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PREFACE

The present thesis, entitled as “Properties and Potential Applications of Biomimetic and
Bio-derived Nanofluidic Systems” is divided into two parts viz “Part A: Fabrications of bio-
mimetic nanofluidic systems and their potential applications” and “Part B: Extraction of bio-
derived nanochannels for nanofluidic study”. The overall thesis consists of six chapters based
on detailed investigation of various biomimetic and bio derived materials and their potential
nanofluidic applications. Chapter 1 contains a general overview of biomimetic nanofluidic
system, related electro-kinetic phenomena, their fabrication techniques and their various

applications.

Chapter 2 elaborates the fabrication of nanofluidic membrane via intercalating humic acid
moieties into the interlayer galleries of bare graphene oxide sheets. Crosslinking of humic acids
in appropriate composition not only conferred mechanical strength but also enhanced chemical
robustness of the membranes. The percolated network of molecularly sized channels of the
humic acid intercalated graphene oxide membranes exhibits characteristic nanofluidic
phenomena which is exploited to achieved time efficient molecular separation and harvest

energy from salinity gradient.

In chapter 3, inherent anion selectivity of CoAl layered double hydroxide is exploited to
achieved multidirectional applications. Unlike the conventional 2D materials, LDH possess
permanent positive charge and LDH based nanofluidic conduits panoply remarkable anion
conductivity in the surface charge governed region. The perm-selective nature of P-LDHM is
also utilized to harvest electricity from salt concentration gradient via applying the principle of
RED. Moreover, the p-LDHM based shows shape dependence ionic transport behaviour, while

a rectangularly cut p-LDHM device shows linear 1-V curve, the triangularly cut p-LDHM
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shows non-linear I-V curves similar to a diode. The ionic current rectifying behaviour of
triangular p-LDHM can also be utilized to achieve anion pumping under the presence of a

fluctuating electrical potential with a mean value of zero.

Chapter 4, contain a general overview of bio-derived nanofluidic systems, their structural
integrity and their potential applications in the field of nanofluidic study.

In chapter 5, we have demonstrated the utilization of biological nanochannels extracted
from potato tuber for nanofluidic study. The biological nanochannels possess various
elementary nanofibrils with permanent negative charges and this perm-selective property of
bio-derived nanochannels can be utilized to harvest electricity aided by an enzymatic
decomposition reaction. Moreover, the trans-membrane voltage generated as such can be
utilized for label free electrical monitoring of enzymatic reaction.

In chapter 6, we have utilized another bio-derived material in the form of leaf vein
network extracted from peepal tree via microbial delignification process. The naked leaf veins
exhibit remarkable flux (evaporation rate 1.5 kg m? h!) of capillary evaporation under ambient
condition (25 °C and 30 % RH), close to the photothermal material-based evaporators reported
in the recent literature. Naked veins with remarkable evaporation efficiency are found to be

suitable for applications like water desalination and streaming potential harvesting.
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Synopsis report

Chapter 1: Introduction to biomimetic and bio-derived nanofluidic channels:

The branch of fluid dynamic that explore the flow of liquid in structure constrained to nano-
meter size regime (1-100nm) is defined as nanofluidic. Fluidic transport in and around
nanofluidic structures is dominated by interactions of otherwise weak effects such as the
formation of electrical double layers (EDL), attractive or repulsive forces of charged species,
and entropic barriers. Typically, transport of charged species through nanometer-sized
channels are dominated by the overlapping electrical double layers. One of the major
difficulties in designing nanofluidic devices is the inherent complexity. The overall transport
characteristics are determined by the interplay of various nanoscale or even molecular level
physical, geometric, and chemical factors. Biological ion channels, however, are known for
their capability of elaborately manipulating these factors to regulate the transmembrane ionic
flow, which plays a crucial role in a number of physiological processes. Mimicking the
biological systems researchers has tried to demonstrate its artificial counterparts. In light of
this feature, various ion-channel-mimetic smart 1D nanofluidic systems have been developed
that can reproduce functions analogous to its parent biological systems. Although systematic
research in single-pore devices makes the physical picture of this nanofluidic process much
clear, it is still far from competent for practical applications. Toward practical applications, one
major challenge is to extrapolate individual nanofluidic devices to macroscopic platform in a
cost-efficient way. Interestingly solution to the above mentioned dilemma was also resolved
from natural inspirations in the form of lamellar microstructure of nacre, in which soft materials
(polysaccharides and proteins) are sandwiched between hard inorganic layers (aragonite

platelets), forming an alternatively arranged layered structure. This novel method of material
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designing and large-scale integration of individual artificial nanofluidic channels into a
macroscopic platform give birth a new research filed known as the 2D nanofluidics. Via a
simple vacuum filtration process, colloidal dispersions of individual 2D nanosheets can be
reassembled into a densely stacked multi-layered structure. The interstitial space between

opposite 2D nanosheets can be treated as lamellar channels for mass and charge transport.

With the rising global climate change and resource shortage, increased attention has been paid
to design environmentally friendly materials. Bio-derived materials, being abundant,
renewable and environmentally friendly are considered attractive alternatives that can
potentially meet some of these challenges. Biopolymer nanofibrils are universal nano-building
blocks in natural materials and there lies a significant possibility to extract this biomaterial to
design and create new materials and nanostructures. Outstanding properties of biopolymer
materials profit from their multiscale hierarchical structures. The common property of natural
structural materials is the nanoscale interaction between polysaccharides and silk-like protein,
where the structural proteins confer the mechanical properties, structure and function of
biological systems. Nature creates sophisticated materials with such hierarchical structure with
assembly of interconnected nanofibrils and elementary fibrils that make the percolated
nanochannel networks. The abundant hydroxyl and carboxyl groups on the surface of these
nanofibers and elementary fibrils provided the nanochannels permanent negative surface
charges that can attract layers of counter ions adjacent to the fibres and ensure a surface charge-

governed ion transport.

Chapter 2: Nanofluidic transport through humic acid modified graphene oxide

nanochannels:

In this chapter we have exploited the chemical similarity of graphene oxide (GO) and humic

acid to fine-tune the ionic and molecular transport properties of a lamellar GO membrane. Even

TH-2952_166122027



though layered material based lamellar membranes panoply excellent selectivity for ionic and
molecular separation but they suffer from lower permeability issues. The sub-nanometer-size
pores of lamellar membranes that facilitate unprecedented ionic/ molecular selectivity also
impede molecular permeability. The natural choice to overcome the problem of low
permeability is to increase the channels’ heights by applying spacers between the sheets.
However, application of incompatible inert spacers could sacrifice the selectivity and
robustness of the pristine membranes. Here, we have explored the possibility of tuning the
transport characteristics of GO membranes without sacrificing their lamellar structure or
altering the channels’ heights. Humic acid, a naturally occurring organic material, is applied
here to tune the structure of GO nanochannels. With a structure chemically and physically
similar to that of GO, humic acid causes an all-round improvement of the GO lamellar
membrane. Humic acids, the mixtures of acidic organic polymers that are believed to be a
product of the natural break-down process of plant- and animal based materials, were extracted
and purified following the standard alkaline-acid treatment-based procedure. Introduction of
humic acid (in 10, 15 and 20 wt. %) is found to improve the nanofluidic transport
characteristics, such as ionic mobility, molecular selectivity, diffusivity and permeability, of
the GO membrane. Remarkably, the membrane prepared with 15% humic acid displayed
superior proton mobility (ux = 1.04 X104 cm?V-1s?), in-plane diffusivity (D = 4.8x10° cm?s’
1), and cross-plane permeability (PL = 2.03x10* mm g cm st bar?) to the pure GO and other
composite membranes. The favorable nanofluidic characteristics of the 15% membrane are
attributed to the larger effective heights of the 2D nanochannels, derived from the onset point
of the surface charge governed ionic conductivity of the membranes. The activation energy of
proton transport (0.07 to 0.1 eV) confirmed the occurrence of a Grotthuss-like hopping
mechanism in all the GO-HA membranes. Introduction of humic acid into two-dimensional
GO channels also improved the solution stability and mechanical robustness of the pristine GO
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membrane. The lamellar GO-HA membranes were also found to be suitable for energy

harvesting applications such as direct methanol fuel cells and reverse electrodialysis.

Chapter 3: Uphill anion pumping through triangular nanofluidic device of reconstructed

layered double hydroxide:

The synchronous growth in the research related to the novel 2D nanomaterials boosted diverse
real time application related to two-dimensional nanofluidics. After the initial demonstration
with graphene oxide, numerous other layered materials such as h-BN, clay minerals, Mxenes,
carbon nitride were utilized to create nanofluidic devices with unique characteristics, mostly
via reconstruction of their respective exfoliated layers. Remarkably, till date, most of these
nanofluidic studies are limited to only cation-selective nanochannels. However, complimentary
regulation of both the cation and anion is essential for futuristic applications such as osmotic
power generation, seawater desalination, and regulated ionic/molecular transportations.
Several indirect approaches, like modification of the reactive surface groups (-COOH or -OH)
of the 2D sheets and intercalation of cationic polymers were adopted to imbue anion selectivity
to the nanofluidic channels. The application of foreign materials/molecules not only involves
tedious chemical processes but also disturb the well-defined 2D structure of the nanochannels.
Along with decreasing nanofluidic confinements, it also exerts adverse effects on the
mechanical, chemical, and thermal stability of the nanofluidic membranes. Therefore, direct
utilization of positively charged 2D sheets for the fabrication of anion-selective nanofluidic
nanochannels is the need of the hour. In the present work, we have utilized the inherent positive
charges of the cationic Co-Al layered double hydroxide (CoAl LDH) to create anion-selective
nanofluidic channels. 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.
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Nanofluidic membranes prepared by self-assembling exfoliated layers of CoAl LDH exhibit
excellent anionic transport characteristics. At the surface-charge-governed regime, the
positively charged CoAl LDH membrane (p-LDHM) showed a remarkable OH™ ion
conductivity of ~ 2 mS cm™. The remarkable mobility of OH-ions (4 x 104 cm? V1 S1) in the
atomically thin channel of p-LDHM is attributed to the tiny 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 power density up to 0.7 Wm™ was achieved under a 1000-fold
concentration gradient. The triangular p-LDHM displays a diode-like non-linear 1-V curve,
attributed to a combination of unipolar conductivity of counter-ions inside the 2D nanochannels
and geometrical asymmetry. The triangular p-LDHM pumps anions against the concentration

gradient (up to 1000 fold), under fluctuating external potentials of zero means.

Chapter 4: Disposable fluidic devices of bio-nanochannels for enzymatic monitoring and

energy harvesting:

While artificial devices and machineries are providing countless conveniences to modern life,
their disposals are creating major havoc in the environment. Therefore, in recent years,
numerous research efforts are being dedicated to replace unsustainable materials and devices
with environmentally benign alternatives of similar functionalities. For example, different kind
of electronic devices such as solar cells, diagnostic tools, sensors, and artificial tissues, etc.
have been developed based on sustainable materials obtained from the environment. Similarly,
the outstanding new properties of liquids confined inside nanometer sized containers promise
numerous technological breakthroughs in the areas of water treatment, energy harvesting, and
molecular sieving. Studies on confined liquid also open up an avenue to understand the activity
of biological nanochannels creating a platform to exploit them for various biomedical and

chemical applications. However, in practice, the excellent properties of numerous biological

TH-2952_166122027



channels readily available to us have not been explored yet for the technological applications.
Here, we have the possibilities of employing large number of bio-channels readily available in

our surroundings for the technological advancements in multiple directions.

Solanum tuberosum or potato, taken here as a model system exhibits very interesting internal
features in the micro and nanometer regime just like any other biological system. It also
possesses a highly active fluidic network across the cell walls to facilitate communications and
transport of materials between the plant cells. The nature of molecular/ ionic transport through
the narrow (3-5 nm) channels of the cell walls are not free or bulk-like, and it is strongly
influenced by the interactions with the non-diffusible anions of the cell wall, like the carboxyl
groups of the galacturonic acids of pectin. These characteristics of the bio-nanochannel based
nanofluidic devices give rise to various nanofluidic phenomena like surface-charged-governed
ionic conductivity and development of the transmembrane potential. The cation-selective
nature of the bio-channels was also exploited to harvest a continuous supply of power up to 74
mW m-2 for 3h from the enzymatic decomposition of urea. The transmembrane potential across
the bio-channels was also explored for label-free electrical monitoring of the enzymatic
reaction inside the biological medium. Electrical monitoring on the kinetics of urease at
different reaction temperatures suggested that inside biological medium the reaction goes
through a pathway of lower activation energy (31.1 kJ) than that in the bulk environment (34.1

kJ).

Chapter 5: Remarkable Rate of Water Evaporation through Naked Veins of Natural

Tree-leaf:

In the last few decades, numerous unforeseen properties and phenomenon specific to systems
confined in nanometer size regime have been uncovered, and many of them were also exploited

for technological applications. One of the recently discovered astonishing nano phenomena are

Vi
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the enormous rate of evaporation from capillary nanochannels. In this article, we have studied
evaporation behaviour through the hierarchical structure of the vein network extracted from
the fallen leaves and exploited the same for seawater desalinations. We observed that even in
the absence of photoactive materials, the naked vein network exhibited an evaporation rate at
par with the man-made systems with highly efficient photo-thermal materials. A remarkable
kinetically controlled evaporation process powered by extended evaporation area, decreasing
thermal resistance between the solid substrate and the liquid/vapour interface, and efficient
exchange of heat and mass between water molecules confined inside porous biological
channels and atmosphere is accounted for the remarkable performance of the leaf vein based
natural evaporator. The network of hierarchical channels, precisely designed by nature for
efficient transportation of liquids were extracted from matured and fallen leaf samples collected
directly from nature. To begin with, the leaves of Ficus religiosa (Peepal tree) were soaked in
tape water for around 25 days. During the prolonged soaking period, most of the soft cells of
the leaf blade (cuticle, epidermis, the mesophyll) were digested by the microbes releasing a
funky smell. Remarkably, the vein structure of leaf epipodium was not affected by the digestion
process. The naked leaf veins exhibit remarkable flux (evaporation rate 1.5 kg m? h'l) of
capillary evaporation under ambient condition (25 °C and 30 % RH), close to the photothermal
material-based evaporators reported in the recent literature. Even, inside a dark box, naked
veins exhibit an evaporation rate up to 4.5 kg m h'* (at 30 % relative humidity (RH), and wind
speed of 22 km h?). The evaporation rates can be further improved by tuning the
environmental conditions like temperature, humidity, and wind speed. The mechanistic studies
performed with variable atmospheric conditions (temperature, humidity, wind-speed) suggest
the evaporation process through the naked veins to be a kinetic-limited process. Naked veins
with remarkable evaporation efficiency are found to be suitable for applications like water
desalination and streaming potential harvesting. Experiments with the naked veins also shows

Vii
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that the biofluidic channels in leaf not only exhibit the characteristics of surface-charge-
governed ionic transport but also support an exceptional water transport velocity of 1444 um
s, Looking at the variety and abundance, the vein-based evaporator could provide an ideal

platform for futuristic water treatment and energy harvesting devices.
Conclusion:

In conclusion, we have explored the properties of biomimetic and bio-derived nanochannels
and of utilized the same to fabricate nanofluidic conduits for multiple application purposes,
notably for manipulating molecular/ionic transportation, concentration gradient based energy
harvesting, uphill ion pumping, level free monitoring of enzymatic reactions and water steam
generation. Chapter-1 describes a general overview of biomimetic nanochannels with special
emphasis on their structural integrity and peculiar electrokinetic properties. Chapter-2
demonstrates fabrication of mechanically robust composite membranes using graphene oxide
and humic acids. Introduction of humic acid into two-dimensional GO channels was found
crucial in improving the nanofluidic properties of the pristine GO membrane. The percolated
network of ultra-thin nanochannel exhibiting fascinating transport properties could find
applications in the areas of selective molecular/ionic transport, catalysis, energy harvesting and
storage, methanol fuel cell and gas sensing. Chapter-3 demonstrated the direct utilization of
positively charged 2D sheets (CoAl LDH) for the fabrication of anion-selective nanofluidic
nanochannels. A biomimetic strategy was utilized to fabricate the anion selective lamellar
membrane (p-LDHM). The lamellar membrane 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. In chapter-4 we have we have demonstrated
the utilization of bio derived disposable nanofluidic conduits extracted from potato tuber for

nanofluidic study. The cation-selective nature of the bio-channels was also exploited to harvest

viii
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electrical energy from concentration driven process aided by an enzymatic decomposition
reaction of urea. The transmembrane potential across the biochannels was also explored for
label-free electrical monitoring of the enzymatic reaction inside the biological medium. In
Chapter-5 we have demonstrated another bio-derived material in the form of precisely designed
leaf network and exploited its technological applications. The naked leaf veins exhibit
remarkable flux of capillary evaporation under ambient condition (25 °C and 30 % RH), close
to the photothermal material-based evaporators reported in the recent literature. This feature
makes our bio-derived evaporator a potential candidate to be utilized as low grade steam
generator. Naked veins with remarkable evaporation efficiency are found to be suitable for

applications like water desalination and streaming potential harvesting.
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Chapter 1

Introduction to Biomimetic Nanofluidic Channels
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Chapter 1

1.1: Introduction to nanofluidic phenomena

Water is one of the most precious molecules in nature and is vital for all known life forms.
Most of the biological process involves water transportation through precisely designed
micro/nano capillaries. Hence, it is crucial to explore the various properties of water under
nanoscale confinement and exploit them to develop futuristic integrated engineering devices.
This fluid dynamic branch that studies the flow of liquid in structures constrained to nano-
meter size regime is defined as nanofluidic.! Unlike conventional bulk systems, nanofluidic
transport is predominantly determined by the properties of the charges residing on the surface
of channel wall, leading to diverse transportation phenomena. For instance, inside the charged
nanochannels, the conductivity of ionic species is directed by the nature of the surface charge,
mainly in the low electrolyte concentration regime and with adequately narrow nanochannels,

the transporting species are sieved by either size exclusion principle or molecular recognition

effects.?®
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Fig. 1.1: Selective ion transport in nanochannel: Negatively charge nanochannel formed
between two neighbouring sheets, where Debye layers overlap to create unipolar 2D ion
channels with enhanced cationic conductivity. (Image copied from Science, 2016, 351, 1395.)

The transportation of ions in nanofluidic channels is intensely influenced by forming an electric
double layer (EDL) of ionic species at the nanochannels wall and electrolyte interface. The
EDL can be defined by the Debye layer () thickness and the difference in number densities of

counter-ions and co-ions within the EDL regime.®” The charge density gradient arising out of
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Introduction to biomimetic nanofluidic channels

perm-selectivity of the nanochannels ensures an utterly unique ion transport dynamic inside
the nanochannels, which is significantly different from ionic transportation in the typical bulk
electrolyte solution. Under such circumstances, the ionic conductance of the nanochannels
becomes completely surface-charge-dominated and hence is feebly influenced by overall ion
densities in the reservoir. So ionic conductance a few orders of magnitude higher than that of
the bulk solution is observed inside the nanochannels, especially in lower electrolyte
concentrations.®*! Following this peculiar conductivity pattern of nanochannels, tremendous
attention has been paid to engineered nanofluidic channels' geometry and surface chemistry to
manipulate the molecular/ionic transport behaviours. These studies provide a comprehensive
understanding of the fundamental nanofluidic transport mechanisms and boost diverse
applications in biomedical analysis, DNA sequencing, ultrafiltration and separation, seawater

desalination, and nanofluidic energy conversion.!?18
1.2: Nature inspired strategy in nanofluidic study

The significant complexity in nanofluidic study lies in the device fabricating step.!®% The
ionic/molecular transportation inside nanochannels entity is governed by synchronous
interaction of numerous nano and molecular level geometric, chemical, and physical
phenomena, which is very difficult to regulate in an artificially built unit. However, biological
ion channels are known for their skill of intricately handling these elements to control diverse
vital phenomena necessary for life. Mimicking these natural systems, researchers have tried to
imbue unique functionalities to their artificial counterparts. In this context, various smart
nanofluidic devices has been designed to replicate the gating, rectifying, and stimuli-responsive
functions observed in biological systems.?! Taking inspiration from several well-organized
structure-function relationships in biological systems, modern innovative materials have been

designed and applied accordingly in real-time intending to circumvent many of the previously
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Chapter 1

impossible challenges. For example, a negatively charged nanopore is required to mimic the

cation-selective nature of the biological ion channels, which can be fabricated by drilling pores

Biological channel

Inspiration

Fig. 1.2: Nature-inspired methodology of designing synthetic nanofluidic systems: Electric
eel organ mimicking nanofluidic devices for osmotic energy conversion. To reproduce the
bioelectric process, 1D solid-state conical nanopore is used. (Image copied from Chem. Soc.
Rev., 2018, 47, 322.)

in polymeric thin films with a high energy focused ion beam.?*?3 Similarly, for mimicking the
ion rectifying behaviour of bio channels, asymmetrically shaped nanopores are required, which
can be fabricated from polymeric membranes via the track- etching method.?42 In early studies
dealing with single nanopore-based devices, the foremost goal was to recognize the
fundamental principles of nanofluidic transport. The extensive research on the fundamentals of

nanofluidics in model single nanopore fabricated by semiconductor techniques such as

5
TH-2952_166122027



Introduction to biomimetic nanofluidic channels

chemical etching and photolithography has enriched our knowledge of novel phenomena in
nanofluidic such as high ionic conductivity, charge selectivity, and ion regulation. Even though
systematic research in single-nanopore-based devices provided us with clear physical picture
of these fundamental nanofluidic phenomena, it is still not adequate for real-time applications.
The state-of-the-art model 1D nanofluidic structures are confined to only single-channel
geometry, and their designing relies on highly sophisticated scientific tools and expensive

material processing phases.

1.3: Self-assembly approach to fabricate bio-mimetic 2D nanofluidic systems

One major challenge faced by the researchers in this area is extrapolating the property and
phenomena observed in the individual nanochannels into a macroscopic platform toward
practical applications/demonstrations. Interestingly, this dilemma was also resolved by taking
inspirations from natural systems, in the form of the lamellar microstructure of nacre, where
soft materials (proteins and polysaccharides) were sandwiched between two hard inorganic
layers (aragonite platelets) establishes a periodically stacked lamellar assembly.?”?® This
unique method of material designing and bulk scale integration of individual artificial
nanofluidic channels into a macroscopic platform give birth new research field known as 2D
nanofluidics. With the help of a simple vacuum-assisted filtration, colloidal dispersions of
individual 2D nanoflakes can be reassembled into a multi-layered macroscopic dimension with
numerous interstitial void spaces between two adjacent 2D nanoflakes for unprecedented
transportation of charge and mass. More interestingly, before the self-assembly process, the
individual nanosheets can be chemically modified in bulk solution, which offers a facile
strategy to incorporate desired functional moieties into the 2D nanofluidic systems. This
strategy provides very high efficacy compared to the infancy chemical modification method on

1D nanofluidic channels, which is highly diffusion-limited. The molecular transport through

TH-2952_166122027



Chapter 1

the 2D layered membrane is confined in the inter-lamellar spaces, which can be accomplished

either in the vertical (cross-plane) or in the horizontal direction (in-plane).?®

(a)

(b)

©

Colloids of 2D materials Vacuum filtration

Reconstructed 2D layered membrane A Electrical Unipolar ion transport ° |

/ i double Iayeri Iy |
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transport — e ey —.J,’ 4] (1]
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Vertical ransport o Electrokinetic driving force

Fig. 1.3: Reconstruction of exfoliated colloids into a macroscopic 2D membrane inspired
by the lamellar structure of nacre: (a) The lamellar microstructure of nacre. (b) Colloids of
2D materials can be self-assembled into a membrane structure following the microstructure of
nacre. The percolated network between two individual sheets felicitated surface charge
governed ion transport. (Image copied from Chem. Soc. Rev., 2017, 46, 5400.)

