [3, 4]. Recent experiments in 2D
systems have revealed 3-4-fold-enhanced mobility of protons and cations in 2-nm-deep
silica nanochannels [5], and complete ion exclusion accompanied by slower-than-bulk
proton diffusion in monolayer water confined between graphene sheets [6].

Among the various low-dimensional systems, 1D nanotubes are particularly intrigu-
ing because they offer additional confinement, and can emulate biological channels
by having readily functionalizable surfaces and well-defined structures [7, 8]. Recent
experiments have found excess ionic conductance in 1.5-nm-diameter metallic car-
bon nanotubes (CNTs) [9], fast permeation of small ions in 2.2-nm-diameter CNTs
[10], and enhanced proton diffusion in 0.8-nm CNTs [11]. For CNTs, this enhanced
ion transport has been attributed to a combination of strong confinement, slip-flow
enhancement, and ion interactions with the negatively charged carboxyl groups at the
CNT entrance, as well as various material drag phenomena [12]. Other studies per-
formed with individual 30-80 nm BNNTs have revealed high surface-charge densities,
potentially enabling giant “blue” power generation from natural salinity gradients such
as those available at coastal estuaries [13]. Rapid yet selective transport of ions through
synthetic nanopores has potential applications in molecular separations, desalination,
and energy conversion and storage.

Here, we report on the anomalous diffusion of ions in ultra-narrow BNNTs. We use
a novel experimental platform consisting of macroscopic arrays of vertically aligned
(VA) nanotubes that serve as through-pores in an impermeable polymer matrix
(Fig. 1A). The solution-based, field-assisted fabrication method is scalable and pro-
vides flexibility in the use of different types of nanotubes in powder form. To fabricate
the nanotube arrays, we aligned BNNTs (3- and 12-nm inner diameter) and CNTs (3-
nm inner diameter) with magnetic and electric fields [14–16], respectively. The BNNTs
were decorated with iron-oxide nanoparticles to make them magnetically susceptible
and thus alignable by a magnetic field (Fig. 1B). The CNTs naturally develop an
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Fig. 1 Vertically aligned (VA-) BNNT and CNT arrays. (a) Solution-based, field-assisted
fabrication of VA-BNNT arrays: (1) Magnetically functionalized BNNTs suspended in the liquid
oligomer, (2) Magnetic alignment and magnetophoretic deposition of nanotubes, (3) Ultraviolet (UV)
curing of urethane oligomer to desired thickness, (4) Extraction of urethane-embedded VA-nanotube
array (total area 20 cm2), (5) Plasma etching to uncap nanotubes. (b) Transmission electron
microscopy (TEM) image of 12-nm and 3-nm BNNTs. (c) BNNTs decorated with Fe3O4 nanopar-
ticles. (d) Scanning electron microscopy (SEM) image showing aligned BNNTs in, and protruding
from, the cross-section of the urethane matrix. Parts of the aligned BNNTs are visible on the cleaved
cross-sectional surface, while other portions remain embedded in the matrix. Inset shows a VA-BNNT
spanning the cross-section as an ion-conductive channel.

induced electrical dipole under an external electric field as a result of Maxwell-Wagner
interfacial polarization [14], so functionalization with nanoparticles was not necessary.
The BNNTs or CNTs were then suspended in a liquid urethane prepolymer, aligned
and concentrated by the external field, and locked in place by in-situ UV polymeriza-
tion (Fig. 1D). Plasma etching was then used to remove excess polymer and uncap
nanotubes, yielding permeable arrays of vertically aligned nanotube embedded in a
4-5-µm-thick polyurethane matrix. We mounted and tested 1-cm2 samples cut from
larger, ∼ 20-cm2 nanotube arrays. The open pore densities were 7×105 pores/cm2 for
the 3-nm BNNT arrays, 1.7×105 pores/cm2 for the 12-nm BNNT arrays, and 1.7×105

pores/cm2 for the 3-nm CNT arrays. The solution-based, field-assisted fabrication
approach is simple, flexible in the types of nanotubes used, and highly scalable being
compatible with roll-to-roll processing[15].
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Fig. 2 Surface-dominated conductance and cation-selective transport in BNNTs com-
pared to CNTs. (a) Single-pore conductance and fitted surface-charge density for BNNTs and
CNTs in KCl solution at pH=7. (b) KCl conductance and surface-charge density at pH=11. (c) High
K+ cation selectivity and osmotic-energy-conversion efficiency of BNNT arrays at pH=11, with trans-
ference numbers, t+ ∼1 even for CH=1M. (d) Cation selectivity and energy-conversion efficiency for
VA-BNNT arrays as a function of pH in a 1mM:1M KCl concentration gradient.

