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ABSTRACT: Numerous research efforts have been devoted to 1
replicate the functioning of biological ion pumps in nanofluidic
devices. Unlike previous reports of cationic pumps, positively
charged CoAl layered double hydroxide (CoAl LDH) is exploited
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here for uphill pumping of anionic species. Nanofluidic membranes ° ° o 9. @ O ol, o
prepared by self-assembling exfoliated layers of CoAl LDH exhibit ® . -—.g—a '—8" -—g—a ‘—8—‘* P
excellent anionic transport characteristics. At the surface-charge- ] A o> O g, O
governed regime, the positively charged CoAl LDH membrane (p- ® @ '_8_- _%)_- _g—- T @ ‘“o
LDHM) showed a remarkable OH™ ion conductivity of ~2 mS ° o Q> @-» @ o
cm™". The remarkable mobility of OH™ ions (4 X 107* cm* V™' §7%) 0 2. 0, & _ @& S, @ °
in the atomically thin channel of p-LDHM is attributed to the tiny b .
p-LDHM Counter-ion selectivity

activation energy (0.09 eV) required for Grotthuss-like hopping of
the ions between the positive charges of densely packed CoAl LDH
layers. The lamellar p-LDHM was also found to be suitable for energy harvesting via salinity gradient, and a power density up to 0.7
Wm ™2 was achieved under a 1000-fold concentration gradient. The triangular p-LDHM displays a diode-like nonlinear -V curve,
attributed to a combination of unipolar conductivity of counterions inside the two-dimensional (2D) nanochannels and geometrical
asymmetry. The triangular p-LDHM pumps anions against the concentration gradient (up to 1000-fold), under fluctuating external
potentials with a mean value of zero.

B INTRODUCTION

Ion pumps with intricate transport properties play critically

The demonstration of the feasibility of creating an
unprecedentedly massive array of nanofluidic channels by
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important roles in various physiological functions of living
organisms. For example, the specific internal composition of
the biological ion channels is regulated by the Na*/K" ion
pump, which is essential for maintaining osmotic equilibrium
and membrane potential of cells."”” Similarly, plasma
membrane Ca®>* ATPase (PMCA) is vital for regulating
Ca®"-ion concentration within eukaryotic cells.”* The energy
needed for the regulation of different ion pumps is supplied
through sources like light, redox chemicals, and ATP.>®
Inspired by the exceptional properties of the biological ion
pumps, several efforts have been devoted to fabricating their
artificial counterparts.””'? Bio-inspired synthetic pumps
capable of transporting ions/molecules in the uphill direction
in a highly selective manner have great relevance to futuristic
applications in areas like bio-sensing, environmental studies,
and energy harvesting.u_13 So far, most of the studies related
to the biomimetic ion pumps are limited to only cation
pumping. To the best of our knowledge, no progress has been
made toward developing artificial ion pumps capable of
transporting anions in the uphill direction. Here, we report
the fabrication of an ion pump that can push anions toward a
higher-concentration chamber with the help of a fluctuating
electric field with a mean value of zero.

© 2021 American Chemical Society
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restacking exfoliated sheets of layered material provided a
macroscopic platform to study the nanoscale phenomena
occurring at the liquid state."* By the virtue of its unique
advantages such as cost-effectiveness, scalability, ease of
modifications, and high-flux, reconstructed layered materials
initiated a new era of nanofluidic studies. It is also creating
novel avenues to exploit nanofluidic phenomena for various
practical applications like harvesting of electrokinetic energy,
ultrafiltration, biomedical analysis, seawater desalination, and
DNA sequencing.”~*° The synchronous growth in the
research related to the novel two-dimensional (2D) nanoma-
terials further boosted the research in two-dimensional
nanofluidics. After the initial demonstration with graphene
oxide, numerous other layered materials such as h-BN, clay
minerals, transition-metal dichalcogenide, Mxenes, and carbon
nitride were utilized to create nanofluidic devices with unique
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characteristics, mostly via reconstruction of their respective
exfoliated layers.”'~>° Remarkably, to date, most of these
nanofluidic studies are limited to only cation-selective
nanochannels. However, utilization of both the cation- and
anion-selective membranes is desired to enhance the opera-
tional performance of several futuristic applications such as
osmotic power generation, seawater desalination, and regulated
ionic/molecular transportations. Several indirect approaches
like reactive surface groups (COOH or OH) modification of
the parent cation-selective 2D sheets and intercalation of
cationic polymers were adopted to imbue anion selectivity to
the nanofluidic channels, and subsequently both the parent and
modified nanofluidic channels were utilized with synchroniza-
tion to achieve better performance in osmotic energy
harvesting and seawater desalination.”*”>* The application of
foreign materials/molecules not only involves additional
chemical processes but also disturbs the well-defined 2D
structure of the nanochannels. Along with decreasing nano-
fluidic confinements, it also exerts adverse effects on the
mechanical, chemical, and thermal stabilities of the nanofluidic
membranes.”” Therefore, efforts have been devoted to prepare
anion-conductive materials using layered double hydroxide-
based materials.*'”** In the present work, we have utilized the
inherent positive charges of the cationic Co-Al layered double
hydroxide (CoAl LDH) to fabricate anion-selective nanofluidic
devices. The lamellar membrane of CoAl LDH was exploited
for preparing a triangular ion pump capable of transporting
anions against the concentration gradient, as well as to
fabricate salinity gradient-driven energy harvesting devices.