Huang and his co-worker for the first time demonstrated that a 2D lamellar Graphene oxide
membrane (GOM) is an ideal candidate for nanofluidic ion transport.®® They showed surface-
charge governed ionic transport through the self-assembled GOM in the horizontal (in plane)
direction where the conductivity of different electrolyte at the low concentration regime was
found be higher than that of the bulk electrolyte (shown in Fig.1.4).
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Fig. 1.4: In-plane water diffusion through lamellar GOM: (a) Schematic representation and
(b) photo of the nanofluidic device of GO membrane. (c) I-V curves recorded through GOM at
different KCI electrolyte concentrations and (d) ionic conductivity as a function of KCI
electrolyte concentration measured through the nanofluidic channels of GO. (Image copied
from J. Am. Chem. Soc., 2012, 134, 16528.)

Geim and co-workers reported an ultra-thin GOM impermeable to all gases and liquids despite
being only a few atoms thick, but showing super-permeability towards water and water vapour.
$lwater through the 2D nano-capillaries in GOM travels in the vertical direction (Shown in
Fig.1.5). This vertical water transportation mode enables these 2D layered materials to be
applied in membrane separation and filtration techniques. Inspired from the pioneering work
of Huang et al. and Geim et al., various 2D layered materials like hexagonal boron nitride (h-
BN), clay minerals, transition metal dichalcogenide (TMDC), transition metal oxides (TMO),
MXene, etc. has been demonstrated as building blocks to construct nanochannels.®*
34 Synthetic lamellar membranes made from 2D materials are attracting tremendous attention

8
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Fig. 1.5: Cross plane water diffusion through lamellar GOM: (a) Digital image of a GO
membrane. (b) Cross-sectional FESEM image of a GO membrane showing the stacking of
individual sheets in the reconstructed membrane. (c) Schematic illustration of the 2D capillaries
in GO membrane showing the cross-plane water permeation through the defeats. (d) Helium
permeation through GO membrane and a reference polyethylene terephthalate (PET) film.
(Image copied from Science, 2012, 335, 442.)

among researchers because of their exceptional properties. They can also be harnessed in a
proficient way to mimic the vital activities of living organisms. Origin of inherent surface
charge in the reconstructed 2D nanochannels favours guided ion transport similar to a
biological charge selective membrane and opens up a new application window in hot areas

such as osmotic energy conversion, biosensor, molecular separation and purification, etc.3%’
1.4: Application of biomimetic 2D nanofluidic channels

1.4.1: Waste water treatment and molecular separation

Mining freshwater from wastewater is a global requisite, and providing access to fresh water

is an intimidating challenge because of the ever-rising population, unfurled droughts, and

9
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thriving demands. The upsurging discrepancies compelled us to contemplate innovative
technologies that can afford a clean water supply in a more energy proficient and
environmentally benign way. Nature-inspired technology is abundant in our society, and
exploring biological machinery's functions is our prime focus for continuing sustainable
development. One representative class of these biological machinery is those of the proteins

belonging to the Aquaporins (AQPs) family. AQPs are small, hydrophobic, intrinsic membrane
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Fig. 1.6: Functional schematic view AQP1: (a) Structure of AQP1 where the presence of a
specific functional group enables various charged-based separation of unwanted species. (b)
Schematic presentation of aquaporin showing the ultimate water to solute rejection with
unprecedented water permeation rate. (Image copied from (a) Interface Focus, 2018, 8,
20170066. (b) J. Am. Chem. Soc. 2020, 142, 10050.)

based proteins that facilitate water transportation across membrane barriers at an unprecedented
rate while maintaining an ultimate selectivity of water-to-ion.%® AQPs are self-assembly of
multiple protein subunits within trans- membrane domains with an hourglass pore profile with
a narrow constriction of ~3 A° in diameter. The ultimate water to ion selectivity of AQPs can
be attributed to (Ar/R) selectivity filter residing at the narrowest region of the pore. The
hydrophobicity of the aromatic phenylalanine group forced the water molecule to re-orient for
rapid translocation via weakening the water-water H-bonding. Meanwhile, the positively
charged arginine group rejects co-ionic species via electrostatic repulsions. Additionally,
molecules possessing size larger than the Ar/R constriction sites are rejected via size sieving

and desolvation effects.3%-41
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Following these unique features of AQPSs, it has been utilized as a functional element in
membranes modules for waste treatment purposes. Notwithstanding, issues regarding their low
stability and difficult processability have encouraged researchers to develop their function
mimicking artificial counterparts, termed artificial water channels (AWCs).*?*3 These channels
provide several advantages over biological media, mainly when the fabrication of scalable
membranes for applications is considered. For this purpose, carbon nanostructures are usually
used to design nanofluidic devices with sub-nanometer hydrophobic pores for rapid
translocation of confined water molecules. Noy et al. studied the permeability and selectivity

of subnanometric CNTSs porins inserted into lipid membranes.** Osmotically driven transport

(c)
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Fig. 1.7: CNT porins inserted into lipid membranes: (a) Schematic of a 3D model showing
the CNT porin inserted into a lipid membrane. (b) A schematic diagram describing the
conformational changes in the vesicle size under osmotic stress. The osmotic pressure
difference across the lipid bilayer drive water towards outside direction and accordingly the
vesicle lumen shrink in dimension. (c) Control experiments showing the size change of pure
1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC) vesicles after exposure to sucrose, water,
and KCI solutions. (d) Comparison of the vesicle conformational changes on exposure to
different concentrations of KCI. The Left and right graphs correspond to kinetics obtained for
the DOPC vesicles with and without CNT porins, respectively. (Image copied from Nano Lett.
2014, 14, 7051.)
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experiments show that ion transport rates through CNT porins are strongly influenced by the
ionic strength and the hydration radii of the cationic species. When the diameter of the CNT
tubes approaches 0.8 nm, it shows ultimate solute rejection while maintaining a high water
permeation rate that exceeds the value of biological AQP. The rapid translocation of water can
be ascribed to a single-file chain type diffusion of organized water bodies, where ion exclusion
can be attributed to a Donnan type rejection mechanism. Despite the remarkable performance
of CNT porins, there are still some issues such as low poly-dispersity of open CNTs, low
rejection in high electrolyte concentration, the difficulty of proper alignment in the membrane

matrix, and additional bulk scaling for affordable applications.

Recently, self-assembled membranes, prepared from reconstructing their corresponding
exfoliated dispersions, are becoming promising candidates for controlling ionic/molecular
transportation under sub-nanometre confinement. The ultrathin nanosheets of these materials
on reassembling produced lamellar membrane with an ordered layer-like structure. The
percolated network between the neighbouring nanosheets can serve as fast and selective
channels for permeants to pass through. This facile fabrication method creates percolated
channels with relatively uniform size and smaller size distribution that promises better and
more predictable membrane selective performance. The properties of the individual nanosheets
can also be tuned before self-assembly modification, allowing the flexible control of permeant

passage to meet various selectivity requirements.

In the past decade, the discovery of graphene has enthused the synthesis of other 2D materials
(2DMs), including graphene oxide (GO), layered clay minerals, layered hexagonal boron
nitride (h-BN), layered double hydroxide (LDH), transition-metal dichalcogenides (TMDCs),
MXenes (2D transition-metal carbide or nitrides), 2D metal-organic framework (MOF). Under
these advantages, lamellar membranes have been constructed out of these 2D materials and

12
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employed as selective ion recovery and removal units, water treatment, energy conversion, and
storage devices. Behind the versatile applications of a 2D lamellar membrane in the water
purification process, a fundamental question arises: why is fast water translocation achieved
while maintaining a reasonable water selectivity to solute rejection. Let's consider graphene
oxide membrane (GOM) as a model membrane system. The lamellar arrays of individual flakes
in reconstructed GOM create numerous nano-channels that enable only the permeation of water
while preventing undesired solutes according to the size exclusion principle (shown in Figl1.8).
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Fig. 1.8: Sieving mechanism of GOM: (a) Solute rejection in GO is achieved by size
exclusion or charge-based interactions between charged species and the functional groups
present in the pores. (b) In GOM, water is transported through the interlayer galleries between
the sheets, the wrinkles and holes present within the GO nanosheets. (c) The pristine region
allows smooth water transport, but the oxidized region perturbed the fluidity of water by
invoking an H-bonding interaction. This interaction results in between the intercalated water
molecules and the oxygen-containing moieties present in the channel walls. (d) Frictionless
permeation of single-file chain of water molecules combined with H-bonding through
hydrophobic (pristine) regions of GO nano-channels. (Image Image copied from (a-b) J. Phys.
Chem. Lett. 2015, 6, 2806. (c-d) Nature, 2015, 519, 443.)

In addition to that, the presence of oxygenated functionalities on the GO nanosheets, such as

13
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hydroxyl, epoxy, and carboxyl groups, enables various covalent and non-covalent
functionalization and thus executes related charge-based interactions with water pollutants. 4546
The reason for appreciable water permeation through the GO nano capillaries is the presence
of pristine regions (hydrophobic areas) where water diffusion follows a single-file diffusion
type mechanism. The water molecules enter into the GO nano-channels through the defects or
holes, where a capillary-like pressure created by the pristine graphene layers allows fast
translocation of the entered water molecules. Meanwhile, the hydrogen bonding interactions
between water molecules and the oxidized regions act as the driving force to pump more water

molecules into the nano-channels.*’

Gao et al. designed and fabricated ultrathin graphene membranes (UGNMs) with 2D

nanochannels for organic and ionic solute rejection.*® The uGNMs were prepared by filtering
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Fig. 1.9: GOM for nanofiltration: (a) Digital image of an uGNM membrane (b) Flux of
various solvents when passed through uGNM under a pressure of 5 bar. (c) UV-vis spectra
showing the enhancement of DR 81 concentration in the retentate side when the permeation
volume was 5, 10, and 15 mL. (d) Retention of different salt solutions (0.02 M) showing as

function of ion valencey. (Image copied from Adv. Funct. Mater. 2013, 23, 3693.)
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dilute base-refluxing reduced GO (b-rGO) dispersion on PVDF micro-filter and utilized as
nanofiltration membrane (NFM) for water purification. The resulting uGNMs showed
excellent retention efficiency for organic dyes and salts, accompanied by a pure water flux of

21.8L m?2h?barl.

Nair et al. investigate water permeation through micro-meter-thick GO laminates both with
theoretical and experimental observation.*® The GOM is vacuum-tight in the dry state, but upon
immersing in water, the percolated nano capillaries get activated and start functioning as

molecular sieves. In the activated state, it can block all solutes exceeding hydrated radii 4.5 A
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Fig. 1.10: lonic and molecular selectivity of GOM: (a) experimental setup used to study
solvent permeation through GOM. (b) Size-selective permeation of ions and molecules through
lamellar GOM. (c) The permittivity of various solvents through the S-rGO membrane shows a
function of solvent viscosity. (d) UV-vis spectra of a methanolic EB solution before and after
filtrating through an S-rGO membrane; inset shows the photo of the feed and permeates
solution. (Image copied from (b-c) Science, 2014, 343, 752. (c-d) Adv. Mater. 2016, 28, 8669.)
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while maintaining an exceptional water permeation rate of 10 L m ht. The network of nano
capillaries activating in the hydrated state accept only species that fit in, and species exceeding
this limit are sieved out. The fast water permeation is a consequence of capillary-like high
pressure acting inside graphene capillaries. GOM can also be used for the separation of organic
solvent. Shi et al. reported an organic solvation nano-filtration (OSN) membrane fabricated
from ultrathin layers of solvent solvated reduced graphene oxide (S-rGO).> The S-rGO based
OSN membrane showed viscosity dominant solvent permeation and high permeance rate as
high as 215 L m h** bar! is achieved for acetone. Because of residual carboxyl groups, S-rGO
possesses a negative surface charge and exhibits excellent rejection to small molecules with
negative charges. Neutral solutes having hydration radii larger than their channel height (about
3.4 nm) are also rejected based on the size exclusion principle. By functionalizing with
hyperbranched poly (ethylene imine) (HPEI), the surface charge of the S- rGO membrane can

also be altered to sieved small solute molecules bearing positive charges.

Reconstructed lamellar GOM shows excellent rejection efficiency towards hydrated ionic
species and dye molecules, but it is associated with a lower water permeability issue. The
percolated thin nano-capillaries provide a hindrance to water flow in the in-plane direction
(horizontal flow). To enhance the horizontal mass flow, Gao et al. fabricated a hybrid
membrane (G-CNTm) via synergistic intercalation of multiwall carbon nanotubes (MWNTYS)
into the inter-laminar galleries of graphene sheets.®® In the hybrid membrane matrix, graphene
acts as molecular sieving units, and MWNTSs played the role of spacer via expanding the
interlayer space between neighboured graphene sheets. With the hybrid membrane matrix,
water flux up to 11.3 L m h' bar! was achieved, which was found to be twofold higher than
that of that pristine graphene nanofiltration membrane (GNm). Moreover, good rejection yield

both for organic dye (>99% for Direct Yellow and >96% Methyl Orange) and ionic salt (i.e.,
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83.5% for Na»S0O4, 51.4% for NaCl) was achieved with their hybrid membrane system.
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Fig. 1.11: CNT as spacer in GOM: (a) Digital image of G-CNTm. (b) Schematic
representation of the structure in G-CNTm. (c¢) Rejection performance of bare graphene
membrane (GNm) and hybrid membrane (G-CNTm) as a function of feed electrolyte (Na2SOa)
concentration. (d) Image showing the colour change of methyl orange (0.05 g L) dye before
(left) and after (right) filtering through the G-CNTm. (Image copied from ACS Appl. Mater.
Interfaces 2015, 7, 8147.)

Yu et al. reported a bio-mimicking water purification membrane inspired by the frog’s skins
water collecting mechanism from the humid environment.>? The bioinspired strategy involved
synergistic intercalation of lignin moieties into the reduced graphene oxide (rGO) layers and
observed high water flux which is demanded for efficient waste water purification. The water
molecules travel at a high rate of 11820 L m h* bar! through the nanocomposite membranes,
which is 300 times higher than conventional GO membranes. Moreover, nearly 100% rejection
was achieved for organic dye molecules with their hybrid membrane system. In the hybrid
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biomimetic membrane system, the lignin moieties enlarged the water passage channels via
cross-linking with GO layers, leading to an enhancement in the water driving force. The cross-
linking of lignin moieties within the GO nanochannel laminates restricts the movement of
nanosheets, thereby providing good solvent stability to the membrane system. In addition to

GO laminates, lignin can also serve as a molecular sieve that explains the hybrid membrane's

superior selectivity for the organic dye molecules.
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Fig. 1.12: Lignin as a spacer in GOM, an inspiration from frog skin: (a) Water permeation
mechanism of frog skin where it can collect water from humid environment. (a) Schematic
diagram showing the probable structure and ion sieving mechanism in the rGO-lignin
biomimetic membrane. (c) Water permeance and (d) separation performance of the rGO-Lignin
hybrid membranes. (Image copied from ACS Sustainable Chem. Eng. 2020, 8, 8986.)

The emergence of GOM as an excellent tool in water purification and molecular separation
process offered other 2D materials a new zeal, and different 2D materials beyond graphene
have been successfully demonstrated. To enhance the water permeability through the 2D

nanochannel network of the lamellar membrane, Ma et al. utilize a two-dimensional (2D)
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cationic Covalent organic framework (COF), EB-COF: Br, which entirely possess vertical
nanochannel across the cross-plane direction.>® Vertically aligned nanochannels in the COF
framework mitigate the permeability issue related to in-plane diffusion, and higher solvent
permeability than graphene-oxide membranes and commercial nano-filtration membranes can
be achieved. Moreover, the positive surface charges present in the EB-COF: Br framework
endows the system with a high magnitude of charge-induced selectivity. Hence, the membrane
demonstrates an excellent sieving performance for dye molecules/ ions with different sizes and
charges. With these superiorities, the EB-COF: Br membrane can reject (>98%) anionic dye

molecules/ions while maintaining a high solvent permeability.
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Fig 1.13: Vertically aligned COF nanochannels for molecular separation: (a) Digital image
of an EB-COF: Br membrane. (b) Schematic showing the vertical transportation of mass in
COFs framework along the 1D nanochannels in the cross-plane direction. (c) Solvent
permeance showing as a function of the molecular diameter of the corresponding solvents. (d)

Dye rejection efficiency of the EB-COF: Br membrane. (Image copied from J. Mater. Chem.
A, 2018, 6, 13331.)
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Kim et al. reported a 2D lamellar hexagonal boron nitride nanoflakes (h-BNF) membrane for
high-efficiency ionic separation.®* The h-BNF membranes show outstanding rejection
efficiency for small-sized ions and as well as for anionic dyes (>97%), with a concomitant
water permeability of ~ 10 L m m? h' bar!. Experiments with h-BNF show that the rejection
efficiency can be fine-tuned on exposure to a pH gradient, confirming the presence of Donnan
type exclusion between fixed negative charges on the BN surface and the mobile ions. Wang et
al. demonstrated a 2d lamellar MXene membrane supported on anodic aluminum oxide (AAO)
substrate for wastewater treatment.>® The MXene membrane shows an unprecedented water
permeance rate of 1000 Lm2hbar* and appreciable rejection efficiency (90%) for molecules

bearing sizes larger than 2.5 nm.
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Fig. 1.14: Promising 2D materials employed in molecular separation: (a) cross-section
FESEM images of an h-BNF membrane fabricated over AAO support showing the presence of
lamellar stacking. (b) Rejection efficiency of h-BNF membrane showing as a function
hydration radius of the corresponding salts. (c) Rejection efficiency of h-BNF membrane for
potassium ferricyanide showing as a function of solution pH. (d) SEM image of TisC2Tx
powder, inset shows an MXene membrane prepared from its corresponding colloidal
dispersion. (e) Water permanence and Separation performance of the MXene membranes for
molecules with different sizes. (f) Comparison of the separation performance of the MXene
membrane and various previously reported membranes. (Image copied from (a-c) Small,
2019, 15, 1904590. (d-e) Angew. Chem. Int. Ed. 2017, 56, 1825.)
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Naturally, available clay minerals can also be demonstrated as a 2D platform for preparing
high-performance selective membrane modules. Sunet al. prepared free-standing 2D
montmorillonite (MMT) based membranes by restacking modified individual MMT
nanosheets.>® The membrane showed water permeance of 429 L m h't atm™, accompanied by
a high separation efficiency for both cationic and anionic dye molecules. The membrane was
also utilized for salinity gradient energy conversion, and under a 1000-fold salt concentration

gradient, an output power density of 0.18 W m2 was achieved.
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Fig. 1.15: Clay-based membrane for molecular separation: (a) Digital picture of a free-
standing MMT membrane. (b) Cross-sectional FESEM image of an MMT membrane showing
its lamellar structure. (c) The permeance of different organic dyes solutions (5 mM) through
the MMT membrane with thicknesses of 2.5, 3.8, and 6.4 mm. (d) Rejection of MB, MO, and
RB through the MMT membrane with thicknesses of 2.5, 3.8, and 6.4 mm. (e) Diffusion current
generated under different salt concentration gradient at pH values of 3.0, 6.0 and 10.0. Inset
shows the schematic of the experimental setup. (d) 1-V Curves were recorded through the MMT
membrane at different salt concentration gradients. (Image copied from J. Mater. Chem. A,
2019, 7, 14089.)

1.4.2: Osmotic energy harvesting

Since the 1950s, people have recognized that it is possible to extract electricity as a completely

21
TH-2952_166122027



Introduction to biomimetic nanofluidic channels

new renewable energy source from the free energy stored in salinity gradient by interposing a
suitable device injunction between seawater and river water. Notwithstanding, extraction of
salinity gradient as a valuable form of energy remains a challenge to date. With the advent of
membrane science and technology, membrane-based techniques for blue energy harvesting
have become a promising candidate, and mainly two such techniques viz pressure-retarded
osmosis (PRO) and reverse electrodialysis (RED) had been widely explored to fulfill this
energy requirement.>” Among them, RED is a more promising approach for upscaling the
osmotic energy harvesting process, and tremendous efforts have been carried out to understand
the science behind it and develop technologies. The concept of RED is complementary to the
operation of electrodialysis. In electrodialysis (ED), external electrical energy is consumed to
bring about changes in the ionic composition. On the contrary, in RED, electrical power is
generated with a chemical potential gradient resulting from a reversible mixing of two kinds

of water-bearing different ionic concentrations.

The reverse Electrodialysis (RED) principle is based on the fact that ionic compounds when
disintegrating in an aqueous environment, produce hydrated cation and anions. The solution as
a whole remains neutral. Now a RED device breaks this electro neutrality by separating the so
formed cations, and anions with the help of two distinguish membrane systems known as the
cation exchange membrane (CEM) and anion exchange membrane (AEM).5%%% Suppose we
placed salt water and fresh water across these ion-exchange membranes, then ion will migrate
from the highly concentrated saltwater chamber to the low concentrated freshwater chamber.
Still, ions will have to migrate only through a preferential pathway due to the restrictions
imposed by the ion exchange membranes. Typically, cations will migrate through the CEM
and anion through the AEM. As a consequence, the overall transport of cations and anions will

be in the opposite direction. This opposing migration of cationic and anionic species will
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ultimately create oppositely charged dipole analogous to a battery, and hence RED device can
be redefined as an electrochemical cell.®* The extent of free energy extraction via the RED
system is dependent on the concentration gradient between the two solutions placed across the

membrane, the nature of the electrolytes, and the temperature of the water used in the RED

ANO'DE ! v _

culation

cell 8264

LCC solution
CEM

f

CATHODE

RED effluent
Fig. 1.16: Hlustration of RED setup: Schematic representation of a reverse electro-dialysis

(RED) setup employed for salinity gradient power generation. (Image copied from Membranes
2020, 10, 7.)

The generated electricity in RED is dependent on a greater extent to the properties of the
membrane. Issues such as membrane selectivity, durability, and fouling resistance are
considered to develop a new membrane structure based on advanced materials, including
ceramic, polymers, metal-organic framework (MOF), hybrid microporous materials, etc.55-%
The most substantial growth in enhancing power generation via RED is achieved when 2D
materials were introduced in this field. Inspired by the bioelectricity production mechanism of
electric eel (Electrophorus electricus), whose electric organ comprises of parallel and series
circuits of hierarchically assembled nanofluidic conduits, various biological ion-channel-
mimetic artificial nanofluidic conduits have been developed from reconstructed 2D
nanomaterials for energy conversion.?®"° The mechanism of the RED with nanofluidic devices
is shown in Fig 1.17. Assuming the nanochannels walls to be negatively charged, a cluster of
positively charged counter-ions will be accumulating in the vicinity of the charge channel, and
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the so-called electrical double layer (EDL) will be formed. When the height of the channels
wall is comparable to the Debye length, the EDLs on both sides of the channels will overlap.
A counter ion selective ion transportation will occur by rejecting the co-ionic species via
electrostatic interaction. Under such circumstances, if we connect the high and low

concentration chamber through nanofluidic channel, only the counter ionic species will migrate

e-1

M/ le-
L) = Negatively charged nanochannel [+
O° e e
o OO0 O o o o o
o + o o o °o .

L+
2% . =
. : Negatively charged nanochannel
High conc. : H Low conc.