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 (BN3 + H2O ←→
BN3-OH− + H+) [17, 18]. At low KCl solution molarities, the VA-BNNT arrays
displayed surface-dominated ion transport with a constant conductance that became
independent of salt concentration (Fig. 2A-B). Using a model for ionic conductance
that accounts for both bulk and surface transport [13],

G =
Aopen

Lp

{[
103F

(
µK

+ + µCl
−)Cs

]
+

[
2µK

+ |Σw|
Rp

]}
, (1)

the BNNT arrays were found to have surface-charge densities of -170 and -45 mC/m2

at pH=11 for the 12-nm and 3-nm BNNTs, respectively. In the above equation, Aopen,
Lp, and Rp are the total open area, length and radius of the pores, respectively,
while F , µK

+, µCl
−, Cs and Σw are the Faraday constant, mobilities of potassium
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or chlorine ions, solution concentration, and the surface-charge density. At pH=7, the
BNNT charge densities decreased to -35 and -16 mC/m2, respectively. In contrast, the
3-nm CNTs had negligible surface charge. The CNTs, instead of having a constant
conductance at low solution molarities, showed a G ∼ Ca

s scaling, with exponent
1/3 < a < 1/2, that is typical of small-diameter CNTs [8], [19].

We then studied diffusive ion transport in the nanotube arrays by immersing the
membranes in a salt-concentration gradient and measuring their I − V behavior. For
these tests, CH was varied while CL was fixed at 1 mM (See Supplementary Informa-
tion 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, t+,
calculated from the measured osmotic voltage, Vosm, as [20]:

t+ =
J+

J+ + J− =
1

2

 Vosm

RT
zF ln

(
γH CH

γL CL

) + 1

 , (2)

where γH,L,CH,L, R, T, z, are the activity coefficient, ion concentration, gas constant,
temperature, and valence, respectively. The subscripts H and L refer to the high- and
low-molarity solutions, respectively. A transference number of t+ = 0 or 1 implies
complete anion- or cation- selectivity, respectively, while t+ = 0.5 indicates a complete
lack of selectivity. Figure 2C-D reveals that the BNNTs possessed excellent K+ cation
selectivity, with t+ approaching 1. The high selectivity remained constant with increas-
ing CH , with t+ = 0.91 even for CH/CL= 103 in the 3-nm BNNTs. Cation selectivity
persisted for BNNT diameters of 12-nm and CH=1M, for which the Debye length on
the high-concentration side is smaller than pore size. In contrast, 3-nm CNTs showed
a rapid decline in selectivity with increasing CH , which is typical of Donnan (charge-
based) exclusion [21]. This is believed to be due to the screening of the charged groups
at the CNT tips as salt concentration increases. Thus, despite their identical crystallo-
graphic structure and diameter, the 3-nm BNNTs and CNTs showed very different ion
selectivity as a result of their different surface-charge density, and distribution thereof.

Intriguingly, measurements of ion transport in these BNNTs revealed atypical
absolute rates of cation diffusion. As seen in Fig. 3A, the experiments showed strik-
ingly enhanced absolute rates of K+, Na+, and Li+ diffusion 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. In
comparison, the previously reported cation flux for a single 80-nm BNNT under the
same KCl concentration gradient revealed an enhancement of 1.6-fold [13]. The order-
of-magnitude larger enhancement in cation-diffusion rates for the present BNNTs is
believed to be due to their smaller diameter, which increases the importance of sur-
face transport relative to bulk diffusion, as will be discussed in more detail later. The
anomalous cation mobility in BNNTs is also striking compared to CNTs of the same
size (3 nm), as well as previous 4-nm-deep 2D silica nanochannels [20], both of which
showed no enhancement in diffusive cation flux over bulk rates (J+/J+

Fickian < 1). It
should be noted that these calculations of cation-transport enhancement in the BNNT
arrays are inherently conservative because they come from the measured current and
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Fig. 3 Enhanced, anomalous diffusion of different cations in BNNTs. (a) Diffusion rates of
different cations in various nanotubes compared to bulk diffusion expectations. Note that transport
rates in 4-nm silica nanochannels [20], 3-nm CNTs, and the single 80-nm BNNT [13] are multiplied
10-fold for clarity, i.e, they more than an order of magnitude lower than that in the 3- and 12-nm
BNNTs. (b) Scaling of per-pore current compared to diffusio-osmotic predictions of 3. The 3- and
12-nm BNNT arrays of the present work are compared with single BNNTs of different pore diameter,
length, and surface charge density in KCl solutions of different pH and concentration gradients. (c)
Per-pore conductance for 3-nm-BNNT and CNT arrays for various salts at pH=11. (d) Per-pore
power density for 1mM:1M concentration difference for different salts at pH=11.

assume that only cations are diffused through the nanotubes, i.e, I = q (J+ − J−) ∼=
qJ+. Since the BNNTs showed transference numbers close to, but not exactly 1,
( 2C-D), the actual transport rate of cations is likely slightly greater than shown in
Fig. 3A.