Layered double hydroxides (LDHs) represent a class of
lamellar compounds with a general formula of
M,_,"M** (OH),]*":[A,_,/,] mH,0, where M represents
metal cations and A represents anions.”® Typically, LDHs
consist of alternatively staked positively charged brucite-like
host layers and charge-balancing hydrated exchangeable anions
located in the interlayer gallery. In the brucite host layers, the
metal cations occupy the centers of the edge-sharing octahedra,
whose vertexes contain hydroxide ions that connect to form
infinite 2D sheets. The charges of the brucite-like layers arise
from the isomorphous substitution of divalent metal ions with
trivalent ones.”* The positive charges on the host layers attract
the water molecules and provide an extensive network of
hydrogen bonding along the 2D surface. The hydrogen-
bonding network facilitates swift conduction of OH™ ions
through the rapid cleavage reconstruction process of hydrogen
bonds.”"** In clear contrast to typical layered materials, LDHs
like CoAl LDH are composed of positively charged host layers
with interlayer spaces occupied by charge-balancing anions.
The lamellar crystallites of LDH can be exfoliated into
atomically thin 2D sheets with a high density of positive
charges.

Materials. Cobalt chloride hexahydrate, aluminum chloride
hexahydrate, urea, sodium chloride, potassium chloride,
potassium hydroxide, sodium hydroxide, sodium fluoride,
sodium sulfate, and hydrochloric acid were purchased from
Merck. Formamide and N,N-dimethylformamide were pur-
chased from SRL Pvt. Ltd., India.

Characterization. CoAl LDH nanosheets were charac-
terized by a field emission transmission electron microscope
(FETEM) (JEOL, model: 2100F), a field emission scanning
electron microscope (Make: Zeiss, model: Sigma), and an
atomic force microscope (AFM) (Make: Oxford; model:
Cypher). The cross sections of the membranes were examined

by a field emission scanning electron microscope (Make: Zeiss,
model: Sigma). Ion intercalation and exfoliation of the bulk
LDH platelets were investigated with the help of a Fourier
transform infrared (FTIR) spectrometer (Maker: PerkinElmer;
model: Spectrum Two) and X-ray diffraction studies (Rigaku,
model: Micromax-007HF instrument). {-Potential measure-
ments were done with a (-potential analyzer (Malvern
Zetasizer Nano Z590). Energy-dispersive X-ray analysis was
performed with a field emission scanning electron microscope
(FESEM) (Zeiss, model: Sigma).

H METHODS
Synthesis of CoAl LDH. The hexagonal CoAl LDH-Co,*"