; Co-ion
Counter-ion

Fig. 1.17: Mechanism of RED with nanofluidic device: Counter ion selectivity in the
nanopore device creates charge imbalance that causes electrochemical redox reactions allowing
the electrons to flow in the external circuit. (Image copied from J. Mech. Sci. Technol., 2011,
25,5.)

from the high to the low concentration chamber to equilibrate the chemical potential. This type
of asymmetric ion transportation will create a charge imbalance across the membrane phase.
To maintain charge neutrality, electrochemical redox reactions will take place on electrode
surfaces. If connected to an external circuit, the so formed elections can be transferred to
produce electric energy at an electric load.”*”® These nanofluidic reverse electro-dialysis
systems (NREDS) provide a higher ionic flux and a lower fluidic resistance compared to the
conventional membrane-based reverse electro-dialysis systems. Hence, they considerably
enhanced the performance of the osmotic energy harvesting process. Moreover, modifying the
parent nanofluidic channels or nanopore to accommodate high ion/charge selectivity is
possible. Hence, these functional nanofluidic channels or nanopores are the suitable solution

to reduce the overall high expenditure associated with conventional RED operational setup.’

Ji et al. have utilized a cascading pair of oppositely charged graphene oxide nanochannels for
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fabricating a 2D nanofluidic reverse electrodialysis system.” Via preassembly modification,
the surface charge of inherent GO was altered from negative to positive. Both the GOM pairs
were demonstrated as RED units to achieve high-performance osmotic energy conversion. The
complementary ionic diffusion in the tandem alternating GOM pairs produces appreciable
charge separation, resulting in high trans-membrane potential difference and diffusion flux.
The output power density achievable from this GOM pair approaches as high as 0.77 Wm?,

which is about 54% higher than commercial ion-exchange membranes.
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Lin et al. have reported a graphene-based energy harvesting device that is powered by an
enzymatic bio-waste reaction.”® The 2D nanofluidic membrane was fabricated by
functionalizing polyacrylic acid (PAA) with graphene. The incorporation of PAA introduced
negative surface charges on graphene and endowed the membrane with cation-selectivity. The
experimental setup consists of two chambers, as shown in Fig.1.19b. With the help of Enzyme-
aided catalysis, urea was decomposed in the reaction chamber producing OH", and HCOz
anions and NH4" cation. Because of the inherent cation selectivity of the hybrid membrane,
only the NH4" ion produced in the reaction chamber will migrate across the membrane to the
receiving chamber following the principle of chemical equilibration, resulting in

transmembrane voltage and a net ionic current.
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Fig. 1.19: Energy from enzymatic reaction: (a) Digital image of the GO-PAA membrane.
(b) Schematic diagram of the experimental setup. (c) Trans membrane voltage and (d) diffusion
current harvested from enzymatic decomposition reaction of urea through the GO-PAA
membrane. (Image copied from Chem. Sci., 2016, 7, 3645.)
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Antonietti et al. demonstrated a 2D ultrathin free-standing polymeric carbon nitride membrane
(UFSCNM) fabricated from melamine through chemical vapour deposition polymerization.”’
The 2D membrane exhibits excellent nanofluidic ion-transport phenomena. Under its perm
selective nature, the UFSCNMs membrane can effectively convert salinity gradients into
electric energy with a high output power density of 0.21 Wm= under a 1000-fold salt
concentration gradient. Jiang et al. demonstrated the construction of 2D nanofluidic channels
with kaolinite-based Janus nano-building block for osmic and electrokinetic energy
conversion.’® Pristine kaolinite sheets were negatively charged, converted into positive charge
via covalent modification with Si-69 moieties. The newly incorporated Si-69 molecules are
exclusively attached to the AI-OH groups on an aluminium octahedral sheet (AOS), resulting
in a Janus-like structure on its opposing surfaces. The reconstructed kaolinite membranes
(RKM) show surface charge governed ionic transport phenomena with nearly perfect cation-
selectivity, and hence they exhibit excellent performance in osmotic energy conversion. The
resulting output power density from the RKM approaches 0.18 Wm under a 100-fold salt
concentration gradient which is very close to graphene-oxide membranes (GOM). Lei et al.
engineered a hybrid membrane consisting of aramid nanofibers and boron nitride nanosheets
(ABN) with high mechanical and chemical rigidity for blue energy conversion.” The hybrid
membrane can produce high power density up to 0.6 Wm-2 which was stable for 200 h covering
20 consecutive operational cycles. Moreover, the membrane was also found to be operative
efficiently in harsh experimental conditions such as wide ranges of temperature and pH
variations, demonstrating its economic viability as an excellent osmotic energy generator.
Wang et al. showed that the lamellar MXene membrane is also suitable for harvesting osmotic
power as a renewable energy source.®’ The 2D nanofluidic channels of MXene membranes
exhibit prominent surface-charge-governed ionic transport characteristics and as well as high

cation selectivity. When employed, the MXene membranes can deliver a power density up to

27
TH-2952_166122027



Introduction to biomimetic nanofluidic channels

21 Wm2, concomitants with an energy conversion efficiency of 40.6% under a 1000-fold salt
concentration gradient. Moreover, the achievable power density through the MXene

membranes can be scaled up to 54 Wm2 by employing a thermal treatment.
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Fig. 1.20: 2D material beyond graphene employed for osmotic energy harvesting: (a) lon
transport across the UFSCNMs. (b) The transmembrane potential and osmotic current recorded
through a UFSCNM. (c) Crystal structure of kaolinite showing its tetrahedral silicon sheet
(STS) and an aluminium octahedral sheet (AOS). (d) Reconstruction of the 2D Janus clay
nanosheets. (e) Osmotic power generation with GOM and RKM. (f) Schematic showing the
lamellar structure of ABN membranes. (g) The measured power density and osmotic power
density recorded through ABN membranes showing as a function of time. (h) Cross-sectional
SEM image of TisCoTx membrane. (i) Output power density and its corresponding energy
conversion efficiency recorded through a TisC2Tx membrane showing as a function of the salt
concentration gradient. (Image copied from (a-b) Angew. Chem. Int. Ed. 2018, 57, 10123. (c-
e) Adv. Mater. 2017, 29, 1700177. (f-g) Joule, 2020, 4, 247. (h-i) ACS Nano 2019, 13, 8917.)
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Feng et al. demonstrated lamellar black phosphorus (BP) membrane fabricated via self-
assembly method in salinity gradient conversion.®! They explored the impact of the oxidation
process on BP in energy generation performance. It was observed that, controllable oxidation
of BP in water greatly enhanced the magnitude of output power generation via the formation
of a high valence phosphorus species. Controlling the concentration of dissolved oxygen, the
valency of the BP can be accurately controlled. Moreover, the perm-selectivity of the BP
membrane can be enhanced by ~80% via constructing an ordered hetero assembly of GO and
BP, and the resulting high charge separation in the hetero-assembly contributes to the further

upscaling of the output power density up to ~4.7 Wm,
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Fig.1.21: Black phosphorus membranes for osmotic energy conversion: (a) Surface SEM
image of the BP membrane, inset: free-standing membrane. (b) Schematic of the treatment of
BP membrane: immersed in O,-containing water. (c) Output power density as a function of O>
concentration. (d) Output power density as a function of electrolyte species. (e) Schematic of
the ion transportation in a GO-BP hetero-assembly. (f) overall power density. (Image copied
from Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 13959.)
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1.4.3: lonic transport regulation
The controlled transport of ionic/molecular species through synthetic micro/nanoporous
medium is becoming a prime interest in the fields of interdisciplinary science and technologies
because of its tremendous potential in areas like, exquisite chemical separation, energy
harvesting, and biomedical applications.®28" In nature, there exist such ion-specific cell
membranes that regulate numerous physiological phenomena. Biological ion channels and ion
pumps are examples of such carriers that control the distribution of countless ionic/molecular
species in all living bodies. Notable examples of such specific ion transporter systems are the
proton pump in cytochrome c oxidase, sodium-potassium exchange pump in the cell
membrane, and Ca?* pumps in the plasma membrane.®8° The outstanding structure-function
characteristics of the biological ion channels and pumps have been a source of inspiration in
designing their artificial counterparts due to their fundamental importance and real-time
applications. The main features of a natural ion pump are the inherent asymmetries present in
their physical structures and asymmetry in the distribution of chemical composition over the
entire system. Due to such asymmetries, they possess three basic elemental features: ionic
selectivity, ionic gating, and ionic rectification. Typically, ion selectivity refers to the capability
of the ion channel to recognize specific ions/molecules based on the specific binding interaction
with its molecular recognition sites distributed along the channel walls. lonic gating generally
refers to the ability of the ion channel to respond via opening or closing its transport route upon
exposure to external stimuli. lonic rectification is the capability of the ion channel to act as an
ionic diode and realize unidirectional ionic transport, analogous to that of the electronic p-n

junction. %92

In the last decade, proficiency of the bio-ion channels in accomplishing these peculiar ionic

transportation features has inspired scientists to mimic these properties using synthetic
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bioinspired intelligent asymmetric nanochannel membrane (BSANM) systems.® The generic
design strategy of BSANM involves a principle factor; either we have to impart asymmetry
into the artificial membrane system (built-in factors) or to the membrane environment (external
factors). The built-in factors refer to the introduction of asymmetry in the nanochannel
geometrical structures or their surface properties such as charge distribution, wettability, and
chemical composition. In contrast, external factors refer to the exposure of external stimuli
such as the pH change, electrolyte concentration gradient, light illumination, pressure drop,
and voltage change.®% The initial studies dealing with conical nanopores have demonstrated
that these devices are ideal candidates to mimic the biological ion regulation activities. The
fundamental feature of conical pores is that the ion transporting nanopores are asymmetric in
structure and possess surface charges, which enables them to rectify the I-V characteristics of
the channel along with prominent perm-selectivity. Fulinski et al. investigated ionic transport
characteristics of asymmetric single conical nanopores fabricated in polyethylene terephthalate
(PET) membrane.®® The conical nanopores were created via the track etching method with the
irradiation of heavy ions on the PET foils followed by subsequent chemical etching.
Conductivity experiments show that the PET nanopores are cation-selective and rectify the
ionic current in the preferential direction via controlling the flow of counter ionic (cation)
species from the narrow entrance (tip side) to the larger opening (base side) of the pore.
Moreover, the conical nanopores can act as an ion pump if stimulated by external field
fluctuations and transports potassium ions against the concentration gradient. Li et al.
demonstrated the use of a single glass conical nanopore channel decorated with homopolymer
poly [2-(dimethylamino) ethyl methacrylate] (PDMAEMA) and observed both pH and
temperature-responsive ion-transport properties.”® PDMAEMA exhibits both temperature and
pH-responsive properties. Hence, the nanopore device can be reversibly switched between the

high conducting “on” state and the low conducting “off” state with a high gating efficiency by
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Fig 1.22: lon pump fabricated from charged conical nanopore: (a) Schematic of the
experimental set up utilized for preparing single conical pores. (b) FESEM image of a PET
membrane showing the single conical nanopore. (c) I-V curve recorded through a single conical
PET pore on exposure to symmetric electrolyte conditions across the membrane. (d) Net ionic
current generation through a conical nanopore when the applied field was fluctuated
maintaining a mean value of zero. (¢) PDMAEMA-modified nanopore exhibiting pH
responsive functional moieties and temperature-responsive swollen state. (e) I-V curves of
“on” state (pH 2, T= 50 °C) and “off” state (pH 12, T = 25 °C) of PDMAEMA-modified
conical nanopore. (g) Schematic illustration of the light-responsive ion pump based on PET
conical nanopore. (h) Inversion of zero-volt current in the presence of light indicates the uphill
transportation of ions. (i) UV light of appropriate intensity can reverse cation flow inside the
nanochannels and enhance the pumping process. (Image copied from (a, ¢ & d) Am. J. Phys.,
2004, 72, 567. (b) ACS Nano 2016, 10, 4637. (e-f) Adv. Funct. Mater., 2011, 21, 2103. (g-
i) Sci. Adv., 2016, 2, e1600689.)

simply varying the surrounding media's temperature and pH. Jiang et al. establish a bioinspired

nanoscale photo-driven cation pump based on a single PET conical nanochannel.®® When UV
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radiation was showered on the base side of the cone by placing a high concentration solution
in its vicinity, a cation pumping phenomenon was observed. The ion pumping phenomena can
be identified by monitoring the inversion of zero-volt current. Under UV irradiation, enhanced
dissociation of the benzoic acid derivative dimers existing on the inner walls of the PET cone
will create more mobile carboxyl groups. The observed cation pumping phenomenon on
exposure to UV light can be attributed to the enhanced electrostatic interaction between the

counter-ions entering the nanochannel and the charged groups (-COO) residing in the channel.

It has been demonstrated that to fabricate artificial ion pumps or ion channels; an energy
conversion stimuli-responsive centre needs to be incorporated with the operating asymmetric
nanopores. So it is necessary to realize an extremely robust and precise ion transport system
with a sub-nanometre narrow capillary to be impactful in broad applications. While addressing
any of these problems is straightforward, managing them in a single material is quite
challenging. Recently, a range of novel 2D nanomaterials has been introduced to fulfil these
requirements, and 2D layered materials provided a new zeal to accomplish these goals.
Compared to conventional 1D nanofluidic devices, the 2D ion-pump displays several benefits
like facile fabrication and scalability. Many 2D materials and their facile functionalization offer
several ways to fine-tune the desired parameters like ionic selectivity, ionic flux, and pumping
efficiency. The facile functionalization of the nanosheets before self-assembling also makes it
possible to incorporate stimuli-responsive moieties that could create new properties such as
photo-switchable, temperature-switchable, and pH-switchable smart ion-pumps. Moreover, the
macroscopic dimensions of the 2D nanochannel assemblies mitigate the requirement of
sophisticated instrumentation and expensive material processing steps, thereby providing
exciting opportunities to study the fascinating ion transport characteristics of biological

systems in an artificially made unit.

33
TH-2952_166122027



Introduction to biomimetic nanofluidic channels

For the first time, yeo et al. demonstrated that symmetric GOM exhibit peculiar ionic current
rectification behaviour, significantly below a specific electrolyte concentration when EDL
starts overlapping to provide a counter ion-selective nature.’® The observed uncommon
rectification behaviour can be explained by the occurrence of Fore-aft asymmetry in the
symmetric GOM, especially at the diffusion boundary layers of the entrance and exit ends of

the membrane. This asymmetry arises because of the reversal between the low conducting
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Fig.1.23: lonic current rectification (ICR) with GOM: (a) ICR mechanism through
symmetric GOM. (b) Representative 1-V curves recorded through symmetric GOM at different
KCI concentrations. Diamonds represent 0.1 mM, inverted triangles for 10 mM, and circles for
1000 mM KCI. The inset shows the corresponding ion current rectification ratios. (c) I-
V characteristics recorded through the symmetric GOM showing as a function pH values at a
0.1 mM KCl electrolyte solution. (d) ICR recorded through an asymmetric GOM, the effect of
reversing the working and counter electrodes with respect to the geometrically asymmetric film
on its I-V characteristics is demonstrated here. (e) Representative I-V curves for GO films with
different cross-sectional areas at the entrance and exit ends. (f) I-V characteristics of the
geometrically asymmetric GO film (b/a = 3) showing as a function pH of the electrolyte

solution. (Image copied from (a-c) J. Phys. Chem. C, 2014, 118, 21856. (d-e) Adv. Sci. 2015, 2,
1500062.)
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positive bias state and the high conducting negative bias state of GO film, fuelled by the effects
of trapping or releasing of counter ionic species and non-uniformity of the electric field in the
tortuous nanochannels. The solution pH has also imparted strong influence on the surface
charging of the GO channel walls, and hence the rectification behaviour of the GO film can be

fine-tuned by adjusting the solution pH.

The same group later demonstrated that ionic current rectification through 2D GOM could be
enhanced simply by enhancing the perm-selectivity by breaking the symmetry of the surface
charge distribution across the film.1% In the geometrically asymmetric GOM, it was observed
that with increasing asymmetry of the cross-sectional areas between the two extreme ends of
the film, typically known as the tip and base side, the rectification ratio increases. The
observation can be explained to the reduction of the limiting current due to the increased perms-
selectivity when more asymmetry was imposed on the GOM system. The rectification ratio can
be enhanced further by decreasing the medium's acidity, leading to more dissociation of the
carboxylic group residing on the channel wall and imparting more perm-selectivity to the

membrane system.

To introduce photo responsive ionic rectification in 2D nanofluidic systems, Jiang et al.
incorporated photo-sensitive spiropyran (SP) molecules into the lamellar GO nanochannels.%?
The GOM-based 2D nanofluidic diodes can be switched reversibly between high-and-low
rectifying states simply by controlling the light illumination process. Upon exposure to UV
irradiation (wavelength of 365 nm), photoisomerization of the neutral SP molecules occurs. It
subsequently gets converted into a cationic merocyanine (MCH?) state by opening its pyran
bond in an acidic medium. Meanwhile, on exposure to visible light (wavelength of 520 nm),
the cationic MCH™ species reversibly converted back into its neutral SP isomer, yielding a fully

photo-switchable ionic diode. The formation of light-induced cationic MCH™ reduces the
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overall negative charge density on the GO nanochannels walls via charge neutralization, which
accounts for the enhanced rectification performance of the device on exposure to UV
radiations. This GO-SP-based charged hetero-assembly collaboratively results in a prominently

enhanced ionic rectification, and a high ICR ratio of 48 is achieved with the 2D nanofluidic

system.
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Fig. 1.24: Photo-induced ICR in GOM: (a) I-V responses of spiropyran-GO membranes on
exposure to different light intensities (UV-light, 365 nm and visible light, 520 nm) and the
corresponding mechanism of the changes in the molecular and charge state in the membrane
system. (b) ICR ratio in presence and absence of different light intensity. (c) UV-vis spectra of
SP in solution phase. An absorption peak at 420 nm is observed (red), confirming the photo-
isomerization process in SP. This transformation can be fully retrieved under the irradiation of
visible light (blue). (Image copied from Chem. Sci., 2017, 8, 4381.)

2D ionic current rectifier other than GO has also been reported in the literature. Shao et al.
designed a nanofluidic conduit fabricated from naturally available Montmorillonite clay

minerals and demonstrated ionic current rectification by adopting a trapezoid geometric shape
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MMT membrane.1 The 2D nanochannel arrays of MMT are reconstructed via self-assembling
their corresponding colloidal dispersions, and the as-constructed MMT laminates display
excellent counter ion selectivity. The clay-based ionic diode is thermally stable up to 400° C
and shows ionic current rectification with a rectification ratio of ~2.6 and ~3.5 with KCI and

HCI electrolytes solution.
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Fig.1.25: ICR in clay-based conduit: (a) Schematic illustration of a rectangular (up) and

triangular (down) MMT based nanofluidic conduit (b, ¢) their corresponding I-V curves. (d)

Rectification factor as a function of applied bias at KCI electrolyte of various concentrations.
(Image copied from ACS Appl. Mater. Interfaces. 2018, 10, 44915.)

- 0@ &

Raidongia et al. demonstrated a flexible and freestanding membrane of vanadium pentoxide
(V20s), which exhibits membrane shape-dependent ionic transport characteristics.'® While the

rectangularly cut V>.Os membranes show linear I-V curves, the triangular shape of the V205
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membranes displays nonlinear diode-like 1-V curves in the surface-charge-governed regime.
The rectification ratio through the 2D asymmetric V2Os membrane is easily controlled by
adjusting the base to tip the balance of the triangle. Moreover, the triangular ion rectifier of the
V205 membrane can also be utilized as an ion pump to promote uphill transportation of ionic

species against the concentration gradient under the influence of a fluctuating external potential

with a mean value of zero.
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Fig.1.26: Reconstructed V20s ionic conduits as 2D cation pump: (a) Digital photo of a
rectangular V20s based nanofluidic conduit. (b) I-V curves recorded through rectangular V2Os
membrane. (c) Digital photo of triangular V20s membrane-based nanofluidic conduit. (d) I-
V curves recorded through the triangular V20s conduit at 10 M KCI electrolyte concentration.
(e) Schematic representation of the triangular nanofluidic ion pump operates under a
fluctuating electric field with a mean value of zero. (f) The plot of current recorded through a
V20s triangular strip shows as a function of time under a fluctuating electric field with a mean
value of zero (between +1 V and 1 V). (Image copied from J. Mater. Chem. A, 2019, 7, 10552.)
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Inspired by the transpiration mechanism of plants, Luo et al. demonstrated an artificial ion
pump based on the 2D MXene (TisC2Tx) membrane.'® The Mxene membrane has a high near-
infrared wave absorption capacity for excellent light-to-heat conversion, which accelerates
macroscale water evaporation and pumping ions against a 200-fold concentration gradient upon
asymmetric infrared light irradiation. The uphill ion transportation can be realized by

monitoring the zero-volt current, which shows sign reversal upon light irradiation. Moreover,
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Fig. 1.27: 2D ion pump: (a) Schematic illustration of the generation of net ionic flow through
the MXene membrane upon asymmetric light illumination. Upon IR light illumination, the
diffusion of cations occurs from the un-irradiated area to the irradiated area, and the ionic
current flows from the un-irradiated area to the irradiated area. (b) Zero-volt current curves
with alternating light illumination at 10-fold (Cx = 10 M; CL = 10 M) KCI concentration.
(c) Schematic illustration of photo-driven uphill ion transport through MOF membrane. (d)
Open-circuit voltage as a function of concentration gradient before (black) and during (red)
illumination. Positive voltage represents cations being transported uphill from the C. side to

the Cn side. (Image copied from (a-b) Mater. Chem. Front., 2020, 4, 3361. (c-d) Angew. Chem.
2020, 132, 12895.)
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the MXene membrane devices can harvest electricity from salinity gradient due to their
excellent perm-selectivity. It generates a stable current and voltage of about 7.3 mA and 13.6
mV, respectively, on exposure to infrared light. Mao et al. demonstrated a biomimetic photo-
responsive ion channel and photo-driven ion pump using a porphyrin-based metal-organic
framework membrane.'% The molecular-size pores in the MOF membrane enable precise and
robust optoelectronic ion transport modulation in a broad range of concentrations. Introduction
of platinum nanoparticles into the MOF framework realized a Schottky barrier photodiode,
where photo-voltage is generated across the membrane via uphill transportation of ions from a
region of low concentration to a region of high concentration, i.e., against the concentration
gradient. The light irradiation generates an additional surface charge on the dielectric surface.
The induced surface charge attracts additional counter-ions, providing an extra driving force

for cation transport in an alternate pathway of lower activation energy.
1.5: Conclusion:

Mighty nature always motivates us with new life lessons, and learning from nature is an
everlasting subject in human survival and sustainable development. Inspired by this astonishing
biological machineries' structural integrity and functioning, tremendous research efforts have
been put forward to mimic these bio-functioning properties in different artificial nanofluidic
devices. But regulating the mysterious biochemical and biophysical phenomena in an artificial
unit is quite challenging. However, the advent of nanoscience and nanotechnology made it
possible to handle these constraints and provided an avenue to create novel integrated
nanofluidic devices. Recently lamellar membranes reconstructed from 2D nanosheets have
been invoked in the field of nanofluidic, where they display features like surface-charged
governed ionic transport, size-selective ionic transportation, ionic current rectifications, and

environment responsiveness analogous to biological types of machinery and hence provided a
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macroscopic platform to study the vital activities proficiently. Even though numerous efforts
are devoted to developing and understanding these membranes, an exhaustive investigation
from researchers across the disciplines is required to achieve their true potential in practical

applications.
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Chapter 2

Nanofluidic Transport through Humic acid modified
Graphene Oxide Nanochannels

Summary*

In this chapter, the chemical similarity of graphene oxide (GO) and humic acid has been
exploited to fine-tune ionic and molecular transport properties of lamellar GO membrane. The
introduction of humic acid (HA) (in 10, 15, and 20 weight %) improves nanofluidic transport
characteristics, such as ionic mobility, molecular selectivity, diffusivity, and permeability of
the GO membrane. Crosslinking of GO layers with purified humic acids conferred mechanical
strength and enhanced the membranes' chemical robustness. Remarkably, membranes prepared
with 15 % HA displayed superior proton mobility, in-plane diffusivity, and cross-plane
permeability than that of pure GO and other composite membranes. The favourable nanofluidic
characteristics of the 15 % membrane are attributed to the larger effective heights of the 2D
nanochannels, derived from the onset point of surface charge governed ionic conductivity of
the membranes. The lamellar GO-HA membranes were also suitable for energy harvesting

applications such as the direct methanol fuel cell and reverse electrodialysis.