To interpret the enhanced absolute rate of cation diffusion, we first considered a
continuum-level explanation based on the osmotic-pressure-driven flux of concentrated
cations in 1D nanotubes. To screen the measured surface-charge density of Σw =-170
mC/m2 on the 12-nm-BNNT surface, for example, the average cation concentration
in the electrical double layer (λD ≈ 10nm) would be Σw/λD ≈ 0.2 M, two orders of
magnitude higher than the bulk concentration on the low-molarity side (CL=1 mM).
An osmotic-pressure gradient can drive the concentrated cations in the double layer,
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resulting in a diffusio-osmotic current [13]:

IOSM,total = N
2πRp

Lp
|Σw|

kBT

ηλB
log

(
CH

CL

)
, (3)

where N is the pore number, Rp is the pore radius, Lp is the pore length, η is the
viscosity, and λB is the Bjerrum length.

We have compared this prediction with the measured (per-pore) osmotic current for
KCl in the present BNNT arrays, as well as previous single BNNTs of larger diameters
[13]. Accounting for the order-of-magnitude differences in pore radius Rp and length
Lp, as well as surface-charge density Σw, the per-pore osmotic currents for the diffu-
sion of K+ cations compare well between the predictions of Eqn. 3 and measurements
of the present work on 3-nm and 12-nm BNNTs, as well as with previous measure-
ments with a single 80-nm BNNT [13]. (see Supplementary Information for details).
The agreement shown in Fig. 3B between the data and theory over three orders of
magnitude in osmotic current, with no adjustable parameters, is strong evidence for
diffusio-osmosis being the dominant mechanism for enhanced, cation-selective trans-
port in the charged BNNTs. Moreover, the scaling agreement for K+ diffusion between
the previous single BNNTs and the present BNNT arrays suggests that the total
osmotic current scales linearly with pore number rather than sub-additively. This lin-
ear dependence of conductance on the pore number is different from the expected
N1/2 scaling for an array of closely spaced pores (when the interpore distance is closer
than 4

√
N R2

p/ Lp, where N is the number of pores) [22]. From Eqn. 3, the enhance-
ment in diffusive current over bulk diffusion can be seen to scale inversely with Rp,
i.e. is greater in smaller-diameter nanotubes. Overall, the enhanced absolute rates of
cation diffusion in the BNNT arrays can be rationalized in a continuum sense as the
diffusio-osmosis of concentrated ions in the electrical double layer within the charged
pores.

However, the data also revealed an anomalous relative transport of Li+ and Na+

compared to K+ within the 3-nm and 12-nm BNNTs, which 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 [23], as well as in 2D BN nanochannels [24–27].
Furthermore, the relative diffusion rates of the three different cations in BNNTs also
differed from that in 3-nm CNTs. In bulk solution, K+ has a smaller hydrated size
and, thus, a higher diffusivity than Na+ and especially Li+. However, in the narrow,
charged BNNTs, the diffusive transport of cations was ordered as JLi+ > JNa+ >
JK+. Moreover, the faster relative transport of Li+ and Na+ compared to K+ is not
limited to concentration-gradient-driven diffusion in the BNNTs, but is also seen in the
electric-field-driven ionic conductance. As shown in Fig. 3C, the ionic conductance of
the BNNT arrays diverged significantly for KCl, NaCl, and LiCl at low molarities, with
LiCl giving the highest conductance for Cs<100mM. In contrast, ionic conductances
for 3-nm CNTs pores nearly collapse for the different salt solutions, with only a small
difference (KCl having the highest conductance) that is consistent with the difference
in hydrated size and bulk mobilities of Li+, Na+, and K+ cations in solution. Thus, the
BNNTs, but not CNTs, showed both diffusive and electric-field-driven (conductance)
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transport rates that were anomalously enhanced for Li+ compared to that of Na+ or
especially K+.

This anomalous opposite-from-bulk ordering of transport rates for Li+, Na+, and
K+ in the BNNTs is distinct from what has been previously seen experimentally,
and also from what is predicted by conventional models. Standard diffusio-osmosis
does not distinguish between different monovalent cations, as can be seen in Eqn. 3.
Furthermore, while it is known that differences in anion-to-cation diffusivities can
generate an electric field Ediff = kBT

q β ∇ logC, where β ≡ (D
+−D−)/(D

+
+D−)) that

could affect diffusio-osmotic transport; we do not expect this to occur in these small-
diameter BNNTs because anions are completely excluded, as seen both experimentally
(t+ → 1 in Fig. 2C and D), and in molecular dynamic simulations. Thus, β ∼= 1 is
independent of the salt type, and we would not expect to see salt-specific differences in
diffusio-osmotic transport. Moreover, we find the same anomalous ordering of cation
transport rates in conductance experiments (Fig. 3C), where the solution molarities
are equal on both sides of the BNNTs and transport is driven by an external electric
field rather than diffusion. Thus the diffusion electric field does not appear to be able to
explain the anomalous relative ordering of diffusion rates of various ions in the BNNTs.
Furthermore, the transport-rate ordering that we observe in BNNTs is opposite to that
reported by Geim’s group for diffusion in angstrom-scale 2D hBN channels, despite
the two systems having the same h-BN walls and, presumably, surface properties [24].
For these reasons, the ion-specific diffusion rates and conductances that are observed
in BNNTs are quite unexpected.