platelets were synthesized following a previously developed
soft chemical procedure from a mixed solution of CoCl,-6H,0O
and AICly-6H,0, using urea [CO (NH,),] as a hydrolysis
agent. Typically, CoCl,-6H,0, AICl;-6H,0, and urea were
dissolved in a 1 L round-bottom flask where the final
concentration of the reactants is maintained as 10, S, and 35
mM respectively. Then, the final mixture was refluxed for 48 h
in the presence of nitrogen atmosphere under constant stirring.
The resulting pink solid mass was filtered, washed with
deionized water and ethanol, and air-dried at room temper-
ature. Decarbonation and anion exchange into CI~ forms
(CoAl LDH-CI™) were mediated by a salt-acid treatment of 1 g
of LDH with a 1 L mixed solution of 1 M NaCl and 3.3 mM
HCI under mechanical stirring for a duration of 12 h.
Exfoliation of CoAl LDH. Delamination/exfoliation of
CoAl LDH-CI™ platelets into 2D sheets are done in a 1:1
mixture of formamide and N,N-dimethylformamide (DMF)
under mechanical shaking for a duration of 48 h. Exfoliation of
LDH into a few layers of 2D sheets is unlikely to achieve in
aqueous environment as the interlayer water molecules form
dense hydrogen-bonding network to the hydroxyl groups of
the LDH host as well as with the coordinated interlayer
anionic guests. Therefore, an equimolar mixture of formamide
and DMF is used as the dispersing medium as well as the
exfoliating agent. Owing to their highly polar nature,
formamide molecules enter the interlayer galleries of LDH
lamellas replacing the interlayer water molecules, where its
carbonyl group would have strong interaction with the LDH
host. Simultaneously the NH, moieties of the formamide
molecules having lesser extent of hydrogen bonding compared
to that of the hydroxide group may not be able to build a
strong interaction with the interlayer guest anions. Accord-
ingly, once the replacement of water molecules for formamide
takes place, it weakens the interlayer force of attraction
disrupting the strong hydrogen-bonding network, thereby
inducing delamination. The role of using DMF as an additional
exfoliating agent is to impede the strong hydrogen-bonding
network in between the interlayers of the LDH framework,
thereupon inducing better delamination.
Surface-Charge-Governed lonic Transport. Nanoflui-
dics devices of p-LDHM were fabricated by encapsulating
rectangular strips of known dimensions into the freshly
prepared poly(dimethylsiloxane) (PDMS) elastomer. To
expose the nanochannel networks to different electrolyte
solutions, two holes (~0.4 mL) were cut open through the
fully cured PDMS stub at either end of rectangular strips. Ag/
AgCl electrodes connected to the terminals of a Keithley
source meter (model 2450) were immersed in the reservoirs
filled with electrolytes at both ends of the strip to measure the
ionic current. Representative I-V curves for the LDH strips
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Figure 1. Characterization of CoAl LDH: (a) Schematic representation of the lamellar structure of layered double hydroxide (LDH). (b)
Comparison of FT-IR spectra of CoAl LDH-Co;*~ and CoAl LDH-CI™; disappearance of the peaks at 1360 and 795 cm™" signifies the removal of
intercalated carbonate ions in the chloride-exchanged product. (c) PXRD pattern of powdered CoAl LDH-Co,*", CoAl LDH-CI", and exfoliated
flakes of CoAl LDH-CI" in formamide. (d) Digital photo of the colloidal dispersion of CoAl LDH-CI™ in formamide (inset shows a photo of CoAl
LDH-CI™ powder). (e) FETEM, (f) FESEM, and (g) AFM images of exfoliated CoAl LDH flake. (h) Cross-sectional FESEM images of the

reconstructed LDH membrane; the inset shows the digital image of a freestanding LDH membrane.

were recorded at different electrolyte concentrations ranging
from 1076 to 1 M by sweeping voltage from —1 to +1 V across
each strip. Conductivity calculations were done using the
following equation: C = G X cell constant, where C is the
conductivity and G is the conductance.

B RESULTS AND DISCUSSION

The hexagonal CoAl LDH-CO4>™ platelets were synthesized
from a mixed solution of CoCl,-6H,0 and AICl;-6H,0 using
urea [CO (NH,),] as a hydrolysis agent, adopting a method
reported earlier.”> The formation of LDH material in CO;*~
form was confirmed by recording powder XRD pattern (Figure
1c) of the material. The XRD reflections were matched with
rhombohedral structure of LDH, and the interlayer spacing
was calculated as 0.72 nm (003).>**” The as-synthesized CoAl
LDH-CO;>" platelets were transformed into CoAl LDH-CI™
through an anion exchange process performed with an aqueous
solution of HCl and NaCl under vigorous mechanical
stirring.”” Successful decarbonation process was confirmed by
the absence of strong bands at 1360 and 795 cm™
corresponding to the v; vibration and bending modes of
CO4*” FT-IR spectra (Figure 1b).>> Moreover, in the chloride-
exchanged form, the interlayer spacing of LDH was found to
be 0.74 nm, slightly higher than that of carbonate form. The
decarbonated CoAl LDH-CI™ platelets were further exfoliated
into 2D sheets by stirring the sample in a 1:1 mixture of
formamide and N,N-dimethylformamide (DMF) for 48 h. The
formamide treatment transformed the color of the as-prepared
CoAl LDH-CI™ platelets into a pink dispersion (1 mg/mL)
(Figure 1d), indicating occurrence of the delamination process.