* Paper based on these studies has appeared in Mater. Chem. Front., 2018, 2, 1647.|
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2.1: Introduction

Graphene oxide (GO) or graphitic acid is a two-dimensional layered material decorated with
sp? and sp® hybridized carbon atoms extended into a honeycomb lattice of adjacent carbon
hexagon. Various oxygen functionalities, viz., epoxy, alcohol, carbonyls, and carboxylic group,
prevailed in GO, render it a high magnitude of hydrophilicity, but on the contrary, interrupted
its subtle ring aromaticity. So unlike pristine graphene, GO is an insulator of electricity. Due
to the existence of oxygen groups, GO becomes hydrophilic, which could cause GO fakes to
form homogenous dispersions with pure water and other polar organic solvents. Meanwhile,
the non-oxidized regions of GO fakes are hydrophobic as pristine graphene, which could
explain that GO is an amphiphilic material. As a result, GO nanosheets perform similar to the
surfactants rendering GO to stay at the interface of two phases for reducing the free energy.*®
The discovery of GO has celebrated a centennial, and thanks to its unique characteristics,
despite being a classical material, GO still offers its hotspots for unveiling new exciting
insights. The accessibility of various types of reactive oxygen-containing functional moieties
allows GO to fuse with a wide range of organic and inorganic materials via covalent, non-
covalent, and ionic manner, which is the intentional strategy to synthesized functional hybrids

and composites with unusual properties.®®

Humic acid, a decomposed product of organic biomass, is ubiquitous in a natural environment.
They are amorphous long-chain organic polymers with a wide range of molecular weights. The
elementary structure comprises aromatic rings of the di- or trihydroxy-phenol type bridged
facilitated by -O-, -NH-, -N=, -S-, and other groups that contain both free OH groups and
double bond linkage of quinones.®!! The outstanding chemical functionalities of humic acid
is known for more than 150 years. Still, it has not been applied much in advanced technologies

due to the uncertainties in the chemical structure. The recent studies demonstrated that the
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morphology and composition of humic acid are very similar to that of GO.*2 Moreover, like
GO, it produces conductive 2D sheets upon reduction.®'* The structural and chemical
similarities show that humic acid molecules are intercalated into the graphene oxide
membrane's interlayer galleries to improve the bare graphene oxide ionic/molecular

transportation characteristics.
2.2: SCOPE OF THE PRESENT INVESTIGATION

The major bottleneck in the study of sub-nanometer-size fluids is the limitation in device
fabrication techniques. The traditional methods employed for this purpose are either low
throughput or require highly expensive and sophisticated instrumentations.*>'” To overcome
these shortcomings, molecularly thin nanochannels were prepared by self-assembling
exfoliated layers of two-dimensional (2D) materials.'®?* The space between the layers of
reconstructed-layered materials forms a percolated network of two-dimensional nanochannels,
providing a new platform for studying ionic/molecular transport under sub-nanometer
confinement. Thanks to the abundance of layered materials, and ease of preparation and
scalability, the reconstructed lamellar membranes also promise practical applications in the

areas like water desalination, molecular sieving, energy storage, and harvesting.?

Even though layered materials-based lamellar membranes have several advantages over
polymer and inorganic membranes, they are not free from drawbacks. The sub-nanometer-size
pores of lamellar membranes that facilitate unprecedented ion/molecular selectivity also
impede molecular permeability. The natural choice to overcome low permeability is to increase
the height of the channel by applying spacers between the sheets.?’?° However, the application
of foreign spacers sacrifices both selectivity and robustness of the pristine membranes. Here,
we have explored the possibility of tuning the transport characteristics of GO membranes
without sacrificing their lamellar structure or altering the channel's heights. Humic acid, a
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naturally occurring organic material, is applied here to tune the network of GO nanochannels.
With a structure chemically and physically similar to that of GO, humic acid caused an all-

around improvement of the GO lamellar membrane.
2.3: Experimental section

Extraction of Humic acid:

Humic acid was extracted following the standard conjugative alkaline-acid treatment method.
In typical experiments, 100 g of soil sample was mixed with 300 ml of 0.1 M NaOH solution
and stirred for 2 hours at room temperature. The brown-coloured supernatant obtained after
allowing the reaction mixture to stand overnight was collected by centrifugation. The pH of
the brownish dispersion was adjusted to 1 to precipitate out the acid-insoluble humic acid. As
precipitated, humic acid was thoroughly washed with deionized (DI) water and oven-dried at

60 °C.
Preparation of GO membrane:

GO was synthesized following the modified Hummers method. Typically, 6 g of KMnO4 was
gradually added to ice-cold sulphuric acid (17 M, 50 ml) mixed with 1 g of graphite powder
under constant stirring. The mixture was then stirred at 35 °C for two hours, followed by slow
addition of 100 ml of DI water. The reaction was terminated by adding 8 ml of H202 (30 %)
solution. The as-obtained yellow suspension was subjected to two-step washing with HCI (1
M) and acetone. Freestanding membranes were prepared by vacuum filtering the aqueous

dispersions of GO through polytetrafluoroethylene (PTFE) membrane.
Fabrication of composite membrane:

Aqueous dispersions of GO and humic acid (1 mg/ml each) were mixed in appropriate amounts
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(10, 15, and 20 % humic acid by weight) and sonicated for 15 minutes. The hybrid dispersions
were then passed through a cellulose nitrate membrane to prepare GO-HA composite

membranes.
Surface charge governed ionic transport:

Measurement of ionic conductivity was done with Ag/AgCI electrodes dipping into both the
exposed ends filled with electrolytes, and a source meter (Keithley 2450 model) was used as

the electronic load.
Measurements of bending stiffness:

Bending stiffness of the composite membranes were calculated employing Lorentzen & Wetre
2-point method. A known load was placed to one end of the strip, by keeping the other end

fixed to a glass slide. The following equation was used to calculate the bending stiffness values
(Sb).

60XF x[?
Sb =
TTXOXb

Where, F is defined as bending force (F= weight x gravitational constant), | is the distance
between the clamp and the load, o is the angle of deflection under the influence of load, b is

the width of the strip.
Simulation Methodology:

The equilibrium MD simulation was carried by Dr Abhijit Gogoi and Prof. K. Anki
Reddy using NAMD 2.11 with optimized potentials for liquid simulations-all atom (OPLS-
AA ) force field. TIP3P water model was used for the water molecules. The bond length of the
water molecules is held constant using SETTLE algorithm. The van der Waals interaction

through Lennard-Jones potential was computed with a cut off distance of rc = 12 A. Particle
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mesh Ewald method (PME) is used for the long range electrostatic interactions. The equation
of motions is integrated through velocity Verlet integration method with a time step of 1 fs.
The simulation system is then energy minimized and equilibrated for 1 ns at a constant pressure
of 1 atm and temperature of 300 K. After equilibration the production run is carried out for
each of the system for 8 ns. During the simulation the pressure was kept constant with modified
Nosé-Hoover method where the barostat oscillation time and damping factors both were set to
0.3 ps. Similarly, temperature was kept constant using Langevin dynamics with a damping
factor of 5 pst. In most of the existing literature in membrane simulation. membrane is
constraint during the simulations. However, in the present work no constraint was applied in

the membrane to have a better resemblance with the experiment.
Characterisation:

The functional groups present in humic acid were characterized by Fourier transform infrared
(FTIR) spectroscopy. The morphology of humic acid and graphene oxide was examined by
atomic force microscopy (AFM) (Agilent, Model 5500 series), field emission scanning electron
microscopy (FESEM) (Zeiss, Model: Gemini) and field emission transmission electron
microscope (FETEM) (JEOL, Model: 2100F). X-ray diffraction was studied using Bruker D-
205505 Cu-ka radiation (A=1.5406 A). Dye separation experiments were analysed using UV-

Vis Spectrophotometer (Systronics, Model: 117).
2.4: Results and discussion

Humic acid extracted from native soils following standard procedures %3 were characterized
with TEM analysis and various spectroscopic techniques such as IR, UV-Vis, and fluorescence
spectroscopy (Fig. 2.1). The purified humic acid samples displayed Infra-Red (IR), UV-Vis

and fluorescence spectra similar to those reported in the contemporary literature.33* Peaks
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around 3440 cm™ and 1657 cm™ in FTIR corresponds to O-H vibrational and aromatic C=C

stretching band, respectively. The small shoulder peaks around 2850 cm™ and 1731 cm™ can
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Fig. 2.1: Characterization of humic acids: (a) FE-TEM image. (b) FTIR-spectrum. (c) UV-
Vis spectrum and (d) Fluorescene spectrum of humic acid, extracted following standard
alkaline-acid treatment method.

be assigned to stretching of aliphatic C-H and C=0 of COOH groups. The UV-vis spectrum of
humic acid is broad and monotonously decreases with increasing wavelength with a minor
shoulder at around 265 nm. Humic acid exhibits emission bands around 470 nm due to aromatic
fluorophores with electron-donating functional groups. Fulvic acid shows a stronger emission
band at 360 nm; the absence of the same reveals successful extraction of humic acid from the
soil. The X-ray photoelectron spectroscopy-based analysis reveals the O/C ratio of the purified
humic acid samples to be 0.3 (Fig. 2.2), which was also supported by the EDX elemental
quantification carried out under an electron microscope as shown in Fig. 2.2 (O/C was found
to be in between 0.25 to 0.3).
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Fig.2.2: Composition analysis of humic acid: (a), (b) and (c) XPS analysis of humic acid
sample which shows that the approximate O/C ratio ~ 0.3. (d) EDX elemental quantification
of humic acid sample carried out under an electron microscope.

The GO sample used here was synthesized following modified Hummers method and

characterized with electron and atomic force microscopy as shown in Fig. 2.3.
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Fig. 2.3: Characterization of GO: (a) AFM image with corresponding height profile and (b)
FESEM images of GO sheets prepared by following modified Hummers method. (c) Cross-
sectional FESEM image and (d) IR-spectrum of GO membrane.
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The interactions between GO and humic acid can be visualized by studying colloidal stability
of the mixtures. In Fig. 2.4a, aqueous dispersions of GO and humic acid are compared with
that of the mixtures (10, 15, or 20 % humic acid with GO). While dispersions of humic acid
started settling down after around 72 undisturbed hours, the mixtures remained unaltered for
60 days (Fig. 2.4b), suggesting the existence of favourable interactions between these two
negatively charged nanomaterials. Comprised of synergistic blends of aromatic and
oxygenated carbon atoms, both humic acid and GO sheets are amphiphilic. Both these
materials' surfactant-like properties have been exploited to disperse hydrophobic nanomaterials

like carbon nanotubes through z- stacking.3>3®
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Fig. 2.4: Colloidal stability of GO-HA dispersion: Aqueous dispersions of GO, humic acid
and their mixtures (10, 15 and 20 % humic acids in GO) after (a) 5 minutes and (b) 60 days of
preparation. (c) Zeta potential of GO-HA composite systems are compared with that of neat
GO. (d) Agglomeration behaviour of HA, GO and composite (15% GO-HA) dispersion upon
decreasing polarity of the medium. (e) Quenching of fluorescence intensity of humic acid
dispersion upon addition of GO.
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In the HA-GO dispersion, the aromatic segments of humic acid molecules are expected to
interact with hydrophobic regions of the GO surface through z-r stacking, projecting away
from the oxygen-containing hydrophilic areas. As a result, the negative zeta potential of humic
acid and GO dispersions increases upon mixing (Fig. 2.4c), attributed to the superior
dispersibility of the mixtures in polar solvents like water. As the polarity of the medium was
decreased by adding ethyl acetate and isopropanol, the HA-GO mixture agglomerated before
pure GO and humic acid dispersions, as can be seen from Fig. 2.4d. The existence of z-
7 stacking between hydrophobic regimes of humic acid and GO sheets was also verified
through the fluorescence quenching experiment shown in Fig. 2.4e. The purified humic acid
samples display a characteristic emission spectrum (Aexcitation =320 nm and Aemission =470 nm)
originated from the conjugated carbon atoms (both aromatic and non-aromatic) bonded various
chromophores.®”*® The addition of GO quenched the fluorescence of humic acid dispersion,
but the extent of quenching was directly proportional to the amount of GO added. It supports
the existence of definite interactions between the two materials, as GO is known to quench

fluorophores through excited-state energy transfers via z-z stacking.%-4!

Similarly, upon vacuum filtration except for pure humic acid, all other dispersions yielded
freestanding membranes. Inset of Fig. 2.5a shows a digital photo of a composite membrane
(GO-HA) obtained from 15 % humic acid dispersion. The cross-sectional field emission
electron microscopy (FESEM) examinations on the broken edges of GO-HA membranes
revealed the formation of densely packed lamellar structures. Under the electron microscopy
examinations, no large pores or agglomerated chunks of humic acid were observed. A
characteristic cross-sectional FESEM image of 15 % GO-HA membrane is presented in Fig.
2.5a. The lamellar structures of GO-HA membranes were also confirmed by characteristic
(002) reflections in the XRD patterns (Fig. 2.5b). The addition of humic acid marginally
increased the interlayer spacing, from 8.2 A of GO to 8.8 A in 20 % GO-HA membranes.
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Moreover, small pieces of membranes (15 mm x 7 mm) were soaked in water for a prolonged
time to test the solution's stability. As shown in Fig. 2.5¢c, the GO membrane started
disintegrating within 3 days of soaking, but GO-HA membranes remained unaltered for more

than 60 days.
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Fig. 2.5: GO-HA free-standing membrane: (a) Cross-sectional FESEM images of 15 % GO-
HA membrane. Insets shows a free-standing GO-HA membrane. (b) XRD patterns of air-dried
membranes. (c) Photos of GO and GO-HA membranes soaked in water for 60 days.

The enhanced stability of GO-HA membranes is attributed to crosslinking of lamellar GO
sheets by the humic acid molecules. During the vacuum filtration, humic acid-modified GO
sheets are forced into a tightly packed lamellar structure, providing a geometrically favourable
situation for the crosslinking interactions such as -z stacking, H-bonding, and CH-z stacking.
These interactions in the composite membrane are evident from the Fourier Transform Infrared
(FTIR) spectra shown in Fig. 2.6. The z-z interaction weakens the aromatic rings' double bond
character, causing a red-shift of the C=C stretching vibration band of humic acid from 1657
cm? to 1620 cm™. Similar z-z interaction is also seen in the pure GO membranes. The
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weakening of the stretching vibrations of the C-H bond (2920-2850 cm) in the hybrid system
compared to that of humic acid and GO can be attributed to the CH-z interaction between the
sheets.*? Likewise, in the O-H stretching regime, decrease in peak intensity, broadening, and
shifting of peak position (from 3440 cm™ to 3340 cm?) indicate the occurrence of

intermolecular H-bonding between the hydrophilic functionalities of the two materials.*®

—15 % GO-HA

% T
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Functional group [ GO (cm?) | HA (em?) | 15% GO-HA (em™)

C=C 1623 1657 1620
C-H 2920 2850 -
OH 3440 3440 3340

Fig. 2.6: Non-covalent interaction in GO-HA composite: FTIR spectra for HA, GO and 15
% GO-HA composite membrane and comparison of stretching frequencies of different
functional groups.
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The crosslinking effect of humic acid was further confirmed by studying mechanical properties
of the membranes. Fig. 2.7a and 2.7b show that the tensile strength values of the membranes,
determined from maximum loads lifted by a rectangular strip (dimensions of 20 mm x 3 mm
x 0.027 mm) before failure, improves with increasing humic acid contents on it. The same

trend is also followed by the bending stiffness values of the membranes, discussed in the Fig.

2.7c and 2.7d.
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Fig. 2.7: Mechanical strength of the membranes: (a) Schematic illustration of the set-up

used for measuring tensile strength of the membranes. (b) Bar diagram representation of tensile

strength of different GO-HA composite membranes. (c) Schematic representation of bending

stiffness measurement. (d) Bar diagram comparing of tensile strength of different membranes
with thickness (20 pm).
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One of the most widely anticipated applications of reconstructed layered materials is in the
water treatment processes. The requirements of ideal water purification membranes include,
chemical/mechanical robustness, high permeability and great selectivity. The solution stability
and mechanical robustness of GO-HA membranes are already described in Fig. 2.5c and Fig.
2.7, respectively. The next key is to improve permeability and selectivity, concurrently. With
the intention to test permeability and selectivity, fixed volumes (3 ml) of aqueous dye solutions
(200 ppm) were vacuum filtered through the composite membranes. From the “time” required

to complete the filtration process, permeability of the membranes was calculated by employing

equation (1).

7 membrane thickness)x(amount of permeate
Permeability = ( X( /P ) -— (D

(membrane surface area)x(time)x(dif ferential pressure)

The bar diagrams of Fig. 2.8c show liquid permeability of the membranes of different
compositions. Surprisingly, 15 % GO-HA membrane shows higher permeability than that of
10 %, 20 % and pure GO membranes. The selectivity of the membranes was studied by
measuring the concentration of the methylene blue (MB) dye in the solution before and after
filtration by recording its UV-Vis spectra. The weight of the dye molecules separated from
their aqueous dispersions during the filtration process is shown as bar diagrams in Fig. 2.8a.
Interestingly, pure GO and membranes with 15 % humic acids removed slightly more dye
molecules than 10 % and 20 % GO-HA membranes. But the dye removal efficiencies (Fa) of
the membrane with 15 % humic acid was calculated to be far better than that of pure GO and
other composite membranes, bar diagram in Fig. 2.8d. Fsm of the membranes was calculated
by dividing weight (w) of the dye molecules removed from the solution with time (t) required
for the filtration and weight (mw) of the membranes (Fam = w/(tx my)). It demonstrates the
possibility of enhancing both permeability and selectivity of lamellar membrane just by tuning

the compositions of the correct spacer.
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Fig. 2.8: Molecular selectivity and permeability: (a) Weight of the dye molecules separated,
and (b) time consumed by different membranes to complete the filtration process. (¢) Liquid
(water) permeability (P)) and (b) dye removal efficiencies (Far) of different GO-HA
membranes are compared with that of GO.

To further confirm the prospect of creating favourable channel structures for molecular
diffusion, the permeability of water vapours through the membranes was studied
gravimetrically. Fig. 2.9 shows the evaporation rate of water from a glass vial covered by
different membranes with a thickness of ~ 20 microns. Here again, GO-HA membranes
allowed permeation of water vapour at a much higher rate than GO membranes. Membrane
with 15% humic acids displayed permeation value (1.02 x 10°® mm g cm™ s? bar?), almost

equal to the one with no barrier on it (1.3 x 10°® mm g cm? st bar™).

63
TH-2952_166122027



Chapter 2

2 1.2x10°

.bar

? 8.0x107
N

g.cm’

: 4.0x107

(mm

P

0.0

Open 0  10% 15% 20%
composition (wt % of HA)

Fig. 2.9: Water vapour permeation: Evaporation rate of water from a glass vial covered by
different membranes with thickness of ~ 20 microns.

Data shown in Fig. 2.8 and 2.9 show permeability of water molecules across the membrane in
the vertical direction, where water molecules travel through long zig-zag channels. In lamellar
membranes, the preferred movement of the molecules should be in the horizontal order, i.e., in
the plane of the sheets. To get insights into the in-plane molecular diffusivity, rectangular strips
of membranes were encapsulated into freshly prepared polydimethylsiloxane (PDMS)
elastomer. As shown in the schematic of Fig. 2.10a, liquid water was introduced to the channels
through the holes cut out at both ends of the strip. The diffusion process was monitored by
measuring response current across the membranes after applying a voltage (0.5 volts) for 50

ms through the Ag/AgCl electrodes at regular intervals of 30 minutes. In the beginning, no
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Fig.2.10: In-plane diffusion: (a) Schematic diagram of the device employed for determining
in-plane water diffusivity (b) Current response plot of in-plane water diffusivity measurement.
(c) In-plane water diffusivities of the different GO-HA membranes.
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current was observed; the measurable ionic current was seen only when water molecules
diffusing from both ends of the membranes met each other to complete the circuit. As the water
molecules diffused to other regions of the membranes, current values started increasing with
time and reached saturation when all the channels became completely hydrated (Fig. 2.10b).
The time (t) taken by the water molecules to diffuse into channels of entire membrane reflect
the characteristics of channels in the respective membranes. Fig. 2.10c shows diffusivity values
(D) of the membranes calculated using Einstein’s approximation for two dimensional

diffusions, equation (2).
X?=4.Dt = - (2)
Where, the diffusion distance (x) is taken as half of the membranes length.

Another essential characteristic of reconstructed lamellar membranes is their high nanofluidic
ionic conductivity. lonic currents through 2D channels of different GO-HA membranes were
measured after exposing water-soaked devices with aqueous KCI solutions of different
concentrations. The slopes of the I-V curves (shown in Fig. 2.11a) measured after 7 hours of
KCI soaking were normalized with membranes dimensions to determine conductivity. The
conductivity-concentration plot of Fig. 2.11b and Fig 2.11c revealed that each membrane
exhibit two distinct regimes of conductivity. At the high concentrations, the conductivity of the
devices varies linearly with a concentration similar to that of bulk solutions. Still, for the
concentrations below 102 M, conductivity did not vary even for four orders of magnitude
change in the concentration. This typical characteristic of nanofluidic channels, known as the
surface-charge-governed ionic conductivity, originates from the overlapping Debye layers of
the channel walls under nanofluidic confinement. It confirms the formation of a percolated

nanofluidic network and indicates an absence of large macrospores.
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Fig. 2.11: Surface charge governed ionic conductivity: (a) Representative I-V curves
recorded with a nanofluidic device made from 15 % GO-HA membrane after soaking the same
with aqueous KCI solutions of different concentrations. lonic conductivity (x) of different
nanofluidic devices as a function of (b) KCI, and (c) HCI concentration.

Moreover, the transition point (Ct), defined as the concentration at which the characteristics of
ionic conductivity change from bulk-like to surface-charge-governed, throws light on the
effective dimensions of the nanochannel.** From the conductivity versus concentration plots of
Fig. 2.11b, C; of different membranes was determined from the intersection of the lines laid

over two distinct conductivity regimes as shown in Fig. 2.12.
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Fig. 2.12: Transition concentration point: lonic conductivity of different nanofluidic devices
as function of electrolyte concentration showing the point of transition concentration.
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The effective channel heights (h) and C is connected through equation (3).

h=10"3—2- —————— (3)

eNpCt

Where, o5, Na, and e stands for surface charge density, Avogadro’s constant, and elementary
charge, respectively. The effective channel height obtained as such for different HA-GO

membranes are shown in Table 1.