Our observations indicate that ion transport inside small-diameter BNNTs is
strongly affected by ion-specific interactions between the ions and the walls of the
BNNTs. Charged OH- groups on the h-BN wall can hinder the motion of cations in the
axial direction. For simplicity, we may model this local interaction by an additional
potential whose depth Q varies for different species, e.g., Li+ vs. K+. The fraction of
cations trapped in the energy wells can be shown to be:

f =
1

1 + α1e−Q/KBT
(4)

and, by Kramer’s theory [28, 29], the effective mobility of cations trapped in the wells
is then:

µ+
B = µ+α2e

−Q/kBT , (5)

where α1 and α2 are dimensionless constants that depend on the detailed profile of
the energy barrier. Small differences in the surface-interaction potential can thus have
exponential impact on the effective diffusivity and conductance for different species.
Additional molecular dynamics and computational quantum-chemistry investigations
in this direction are underway.

Although considerable challenges remain in terms of scale-up and increasing areal
power density, the fast, ion-selective transport in VA-BNNT arrays could potentially
enable applications such as electricity generation by harvesting “blue” energy from
concentration gradients such as those that occur at natural estuaries [7, 30–32] Since
per-pore power density scales as Σw/Rp (see Eqn. 2 & Fig. 3B), decreasing the pore
size significantly increases the power density over that of previous, larger-diameter
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BNNTs. As shown in Fig 3D and Fig. S16, the 3- and 12- nm BNNT arrays show per-
pore power densities exceeding 10,000 W/m2 for 1mM:1M NaCl solutions, and 15,000
W/m2 for KCl. This compares favorably with the 4,000 W/m2 found for the single
80-nm BNNT studied previously under the same conditions [13]. 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 seen in
Figs. S14-S15. These scalings are consistent with the diffusio-osmotic predictions of
Eqn. 2. As a result of their high cation selectivity, the BNNT arrays had osmotic-

energy conversion efficiencies ηmax =
(2t+−1)

2

2 [20] approaching the maximum possible
50%, as shown in 2C-D (higher efficiencies are only possible for pairs of cation- and
anion-selective membranes). The conversion efficiencies of the BNNTs were notably
higher than the <10% of CNTs of the same diameter, as well as 4-nm-high 2D silica
nanochannels (8%) [20], and 5-nm-diameter nanopores in MoS2 nanosheets (17.6%)
[3].

Moreover, the solution-based, field-assisted fabrication method is inherently com-
patible with roll-to-roll processing and enables the scale-up of the VA-BNNT arrays.
With 1-cm2 arrays of the current work, the overall current was 104-fold greater (10
µA vs. 1 nA) than that in the single 80-nm BNNT of previous work [13]. As a proof of
concept, we have powered a calculator, watch, and LED using a stack of eight 1-cm2

BNNTs arrays in series (Fig. S20 & Supplementary Movies S4-6). Further improve-
ments in areal power density and total power of the array could be made by increasing
the array size, pore density, and open-pore percentage, as presently only a portion of
the BNNTs have etched-open caps. It may also be of interest to take advantage of the
anomalously enhanced transport rate for certain cations in BNNT pores to recover or
concentrate species such as lithium from mixed salt solutions.

These results show that ion transport in narrow BNNTs is enhanced with respect
to bulk and highly selective for specific cations. The marked difference in both ionic
diffusion and conductance between BNNTs and CNTs, the latter of which show neg-
ligible osmotic power generation but have a significant enhancement in water flow
[8, 15, 33, 34], highlight the subtle but important differences in surface charge and
hydrodynamic slip that govern ion transport in otherwise similar, atomically perfect
1D nanotubes. The quasi-1D confinement of ions in BNNTs also appears to be funda-
mentally different from 2D confinement in BN nanochannels, as seen in the different
ordering of ionic conductance for various alkali metal ions between the two systems.
Due to the surface-dominated transport in 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 the charged h-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. These unexpected phenomena, together with
the scalable and flexible fabrication technique that enables macroscopic membranes
with a variety of nanotube pores, may provide opportunities to better understand
fundamental ion transport in 1D nanochannels, and indicate a possible path for the
rational design of ion-selective membranes optimized for “blue” energy conversion,
desalination, lithium recovery, and other molecular separations.
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2 Methods