The successful delamination process of the platelets was
confirmed by the absence of the sharp basal reflections of the
parent CoAl LDH-CI™ in the powder XRD pattern.’’
Transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FESEM) investigation on the
drop-cast aqueous dispersion of exfoliated LDH sample
displayed presence of hexagonal 2D sheets with lateral
dimensions in the range of 1—1.5 um. Representative images
are shown in Figure le,1f, respectively. In the atomic force
microscopy (AFM) examination, the thicknesses of the
exfoliated sheets were found to be in the range of 2—4 nm.
A typical AFM image along with the corresponding height
profile of an exfoliated CoAl LDH-CI" sheet is shown in Figure
1g. The {-potential measurements of the aqueous dispersion
revealed that the surface of the nanosheets is composed of +29
mV charges. The positive charges in CoAl LDH-CI" sheets are
attributed to the isomorphous substitution of a part of the
divalent metal ions with trivalent ones; details are discussed in
Supporting Figure S1.

To create ultraconfined spaces for nanofluidic transportation
of anions, a dispersion (1 mg/mL) of exfoliated CoAl LDH-
ClI" in formamide was vacuum-filtered through a poly-
(tetrafluoroethylene) (PTFE) filtration membrane. Due to its
large aspect ratio, during the vacuum-assisted filtration process,
nanosheets of CoAl LDH-CI™ were self-assembled in a lamellar
manner, creating a positively charged LDH membrane (p-
LDHM). Upon air-drying for 24 h, under ambient conditions,
the p-LDHM got detached by itself from the PTFE membrane.
The freestanding nature of the p-LDHM is evident from the
digital photo shown in Figure 1h (inset). The pXRD pattern in
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Figure 2. Nanofluidic study through p-LDHM: (a) Digital image of a p-LDHM based nanofluidic device. (b) I-V curves recorded with a
nanofluidic device made from a rectangular strip of p-LDHM after soaking the same in aqueous KCl solutions of different concentrations. Ionic
conductivity as a function of concentration for aqueous solutions of (c) KCl, (d) KOH, and (e) NaOH. (f) Arrhenius plot of hydroxyl ion

conductivity.

Supporting Figure S2 suggests that periodic stacking of CoAl
LDH-CI” platelets was regained in their reconstructed
membrane. The lamellar restacking of the exfoliated 2D sheets
in the p-LDHM is also revealed by the cross-sectional FESEM
image shown in Figure 1h. Upon soaking in water for 2 h, the
interlayer spacing of the LDH membrane was found to be
increased from 0.74 to 0.86 nm, confirmed by the in situ XRD
experiment (Supporting Figure S2). As the thickness of an
individual CoAl LDH-CI layer is reported to be 0.46 nm, the
space available for the nanofluidic transport can be estimated
to be around 0.40 nm.

The ionic transportation characteristics of p-LDHM nano-
channels were investigated by fabricating nanofluidic devices
out of reconstructed LDH membrane. In brief, freestanding p-
LDHM (thickness, 40 ym) was cut into rectangular strips of
dimensions of 20 mm X S mm and immersed into freshly
prepared poly(dimethylsiloxane) (PDMS) elastomer solution
before curing the same at 60 °C. To expose the p-LDHM strip
to desired electrolyte solutions, two reservoirs of about 0.4 mL
in volume were carved out at both ends of the PDMS stub
(Figure 2a). After hydrating nanofluidic channels with DI
water for 24 h, both the reservoirs were filled with electrolyte
solutions of known concentration. The ionic current through
the p-LDHM nanofluidic device was measured via Ag/AgCl
electrodes inserted into the electrolyte solutions placed in the
reservoirs. The linearity of the I-V curve measured with
aqueous KCl solutions of different concentrations (Figure 2b)
confirmed the formation of an interconnected network of the
nanochannels. The ionic conductivity values at different
electrolyte concentrations were calculated by normalizing the
slope of the I-V curves with the overall dimensions (length

17942

(1), width (w), and thickness (t) of the rectangular pieces used
for the device fabrication). In Figure 2c—e, conductivity values
calculated through p-LDHM with aqueous solutions of KClI,
KOH, and NaOH are plotted as a function of salt
concentration. The freestanding p-LDHM showed the
characteristics of surface-charge-governed ionic conductivity,
where in the high-concentration regime (0.1—1 M), similar to
that of the bulk solution, the conductivity of the LDH
nanochannels varied linearly with salt concentration. But in the
low-concentration regime (1072—107° M), conductivity values
did not change 4 orders of magnitude in the electrolyte
concentrations, which is in clear contrast to the bulk solution.
This peculiar conductivity pattern in the low-concentration
regime is attributed to the overlapping of Debye lengths of the
channel surfaces. Under such circumstances, the intrinsic
surface-charge density of the walls of the channels preferen-
tially draws counterions, and the concentration of the
counterions inside the nanochannels is governed by the
density of the surface charge, not by the concentration of the
electrolytes present in the reservoirs.**> The occurrence of
surface-charge-governed ionic conductivity also indicates the
absence of large macroscopic voids in the lamellar membrane.