Fig. 2.11b also reveals that, at the surface-charge-governed regime membrane with 15 % and
20 % humic acid contents shown ~ 4 times higher ionic conductivity than that of GO and 10 %
GO-HA membranes. In order to verify this unusual trend, conductivity of the membranes was
also measured with HCI solutions of similar concentrations. Here again, at the low
concentration regime 15 % and 20 % GO-HA membrane shown one order of magnitude higher
ionic conductivity than other membranes, see Fig. 2.11c. The measured ionic conductivity of
the channels is a product of surface charge density (equivalent to ionic concentration) and ionic
mobility. To understand the unusual enhancement in the surface-charged-governed ionic
conductivity of 15 % and 20 % GO-HA membranes it is important to determine one of these
parameters, independently. The surface charge density of the channel walls was determined by
employing an ion-exchange based method.® In the first step, all the movable ions of the
membranes were exchanged with Li* by stirring a piece of membrane (11 mm x 7 mm x 0.013
mm and 0.8 mg) with 10 ml of 2 M LiCl solution, for 24 hours. The excess Li* ions were then
removed by washing with excess water. The movable, Li* were then re-exchanged with H*, by
stirring the membranes with 1 mM HCI solution for 20 hours. The total number of proton
exchanged (Np) with Li* ions were determined from the decrease in the conductivity value of
the supernatant liquid, by considering limiting conductance of HCI and LiCl as 425 Q™ and
115 Q1) respectively. Surface charge density (os) of different membranes were determined
from N by following equation (4).
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NpXq

-

O, — ——
S Np xIxw

Where, Ny is number of nanochannels obtained by dividing membrane thickness with height
of one channel (d spacing of (002) plan), q is elementary charge, | and w represents length and

width of the membranes.

Surface-charge-density determined as such for different GO-HA membranes are shown in Fig.
2.13a. Walls of the channels with 15 % GO-HA exhibits slightly higher surface-charge-density
than that of other membranes, but not enough to explain one order of magnitude increase in the
ionic conductivity. The o5 values obtained as such were used to determine proton mobility (1)

through the channels, by employing its relationship with surface-charge-governed conductivity
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Fig. 2.13: Nanofluidic parameter: (a) Surface charge density (os), (b) proton mobility (),
and (c) Arrhenius plot of proton conductance of different GO-HA membranes are compared
with that of GO.

As shown in Fig. 2.13b, membranes with 15 % humic acid contents exhibit much higher proton
mobility than GO and 10 % GO-HA membranes. It is remarkable to observe that the structure
of nanofluidic channels of reconstructed lamellar membranes can be finely tuned to support

higher molecular diffusivity and higher ionic mobility. To understand the mechanism of proton

68
TH-2952_166122027



Nanofluidic Transport through Humic acid modified Graphene Oxide Nanochannels

transport, the conductance of 10* M HCI through composite membranes was studied as a
function of temperature. The conductance of GO and GO-HA membranes follows an
Arrhenius-like behaviour. From the Arrhenius plot, shown in Fig. 2.13c, the activation energy
for proton transport through all the membranes was found to be in the range of 0.07 to 0.1 eV.
The activation energy values suggest a Grotthuss-like hopping, where charge is transported the
through coordinated hopping of protons between water molecules and surface OH™ groups of

nanochannels.®

Table 1. Various nanofluidic parameters for GO and GO-HA membranes are compared with

their corresponding effective channel heights.
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To understand the unusual behaviour of the 15 % HA-GO membrane, the effective channel
heights of the membranes are compared with their ionic mobility, molecular diffusivity, and
permeability values. The data listed in Table 1 connect the superior mobility and diffusivity of
15% GO-HA membrane to the larger effective channel height of the 2D nanochannels. To
understand the origin of a larger effective channel height of 15 % membrane, HA-GO

dispersions were investigated under a transmission electron microscope, revealing that the
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surface of GO sheets with 15 % humic acid is more rough and uneven than that of other
compositions (Fig. 2.14). The exact reason for the same is not known yet. This inhomogeneous
coating would create channels with non-uniform heights, having localized regions of slightly
larger channels. These localized regions of larger channels would provide additional space or
pathways for ion/molecular transportation and reduce the viscosity of permeates in those
regimes.*’ However, it’s worth mentioning that as long as the overlapping of Debye lengths

occurs in the different regimes of the nanofluidic network, the selectivity of the membrane

would not be compromised.

Fig. 2.14: Nanochannel morphology in GO-HA membranes: TEM examinations of the
dispersions of (a) 10 %, (b) 15 % and (c) 20 % GO-HA mixtures. (d) Schematic diagrams
depicting probable channel structures of lamellar membranes with varying contents of humic
acids.

To get further insights into the nanofluidic transport of humic acid-modified GO nanochannels,
permeation of water molecules in different compositions' HA-GO membranes was investigated
by Dr Abhijit Gogoi and Prof. K. Anki Reddy through equilibrium molecular dynamics (MD)

simulation. As both GO, and humic acid possess similar chemical structures, representative
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structures of both these nanoflakes were constructed by locating hydroxyl and epoxy functional
groups on the basal planes of aromatic carbon atoms, the carboxylic functional groups were
placed at the edges of the aromatic networks by fixing the elemental compositions at
C1001(OH)1(COOH)0.5.43%% The nanoflakes of GO and humic acids are arranged in space to get
the GO-Humic acid composite membrane of desired proportion (0, 10, 15 and 20 % humic

acids with GO) as shown in the Fig. 2.16a, 2.16b, 2.16c, and 2.16d
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Fig. 2.16: MD S|mulat|on MD S|mulated structure of (a) Pure GO membrane (b) 10 % GO-
HA membrane (c) 15 % GO-HA membrane and (d) 20 % GO-HA membrane. Red color is for
oxygen atoms, green color is for carbon atoms and cyan color is for hydrogen atoms.

The geometric parameters of the membrane are keptas, H=8 A, W =5 A and D = 10 A. After

the construction of the layered GO membrane each of the membrane is hydrated with a water
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box of size 147 x 102 x 64 A® containing 19894 number of water molecules, the water
molecules within 2 A of the GO nanosheets are removed. Methylene blue (MB) solution box
(4 MB molecules and 7745 water molecules in box of size 147 x 102 x 32 A%) is placed above
and below the hydrated membrane. Equilibrium molecular dynamics (MD) simulations are
performed to investigate the permeation of water molecules. The simulation setup is shown in

the Fig. 2.17.
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Figure 2.17: Simulation system with 15% GO-HA membrane: In the GO-HA membrane
red color is for oxygen atoms, green color is for hydrogen atoms, cyan color is for carbon
atoms. Water molecules are shown with red and green dots with red color for oxygen atoms
and green color for hydrogen atoms. The MB™ ions are shown with blue color and Cl" ions are
shown with black color.

During the simulation, no MB molecules were permeated through any of the membranes.

Typically, when a water molecule travels from one end of the membrane to the other end, a
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water permeation event is counted. During the simulation, 15 % GO-HA membrane showed
better permeability with 571 water molecules permeated. For comparison, pure GO and
membrane with 10 and 20 % humic acid displayed permeation of 416, 480, and 512 number
water molecules, respectively. The permeability of water (Nw) through different HA-GO

membranes obtained as such is shown in Fig. 2.18a.
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Fig. 2.18. Applications of GO-HA membrane system: (a) Water molecules permeated
through different membranes under equilibrium MD simulation. (b) Experimental permeability
(Pg) of solvent vapours through different membranes. (c) Membrane selectivity (¢m) and (d)
open circuit voltage harvested from concentration gradient across the different GO-HA
membranes. The data shows voltages obtained on 3™ consecutive cycle, where each cycle was
run for 24 hours.
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The work here demonstrated that the interlayer space of GO membranes can be modified with
humic acid to further improve its ionic conductivity, solution stability and mechanical
robustness. Such improved membranes should be ideal for energy harvesting applications such
the direct methanol fuel cell (DMFC) and reverse electrodialysis (RED). A major problem
faced by the traditional proton exchanged membranes like nafion in DMFC applications, is the
high methanol permeability, which leads to a crossover effect.°2 In order to verify the
prospects GO-HA membranes in DMFC application, permeability of different solvent vapours
through the membranes were studied by the gravimetric method. The rate of solvent
evaporation from glass vials covered with membranes of 20 um thick are shown in Fig. 2.18b.
Interestingly, all the GO-HA membranes blocked methanol vapours much more effectively
than that of pure GO membrane. Typically, the membrane performance for DMFC is evaluated
by the selectivity value defined as the ratio of proton conductivity to methanol permeability.>!->2
The bar diagrams shown in Fig. 2.18c clearly show that GO-HA membranes will be more
preferred over GO membranes for DMFC applications. Similarly, applicability of GO-HA
membranes for RED were tested by measuring open circuit voltages obtained from
concentration differences of the electrolytes across the membranes.>® Devices comprising two
compartments separated by GO-HA membrane were fabricated by using freshly prepared
PDMS elastomer. Compartments were filled with KCI solutions of different concentrations,
10° M in low (CL) and 1 M in the high (Cn) concentration chamber. The transmembrane
potentials and diffusion currents were measured by inserting Ag/AgCl electrodes into the
solutions. In Fig. 2.18d, transmembrane potentials recorded as a function of time are shown for
different membranes, after 72 hours of experiment. Remarkably, even after 3 consecutive
cycle (each cycle 24 hours long) the open circuit potential due to concentration gradient driven
transport of cations across the membranes were calculated to be 0.125 V, 0.05 V, 0.21V and

0.12 V, for GO, 10 %, 15 % and 20 % membranes respectively
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2.5 CONCLUSION

In summary, we have demonstrated that the ionic and molecular transport properties of
reconstructed lamellar membranes can be finely tuned by applying appropriate spacers in right
composition. Application of humic acid not only improved nanofluidic transport of GO
membrane but also enhanced its solution stability and mechanical robustness. Among different
compositions of GO-HA, 15 % membrane shown remarkable enhancement in ionic mobility
and molecular permeability and selectivity. The data presented in this manuscript indicate that
slight variations in the channels dimensions within the Debye-length-overlapping-regime does
not deteriorate its selectivity, but significantly enhance permeability and mobility by providing
additional pathways for ion/molecular transportation and reducing viscosity of the permeates.
With such improvement reconstructed lamellar membranes should be ideal for applications
like water desalination and energy harvesting from the direct methanol fuel cell and reverse

electrodialysis.
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Chapter 3

Uphill Anion-Pumping through Triangular Nanofluidic Device of

Reconstructed Layered Double Hydroxide

Summary*

In this Chapter, we have exploited the inherent anion selectivity of layered double hydroxide
(LDH) materials for achieving uphill pumping of anionic species. Unlike the conventional 2D
materials, LDH possesses positive surface charges, and the percolated nanochannels
fabricating via self-assembling the exfoliated dispersion of CoAl layered double hydroxide
(CoAl LDH) exhibit excellent anionic transport characteristics. The excellent anion selectivity
of CoAl LDH can also be utilized for converting salinity gradient into electrical energy, where
selective diffusion of anionic species under a 1000-fold salt concentration gradient can produce
power density up to 0.70 Wm. The positively charged CoAl LDH membrane (p-LDHM) also
displayed a shape-dependent ionic transport characteristic. While the rectangular pieces of
membranes exhibit linear 1-V curves, the triangularly cut p-LDHM displays a diode-like ionic
current rectification behaviour in the surface-charged-governed regime. The ICR behaviour of
triangular p-LDHM can also be exploited to pump anions against the concentration gradient

under a fluctuating external potential with a mean value of zero.

* An article based on these studies has been just accepted for publication in J. Phys. Chem. C.

80
TH-2952_166122027



Chapter 3

3.1: Introduction

lon pumps with intricate transport properties play critically essential 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 the cells' osmotic equilibrium and membrane potential.}? Similarly, PMCA
(plasma membrane Ca®* ATPase) is vital for regulating Ca?" ion concentration within
eukaryotic cells.®** The energy needed to control 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.”1% 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.!**®* Most of the 2D
materials possess negative surface charges that imbue them with cation selectivity. Hence, most
nanofluidic studies related to biomimetic ion pumps are limited to only cation-pumping

phenomena.

Here, we report the fabrication of an ion pump based on anion-selective p-LDHM that can push
anions from a region of low concentration to a region of high concentration with the help of a
fluctuating electric field with a mean value of zero. Moreover, the excellent anion selectivity
of p-LDHM also paved the way for harvesting electricity from concentration gradient with the
help of a reverse electrodialysis (RED) like process. Layered double hydroxides (LDHSs)
represent a class of lamellar compounds with a general formula of [M?*1.xM3*(OH)2]**-[An-
«n].mH20, where M represents metal cations, and A represents anions.'* Typically, LDHs are
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
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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
hydrogen-bonding network along the 2D surface. The hydrogen-bonding network facilitates
swift conduction of OH" ions through the rapid cleavage-reconstruction process of hydrogen
bonds.*®17 In clear contrast to typical layered materials, LDHs like CoAl LDH are comprised
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.

3.2: Scope of the present investigation

The demonstration of the feasibility of creating an unprecedentedly massive array of
nanofluidic channels by restacking exfoliated sheets of layered material provided a
macroscopic platform to study nano-scales phenomena occurring at the liquid state.'® By its
unique advantages such as cost-effectiveness and scalability, ease of modifications, and high-
flux, reconstructed layered materials initiated a new era of nanofluidic studies. It also creates
novel avenues to exploit nanofluidic phenomena for various practical applications like
harvesting electrokinetic energy, ultrafiltration, biomedical analysis, seawater desalination, and
DNA sequencing.!®?* The synchronous growth in the research related to the novel 2D
nanomaterials 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, carbon nitride were utilized to create
nanofluidic devices with unique characteristics, primarily 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

membrane is desired to enhance the operational performance of several futuristic applications
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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. Subsequently, both the
parent and modified nanofluidic channels were utilized with synchronization to achieve better
performance in osmotic energy harvesting and seawater desalination. 332 The application of
foreign materials/molecules involves additional chemical processes and disturbs the well-
defined 2D structure of the nanochannels. Along with decreasing nanofluidic confinements, it
also exerts adverse effects on the nanofluidic membranes' mechanical, chemical, and thermal
stability. Therefore, efforts have been devoted to prepare anion-conductive materials by using

layered double hydroxide based materials. 6%’

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 and as well as for fabricating salinity
gradient-driven energy harvesting devices. The ease of fabricating the bio-inspired 2D anion
pump compared to its 1D conical analog would help researchers fabricate devices for futuristic
applications in areas like bio-sensing, environmental studies, and energy harvesting. Moreover,
systematic investigation of the ion transport characteristic through the interlayer spacing of
LDH could help in understanding the functioning of the biological systems and improve the
performance of devices in diverse areas like water purification and anion sensing, osmotic

energy harvesting, and catalysis.
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3.3: Experimental section

Synthesis of CoAl LDH:

The hexagonal CoAl LDH-Cos? platelets were synthesized following a previously developed
soft chemical procedure from a mixed solution of CoCl2-6H20 and AIClz-6H20, using urea
[CO (NH2)2] as a hydrolysis agent. Typically, CoCl2-6H20, AICI3-6H20, and urea were
dissolved in a 1L round bottom flask where the final concentration of the reactants is
maintained as 10, 5, and 35 mM, respectively. Then, the final mixture was refluxed for 48 hours
in the presence of a nitrogen atmosphere under constant stirring. The resulting pink solid mass
was filtered, washed with deionized water and ethanol, and air-dried at room temperature.
Decarbonization and anion exchange into CI" forms (CoAl LDH-CI") was mediated by a salt-
acid treatment of 1g of LDH with a 1L mixed solution of 1M NaCl and 3.3 mM HCI under

mechanical stirring for 12 hours.
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-dimethyl formamide (DMF) under mechanical shaking for a duration
of 48 hours. Exfoliation of LDH into few layers of 2D Sheets is unlikely to achieve in aqueous
environment as the interlayer water molecules forms dense hydrogen bonding network to the
hydroxyl groups of the LDH host and as well as with the coordinated interlayer anionic guests.
So an equimolar mixture of formamide and DMF is used as the dispersing medium and as well
as the exfoliating agent. Owing to its highly polar nature, formamide molecules enters into the
interlayer galleries of LDH lamellae replacing the interlayer water molecules, where its
carbonyl group would have strong interaction to the LDH host. Simultaneously the NH>

moieties of the formamide molecules having lesser extent of hydrogen bonding as compared
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to that of hydroxide group, may not be able to build a strong interaction with the interlayer
guest anions. Accordingly, 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:

Nanofluidics devices of positively charged CoAl LDH membrane (p-LDHM) were fabricated
by encapsulating rectangular strips of known dimensions into the freshly prepared 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/AgCI 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 |-V curves for the LDH strips were recorded at different electrolyte
concentrations ranging from 10® M to 1 M by sweeping voltage from -1 V to +1 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.
Characterization:

CoAl LDH Nanosheets were characterized by Field Emission Transmission Electron
Microscope (FETEM) (JEOL, Model: 2100F), Field Emission Scanning Electron Microscope
(Make: Zeiss, Model: Sigma) and Atomic Force Microscope (AFM) (Make: Oxford; Model:
Cypher). The membranes cross-sections were examined by the Field Emission Scanning
Electron Microscope (Make: Zeiss, Model: Sigma). lon intercalation and exfoliation of LDH

platelets were investigated with the help of Fourier transform infrared (FTIR) spectrometer
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(maker: Perkin Elmer; model: Spectrum two) and X-ray diffraction studies (Rigaku,
Model: Micromax-007HF instrument). Zeta potential were measured with zeta potential
analyser (Malvern Zetasizer Nano ZS90). Energy dispersive X-ray analysis were performed

with Field Emission Scanning Electron Microscope (FESEM) (Zeiss, Model: - Sigma).

3.4: Results and discussion

The hexagonal CoAl LDH-COs* platelets were synthesized from a mixed solution of
CoCl,:6H.0 and AICI3-6H20 by using urea [CO (NH>).] as a hydrolysis agent, adopting a
method reported earlier.®® Formation of LDH material in COs> form was confirmed by
recording powder XRD pattern (Fig. 3.1c) of the material. The XRD reflections were matched
with rhombohedral structure of LDH, and the interlayer spacing was calculated as 0.72 nm
(003).3435 The as synthetized CoAl LDH-COs* platelets were transformed into CoAl LDH- CI-
through an anion exchange process performed with an aqueous solution of HCIl and NaCl under
vigorous mechanical stirring.t” Successful decarbonation process was confirmed by the
absence of strong bands at 1360 cm™ and 795 cm™ corresponding to the v vibration and
bending modes of CO3? in FT-IR spectra (Fig. 3.1b).>* 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 was further exfoliated into 2D
sheets by stirring the sample in a 1:1 mixture of formamide and N, N-dimethyl formamide
(DMF) for 48 hours. The formamide treatment transformed the colour of as-prepared CoAl
LDH-CI" platelets into a pink dispersion (Img/ml) (Fig. 3.1d), 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 microscopic (TEM) and field emission scanning electron
microscopy (FESEM) investigation on the drop casted aqueous dispersion of exfoliated LDH

sample displayed presence of hexagonal 2D sheets with lateral dimensions in the range of 1 to
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1.5 pum. Representative images are shown in Fig. 3.1e and Fig. 3.1f, respectively. In the Atomic
Force Microscopic (AFM) examination, the thicknesses of the exfoliated sheets were found to
be in the range of 2 to 4 nm. A typical AFM image along with the corresponding height profile
of an exfoliated CoAl LDH-CI" sheet is shown in Fig. 3.1g. The lamellar restacking of the

exfoliated 2D sheets in the p-LDHM is also revealed by the cross-sectional FESEM image

shown in Fig.3.1h.
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Fig. 3.1: Characterization of CoAl LDH: (@) Schematic representation of the lamellar
structure of layered double hydroxide (LDH) (b) Comparison of FT-IR spectra of CoAl LDH-
Cos? and CoAl LDH-CI, disappearance of the peaks at 1360 cm ™ and 795 cm™ signifies the
removal of intercalated carbonate ions in the chloride exchanged product. (c) PXRD pattern of
powdered CoAl LDH-COs*, 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). () FETEM (f) FESEM and (g) AFM images of
exfoliated CoAl-LDH flake. (h) Cross-sectional FESEM images of the reconstructed LDH
membrane. Inset shows the digital image of a freestanding LDH membrane.

The zeta potential measurements of the aqueous dispersion revealed 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 Fig. 3.2.
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Fig. 3.2: zeta potential of LDH: (a) Zeta potential distribution of LDH dispersion. (b) Zeta
potential of LDH dispersion as a function of p™ of the dispersion medium.

In order to create ultra-confined spaces for nanofluidic transportation of anions, a dispersion
(Img/ml) of exfoliated CoAl LDH-CI" in formamide was vacuum filtered through a 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 fashion creating a positively
charged LDH membrane (p-LDHM). Upon air-drying for 24 hours, under ambient conditions,
the p-LDHM got detached by itself from the PTFE membrane. The pXRD pattern in Fig. 3.3,
suggest that periodic stacking of CoAl LDH-CI" platelets were regained in their reconstructed

membrane. Upon soaking in water for 2 hours, the interlayer spacing of LDH membrane was

— p-LDHM (wet)
— p-LDHM (dry)

A

Intensity (a.u.)

10 15 20 25
20 (degree)

Fig. 3.3: PXRD of LDH: PXRD pattern comparison of the reconstructed LDH membrane in
dry state and wet state.
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found to be increased from 0.74 to 0.86 nm, confirmed by the in-situ XRD experiment, (Fig.
3.3). 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 nanochannels were investigated by
fabricating nano-fluidic devices out of reconstructed LDH membrane. In brief, freestanding p-
LDHM (thickness 40 um) was cut into rectangular strips of dimensions of 20 mm x 5 mm and
immersed into freshly prepared polydimethylsiloxane (PDMS) elastomer solution before
curing the same at 60 °C. In order 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 (Fig.
3.4a). After hydrating nanofluidic channels with DI water for 24 hours both the reservoirs were
filled with electrolyte solutions of known concentration. The ionic current through the p-
LDHM nanofluidic device was measured via Ag/AgCI electrodes inserted into the electrolyte
solutions placed in the reservoirs. The linearity of the I-V curve measured with aqueous KCI
solutions of different concentrations (Fig. 3.4b) 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 (1), width (w), and thickness (t) of the rectangular pieces used for the device
fabrication). In Fig. 3.4c, Fig. 3.4d, and Fig. 3.4e, conductivity values calculated through p-
LDHM with aqueous solutions of KCI, KOH and NaOH are plotted as a function of salt
concentration. The freestanding p-LDHM shown the characteristics of surface-charge
governed ionic conductivity, wherein the high concentration regime (0.1 to 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 (102 to 10 M), conductivity values did
not change for four orders of magnitude change in the electrolyte concentrations, which is in

clear contrast to the bulk solution. This peculiar conductivity pattern in the low concentration
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Fig. 3.4: 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 rectangular
strip of p-LDHM after soaking the same in aqueous KCI solutions of different concentrations.
lonic conductivities as a function of concentration for aqueous solutions of (c) KCI (d) KOH
and (e) NaOH. (f) Arrhenius plot of hydroxyl ion conductivity.

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 preferentially
draw the counter ions, and the concentration of the counter ions 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 KCIl with KOH. Substitution of CI” with OH", keeping
cationic counterpart (K*) unaltered, enhanced conductivity values in the surface-charge-
governed regime by a factor of 8 (Fig. 3.4c and Fig. 3.4d). A similar replacement of cations
from K™ to Na* by keeping the anionic part constant (OH") did not alter the conductivity values
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(Fig. 3.4d and Fig. 3.4e). As can be seen from Fig. 3.4, conductivity values at the surface-
charge-governed regime was found to be proportional to hydration radius/bulk mobility of the
anions. Nanofluidic membrane with remarkable OH" ion conductivity could find large number
of applications in areas like energy harvesting, charge transportation, and molecular sensing.
In order to gain further insights into the mechanism of rapid OH" transportation though the
nanochannels of p-LDHM, hydroxide conductivity was measured as a function of temperature.
The conductivity value (G) obtained by 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 of 0.09 eV (Fig. 3.4f). The tiny
value of activation energy indicates a Grotthuss-like hopping of OH" ions inside the LDH
nanochannels.®® In Grotthuss-like hopping process charge is transported through synchronised
hopping of ions (OH") between the well-organized chains of water molecules in strict two-
dimension. The counter ion selectivity of p-LDHM was also verified by analysing the samples
under Energy dispersive x-ray spectroscopy (EDX). In brief, a strip of p-LDHM was soaked
in1 mM NaCl solution for 30 minutes, which was followed by drying in air for 6 hours. The
salt soaked p-LDHM strip was mapped for different elements with EDX and shown in Fig. 3.5.