2.1 Functionalized boron nitride nanotubes

Multi-walled (ID=12 nm, Naieel Technology, South Korea) and few-walled (ID=3nm,
BNNT, LLC USA) boron-nitride nanotubes were functionalized with iron-oxide
nanoparticles using electrostatic adsorption arising from the difference of surface
charge in these two materials. Nanotube inner diameters were measured using a series
of TEM images. Figure S1 shows the inner-diameter distributions of the 3- and 12-
nm BNNTs, as well as the 3-nm CNTs used in this study. For the larger BNNTs, the
estimated average inner diameter was 12 nm with a standard deviation of 2 nm, while
for smaller BNNTs, the average inner diameter was 3 nm with a standard deviation
of 0.9 nm. The CNTs had a mean diameter of 3 nm with a standard deviation of 1
nm. Extended Data Figure A2 show Raman spectra and diameter distributions of
the different nanotubes.

Typically, a suspension of nanotubes was prepared in isopropanol solution (ACS
reagent, ≥99.5%, Sigma-Aldrich) at a concentration of a 1mg/mL. Following 15 min.
of bath sonication at a controlled temperature of 20 0C, the IPA was evaporated
and replaced with deionized water. The aqueous suspension of BNNTs was then bath
sonicated for another 10min, followed by a brief 30s tip sonication. Next, 40µL of fer-
rofluid (EMG 605 Ferrotec USA Corporation) was added to 10 mL of the aqueous
BNNT suspension. The d=10 nm iron-oxide nanoparticles (3.9 vol% in a waterbased
ferrofluid) were cationic-surfactant coated. This caused the positively charged mag-
netic nanoparticles to electrostatically adsorb to the negatively charged BNNTs. This
adsorption typically takes 10 minutes and reached a maximum after ∼3 hours. Suc-
cessful functionalization of the nanotubes can be observed in their magnetophoretic
response to the magnetic field of a rareearth magnet, as seen in Extended Data Fig A3
and Supplementary Information Fig 7. Functionalization of nanotubes was completed
by leaving them overnight in suspension, washing nanotubes with DI water and filter-
ing out the extra deionized water using a PTFE filter with 0.2 µm pore size. After the
complete removal of water by evaporation, dry functionalized nanotubes were stored
for further steps in membrane fabrication.

It is important to note that decoration with iron-oxide nanoparticles is only
observed on the outside surface of the nanotubes and that the nanoparticles do not clog
the inner nanochannels of the BNNTs. This was verified by a series of TEM images of
the 12-nm-diameter BNNTs shown in Extended Data Fig A1. By tilting the micro-
scope stage around the nanotube axis, the 3-dimensional position of the nanoparticles
can be determined. The sequence of TEM images shows that the magnetite parti-
cles were on the outside of the nanotubes. Similarly, successful functionalization on
the outside of the 3-nm-diameter BNNTs is also observed in Extended Data Fig A1.
Analysis of the TEM images show that the functionalized nanotubes cover 1-3% of the
BNNT surface area. The field-induced alignment of functionalized multi-walled boron-
nitride nanotubes under a known magnetic field was also observed with a high-speed
CCD camera (pco.edge CMOS, PCO AG) attached to an inverted optical microscope
(Model IX71, Olympus Inc) with a 100X oil-immersion objective. Movies S1-S3 show
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videos of the alignment of individual, liquid-suspended BNNTs in magnetic fields of
different strength and direction.

2.2 Alignment and magnetophoretic deposition of
functionalized BNNTs

To fully benefit from the incorporated boron-nitride nanotubes, nanotubes were ver-
tically aligned and concentrated with an applied magnetic field prior to curing of the
polymer matrix. Using rareearth magnets, a 1000G magnetic field was applied for 10
min to the mixture of functionalized nanotubes and liquid oligomer. A urethane thin
film with vertically aligned BNNTs was UV cured immediately after the magnetic
field is removed. We compared the experimentally measured alignment rate of func-
tionalized nanotubes with theoretical predictions. The magnetic-alignment energy of
individual nanotubes can be expressed as [35],

U (θ) =
2π

3

[(
L

2
+ ∆

)(
D

2
+ ∆

)2

−
(
L

2

)(
D

2

)2
]
µ0

χ2
p

χp + 1
H2

0sin
2θ, (6)

In Eq. 6, L and D represent the length and diameter of nanotubes (modeled as
prolate spheroids), ∆ and χp represent iron-oxide particle diameter and magnetic
susceptibility and H is the applied magnetic-field strength. The magnetic torque of
an individual nanotube is predicted to be [35],

|Tm| = −
dUm

dθ
=

2π

3

[(
L

2
+ ∆

)(
D

2
+ ∆

)2

−
(
L

2

)(
D

2

)2
]
µ0

χ2
p

χp + 1
H2

0sin2θ (7)