The dominance of the anions in the nanofluidic conductivity
of the p-LDHM-based devices was verified by replacing the
electrolyte KCl with KOH. Substitution of CI~ with OH,
keeping the cationic counterpart (K*) unaltered, enhanced the
conductivity values in the surface-charge-governed regime by a
factor of 8 (Figure 2¢,2d). A similar replacement of cations
from K* to Na* by keeping the anionic part constant (OH™)
did not alter the conductivity values (Figure 2d,2e). Similarly,
the surface-charge-governed ionic conductivity of p-LDHM

https://doi.org/10.1021/acs.jpcc.1c03118
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Figure 3. Charge selectivity of p-LDHM: (a) Schematic diagram of the device utilized for concentration gradient-based energy harvesting process.
(b) Trans-membrane potential and (c) osmotic current generated with p-LDHM as a function of time. (d) Trans-membrane potential generated
with p-LDHM as a function of time with increasing hydration radii of the anionic species; the corresponding hydration radii of chloride, fluoride,
and sulfate are 0.33, 0.35, and 0.38 nm respectively. A 1000-fold concentration gradient was maintained by placing 10 mM KClI in the high-
concentration chamber and 10 M KCl in the low-concentration chamber, respectively, throughout all of the experiments.

was also measured with aqueous solutions of NaF and Na,SO,,
as shown in Supporting Figure S3. As can be seen from Figure
2, conductivity values at the surface-charge-governed regime
were found to be proportional to the hydration radius/bulk
mobility of the anions. The counterion selectivity of p-LDHM
was also verified by analyzing the samples under energy-
dispersive X-ray (EDX) spectroscopy, as discussed in
Supporting Figure S4. In brief, a strip of p-LDHM was soaked
in 1 mM NaCl solution for 30 min, which was followed by
drying in air for 6 h. The salt-soaked p-LDHM strip was
mapped for different elements with EDX and is shown in
Supporting Figure S4. The EDX map revealed the over-
whelming presence of CI” compared to that of the Na™.

Nanofluidic membrane with remarkable OH™ ion con-
ductivity could find a large number of applications in areas like
energy harvesting, charge transportation, and molecular
sensing. To gain further insights into the mechanism of rapid
OH" transportation through the nanochannels of p-LDHM,
hydroxide conductivity was measured as a function of
temperature. The conductivity value (G) obtained using
aqueous NaOH (10~* M) solution as the electrolyte is plotted
in the Arrhenius form (InG vs 1/T). From the Arrhenius plot,
the activation energy for the OH™ conduction was calculated
to be 0.09 eV (Figure 2f). The small value of activation energy
indicates a Grotthuss-like hopping of OH™ ions inside the
LDH nanochannels.”® In the Grotthuss-like hopping process,
charge is transported through synchronized hopping of ions
(OH™) between the well-organized chains of water molecules
in strict two dimensions.

In nanofluidic systems, the nature and concentration of ions
present inside the channels are dictated by the polarity and
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density of charges on the channel walls. Therefore, it is
important to determine the surface-charge density (o,) of the
p-LDHM channels. The o; value calculated using the Grahame
equation®” (eq 1) was found to be ~2 mC-m™.

o = L5
Y (1)

In the Grahame equation, ¢ is the dielectric constant ¢, is the

permittivity of vacuum, and A4 is the Debye length calculated
0.304

JI(m)

{ is the zeta potential. The o, value obtained as such was used

to determine the mobility (u_) of different anionic species in

the p-LDHM channels using eq 2, which correlates ionic

mobility and surface—char§e densities to surface-charge-
- b

governed conductivity (G;,).

as nm, where I (M) is the ionic strength in molarity and

w
G =207 @
where w (0.040 mm) and ! (20 mm) correspond to the width
and length of the membrane, respectively. Remarkably, in the
surface-charge-governed region, mobility values of all of the
anionic species y_ were calculated to be close to that of the
bulk water, as shown in Supporting Figure SS.