The EDX map revealed the overwhelming presence of Cl- as compared to that of the Na™.

(a) (b)

Fig. 3.5: lon Selectivity of LDH: EDX elemental mapping of the (a) chlorine and (b) sodium
atoms in the cross-section of p-LDHM after soaking in 1mM NaCl solution.
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In nanofluidic systems, the nature and concentration of ions present inside the channels is
dictated by the polarity and 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

by using Grahame equation *’ (Eqn 1) was found to be ~ 2 mCm™.

In Grahame equation, ¢ is the dielectric constant, €, is the permittivity of vaccum and Aq is the

0.304

JI D

Debye length calculated as nm, where | (M) is the ionic strength in molarity and T is the

zeta potential. The g, value obtained as such were used to determine mobility (x) of different
anionic species in the p-LDHM channels using Egn 2, which correlates ionic mobility and

surface charge densities to surface charged governed conductivity (Gs).%®
w
Gs = ZU—UST _____ (2)

Where, w (.040mm) and | (20 mm) corresponds to the width and length of the membrane
respectively. Remarkably, in the surface charge governed region, mobility values of all the

anionic species  were calculated to be close to that of the bulk water, shown in the Fig. 3.6.
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Fig. 3.6 lonic mobility: Mobility of different anions through the interlayer galleries of p-
LDHM.

s
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In order to verify these experimental findings, the calculated o, value was used to determine
the effective height (her) of the p-LDHM nanochannels in aqueous environment. The hes 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 (002 plan) of the hydrated p-LDHM. For this calculation, Ct was obtained
from the regime where the transport characteristics varied from surface charge-governed

regime to bulk-like behaviour, details are shown in Fig. 3.7. os is connected to C; by Eqn 3.%°
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Fig. 3.7: Transition concentration point determination: Plot of ionic conductivity vs NaOH
concentration used for the determination of transition point concentration (Cx).
O-S
eN, C;

heff = 10_3 - - = —(3)

Where Na corresponds to Avogadro number and e for elementary charge

Further insights on the ion selectivity behaviour of the p-LDHM was obtained by measuring
trans-membrane-potential and trans-membrane-current under pre-defined concentration
gradient. As shown in Fig 3.8a, the experimental set-up employed for this measurement is
comprised 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
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increased from 100 puM to 10 mM. Two Ag/AgCI electrodes were inserted into the electrolyte
solutions to measure the open-circuit voltage (Voc) and short-circuit current (Isc) across the p-
LDHM. The Voc measured as such consists of two parts, trans-membrane or simply membrane
potential (Vm) and redox potential (Vredox). The membrane potential (Vm) 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 (Vredox) 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, S0 Vredox Can be ignored and hence the measured Voc is attributed
to the membrane potential (Vi) originating from the migration of counter-ions through the p-
LDHM nanochannels along with the contribution of Donnan potentials at each edges of
electrolyte/nanpore interface.®® Fig. 3.8b and Fig. 3.8c compare the Vi and osmotic current
(los) of p-LDHM with that of negatively charged graphene oxide membrane (GO) under a1000-
fold concentration gradient. Under the identical experimental condition, the Vi and los of the
p-LDHM (-144mV) was measured to be of opposite to that of the anionic GO membrane (+155
mV). The observed values of Vi is higher than its theoretically predicated limit of 120 mv
in1000-fold concentration gradient, which is attributed to the combined effect of Donnan and
diffusion potential. The Vn, of the LDH membrane was also measured with different electrolyte
solutions (NaCl, NaF, Na»SO; same cation but different anions) under 1000-fold
transmembrane concentration gradient. As can be seen from Fig. 3.8d, the Vi, values decreases
with the increasing hydration radii of the anionic species, confirming that the selective
diffusion of anionic counter-ions through the p-LDHM has a significant contribution to the
observed potential difference. With the increasing hydration radii, the anionic species will face

more hindrance in diffusing through the nanofluidic channels, and this slow cross over of
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anionic species will in turn reduce the output values of Vimn.** The Vi values originating in p-

LDHM membrane is also used for the calculation of counter-ion transference number (t.) by
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Fig. 3.8: 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 sulphate are 0.33 nm, 0.35
nm and 0.38 nm respectively. A thousand-fold concentration gradient was maintained by
placing 10 mM KCI in the high concentrated chamber and 10 uM KCI in the low concentrated
chamber respectively throughout all the experiment.

employing Eqgn 4, assuming that the membrane transference numbers are constant throughout
the membrane phase. The Eqn 4 for membrane potential (Vm) can be derived from the Donnan

potentials and diffusion potential which is summarized by Geise et al.**
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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 Fig. 3.9a and Fig. 3.9b, both Vi and los
values of the p-LDHM devices were found to be increasing with the increase in the
concentration gradient. The osmotic power density for different concentration gradient was
calculated according to the Eqn 5 3%*°, and a remarkable 0.7 Wm™2 power density was achieved

under a 1000-fold concentration gradient of KCI electrolyte, as shown in Fig. 3.9c.
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Fig. 3.9: Osmotic energy conversion: (a) Trans-membrane potential, (b) Current density
defined as the total osmotic current divided by the area of the membrane in contact with the
electrolyte (area of ionic interface ~ 2.5 mm?) and (c) power density obtained with p-LDHM
as a function of concentration gradient.

The energy conversion efficiency is defined as the ratio of the total/integrated electric power
produced over time to the total Gibbs free energy supplied. Energy conversion efficiency
indicates the percentage of the chemical energy consumed within the RED stack which is

converted into electrical power. It is expressed as shown in Eqn 64

_ AEnQ
AEideath.ideal

n ———()
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Where AE;;.4:15 the ideal equilibrium voltage, AE,, is the measured voltage , Q: the actual

transferred charge and Qt,iceal the ideal transferred charge.

In 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, AEm is
further reduced from AEigea 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
energy conversion efficiency can be expressed as in shown in Eqn (7) “6 and nmax was calculated
to be ~ 44 % for 1000-fold concentration difference of KCI electrolyte with our p-LDHM

device.

1
Nmax = 2 (2t = 1)2 -—==)

It is clear from Eqn7 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 interesting shape-dependent ionic transport
behaviour. As shown in Fig. 3.4b, 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 non-linear 1-V curves, where the current
values in forward bias were found to be significantly higher than in the reversed bias (shown
in Fig. 3.10b). This phenomenon of exhibiting diode-like behaviour in asymmetric nanopore is
known as the ionic current rectification (ICR). The origin of ICR in the asymmetric nanofluidic
channel is attributed to preferential migration of ionic species in one direction and restricting
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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 behaviour is common in biological ion pumps, and they play vital
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Fig. 3.10: lonic current rectification (ICR) via triangular p-LDHM device: (a) Digital
image of the triangular nanofluidic device of p-LDHM. (b) I-V curves recorded with triangular
p-LDHM device is compared with that of GO and V0Os devices. (c) ICR as a function of KCI
concentrations.

roles in maintaining ionic concentration gradient across the cellular membrane. Inspired by the
biological systems, ICR behaviour was repeated in several artificial systems, like the conical
nanopores, 4’ longitudinal hetero-structured nanotubes, “ homogeneous nanochannels with
asymmetric bath concentrations,*® and triangular membranes of reconstructed graphene oxide
% and vanadium pentoxide.'® The I-V curve shown in Fig. 3.10b (black line) was recorded
through an isosceles triangle cut from p-LDHM (15mm (altitude) x 5 mm (base) x 0.030 mm
(thickness)), aqueous solution of KCI (10* M) was placed on both the reservoirs. The non-
linearity 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 V20Os strips. In all 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 V205 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 104 M KCI was found to be 3 (Fig. 3.10c). In the surface charge
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governed regime (10° to 10° M), the ICR ratio was found to be independent of salt
concentration. However, in the high concentration regime (102 to 1 M), the ICR value
decreases with the 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.

The probable mechanism of ICR in triangular p-LDHM is illustrated in the schematic of Fig.
3.11. In the surface-charge-governed regime (10 to 10 M), the overlapping EDL rejects the
co-ions and builds up an elevated concentration of counter ions (CI 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, CI" ions residing inside the nanochannel flows
from the p-LDHM triangle to the bulk reservoir through the tip side. In this bias, ions flow
from a region of higher ionic concentration to a reservoir of lower concentration, and hence

produced higher ionic flux (Fig. 3.11, “forward bias”). Similarly, at the reverse bias, ions flow
' '
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Fig. 3.11: Mechanism of ICR: Schematic illustration of ICR with 2D triangular devices of p-
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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 +1V and -1V 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 the schematic of Fig. 3.12a.
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Fig. 3.12: lon-pumping by triangular p-LDHM nanofluidic device: (a) Schematic
representation of the experimental set-up 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 +1V and -1V) against a 1000-fold
concentration gradient.

In order to verify the anion pumping behaviour, both the reservoirs were filled with aqueous
KCI solution of different concentrations, the concentrations of the base and tip reservoirs of a
triangular p-LDHM device were fixed at 10° M and 102 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
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influence of fluctuating electric field was recorded as a function of time. As shown in Fig.
3.12b, for a 1000-fold concentration difference (102 to 10 M), a positive average current of
2.5 x 108 A (dotted blue line) was observed. It indicates a net flow of the CI-ions in the uphill
direction (against the concentration 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 (Fig. 3.13a), where all the drain and source
reservoirs are interconnected. After applying a fluctuating electric field (between +1 V and -

1V) with zero mean, for 3 minutes, the initial and final conductivity of the electrolytes in the

(a) (b)

84 — Final
LDH — Initial
Drain menlbrane Source < 44
reservoir : reservoir St
N—r
- 0
c
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>
@)
_8_

-1.0 05 0.0 05 1.0
Bias (V)
Fig. 3.13: Verification of lon pumping process through triangular p-LDHM: (a)
Schematic representation of anion-pump consisting of six triangular strip of p-LDHM. (All the
tips of the triangular p-LDHM are connected to same source reservoir, and all the bases are

connected to the same drain reservoir). (b) Comparison of the I-V curves of the KCI electrolytes
in the source (low starting concentration) reservoirs before and after ion pumping for 3 minutes.

source reservoirs were measured from the slopes of the 1-V curves (Fig. 3.13b). From the
difference in the conductivity values, concentrations difference of the ions in the source
reservoir before and after ion pumping (for 3 minutes) was found to be 2.23 x10° M, details of

the calculation are presented in Table 1. The decreasing concentration of the ions in the low
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concentration reservoir, after applying fluctuating electric field confirms the ion pumping

effect of triangular p-LDHM against the concentration gradient.

Table 1 Calculation of concentrations difference of the ions in the source reservoir before and
after ion pumping (for 3 minutes).

Reservoir Initial Initial Final Final Concentration Average
concentration | Conductance | Conductance | concentration difference Concentration
(M) (S) (S) (M) (M) difference
(M)
10° 8.05 x 10°® 6.25x 10 | 7.7 x10° 2.4 x 106
2.23 x10°
10° 8.05 x 10® 6.13 x 10 7.6 x10° 2.3x10° +
S 2.13x 107
08) 10°% 8.05 x 10® 6.45 x 10° 8.01 x 10° 1.99 x 106

3.5: Conclusions

Inherent positive surface charge of CoAl LDH is exploited here to fabricate nanofluidic device
with excellent anion selective characteristics. The p-LDHM based nanofluidic conduits
panoply remarkable anion conductivity in the surface charge governed region. The perm-
selective nature of p-LDHM is also utilized to harvest electricity from salt concentration
gradient via applying the principle of RED. Moreover, the p-LDHM based shows shape
dependence ionic transport behaviour, while a rectangularly cut p-LDHM device shows linear
I-V curve, the triangularly cut p-LDHM shows non-linear I-V curves similar to a diode. The
ionic current rectifying behaviour of triangular p-LDHM can also be utilized to achieve anion
pumping under the presence of a fluctuating electrical potential with a mean value of zero.
Looking at the ease fabrication of 2D anion pump along with its tremendous potential in areas
like biomedical analysis, anion sensing, osmotic energy harvesting, and catalysis, the p-LDHM
2D anion conductor may provide enthusing opportunities for preparing next generation smart

nanofluidic devices.
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Chapter 4

4.1: Structural integrity of bio-materials

Amidst the rising concerns over climate change and energy scarcity, tremendous research
efforts have been devoted towards the designing and development of technologically important
functional materials in an environmentally friendly and sustainable manner. This era of
technological development is dominated by the materials possessing advance properties and
unique characteristics, and preparation of such materials are typically very energy intensive
and detrimental to the environment. In contrast, bio-derived materials are renewable, abundant,
and eco-friendly, and can be considered as attractive alternatives that can potentially meet some
of these burning global challenges. Biopolymer nanofibrils are universal building blocks in
naturally occurring materials, and there lies a significant possibility to extract this biomaterial

to design and create new innovative materials and nanostructures.

Elementary
Fibrils

Na+ : \
C eees—
on ol o ou oW y_/ Nanochannel

Surface
Charge

— o i e o g o

biosynthesized bacterial cellulose showing the different nanofibrils. The nanofibrils possess
permanent negative surface charges that endows them with perm-selective properties. (Image
copied from Chem. Mater. 2018, 30, 7707.)

Outstanding properties of natural bio-polymers profit from their hierarchically assembled
multiscale organizations. The universal property of naturally available building blocks is the
diverse micro and nanoscale interaction between the existing polysaccharides and fibres protein

units. The organized protein subunits confer mechanical rigidity, structure, and functional
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properties to the biological systems.>® Nature creates a plethora of bio-materials with well-
organized hierarchical structure, such as wood and silk. In particular, wood cellulose exhibits
a hierarchical 3-dimensional (3D) assembly of nanofibrils (diameter ~10nm) with orderly
running of several elementary fibrils (3-5 nm) in between them that make the percolated
nanochannel networks necessary for nanofluidic transportation.*® The fibers of silkworm silk
(e.g., Bombyx mori) have a hierarchical fibrous organization (~30 nm in diameter) of j3-
pleated-sheet-based crystals within the amorphous matrix of silk fibroin (SF) and sericin that
are packed densely to provide molecular chains facilitates.”® The abundant carboxyl and
hydroxyl groups on the surface of these nanofibers and elementary fibrils provided the
nanochannels with permanent negative surface charges that can attract a cluster of counter ionic
species into its vicinity and thereby ensured a surface charge-governed counter-ion selective
transport property.>® The geometry and the surface charge property of these bio-derived
nanochannels can also be easily fine-tuned to accommodate desired ion selectivity. Moreover,
the desired nanofibrils can also be extracted from the macro fibrils portion via mechanical,
chemical, and enzymatic methods.'*** These features enable bio-derived materials to be used

as an alternative to artificial nanochannels in diverse practical applications.
4.2: Application of bio-derived nanofluidic channels

4.2.1: lon conductor

Bio-derived nanochannels with precisely designed hierarchical micro and nanofibrils provide
an exciting platform to study ionic transport phenomena under extreme state confinement.
Wang et al. reported a mechanically rigid, flexible, and bio-compitable scalable bacterial
cellulose (BC) membrane as an ion conductor unit.® The BC film contains numerous negatively
charged nanochannels (1-2 nm) units with a zeta potential -13 mV that can be further upscaled
to -45mV by a facile TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) oxidation process.
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The surface oxidation of the nanochannels leads to an increase in the ionic conductivity by a

factor of over 40 times. Based on the TEMPO-treated BC film, a wearable, flexible,

ultrasensitive humidity sensor was designed which respond to in vitro changes in moisture

during inhalation and exhalation.
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Fig.4.2: Bio-Compatible nanofluidic ion conductor based on BC: (a) Flexible transparent
TEMPO-oxidized BC membrane. (b) SEM images showing the Cross-section of a TEMPO-
treated BC. (c) lonic conductivity recorded through the BC nanofluidic device showing as a
function of NaCl concentrations. (d) Digital image of the flexible humidity sensor coated with
carbon nanotubes electrodes on both sides and the corresponding humidity sensing mechanism.
(e) lonic resistances at different relative humidities during adsorption and desorption processes.

(Image copied from Chem. Mater. 2018, 30, 7707.)

Inspired by the design of muscle tissues, Kong et al. fabricated a biocompatible, anisotropic,

and ionically conductive polyacrylamide (PAM) cross-linked natural wood hydrogel

membrane.®® Due to the cross-linking effect of PAM, the aligned cellulose nanofibers (CNFs)

in wood exhibit excellent mechanical properties, and high-tensile strength up to 36 MPa is

TH-2952_166122027

111



Introduction to bio-derived nanofluidic channels

achieved along the longitudinal direction. Moreover, the negatively charged aligned CNF in
the wood hydrogel act as an excellent nanofluidic conduit, and high ionic conductivity of 5 x

10“ Scm™ was achieved, particularly at low electrolyte concentration where the system

becomes perfectly perm-selective.
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Fig. 4.3: Muscle-inspired ion-conductive wood hydrogels: (a) Schematic diagram of a

skeletal muscle tissue (left) and its mimicking wood hydrogel system (right) showing the cross-
linking interaction between PAM chains and wood CNF. (b) Schematic representing the
plausible ion transport mechanisms in the wood hydrogel. (c) Depiction of the nanofluidic
conduits (d) lonic conductivity recorded through the wood hydrogel showing as a function of
the KCI concentration. (Image copied from Adv. Mater., 2018, 30, 1801934.)

Li et al. reported a perm-selective de-lignified wood-based nanofluidic conduit derived from
natural balsa wood featuring aligned cellulose nanofibers.!® The de-lignification process
introduces numerous open nanochannels within the wood cellulose matrix, which dimensions

can be adjusted to 2 to 20 nm in diameter to promote desired size selectivity. Moreover, with
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facile chemical modification, the surface charge density of the nanochannels wall can also be
enhanced up to -5.7 m Cm to achieved highly efficient ion transportation. In addition, the bio-
derived ionic conductor can act as a transistor. lonic rectification was observed under different
gating potentials from -2 to 2 V. The cellulose membrane can preferentially accumulate
positive counter ion under Vg = -2 V. The corresponding ionic conductivity was higher by one

order of magnitude when we compared the same under V4 =2 V.
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Fig. 4.4: Nanofluidic ion conductor based on aligned cellulose nanofibers: (a) Digital
image of a wood-based nanofluidic membrane. (b) Schematic showing the ion transport
mechanism in wood based nanofluidic membrane. (c) Comparison of ionic conductivity for
different wood-based systems showing as a function of KCI electrolyte concentration. The
presence of additional surface charge in the oxidized wood interprets its high ionic conductivity
value. (d) Schematic of a wood-based nanofluidic transistor with a painted metal contact for
gating. (e) Schematic showing the ion distribution within the cellulose membrane and its
corresponding gating mechanism. (f) 1-V characteristics of the cellulose nanofiber membrane
with different gating voltages from -2 to 2 V. (Image copied from Sci. Adv. 2019, 5, eaau4238.)
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Again the same group of scientists demonstrates a TEMPO-oxidized cellulosic membrane
possessing sub-nanometer aligned molecular chains to enhance selective diffusion under a
thermal gradient.” When infiltrated with electrolyte (polyethylene oxide and sodium
hydroxide), the TEMPO-oxidized cellulosic membrane exhibits a thermal gradient ratio of 24
mVK™ on exposure to an axial temperature gradient. The enhanced heat to electricity
conversion in the polymer-filled cellulose membrane (Na-cellulose complex) can be attributed
to the negatively charged and well-aligned nanochannels that show enhanced counter ionic
selectivity in the charged molecular chains in conjunction with synergistic Soret effect on

exposure to a temperature gradient.
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Fig. 4.5: Cellulose ionic conductors operating under the influence of differential thermal
gradient: (a) Digital images of the cellulosic membrane. (b) Schematic showing the ionic
mobility and selectivity of the cellulosic membrane. (c) lonic conductance of the cellulosic
membrane measured at different NaOH concentrations. (d) Digital image of an electrolyte
infiltrated cellulosic membrane. (¢) Schematic of the enhanced ion mobility and selectivity
under the influence of a thermal gradient. (f) Measured thermally-generated open-circuit
voltage. (Image copied from Nat. Mater., 2019, 18, 608.)

cellulosic membrane
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Kong et al. reported a mechanically rigid and ion conductive jellyfish hydrogel cable derived
from natural jellyfish organs via a facile two-step synthesizing process of wet-drawing
followed by wet-twisting.’® Due to its highly dense and hierarchically aligned structure, the
jellyfish ionic cable exhibit excellent tensile strength up to 149 MPa in the dry state. Moreover,
the hierarchically aligned system possesses numerous nanochannels with positive surface
charge, demonstrating a surface-charge-governed ion transport property. In addition, the
outstanding structural integrity of the jellyfish cable ensures excellent water stability, and the

ionic conduit remains fully functional under a water environment for about 20 days.
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Jellyfish Lanoﬁbers Jellyfish ionic cable
(c) (d) (@ ,.
- SouceMeter |, "] "Bk ;
5001 * Jellyfish ionic cable . 1
1 A Densitified fl
Electrodes ) st :
1 €1E 4 s 3
B4 '
' 2 . PH=6.5
Alignment 3™
f‘, - 1E-

1E6 1E-6 1E4 1E-3 001 01
ellvlatea: KCI Concentraton (M)

Fig. 4.6: lonic conduit prepared from jellyfish cable: (a) Schematic demonstrating the
working principle of the jellyfish cable. (b) Digital image of a dry jellyfish cable demonstrating
its excellent flexibility. (c) SEM image showing the nanostructure assembly in the jellyfish
cable. (d) Schematic of the jellyfish based nanofluidic conduit and its corresponding ion
selective mechanism. (e) lonic conductivity recorded through different types of jellyfish
conduits showing as a function of KCI electrolyte concentration. (Image copied from Chem.
Mater. 2019, 31, 9288.)
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Yang et al. reported bio-derived asymmetric ionic aerogels fabricated via the directional-freeze
casting of carboxylated (TEMPO-CNFs) and quaternized cellulosic nanofibrils.!® These
asymmetric NFs couple capture moisture and create an ion-conducting hydrated nanochannel
network on exposing to a humid environment. lon dissociation and perm-selective ionic
diffusion within the complementary charged NFs block lead to preferential movement of ionic
species, thereby produces a potential gradient across the membrane matrix. On connecting to
an external load, the asymmetric ionic aerogel could induce an open circuit potential (Voc) of

~115 mV with a maximum short circuit current (Isc) of 45 nA in a humid environment.
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Fig. 4.7: Asymmetric ionic aerogel of biological nanofibrils: (a) Schematic illustration of
synthesizing oppositely charged CNFs from wood via mechanical exfoliation. (b) Typical TEM
image of negatively charged TEMPO-CNFs. (c) Chemical structures and (d) Zeta potentials of
Quatern-CNFs (top) and TEMPO-CNFs (bottom). (e) Optical and SEM images of asymmetric
ionic aerogel fabricated by directional freezing and freeze-drying. (f) Voc generated with
asymmetric ionic generator under periodic moist stimuli. RH = 99%. (Image copied from Nano
Energy, 2020, 71, 104610.)