As the nanotubes rotate into alignment with the applied magnetic-field direction,
the magnetic torque is balanced by the viscous torque on the cylinder. In the low-
Reynolds-number limit, the torque balance is |Tm| + ζvΩ = 0 in which Tm, ζv and
Ω (rad/s) correspond to magnetic torque, hydrodynamic rotational-friction constant,
and alignment rate, respectively. Thus, the theoretical maximum alignment rate of
an individual nanotube, taking place at θ = π

4 , in which θ is the orientation angle
between the applied H-field direction and the particle’s long axis, can be expressed as,

Ω =
|Tm|
ζv

=

2π
3

[(
L
2 +∆

) (
D
2 +∆

)2 − (
L
2

) (
D
2

)2]
µ0

χ2
p

χp+1H
2
0

πηL3

3(ln(L/D)−0.8)

, (8)

Eq. 8 predicts that the nanotube alignment rate scales with the field strength as H2
0 ,

as well as with nanotube dimensions as ln(L/D)/L2, assuming the nanoparticles are
covering the nanotubes outer surface homogeneously. Fig. A4 shows a superimposed
image sequence of a nanotube rotating into alignment with a horizontal magnetic
field. Using such a sequence of recorded images and fitting the orientation angle, θ,
to an exponential decay function of the form [16, 36], we can extract the maximum
alignment rate, Ωmax, for different nanotube geometries and magnetic-field strengths.
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Fig. A5 shows that the predictions of rotation rate scaling as H2
0 and ln(L/D)/L2

are in good agreement with the experimental data. The effect of applied field strength
on a nanotube’s alignment is illustrated in Movies S1 and S2, which show the same
nanotube aligning at 240G and 43G, respectively. The agreement between theory and
measured alignment rates for nanotubes of different length, as shown in Fig. A5B,
also suggests relatively homogeneous functionalization of magnetite particles along the
surface of the nanotubes. Movie S3 shows the magnetic alignment of nanotubes in DI
water solution with an initially horizontal, followed by vertical, magnetic fields.

2.3 Fabrication of boron nitride nanotube arrays

To create arrays of vertically aligned-(VA-) BNNTs embedded in a polymer matrix,
functionalized nanotubes were dispersed in a UV-curable liquid polymer, specifically
an acrylated polyurethane oligomer, SU-710 (Soltech, LTD). A photoinitiaor (Darocur
1173, BASF Corp.) was mixed with the liquid oligomer at a 5% vol. concentration.
The mixture of photoinitiator and liquid oligomer was bath sonicated at 50 0C 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 1mg/ml and bath sonicated at 50 0C for 30 min. The dispersed
nanotube-liquid oligomer mixture was then placed in a fluidic set-up consisting of
two ITO-quartz slides with high transmission of UV light (OPCO Laboratory, Inc),
separated by a 200µm 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 few seconds. The thickness of the cured
matrix was varied by changing the duration of UV exposure. An initial 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, nanotubes were
aligned and deposited vertically in the fluidic set-up with a magnetic field, as discussed
in next section. SEM images of the vertically aligned BNNTs protruding from the
polymer surface are shown in Fig 1D of the manuscript as well as Supplementary
Information Fig 8. The uncured, excess liquid oligomer on top of the cured film was
then washed away by spraying acetone and deionized water. After the ∼ 20 cm2 BNNT
arrays were fabricated, they were cut into smaller ∼ 1 cm2 sections and mounted on
a 200 µm thick polymer supports for plasma etching and testing.

2.3.1 BNNT array etching and thickness measurement protocol

To eliminate the excess polymer and uncap the deposited boron-nitride nanotubes, a
plasma-etching protocol was introduced. For etching, 1:1 (% mass flow rate) SF6-O2

gas was used in a plasma-etching system (March Instruments Inc, PX250). Among
these gases, SF6 etches boron-nitride [37, 38], while O2 targets the excess polymer
matrix. To check the effect of SF6 on the hexagonal boron-nitride, exfoliated h-BN
platelets were etched and examined under SEM, as seen Fig.S9. To reduce sample
heating and defect generation in the cured polymer matrix, etching was done in mul-
tiple 1 min cycles at a plasma power of 100 W for each side until the target open-pore
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number was reached. After each cycle, measurements were made of the ion conduc-
tance and osmotic-power generation of the arrays to check for any possible defects.
Typically, membranes with starting thickness of 6.0 µm thickness were etched down
to 5.0 µm after 6 or 7 rounds of plasma etching on each side. Membrane thicknesses
were measured using a thin-film measurement system employing spectral reflectance
(Filmetric F20-EXR) with wavelength range of 400-1700 nm. Before thickness mea-
surement, light-exposure conditions were calibrated for SiO2 on Si wafers with known
thickness.