To verify these experimental findings, the calculated o, value
was used to determine the effective height (h.) of the p-
LDHM nanochannels in aqueous environment. The h.g value
of the LDH nanochannels determined from the transition
point concentration (C,) of conductivity vs concentration plot
was found to be 0.38 nm, which is very close to the one
calculated from the powder XRD pattern (0.40 nm) of the
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hydrated p-LDHM. For this calculation, C, was obtained from
the regime where the transport characteristics varied from
surface-charge-governed regime to bulk-like behavior; details

are shown in Supporting Figure S6. o, is connected to C, by eq
34142

G

eN, C,

hog = 1073

el

©)

Further insights into the ion selectivity behavior of the p-
LDHM were obtained by measuring the trans-membrane
potential and trans-membrane current under a predefined
concentration gradient. As shown in Figure 3a, the
experimental setup employed for this measurement is
composed of two compartments separated by a p-LDHM.
The electrolyte concentration at one side of the membrane was
fixed at 10 uM, while the concentration at the other side was
increased from 100 yM to 10 mM. Two Ag/AgCl electrodes
were inserted into the electrolyte solutions to measure the
open-circuit voltage (Voc) and short-circuit current (Igc)
across the p-LDHM. The V¢ measured as such consists of
two parts, trans-membrane or simply membrane potential (V,,)
and redox potential (V,.4.,). The membrane potential (V,,) has
three contributions: the Donnan potentials at each edge of the
nanopore and the diffusion potential attributes to the trans-
membrane salinity gradient and greater mobility of cations
over anions, while the redox potential (V) is originated
from the unequal potential drop at the electrode—solution
interface.* ™ The employment of Ag/AgCl electrodes with
saturated KCI bridges offset the electrode potential, so V4,
can be ignored and hence the measured Vi is attributed to
the membrane potential (V,,) originating from the migration
of counterions through the p-LDHM nanochannels along with
the contribution of Donnan potentials at each edge of the
electrolyte—nanpore interface.”® The limit of the possible
errors due to the leakage of additional ions from the salt bridge
was estimated by measuring the conductivity of DI water in the
presence and absence of the salt bridge as shown in Supporting
Figure S7. Nevertheless, leakage of ions from the salt bridge to
the electrochemical cell was found to be negligible (0.42 uM
h™"). Moreover, salt bridges were positioned at each side of the
membrane, at a distance of 1.5 cm away from the membrane,
and hence the error due to possible leakage will be self-
correcting. Figure 3b,c compares the V,, and osmotic current
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(Ins) of p-LDHM with that of negatively charged graphene
oxide membrane (GO) under a 1000-fold concentration
gradient. Under the identical experimental condition, V;, and
Ios of the p-LDHM (—144 mV) were measured to be opposite
to that of the anionic GO membrane (+155 mV). The
observed high value of V,, could have contributions from both
Donnan and diffusion potential. Occurrence of an additional
perm-selective diffusional process can make the membrane
potential exceed its theoretically predicted maximum value of
Donnan potential. In fact, development of high V, values due
to the combined effect of Donnan and diffusion potential is
reported earlier.”” The V,, of the LDH membrane was also
measured with different electrolyte solutions (NaCl, NaF,
Na,SO,; same cation but different anions) under 1000-fold
trans-membrane concentration gradient. As can be seen from
Figure 3d, the V, values decrease with increasing hydration
radii of the anionic species, confirming that the selective
diffusion of anionic counterions through the p-LDHM has a
significant contribution to the observed potential difference.
With increasing hydration radii, the anionic species will face
more hindrance in diffusing through the nanofluidic channels,
and this slow crossover of anionic species will in turn reduce
the output values of V,..***’ The V,, values originating in the
p-LDHM membrane are also used for the calculation of
counterion transference number (t_) by employing eq 4,
assuming that the membrane transference numbers are
constant throughout the membrane phase. Eq 4 for membrane
potential (V) can be derived from the Donnan potentials and
diffusion potential, which is summarized by Geise et al.**
CHigh

V,=(t, - t_)R—Tln
F CLow

(4)

The p-LDHM displayed a remarkable preference for the
chloride anions with transference number (t_) approaching
0.95 under 1000-fold concentration difference.

The high transport number and excellent nanofluidic
transport of the pLDHM paved the way for harvesting
electrical energy from salinity gradient. As shown in Figure
4a,)b, both V_, and Ing values of the pLDHM devices were
found to be increasing with the increase in the concentration
gradient. The osmotic power density for different concen-
tration gradient was calculated according to eq 5,°*°° and a
remarkable 0.7 Wm™ power density was achieved under a
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1000-fold concentration gradient of KCl electrolyte, as shown
in Figure 4c.