4.2.2: Osmotic energy conversion

Osmotic energy conversion is a proficient way of harvesting renewable energy stored in the

salinity gradient between sea and water river water. The reliability and applicability of the
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process depend on the fabrication of ion exchange membranes which should be of low cost,
highly abundant, sustainable, and easy to scale up. Interestingly bio-derived perspective
membrane fulfils the requirements and hence is an ideal candidate of choice. For the first time,
Wu et al. demonstrated an ionized wood membrane with aligned nanochannels of the cellulose
nanofibers for this application.?’ The natural wood nanochannels can be chemically modified
to accommodate positive (p-Wood) or negative (n-Wood) surface charges. These
complementary charge selective nanochannels, upon synchronous alignment, serve as a perm-
selective ion channel to produce trans-membrane potential and net ionic current. Using a
tandem stack of 100 such opposite polarity wood membrane pairs, an output voltage as high as

9.8 V can be achieved with a salinity gradient of synthetic river water and seawater.
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Fig.4.8: Salinity-Gradient harvesting with Wood Membranes: (a) Schematic representation
showing the different functional groups and ion selectivity of the p-wood and n-Wood
membranes, respectively. (b) lonic conductivity of the p-wood and n-Wood membranes
showing as a function of the NaCl concentration. (c) Schematic showing the working principle
of the stacked ionized wood nano-generator. (d) The overall membrane potential and current
density recorded through the wood nano-generator showing as a function of the concentration
gradient. (Image copied from Adv. Energy Mater., 2019, 10, 1902590.)
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Xin et al. engineered an osmotic energy conversion device from colloidal dispersion of silk
nanofibrils (SNF) coated over anodic aluminium oxide (AAO) support.?! The silk nanofibril
possesses a condensed negative surface charge with precisely aligned nanochannels and
dominates the ion transport. On the other hand, the AAO support offers tunable channels with
amphoteric groups, and hence in the resulting hybrid membrane, an asymmetric geometry and
charge polarity is established. When employed to a salinity gradient, the silk-based membrane
delivers a maximum power density of 2.86 Wm which can be further fine-tuned by changing

the pH of the medium.
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Fig. 4.9: silk-based hybrid membrane for osmotic energy conversion: (a) Schematic
showing the fabricating process of silk nanofibril (SNF)/anodic aluminium oxide (AAO)
membranes. (b) lonic conductance of the hybrid membrane showing as a function of the
electrolyte concentration and the corresponding perm-selective mechanism. (c) Schematic of
the energy harvesting device. (d) Measured Voc and Isc of the hybrid membrane under a
different concentration gradient. (Image copied from Nat. Commun., 2019, 10, 3876.)
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Wu et al. reported an osmotic energy harvesting device based on negatively and positively
charged aligned bacterial cellulose (N-ABC and P-ABC) membranes.?? The pure bacterial
cellulose (BC) was converted into negatively and positively charged membranes via a facile
TEMPO mediated oxidation and quaternization process. The high surface charge density and
narrow nanochannels realize a high ion selectivity and fast ion transmissibility in the ABC
membrane system. When coupled in series connection, these complementary charge selective
ABC membrane pairs can effectively promote the energy density up to 0.23 Wm on exposure
to a salinity gradient (Cn is 0.5 M and Cy is 0.01 M). In addition, by connecting 18 units of
such ABC membrane pairs, the output voltage can be improved to 2.34 V, which is sufficient

to power small electronic devices such as a calculator.
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Fig.4.10: Oppositely charged aligned bacterial cellulose (ABC) biofilm for osmotic energy
harvesting: (a) Schematic showing the fabrication of the ionized ABC membranes. (b)
Schematic of the ion transport mechanism in P-ABC (above) and N-ABC (below) membrane,
respectively. (c¢) Schematic of the ABC-based nanofluidic energy harvesting device. (d) The
stability of ABC based RED device under the concentration gradient of 50 folds. (e) Image
showing the 18 stacks of ABC utilized in empowering a calculator (Image copied from Nano
Energy, 2021, 80 105554.)
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4.2.3: Waste water treatment

Due to their low-cost abundance and environmentally friendly nature, bio-derived materials
have found tremendous attention in the field of wastewater treatment in recent days. The unique
hierarchically porous, charged multi-channelled structure of bio-derive materials offers both
size and charge-based sieving and facilitates the separation of molecules, ions, and various
contaminants from wastewater. Among the affordable water treatment techniques like reverse
osmosis, membrane filtration, sedimentation, distillation and solar steam generation,?%’
membrane filtration, and solar steam generation show some advantageous features such as
simple devices fabrication, low energy consumption, and large scale integration and hence both
the techniques mentioned above have been frequently employed in the wastewater treatment

process.
4.2.3.1: Filtration membrane based on bio-derived materials:

Membrane-based technology is a promising way to harvest clean water from wastewater. Being
simple in operational techniques, convenient in terms of cost-effectiveness, and having high
separation performance provided a viable platform to achieve bulk scale purification of sewage.
Buehler et al. demonstrated bio-derived multi-layered nano-porous membranes fabricated from
silk nanofibril (SNF) and hydroxyapatite (HAP) for wastewater treatment.?® The SNF/HAP
membrane can be obtained from simple vacuum-assisted filtration from their corresponding
hybrid colloidal dispersion. The so-formed membrane possesses highly ordered multilayer
structures, where HAP and SNF layers are oriented alternately. The hybrid membrane shows
ultrafast water penetration and exhibits high-efficiency removal and even reuse of a broad
range of water contaminants, such as organic dyes, toxic heavy metal ions, proteins, and other

nanoparticles.
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Fig. 4.11: Biomimetic multilayer water purification membranes of silk nanofiber: (a) A
fabrication process of SNF/HAP membranes and visualization of the multilayer structures via
SEM imaging. (b) Schematic representation of the multilayer SNF/HAP membrane and its
corresponding filtration mechanism. (c-d) Image of the SNF/HAP-based syringe nanofiller
employed for separation of Alcian Blue 8GX. (e) Image of an SNF/HAP membrane after metal
ions were adsorbed through flux-controllable filtration. (f) Time-dependent changes in the flux
of water and dye solution within 24 hours of flow through the SNF/HAP filter. (Image copied
from Sci. Adv. 2017, 3, €1601939.)

Wang et al. designed a 3D mesoporous sulfhydryl-functionalized wood (SH-wood) membrane
fabricated via embedding sulfhydryl groups on the cellulosic network of a natural wood, which
can serve as a metal ion trapper and realized an efficient and scalable removal of heavy metal
ions.?® With the presence of hierarchically aligned micro and nanochannels and the strong
interaction between sulfhydryl and metal ions, metal ions are adsorbed onto the sulfhydryl

group while water molecules are allowing to pass through it with a high flux rate of 1.3 x 10°
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L m2ht. Furthermore, stacking several SH-wood membranes, a multilayers filter is designed

for scalable and highly efficient removal of heavy metal ions from sewage for environmental

remediation.
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Fig. 4.12: Sulfhydryl-Functionalized Wood Membrane Stacks as a hlgh-throughput metal
trap: (@) Schematic showing the sulfhydryl-functionalization of native wood membrane. (b)
Photos of the natural wood and SH-wood membrane. (¢) SEM image of showing the water
passage channels in SH-wood membrane. (d) The multilayer device of SH-wood utilized in
large-scale separation of heavy-metal ion. The magnified schematic diagram shows the
rejection mechanism of heavy metal, where the ions get adsorbed onto the -SH groups. (e) The
concentrations of different metal ions in polluted water before and after treatment by the three-
layer filter of SH-wood. (Image copied from ACS Appl. Mater. Interfaces 2020, 12, 15002.)
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Chen et al. demonstrate a Pd nanoparticle decorated 3D mesoporous wood-based membrane
for highly efficient wastewater treatment.® The hierarchically arranged wood channels
supported Pd NPs in its mesostructured organization, thereby increases the extent of interaction
of the water pollutants with the NPs catalyst. To demonstrated the efficiency of the Wood-

based device, methylene blue (MB) solution of 40 mg L™ concentration was passed through
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the filtration membrane, and degradation efficiency of 99.8% was achieved in the presence of
NaBHa, with an accompanying water flow rate up to 1 x 105 L m h™l. Moreover, a turnover
frequency of 2.02 molms molegt mintis achieved for the dye degradation process, which was

much higher than the values reported in earlier literature.
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Fig. 4.13: Pd Nanoparticles Decorated Wood Membrane for Highly Efficient Water
Treatment: (a) Digital image of a Pd NPs/wood membrane. (b) SEM image of a natural wood
showing its hierarchical channels. (c) Schematic image showing the Pd NPs/wood mesoporous
membrane, because of the reducing nature of the Pd NPs, the colour of the permeate solution
changes (blue to colourless) as the MB solution flows through the membrane. (d) UV-vis
spectra of the MB solution before (in red) and after (in blue) filtering through NPs/wood
membrane. (e) The degradation efficiency at different concentrations of the MB solution. (f)
Turnover frequency (TOF) of the Pd NPs/wood membrane. (Image copied from ACS
Nano 2017, 11, 4275.)

Jiao et al. reported a highly efficient water filtration membrane fabricated from natural wood
via a facile carbonization and activation process.®! The vertically aligned hydrophilic wood
channels enable ultrafast permeation of water through the membrane, while negative surface
charges present on the wall of the channel absorbed the water pollutants. As a result, the
mesoporous wood-based activated filter demonstrates a higher removal efficiency of MB (50

mg L) up to 99.95% for static adsorption process and 99.33% removal efficiency at a high
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flow rate of 300 mL min‘* for dynamic adsorption process.
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Fig. 4.14: Wood-based reusable filter for water treatment: (a) Schematic showing the
fabrication of the 3D-activated wood filter from natural wood via carbonization. (b) Photograph
of the novel 3D wood filter and corresponding SEM image showing its porosity. (c) static
adsorption of MB onto the wood filter. (d) The dynamic adsorption setup for the wood-based
filter. (¢) The removal efficiency of the MB solution at various concentrations under static
conditions. (f) The removal efficiency of the wood filter and commercial filter at different
concentrations of the MB solution, under dynamic condition. (Image copied from ACS
Materials Lett. 2020, 2, 430.)

4.2.3.2: Solar steam generation:
The solar steam generation process, which is similar to the natural water cycle, is considered a
promising approach to mitigating global water scarcity issues. In a typical solar steam
generation process, saltwater is heated inside a desalination chamber by utilizing the sun's
intensity, transferring the liquid water molecules into the vapour phase. As it is heated, the
water vapour rises to the top of the chamber, gets condensed into its wall, and finally collected
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as freshwater deprived of any salty impurities. In recent days, the use of new innovative
materials such as graphene, plasmatic nanoparticles, and amorphous carbon has advanced
solar-driven water desalination and help in achieving new milestones.*¢ However, there are
still some challenges such as complex device fabrications, high material cost, and short-time
stability of the device that need to be addressed to fully functional the solar steam generation
process. Therefore, research efforts have been carried out to incorporate inexpensive and
naturally abundant materials that can flourish the economic viability of the overall solar steam
generation process. In this context, bio-derived materials have the intrinsic ability to
outperform conventional materials, abundant, environmentally friendly, and possess excellent
mechanical robustness. More importantly, bio-derived materials contain numerous hydrophilic
micro/nanochannels that felicitate ultra-fast transportation of water. They also benefit from the
low thermal conductivity along the channel axis, which provides excellent thermal

management in solar steam generation.®":3

Inspired by the tree function, Zhu et al. demonstrated a bilayer structure of natural basswood
as a high-performance solar steam generator.>® The tree-inspired design of bilayer wood is
achieved via top surface carbonization of natural balsa wood, where the hierarchical
mesostructure of wood is retained at the carbonized portions. Now the carbonized surface can
act as a light absorption layer capable of harvesting 99% of the incident light due to 3D
absorption effects. The wood matrix possesses numerous hydrophilic aligned mass transport
conduits that can effectively pump water vertically in the tree growth direction. The bilayer
wood-based evaporator enables fast water evaporation from different ground sources such as
soil and sand, and as well as from sea surface. Extraction of groundwater from sand and soil
occurs with an evaporation rate of 11 kg m? h™ and in the extracted water ion concentration

values meet the WHO and the US EPA standards.
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Fig. 4.15: Tree-inspired design for high-efficiency water extraction: (a) The fabrication
process used to create bilayer wood via surface carbonization of natural balsa wood. (b)
Illustration of the tree-inspired design using a bilayer wood structure. (c) Water evaporation
rate through the bilayer wood shows a function of time at different light intensities. (d)
Concentration of different ions present in the seawater sample before and after evaporating
through the bilayer wood. (Image copied from Adv. Mater. 2017, 29, 1704107.)

Xu et al. designed an efficient solar steam-generation device based on carbonized
mushrooms.*° The solar steam generation property of the carbonized mushroom can be relating
to its unique structural properties that exhibit excellent light absorption, proper thermal
management with heat loss minimization, efficient water supply to the evaporating surface,
and high vapour escaping rate. Experiment with carbonized mushroom shows its true potential
as a low-cost solar steam generator with a high water evaporation rate of 1.5 Kg m and inspire
the future development of excellent solar thermal conversion devices from bio-derived
materials.
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Fig. 4.16: Mushrooms as efficient solar steam generator: (a) Schematic of a mushroom
based solar steam-generation device. Physical picture of a mushroom (b) before and (c) after
carbonization. (d) SEM image of the pileus portion of carbonized mushroom. (e) Digital image
of the mushroom based steam generator (left) and the corresponding infra-red images showing
its hydrophilicity. (f) Schematic of the heat behaviour in a mushroom-based structure. (g)
Infrared photos of the natural and carbonized mushroom surfaces on exposure to sunlight. (h)
Mass change of water over time in the dark field and under 1 sun illumination. (Image copied
from Adv. Mater., 2017, 29, 1606762.)

Zhang et al. reported a highly efficient solar-steam generation device fabricated from reduced
graphene oxide (rGO) and silk fabric.** The unique structure of the silk fabric and the
broadband absorption capacity of rGO allowed the rGO-silk hybrid fabric to absorbed light in
a broad range wavelength from 300 to 2500 nm. Again, benefitting from the capillary effect
and excellent air permeability, the rGO-silk hybrid system shows excellent water evaporation
efficiency, which approaches as high as 1.48 kg m2h* under one sun illumination. Moreover,
the rGO-silk hybrid system displayed remarkable mechanical and aqueous stability,

demonstrating its excellency as a low-cost, durable, and portable solar-steam generator.
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Fig.4.17: Silk-based solar steam generator: (a) schematic diagrams of the silk-based solar
steam device. (b) Digital image of an rGO-silk-fabric and its steam generation mechanism. (c)
steam generation under solar irradiation through rGO-silk-fabric. (d) Mass loss of pure water
through different fabric composite under one sun illumination. () Comparison of average solar
steam-generation efficiency. (Image copied from J. Mater. Chem. A, 2018, 6, 17212.)
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Liu et al. reported a scalable steam-generation device based on surface carbonized longitudinal
wood integrated with a reverse-tree design.*? The design is reversed to the natural tree because
water transportation in this particular design occurred in the cross-plane direction opposite to
what happens in a natural tree. The device was fabricated via cutting natural wood along the
longitudinal direction, followed by subsequent surface carbonization. The hierarchical
micro/nanochannels in the wood matrix enable fast water transpiration and provide adequate
thermal management via minimizing heat loss. So a much lower thermal conductivity of 0.11
WmK was achieved with reverse tree design, which is 33% smaller than that of horizontally
cut wood. Again, the carbonized surface of the wood can absorb incident light with near
perfection and an appreciable water evaporation rate of 1.2 kg m? h* is achieved under one

sun illumination.
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Fig. 4.18: Artificial tree with a reversed design for solar steam generation: (a) Digital
image of natural wood (left) and carbonized wood (right). SEM images (b) showing the
hierarchical channels in carbonized wood along the growth direction and (c) the nano-porous
pits present in the cell wall. (d) Reverse-tree design of carbonized wood-based solar steam
generator. (e) IR images of the carbonized wood showing the temperature rise under one sun
illumination. (f) Water evaporation rate through different wood systems showing as a function
of time. (Image copied from Adv. Energy Mater., 2018, 8, 1701616.)

A0 —

4.3: Conclusion

The ever increasing necessities of well-equipped smart electronic gadgets lead to the
continuous up-gradation of the existing equipment and hence a rising environmental concern
to be reckoned with a fresh mountain of outdated devices. In recent days, tremendous attention
has been paid to the utilize biogenic materials in different branches of applied science and
engineering including in the field of applied nanofluidics. Bio-derived materials are abundant,
renewable, and environmentally friendly, which can mitigate the environmental challenges
associated with the disposal of artificial machinery. Moreover, enriched with numerous

charged nano capillaries, bio-derived materials show characteristics of nanofluidic phenomena
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analogous to 2D nanomaterials, enabling them to utilize in the nanofluidic study as an
alternative to artificial devices. However, there are certain hurdles such as relatively low output
performance and the short time stability of bio-derived nanofluidic devices need to be
overcome in this area. Hence, extensive research is obligatory towards an ecological approach

to develop cost-effective and environmental friendly intelligent nanofluidic devices.
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Chapter 5

Disposable Fluidic Devices of Bio-nanochannels for
Enzymatic Energy Harvesting

Summary*

Nature produces a plethora of nanochannels to carry out highly complex biological tasks in a
sophisticated manner. There have been several studies to understand the characteristics of these
channels; however, efforts to apply them for technological advancements are still scarce. Here,
we have demonstrated that the fluidic channels of biomaterials can be harvested as nanofluidic
devices to produce energy from enzymatic chemical reactions. The bio-nanochannels-based
nanofluidic devices exhibit various nanofluidic phenomena like surface-charged-governed
ionic conductivity and thereby help in the development of transmembrane potential. The
mobility of ions in the hydrated bio-nanochannels is found to be higher than that of bulk water.
The cation-selective nature of bio-channels was also exploited to harvest a continuous supply
of power up to 74 mWm2 for 3 hours from the enzymatic decomposition of urea. The
transmembrane potential across the bio-channels was also explored for level-free electrical
monitoring of enzymatic reactions inside the biological medium. Electrical monitoring on the
kinetics of urease at different reaction temperatures suggested that inside the biological
medium, the reaction goes through a pathway of lower activation energy (31.1 KJ) than that in
the bulk environment (34.1 KJ). Enzyme urease was found to be more sustainable in bio-

nanochannels than that in the glass vials.

* Paper based on these studies has appeared in ACS Appl. Bio Mater. 2019, 2, 2549.
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5.1: Introduction

Solanum tuberosum or Potato is one of the most widely used staple foods globally. It exhibits
exciting internal features in the micro and nanometer regime, just like any other biological
system.1? It also possesses a highly active fluidic network across the cell walls to facilitate
communications and transport of materials between the plant cells. The transport pathways of
plants are divided into two types, the “living symplastic pathway” and “dead apoplastic
pathway” 3 In the symplastic pathway, movement of masses from one cell to another occurs
through the plasmodesmata. These narrow channels act as an intercellular cytoplasmic gate
between the cells. While in the active or regulated transport, plasmodesmata dilate to
accommodate much larger macromolecules or viruses through a set of precise and complex
molecular interactions, in the passive mode, it possesses a size exclusion limit of ~ one kDa (2
- 3 nm?). In the apoplastic pathway, the mass is transported through narrow interfibrillar and
intermicellar space of the cell walls and channels formed between the adjacent cell units*”.
Carpita et al. and Marchner et al. demonstrated that the nature of molecular/ionic transport
through the narrow (3-5 nm) channels of cell wells are not free or bulk-like; it is strongly
influenced by the interactions with the non-diffusible anions of the cell wall, like carboxyl
groups of galacturonic acids of the pectins.®® Motivated by the interesting nanofluidic
properties of biological nanochannels, tremendous research efforts have been devoted to
preparing artificial nanochannels involving various expensive and sophisticated
instrumentation. However, the abundant nanofluidic channels ubiquitous in the biological
systems around us have not been considered yet for technological applications. Here, as proof
of the concept, the intracellular transport pathways of raw Potato are harvested as
biodegradable nanofluidic devices to produce energy from enzyme-catalyzed chemical

reactions. The Potato derived nanofluidic channels are also exploited to study the kinetics of
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enzymatic reaction inside the biological medium.
5.2: Scope of the present investigation

While artificial devices and machinery provide countless conveniences to modern life, their
disposals are creating major havoc in the environment.'? Therefore, in recent years, numerous
research efforts are being dedicated to replacing unsustainable materials and devices with
environmentally benign alternatives of similar functionalities. For example, different kinds of
electronic devices such as solar cells, diagnostic tools, sensors, electrochromic displays,
artificial tissues, etc.!"*> have been developed based on sustainable materials obtained from
the environment. Similarly, the outstanding new properties of liquids confined inside
nanometer-sized containers promise numerous technological breakthroughs in water treatment,
energy harvesting, and molecular sieving.!%2° Studies on confined liquid also open up an
avenue to understand the activity of biological nanochannels creating a platform to exploit
them for various biomedical and chemical applications.?*?! However, little effort has been put
forward to utilized these excellent properties of biological channels in nanofluidic applications.
In the present chapter, we have extracted biological nanochannel from potato tuber, which is
cost-effective, environmentally friendly, and possesses intracellular transport pathways with
define surface charges. The presence of numerous nanofibrils in the bio-derived nanochannels
avoids additional sophisticated nano fabrications techniques such as lithography, ion etching,
nano-pattering, etc. This provides a much easier and cheaper platform to study nanofluidic
phenomena equal footing to its artificial analogs. The dense surface charges on the biological
nanochannel walls show excellent perm selective behaviour and provide a way to harvest
electricity from salt concentration gradient and ionic gradient induced by enzymatic
decomposition reaction of bio-waste. Moreover, the generated trans-membrane voltage in the

enzymatic reaction also makes it possible to trace enzymatic reaction kinetics in a label-free
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manner. Looking at the large variety of nanofluidic channels designed by nature to carry out
highly complex biological tasks very sophisticatedly, it should be possible to create/develop

different kinds of nanofluidic devices for future applications.
5.3: EXPERIMENTAL SECTION

Surface charge governed ionic transport:

Nanofluidic devices of potato bio-channels were fabricated by embedding strips of the freeze-
dried potato tubers of known dimensions in PDMS elastomer. The ends of the strips were
exposed to electrolyte solutions by carving out reservoirs on the PDMS stub at either end of
the strip. Ag/AgCI 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.
Representative 1-V curves for potato stripes were recorded at different electrolyte
concentrations ranging from 10°® M to 1 M by sweeping voltage from -0.5V to 0.5 across each

strip. Conductivity calculations were done by using the following equation:
C = Gxcell constant

Where C is the conductivity, G is the conductance.