2.3.2 Verification of Total Open Area and Pore Number Estimation

The total open pore area was measured using ion-conductance measurements, and
verified with N2-gas-permeation and Au exclusion tests. The bulk conductance at high
molarity (0.5-1 M KCl) gives the total open pore area, while the surface-dominated
conductance at low molarities gives the surface charge density of the pores. In high-
molarity solutions, the surface-charge contribution to ion conductance in the second
term of Eq. 1 can be neglected. In Eq. 1, Aopen,p, Lp, Rp, F, µK+, µCl−, Cs and Σw

correspond to total open area of the pores, thickness of the membrane (m−1), radius of
nanotubes (m−1), Faraday constant (C.m−1), mobilities of potassium and chlorine ions
(7.62x10−8 and 7.91x10−8m2V −1s−1), solution concentration, and wall surface charge
(C/m2) respectively. The open pore number of the fabricated BNNT arrays can be
estimated from the measured conductance, G, at high molarity and the TEM-measured
inner radius, Rp, of the nanotubes using,

N =
(Gtotal Lp)

πR2
p10

3F
(
µ+
K + µ−

Cl

)
Cs

(9)

As previously mentioned, in high-molarity solution (CS >0.5M), ion conductance is
dominated by bulk conductance, which is a linear function of total open area. It is
important to note that any additional conductance due to the surface conductance
would tend to increase the estimated total pore number (and thus underestimate the
generated osmotic power density). Furthermore, since the open pore area is measured
individually for each nanotube array, it is also a valuable probe to detect possible
defects generated during the array fabrication, or in subsequent plasma etching. Nan-
otube arrays with defects in the polymer matrix generated during the fabrication
process have orders-of-magnitude-higher initial ion conductance prior to any etching,
as shown in Fig. S5B. Tears or defects can also originate after fabrication, during
plasma etching or handling. In defective nanotube arrays, the osmotic power density
is significantly lower, as shown in Fig. S5A.

To further validate the conductance-measured open-pore area, we have also per-
formed N2-gas-permeation tests as a second, independent way of measuring open-pore
area. Gas-flow rates in the Knudsen-flow regime (for pore diameters smaller than the
mean free path of the diffusing gas molecules) can be estimated as,

Q = N
d3∆P

6PL

√
2πkBT

m
(10)
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Here, Q is the gas flux through the BNNT-12nm array, N is the number of open
BNNT-12nm pores, d is the inner diameter of the nanotubes, ∆P is the pressure dif-
ference across the array, P is the atmospheric pressure, L is the thickness of BNNT
array, kB is the Boltzmann constant, T is absolute temperature and m is the molec-
ular weight of the gas. The measured N2-gas permeance is shown in Fig.S3. Figure
S3(C) compares the open areas for three BNNT-12 arrays measured by the N2-gas-
permeation and ion-conductance tests. Typically, the pore areas estimated with ion
conductance measurements and N2-gas permeance agree within 2%-10%.

In addition, to rule out possible defects and further verify the BNNTs are the
sole ion transport paths, we have performed pressure-driven Au exclusion experiments
across BNNT arrays with 15nm Au nanoparticles. Solutions of 0.025 mg/ml of 15 nm
polyethylene-glycol- (PEG-) functionalized Au nanoparticles (NanoComposix, item
no. AUGN15-25 M) were injected into the feed side covering the film surface and a
pressure of 34.5 kPa was applied. We note that any rejection is expected to be based on
size exclusion, as the PEG functionalization of Au particles establishes a low surface
charge on the particles. Measured rejection value (R = 1−Ap/Af ), where Ap and Af

are measured permeate and feed absorbances near 522 nm) is 93.4%. We have also
tested arrays with defects, and compare successfully fabricated and defective BNNT
arrays in Fig.S6 in terms of both Au exclusion and power generation. For the defective-
membranes, unintentional defects create extra flow paths in addition to inner surface
of nanotubes, resulting in a significantly reduced rejection rate of 54%, and negligible
osmotic power generation for 1mM:1M KCl solution at pH=11.

2.4 Current-voltage measurements

Alkali metal ion solutions of KCl, NaCl and LiCl were used as electrolytes in the
experiments. All solutions were prepared by dissolving salt in deionized water (resis-
tivity of ρ = 18.1 MΩ.cm), followed by a series of dilutions to reach the desired lower
molarities. For pH adjustment, KOH (0.1N, Sigma-Aldrich) or HCl (diluted to 1M,
Sigma-Aldrich) was added drop-wise. The conductivities of the prepared solutions
were measured with a conductivity-meter probe (Oakton Instruments CON6 Acorn
series), calibrated with buffer solutions prior to measurements (Hanna Instruments
HI 7033 and HI 7031). The pH of the solutions was also measured with a benchtop
pH meter (Thermo Scientific STAR A111), again calibrated immediately before the
measurements.