Ios X Vog
Area ()

The total energy conversion efficiency or power conversion
efficiency is defined as the ratio of the total/integrated power
produced over time to the total Gibbs free energy supplied.
The total energy conversion efficiency indicates the percentage
of the chemical energy consumed within the RED stack, which
is cogverted into electrical power. It is expressed as shown in
eq 6

Bys =

AE Q,

7] =
AEideath.ideal (6)

where AEg,., is the ideal equilibrium voltage, AE_ is the
measured voltage, Q, is the actual transferred charge, and
Qi idea is the ideal transferred charge.

In the nanofluidic energy conversion device, power is
harvested from the selective transport of either cations or
anions and hence for the condition of maximum power
generation, AE_ is further reduced from AEy,, by a factor of
2. Now expressing the transferred charge in terms of anion-
transferred number and applying the condition of maximum
power generation, the maximum energy conversion efficiency
(max) can be expressed as in shown in eq 7°"** and 7,,,, was
calculated to be ~44% for a 1000-fold concentration difference
of KCI electrolyte with our p-LDHM device.

1
nmax=5

2
(2t_—1) )
It is clear from eq 7 that even with a perfect perm-selective
membrane, the maximum energy efficiency of a nanofluidic
osmotic energy generator is limited to only 50%. Therefore,
fabrication of anion-selective nanofluidic membrane is of
utmost interest where we can utilize both the complementary
charge selective membrane in synchronization for achieving
better performance in osmotic energy conversion.*?
Nanofluidic devices of p-LDHM demonstrated an interest-
ing shape-dependent ionic transport behavior. As shown in
Figure 2b, nanofluidic devices of rectangular p-LDHM strips
(symmetric) exhibit linear I-V curves. On a clear contrast,
nanofluidic devices fabricated with triangular (asymmetric) p-
LDHM strips displayed nonlinear I-V curves, where the
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current values in forward bias were found to be significantly
higher than in the reversed bias (shown in Figure Sb). This
phenomenon of exhibiting diode-like behavior in asymmetric
nanopore is known as the ionic current rectification (ICR).
The origin of ICR in the asymmetric nanofluidic channel is
attributed to the preferential migration of ionic species in one
direction and restricting the same in the opposite direction.
Under such conditions, the ionic current recorded at forward
bias (+V) is found to be higher than the one recorded at an
equal voltage of reverse bias (—V). Such ion-selective behavior
is common in biological ion pumps, and they play vital roles in
maintaining ionic concentration gradient across the cellular
membrane. Inspired by the biological systems, ICR behavior
was repeated in several artificial systems, like the conical
nanopores,”” longitudinal hetero-structured nanotubes,”
homogeneous nanochannels with asymmetric bath concen-
trations,”> and triangular membranes of reconstructed
graphene oxide’® and vanadium pentoxide.'’ The I-V curve
shown in Figure Sb (black line) was recorded through an
isosceles triangle cut from p-LDHM (15 mm (altitude) X S
mm (base) X 0.030 mm (thickness)), and aqueous solution of
KCI (10™* M) was placed on both the reservoirs. The
nonlinearity of the I-V curve clearly reveals that the current
values at positive bias are significantly lower than that of the
negative bias of similar magnitude. The I-V curve of the
triangular p-LDHM strip is also compared with that of GO and
V,Os strips. In all of these devices, bias was applied at the base
side of the triangle. Remarkably, the direction of ICR in p-
LDHM was found to be opposite to that of GO and V,Oq
triangle, due to the opposite polarity of charges in the channel
walls. The ICR ratio (ratio of the magnitude of the current
recorded at +1 and —1 V) for triangular p-LDHM with 10~* M
KCl was found to be 3 (Figure Sc). In the surface-charge-
governed regime (107°—1073 M), the ICR ratio was found to
be independent of salt concentration. However, in the high-
concentration regime (107>—1 M), the ICR value decreases
with increasing salt concentrations. This observation indicates
the origin of ICR to be the unipolar conductivity of p-LDHM
in the surface-charge-governed region. In addition to surface-
charge-governed conductivity, another requisite parameter for
achieving ICR is the geometrical asymmetry. ICR was not
observed in rectangular devices even in the surface-charge-
governed region.
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Figure 6. Mechanism of ICR: Schematic illustration of ICR with 2D triangular nanochannel of p-LDHM.
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Figure 7. Ion pumping by triangular p-LDHM nanofluidic device: (a) Schematic representation of the experimental setup utilized for ion pumping
under fluctuating electric field with a mean value of zero. (b) Plot of current as a function of time recorded under a fluctuating electric field of zero

means (between +1 and —1 V) against a 1000-fold concentration gradient.