Before ionic-current measurements, BNNT arrays were pre-wetted by initial soak-
ing in a 25% ethanol/75% water mixture for 5min. The BNNT arrays were then
soaked/rinsed in deionized water for another 15min, and then presoaked for 30 min
in a salt solution. The membranes are presoaked in the low-molarity-side salt solu-
tion for osmotic-current measurements, and in a solution of the desired molarity
for ionic-conductance measurements. For ionic-current measurements, the fabricated
arrays were clamped between two reservoirs with Viton O-rings in a custom-made
two-reservoir electrochemical cell enclosed in a Faraday cage. Chlorinated Ag/AgCl
wire electrodes (A&M Systems, Catalog# 531500) were used in both reservoirs to
apply trans-membrane potential and record the current. When necessary, electrodes
were cleaned with nitric-acid solution (HNO3, 70%, Sigma Aldrich) and re-chlorinated
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by soaking in NaClO or electroplating in NaCl (3M) solutions. Ionic currents across
the BNNT arrays were recorded at various pH conditions and electrolyte concen-
trations using a Gamry Reference 600+ with pA resolution. For I-V recordings,
the applied voltage was scanned over a ±0.3V range, of which ± 0.2V is used to
extract data for calculations. For the successfully fabricated and tested membranes,
I-V recordings were linear within the applied voltage range. To verify the experimen-
tal protocols, a series of control measurements of ionic conductance were performed
with d=20µm single-micropore SiNx membranes (Norcada, NTPR005A-C20) and
track-etched polycarbonate membranes of known pore size and number.

Supplementary information. Available in the online version of the paper.
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Appendix A Extended data figures and tables

Fig. A1 Inner diameter distribution of (a) 3-nm BNNTs (d∼3nm± 0.9nm) (b)12-nm BNNTs
(d∼12nm± 2nm) (c) 3-nm CNTs (d∼3nm±1nm).
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Fig. A2 Raman spectra of 3- and 12-nm BNNTs, and 3-nm CNTs
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Fig. A3 Functionalized 12-nm and 3-nm BNNTs with iron-oxide nanoparticles (a) TEM
images of nanotubes after functionalization (b) Tilted stage with 45 degree has changed the position
of both the magnetite and host nanotubes suggesting the nanoparticles reside on the outer surface of
nanotubes 12-nm BNNTs, (c) TEM images of 3-nm BNNTs functionalized with iron-oxide nanopar-
ticles.
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Fig. A4 Time series of optical images of functionalized BNNTs under horizontal mag-
netic field. (a) At field strength of H=240G, the nanotube rotates into alignment in less than 0.5s,
(b) For the same nanotube, when field strength is H=43G, alignment into field direction takes ∼7.5 s

Fig. A5 Alignment of individual nanotubes under magnetic fields (a)Average normalized
nanotube alignment rate of 7 BNNTs under different field strengths, nanotube rotation scales with
H2, (b) Nanotube alignment rate exhibits ln(L/D)/L2 scaling with length for the highest and lowest
applied field strengths. The deviation from the scaling line indicates a small inhomogeneity in the
surface coverage with iron-oxide particles.
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Fig. A6 (a) Experimental setup and current–voltage characteristics for a representative BNNT
array in a 1mM:1M KCl gradient at pH=11. The contribution from the redox reaction on the elec-
trodes (measured separately), is subtracted from the measured total current. (b) Representative I−V
curve for BNNT array showing measured values, and after subtraction of the redox potential.

Fig. A7 Measured osmotic currents for (a) CH/CL = 1000mM, 100mM, 10mM : 1mM KCl,
at pH=11, (b) CH/CL =1M:1mM KCl, various pH solutions.
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Fig. A8 Osmotic power generation densities for (a) CH/CL = 1000mM, 100mM, 10mM :
1mM KCl, at pH=11, (b) CH/CL =1M:1mM KCl, various pH solutions.

Fig. A9 (a) Measured osmotic currents of different cations for CH/CL = 1000mM : 1mM , at
pH=11, (b) Transference numbers for K+, Na+, Li+ at CH/CL =1M:1mM, pH=11 solutions.
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Fig. A10 (a) Comparison of ion conductance for CNT-3nm and BNNT-3nm with different cations,
at pH=11, (b) Ion conductance of BNNT-12 nm arrays with different cations, at pH=11.

Fig. A11 (a) Open-circuit potential and short-circuit current over time, showing good stability for
4 hours, followed by a decrease for longer durations, (b) Open circuit potential by a stack of 8 BNNT
arrays connected in series, (c) Powering of a calculator, a watch and LEDs with 8 BNNT arrays.
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Fig. A12 (a) Maximum power density and total pore area for the BNNT arrays compared to
other osmotic power generation systems. The blue circle highlights single-pore nanosystems, while
the orange circle shows ionic-diode type heterogenous systems. The green circle shows state-of-the-
art macroscopic membranes. Data and references are given in Table S??
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