The probable mechanism of ICR in triangular p-LDHM is
illustrated in the schematic of Figure 6. In the surface-charge-
governed regime (107>—~107% M), the overlapping EDL rejects
the co-ions and builds up an elevated concentration of
counterions (Cl™ ions), which is significantly higher than that
of the reservoirs. Due to the geometrical constraints, the total
current flowing through the p-LDHM triangle in any direction
is determined by the number of ions flowing through the tip of
the triangle. On forward bias, Cl” ions residing inside the
nanochannel flow from the p-LDHM triangle to the bulk
reservoir through the tip side. On this bias, ions flow from a
region of higher ionic concentration to a reservoir of lower
concentration, and hence produced higher ionic flux (Figure 6,
“forward bias”). Similarly, at the reverse bias, ions flow from a
region of lower ionic concentration (from the reservoir) to a
region of higher ionic concentration (at the p-LDHM triangle),
which leads to lower ionic flux. Moreover, the higher ionic
current in the forward bias is supported by a larger entrance
(base)/exit (tip) ratio. In contrast, in the reverse bias, anions
experience a much lower entrance (base)/exit (tip) ratio.

The ion-rectifying nature of the triangular p-LDHM can also
be exploited as an ion pump to push anions against the
concentration gradient under a fluctuating external potential
with a mean value of zero, where the applied potential was
varied between +1 and —1 V, maintaining a mean voltage value
of zero and the corresponding current response was plotted as
a function of time. A schematic of the triangular device
fabricated for attaining the active anion pumping effect is
shown in Figure 7 a. To verify the anion pumping behavior,
both the reservoirs were filled with aqueous KCI solution of
different concentrations and the concentrations of the base and
tip reservoirs of a triangular p-LDHM device were fixed at 107>
and 107> M, respectively. The electric field between the
reservoirs was periodically varied between +1 and —1 V
through Ag/AgCl electrodes placed at the reservoirs. The
current response of the triangular device under the influence of
fluctuating electric field was recorded as a function of time. As
shown in Figure 7b, for a 1000-fold concentration difference
(1072=107° M), a positive average current of 2.5 X 1078 A
(dotted blue line) was observed. It indicates a net flow of the
Cl™ ions in the uphill direction (against the concentration
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gradient), under the fluctuating electric field. The uphill
migration of ions was also confirmed by measuring the initial
and final concentrations of the electrolytes in the source
reservoir. The magnitude of ion pumping was further enhanced
by fabricating a device with six triangular membranes
(Supporting Figure S8a), where all of the drain and source
reservoirs are interconnected. After applying a fluctuating
electric field (between +1 and —1 V) with zero mean, for 3
min, the initial and final conductivities of the electrolytes in the
source reservoirs were measured from the slopes of the I-V
curves (Supporting Figure S8b). From the difference in the
conductivity values, the concentration difference of the ions in
the source reservoir before and after ion pumping (for 3 min)
was found to be 2.23 X 107® M; details of the calculation are
presented in Supporting Table 1. The decreasing concen-
tration of the ions in the low-concentration reservoir after
applying fluctuating electric field confirms the ion pumping
effect of triangular p-LDHM against the concentration
gradient.

Bl CONCLUSIONS

In conclusion, we have demonstrated the fabrication of a
nanofluidic ion pump using reconstructing exfoliated layers of
CoAl LDH in the form of a membrane. The atomically thin
space between the layers CoAl LDH provided a unique
platform to study anion transport characteristics under extreme
confinement. Inherent anion selectivity of p-LDHM can also
be utilized for converting the salinity gradient into electrical
energy up to 0.7 Wm™> Nanofluidic devices of p-LDHM
displayed a shape-dependent ionic transport characteristic.
While the rectangular pieces of membranes exhibit linear I-V
curves, in the surface-charged-governed regime, the triangularly
cut p-LDHM displays a diode-like ionic current rectification
behavior. The ICR behavior of triangular p-LDHM was
exploited to pump anions against the concentration gradient
under fluctuating external potential with a mean value of zero.
The ease of fabrication of the bio-inspired anion pump from p-
LDHM would help us to fabricate devices for futuristic
applications in areas like bio-sensing, environmental studies,
and energy harvesting. Systematic investigation of the ion
transport characteristic through the interlayer spacing of LDH
could not only help in understanding the functioning of the
biological systems but also can improve the performance of
devices in diverse areas like water purification, anion sensing,
osmotic energy harvesting, and catalysis.
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