Enzyme sustainability measurement:

Multiple strips of freeze-dried potatoes of similar dimensions were soaked with identical
amount of urease solutions (300 pL, 1 mg/ml) and stored in a hydrated environment. After
every 24 hours, 1 ml urea was injected into one of the urease soaked potato strips. Enzymatic
decomposition of urea release ammonium ions, which was sensed by introducing a dilute
solution of Nessler reagent. The initially colourless solution of ammonium ion turns into light
yellow upon addition of Nessler reagent. The concentration of ammonium ion produced during
the enzymatic decomposition was quantified from the absorbance values of the Millon’s base
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HgO.Hg(NH2)I in UV-Vis spectroscopy. Simultaneously, several glass vials containing 300
ML of 1 mg/ml urease solutions were stored separately, and activity of the same was determined

by the same method and compared with the samples stored in the biological channels.
Characterization:

The potato samples were lyophilized with the help of Labconco Freezone 4.5 liter-50C
Benchtop freeze dryer. The morphology of the potato samples was characterized by field
emission scanning electron microscope (FESEM) (Zeiss, Model: Sigma). All the
electrochemical measurement was performed with the help of a source meter (Keithley 2450
model). The concentration of the coloured complex HgO.(HgNH2)I was determined by using

a UV-Vis spectrophotometer (Systronics, UV-VIS Spectrophotometer 117).
5.4: Results and discussion

In order to harvest nanofluidic channels of the biological system, rectangular pieces of raw
potato were first dipped into liquid nitrogen, which was followed by sublimation of the frozen
solvents under ultrahigh vacuum in a lypholizer instrument. After 24 h of lypholization, potato
pieces were examined under electron microscopes and preserved in a desiccator until further
use. A field emission scanning electron microscopic (FESEM) image of the cross-section of
freeze dried potato is shown in Fig. 5.1b. The three major components of potato tissues, viz.,
cortex, storage parenchyma, and pith, are composed of tightly packed isodiametric cells, and
hence under electron microscope it appears as a network of tightly packed polygonal cells. The
tiny oval shaped structures (~3-50 um) seen in the parenchyma cellular compartments are the
starch granules, the most important energy reservoir of the plants®? (Fig. 5.1b). Nanofluidic
devices of bio-channels were fabricated by immersing freeze dried pieces of potato

(dimensions ~ 20 x 4 x 0.5 mm?) in a freshly prepared polydimethylsiloxane (PDMS) elastomer
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solution. After curing the elastomer at 60 °C, two reservoirs of about 0.6 mL in volume were
carved out to expose both the ends of the potato strips to electrolyte solutions (Fig.5.1c). The
as-prepared nanofluidic devices were then soaked in deionized water for 1 day to ensure

complete re-hydration of the bio-channels. After hydration, the reservoirs were filled with
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Fig. 5.1: Bio-derived nanofluidic system: (a) Schematic illustration of the ion transportation
pathways in the plant cell. (b) FESEM image of the cross-section of freeze dried potato sample.
(c) Digital image of the nanofluidic device, (d) I-V curves recorded through bio-nanochannels
of Solanum tuberosum. The ionic conductivity of bio-nanofluidic device with different
concentration of (e) KCI, and (f) HCI.

electrolyte solutions of known concentrations and allowed for 6 hours to reach the equilibrium.
The ionic current through the bio-channels were measured through Ag/AgCl electrodes
inserted into the reservoirs by employing a Keithley 2450 source meter instrument. Fig. 5.1d
shows the I-V curves recorded through a potato device with different concentrations of KCI.

The linearity in the 1-V curve confirms the presence of continuous network of hydrated
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channels throughout the potato tuber. The ionic conductivity of the nanofluidic device was
calculated by normalizing the slope of the I-V curves with the overall dimensions of the potato
strip, that is length (1), width (w), and thickness (t) of the rectangular pieces used for the device
fabrication. In Fig. 5.1e, conductivity values calculated for potato strip are compared with that
of bulk solutions as a function of KCI concentration. As typical artificial nanofluidic devices,
bio-channels of potato strip also shows the characteristics of surface-charged-governed ionic
conductivity. At the high concentration regime (102 M to 1 M), the conductivity values
increase linearly with that of salt concentration, but at the low concentration regime (10 M to
10° M) it did not change even for orders of magnitude change in the salt concentration. On the
contrary, in the bulk water conductivity decreases linearly with decreasing salt concentration.
Such drastic different behaviour of water molecules inside the biological systems from that of
bulk water was also predicted by Sahu et al. and Esch et al.?> 2* The walls of plant cells are
made up of various polymeric materials with negative surface charges such as cellulose,
hemicelluloses, pectins and phenolics. These negative surface charges create an electrical
double layer by attracting the co-ions and repelling the counter ions. When Debye lengths of
the channel surfaces overlaps, the concentration of ions inside the channels is determined by
the surface charge density of the surrounding walls, not by the concentration of the reservoirs,
leading to the surface-charged-governed ionic conductivity.?®2?® The existence of surface-
charged-governed ionic conductivity not only confirmed successful construction of the bio-
channel based nanofluidic devices but also indicated absence of large interconnected
macrospores inside the freeze-dried potato. In order to further confirm, the HCI conductivity
of bio-channels was also measured as a function of time. As shown in Fig. 5.1f, for protons
also  bio-nanofluidic device displayed the characteristic surface-charged-governed

conductivity.
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The fluidic network of potato tuber contains a range of nanochannels of different sizes and
shapes with specific functionalities, however, in the bio-derived nanofluidic devices it is
important to know the combined effective dimension (herr) of the nanochannels. The hes of
potato tuber was determined from the transition point (Ct) of conductivity vs concentration
plot, the point at which the characteristics of ionic current changes from bulk-like regime to
surface-charged-governed regime, shown in the Fig. 5.2 From the relationship between surface
charge density (os) and Ci of nanofluidic channels, shown in Eqn (1), the hes of potato

nanochannels were calculated to be 6 nm.?’

Where, Na, and e stands for Avogadro’s number and elementary charge respectively. The os
value of cell wall (- 2.3 mCm) was determined by Obi et al. by employing electrophoresis

method based on Gouy-Champman-Stern model.?®
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Fig. 5.2: lonic conductance of potato nanofluidic device as a function of KCI concentration
showing the transition point concentration (Ct).
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The re-hydration characteristics of freeze-dried potato tuber was studied by monitoring
emergence of ionic current in the otherwise insulating ion channels. As shown in the Fig. 5.3,
liquid water was introduced to a rectangular strip of freeze dried potato embedded in PDMS
from one side and allowed to diffuse towards the other end. lonic current was measured at two

different points (near and far end) of the potato strip to determine the rate of diffusion. At the

Ag/AgCl electrodes

P ;

T

Potato stripe ¢\e

Fig. 5.3: In plane diffusivity: Schematic diagram of the experimental set-up used for the
diffusivity measurement.

beginning no current was observed at either ends, however, as soon as the liquid water diffused
through the strip, it hydrated the ion channels displaying a sharp rise in the current values. In
Fig. 5.4, ionic current measured at the near and far end is plotted as a function of time, and the
time difference between the saturation points at either ends of the potato strip is taken as the
time required for water molecules to travel the distance. The diffusivity (D) of water through
the freeze-dried strip were calculated to be 1.58x10° cm?st, from the time (t) taken by water
molecules to travel the distance (X) between near and far end by using Einstein’s approximation

for the three dimensional diffusions, equation 2° (2).
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Fig. 5.4: Diffusivity of different ionic species: Development of ionic current as function of
time at near and far ends of potato strip from the direction of (a) water, (b) potassium, and (c)
ammonium ions reservoirs. (d) Comparison of diffusivity values for water and ions in bio-
channels of potato.

The same method was also employed to determine mobility of K™ and NH4* ions by allowing
0.1 M aqueous solutions of KCI and NH4ClI to diffuse from one end of the rehydrated potato
tuber to the other end. The ionic current values recorded at the near and far ends for KCI and
NH4Cl solutions are shown in Fig. 5.4b and 5.4c, respectively. The diffusivity values of K* and
NH4* ions calculated as such was used for calculating the mobility of the ions through the

potato nanochannels by employing Nernst-Einstein equation % (3) (Fig. 5.5a,).

eD

T — 3)

Where, k is Boltzmann constant and T is the absolute temperature. Remarkably, the mobility

of K" and NH4" ions calculated as such are found to be higher than that in the bulk liquid.
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Fig. 5.5: (a) Mobility values of different ions inside bio-nanochannels are compared that with
of bulk water (b) Schematic of the bio-channel based device utilized for harvesting osmotic
energy.

The large number of ion selective channels readily available in freeze dried potato could have
multiple applications. As a proof of concept, the same has been employed to harvest green
energy from concentration difference. A device comprising of two compartments separated by
a potato tuber membrane (dimension 12.5 mm? x 2 mm) was fabricated by using PDMS
elastomer as shown in Fig. 5.5b. The high concentration compartments (Cn) were filled with
KCI solutions of 1M concentration and the low concentration (C.) chamber was filled with 10°
¥ M KClI solution. The trans-membrane potentials originating from the selective transport of
the cations through the potato membranes were measured by inserting two Ag/AgCl electrodes
into the reservoirs. The green curve in Fig. 5.6a shows the trans-membrane potential originating
from three-fold concentration gradient across a potato membrane. The transmembrane
potential developed as such declines quickly with increasing time, suggesting that the potato

membrane could not hold the concentration gradient for long time. Therefore, the thickness of
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Fig. 5.6.: Energy from ionic gradient: (a) The transmembrane potential harvested from the
concentration gradient across the potato membrane as a function of time. (b) The
transmembrane potential, and (c) ionic current across the potato membrane developed by the
enzymatic decomposition of urea by urease.

the membranes were successively increased from 2 mm to 15 mm, and a concomitant
improvement in both the open circuit voltage and voltage stability were observed with the
increasing membrane thickness. However, in order to get a constant voltage, supply for a longer
duration it will be ideal to have a system that constantly produces ions in an environment
friendly manner. For the proof of concept, a nickel-dependent metalloenzyme (urease),
synthesized by plants, bacteria, and fungi is used for the constant supply of ions. When urease
decomposes the substrate (urea), it produces ionic products like OH", HCO3" and NH4", which
increases the conductivity of the reaction medium. It offers a convenient electrical monitoring
of the enzymatic reaction. The inherent cation selectivity of potato membrane preferentially
allows transport of the cations (NH4*) generated in the enzymatic reaction creating a potential
gradient across the membrane.*® In typical experiments, both the reservoirs were initially filled
with a buffer solution (0.01 mM KCI, 1 mg/ml urease, pH 7) and waited 4 hours to ensure
complete rehydration of the bio-channels. After attaining the equilibrium, 0.1 M urea was
added to one of the reservoirs to carry out the enzymatic decomposition reaction. As the
enzymatic reaction started producing the ions, both open circuit potential and current started

rising and reached saturation after 50 minutes, see Fig. 5.6b and 5.6¢c. In contrast to KCI
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electrolyte based concentration gradient, the open circuit potential in enzymatic reaction did
not decline with time, and provided a stable power supply ~ 74 mWm, up to the observation

limit of the instrument (3 hours).

As the enzyme catalysed reactions are crucial for the functioning of numerous biological
systems, several research efforts are being devoted to unveil its characteristics, both in the in
vitro and in vivo conditions. While, in vivo studies are extremely challenging, in vitro studies
offer the convenience of applying various analytical tools to obtain detail information about
the samples. Unfortunately, the in vitro studies do not reflect the actual activities of enzymes
inside the confinement of complex biological medium, which motivated the researchers to
synthetically imitate the molecularly crowded environment inside the channels of nanofluidic
devices.® %2 These artificial channels allow to study activities of enzymes under confinement,
but it is still far from mimicking the actual conditions of biological environment. The
nanofluidic devices of potato offers label-free electrical detection of enzymatic reactions under
the confinement of biological nanochannels. The straightforward utilization of biological
channels not only avoided the discrepancies frequently encountered in developing bio-
mimicking artificial devices but also provided a physiological environment which is otherwise
difficult to conserve in artificial units. Here, the transmembrane potential developed by the
preferential migration of NH4" ions was employed to monitor the characteristics of the
enzymatic reactions inside biological medium. A potato strip embedded inside PDMS
elastomer was soaked with 102 M aqueous solution of urea for 6 hours to make sure complete
rehydration of the channels. After rehydration, 0.5 ml aqueous solution of urease at different
concentrations (10 mM, 8 mM, 5 mM and 1mM) were injected into one end of the potato strip,

as shown in the schematic Fig. 5.7a. Here, one side of the bio-nanofluidic system act as
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enzymatic reaction chamber and the other part as the ion-selective membrane. The membrane

potentials developed as such is shown as a function of time in Fig. 5.7b.
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Fig. 5.7: Electrical monitoring of enzyme Kinetics: (a) Schematic illustration of the bio-
nanofluidic device utilized for the study of enzyme kinetics inside bio-nanochannels. (b) The
open circuit voltage generated from the enzymatic reaction of urease starting with different
substrate (urea) concentration. (c) Michaelis-Menten plot of initial reaction rate versus
substrate concentration. (d) Lineweaver-burk double reciprocal plot of initial reaction rate vs
substrate concentration. The linearization of the plot signifies the enzymatic reaction to be of
first-order kinetics with respect to the substrate concentration.

Here, the rate of the potential development at different substrate (urea) concentrations can also
be considered as the rate of ionic product formation. The initial reaction velocity (Vint) that is
the mass of the product formed per unit time during the initial stage of the reaction was found
to be proportional to the value of membrane potential. > The Vin: values for urease catalyzed
decomposition of urea for different starting concentration of substrate (urea) were obtained by
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linear fit of the curves shown in Fig. 5.7c. The Vi values obtained as such are plotted as a

function of urea concentration which follow the Michaelis—Menten equation (4).34

Where Vmax represents the maximum velocity achieved by the system, [S] is the substrate
concentration and Kn, is the Michaelis constant. From the data shown in Fig. 5.7¢ the maximum
reaction velocity (Vmax) and Michaelis—Menten constant (Km) were found to be 4.5 mVs* and
3.78 mM respectively. Similarly, a double reciprocal Lineweaver - Burk plot (Fig. 5.7d) of the
initial enzymatic reaction rate vs concentration of urea was found to be linear, confirming the

reaction to be of first order with respect to the substrate concentration. *3

K, 1 1

1
— S 5
V= U 51 Vi ®)

From linearization method Vmax and Km values were calculated to be 4.36 mVs™ and 3.54 mM,

respectively which are in agreement with the values obtained from Michaelis-Menten method.

The transmembrane potential was also exploited to study the effect of reaction temperature on
the enzyme Kkinetics. Here, the trans-membrane potential developed by the preferential
migration of NH4" ions was employed to study enzyme kinetics at different temperature. For
the temperature dependent studies, devices were prepared by encapsulating a thermometer
along with potato strip into freshly prepared PDMS elastomer and cured at 60° C. The specific
temperature of the reaction was maintained by placing the devices on a hot plate and the
temperature was monitored by the thermometer inserted just next to the potato channels. After
soaking these devices with 102 M urea solution, 0.5 ml of urease (1mg/ml) was injected to one

end of the potato strip (schematic Fig. 5.8al) and monitored the development of open circuit
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Fig. 5.8: (a) Schematic illustration of the experimental set-up used for the comparative study
of enzyme kinetics. Open circuit membrane potentials developed as a function of time (b)
inside versus (d) outside bio-channels at the different reaction temperature. Arrhenius plot of
the rate constants for enzymatic reaction (c) inside, and (e) outside bio-channels, respectively.
(F) Comparison of the activity of urease inside and outside the bio-channels as a function of

time.

membrane potentials as a function of time with a source meter instrument. Fig. 5.8b shows the
potential developed as a function of time at different reaction temperatures, and from the slope
of the linear segments of the curves the initial rates of the urea-urease reaction was determined.
As the enzymatic reaction follows 1% order kinetics with respect to the substrate (urea)
concentration, the rate constant values (kaso, kao, kso and keo) at different temperature were

obtained by employing Eqn (6).

From the Arrhenius plot of the rate constants as shown in Fig. 5.8c¢ the activation energy of the
reactions was found to be 31.1 KJ. For the comparison purpose, the activation energy of the
enzymatic reaction was also evaluated in the bulk condition. Here, instead of injecting directly
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into the potato strip, urease solutions were added to one of the reservoirs as shown in schematic
of Fig. 5.8a2. The potentials developed under such condition are plotted as a function of time
at different reaction temperature and shown in Fig. 5.8d. From the Arrhenius plot of the rate
constants the activation energy of the reactions (Fig 5.8e) in the bulk condition was found to

34.1 KJ, which is in a good agreement with the values reported earlier in the literature.®®

Similarly, the sustainability of urease inside the potato channels were compared with that of
bulk environment. Multiple strips of freeze dried potatoes of similar dimensions (7 x 4 x 1
mm?) were soaked with identical amount of urease solutions, (300 pL, 1 mg/ml) and stored in
a hydrated environment. In order to monitor the activity of urease as a function of time, after
every 24 hours 1 ml urea (.01M) was injected to one of the urease soaked potato strips, and the
amount of NH4" ions released from the reaction was determined by employing Nessler reagent.
Simultaneously, several glass vials containing 300 pL of 1 mg/ml urease solutions were stored
separately, and activity of the same were determined by the same method and compared with
the samples stored in the biological channels. As shown in the bar diagrams of Figure 5.8f, the
activity of urease was found to be declining in the glass vials at a much faster rate than that
inside the bio-channels, suggesting the latter to be a better medium for the enzyme activity.
Similar observations about superior activity and specificity of enzymes in the biological

medium are already reported in the literature,36-4°

Based on the existing knowledge, the enhancement of the activity of urease inside potato
nanochannels is attributed to conducive biological environment, like compartmentalization of
enzymes by the cells. Compartmentalization enhances the efficiency of enzymes metabolic
pathways by not only maintaining a high local concentration but also providing favourable

spatial and temporal organization of molecules within the cell. These complexes allow
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optimized substrate channelling and thereby prevent loss of intermediates and improve control

and efficiency of catalysis. 3%
5.5: Conclusions

In conclusion, we have demonstrated the possibilities of employing large number of bio-
channels readily available in our surroundings for the technological advancements in multiple
directions. The nanofluidic channels harvested from potato tuber exhibit surface-charge-govern
ionic transport and cross membrane potentials just like artificially fabricated nanofluidic
membranes. As expected, inside bio-nanofluidic channels cations such as K*, and NH4*
exhibits mobility values higher than that of bulk water. The ion-selective nature of bio-channels
was also exploited for energy harvesting from concentration difference and enzymatic chemical
reaction. It also provided a platform for convenient electrical monitoring of enzyme kinetics
inside biological systems. The studies on the kinetics of enzymatic decomposition of urea by
urease at different reaction temperature revealed that inside biological medium the reaction
goes through a pathway of lower activation energy than that in the bulk environment. Similarly,

inside bio-channels, the activity of urease was found to be active for a longer duration of time

than that in the glass vials.
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Chapter 6

Remarkable Rate of Water Evaporation through Naked
Veins of Natural Tree-leaf

Summary*

In the present work we have demonstrated vein network of the natural leaf as low-energy
steam-generator and utilized its steam generation property to harvest electricity from streaming
potential. The network of hierarchical channels, precisely designed by nature for efficient
transportation of liquids were extracted from matured and fallen leaf samples via microbial
delignification. The naked leaf veins exhibit remarkable flux (evaporation rate 1.5 kg m? h)
of capillary evaporation under ambient condition (25 °C and 30 % RH), close to the
photothermal material-based evaporators reported in the recent literature. The mechanistic
studies performed with variable atmospheric conditions (temperature, humidity, wind-speed)
suggest the evaporation process through the naked veins to be a kinetic-limited process. Naked
veins with remarkable evaporation efficiency are found to be suitable for applications like
water desalination and streaming potential harvesting. Experiments with the naked veins also
unveiled that the biofluidic channels in leaf not only exhibit the characteristics of surface-
charge-governed ionic transport but also support an exceptional water transport velocity of

1444 pm.st,

* An article based on these studies has been just accepted for publication in ACS omega.
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6.1: Introduction

In the last few decades, numerous unforeseen properties and phenomena specific to nanometer
size regime systems have been uncovered, and many of them were also exploited for
technological applications.! One of the recently discovered astonishing nanoscale phenomena
is the enormous rate of evaporation from capillary nanochannels.?® Despite being a ubiquitous
natural phenomenon, evaporation through nanoscale capillary channels still lacks thorough
understanding and undisputed mechanism.? Remarkable evaporation efficiency demonstrated
by different nano-capillary systems has been attributed to diverse mechanisms. For example,
evaporation fluxes of ultrathin graphene capillaries were observed to be up to two orders of
magnitude higher than the one predicted by the classical Hertz-Knudsen (H-K) equation
attributed to an extension of the actual evaporation areas.® Similarly, in precisely controlled
experiments with hybrid two-dimensional nanochannels, Li et al. observed that the velocities
of water vapour leaving the interface can be larger than the root mean square (RMS) velocities
of the same vapour temperature.? This extraordinary observation with individual nanochannels
was credited to decreasing thermal resistance between the solid substrate and the liquid/vapor
interface, along with an efficient heat and mass transfer process. Similarly, in clear contrast to
the typical evaporation behaviour, Gimenez et al. observed that sessile droplets placed on
nonporous surfaces evaporate more rapidly when salt concentration increases and temperature
decreases. This unexpected evaporation behaviour was related to the generation of a steady-
state wetted annulus in the droplet periphery.* In spite of being a poorly understood
phenomenon, evaporation from nano capillaries significantly impacts our ecological systems.
For example, the remarkable capillary evaporation through natural tree leaves is the root of the
environmental water cycle.” Natural plant leaf transpires massive amounts of water from the
soil. Above 95 % of the water absorbed by the roots is lost through stomata openings via

transpiration.®® The rapid evaporation of water through plant leaves is supported by the highly
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specialized network of xylem.'%1? The hierarchical and porous veins provide the leaf with
physical and chemical robustness and an ideal platform for the rapid evaporation of water
molecules.®® In this article, we have studied evaporation behaviour through the hierarchical
structure of the vein network extracted from the fallen leaves and exploited the same for
seawater desalinations. We observed that even in the absence of photoactive materials, the
naked vein network exhibited an evaporation rate at par with the man-made systems with
highly efficient photothermal materials. A remarkable Kinetically controlled evaporation
process powered by extended evaporation area, decreasing thermal resistance between the solid
substrate and the liquid/vapor interface, and efficient exchange of heat and mass between water
molecules confined inside porous biological channels and atmosphere is accounted for the

remarkable performance of the leaf vein based natural evaporator.
6.2: Scope of the present investigation

In this chapter, we have studied evaporation behaviour through the hierarchical structure of the
vein network extracted from the fallen leaves. The extraordinary ability of naked leaf veins
extracted from fallen tree leaves to evaporate water at an expedited rate under ambient
conditions could find multiple technological applications in areas like water desalination,
harvesting of exquisite salts or molecules, humidification, and energy conversion. Steam
generation through naked leaf veins could have several advantages over the solar stream
generator. For example, in solar steam generation, photo-thermal materials are employed to
convert sunlight into heat, which induces rapid evaporation of the surrounding water
molecules.*** While solar steam generation is one of the most promising methods of treating
water in an environment-friendly manner, the involvement of photo-thermal materials
complicates the process. The complication with photoactive material-based devices arises from

requirements such as homogeneous exposure of light throughout the photoactive material,
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thermal insulation between the active material and bulk liquid, and periodic removal of the
deposited salts to avoid blocking the capillary pores.'®1” No such complication would occur in
the case of non-solar steam generation through naked leaf veins. So leaf vein network felicitates

an efficient way to generate water steam in a cost effective manner.

The excellent steam generation characteristics of the leaf vein system paved a way to harvest
electricity via applying the principle of streaming potential. The elementary micro/nano fibrils
present in the leaf vein possess negative surface charges and can break the electrical neutrality
of electrolytes when flowing through it.**?° So when electrolyte flows through the charged
veins it creates potential gradient typically known as the streaming potential. By interposing
suitable series connections of several leaf based device, electrical energy can be harvested
which is sufficient enough to power small electronic device such as LED. With such
superiority, our leaf vein-based evaporator has the potential to perform multiple valuable works

such as water desalination, humidification, and electricity generation in a single operation.
6.3: Experimental section

Extraction of vein network from natural leaf:

A collection of aged and fallen leaves (typically 60 numbers) of Peepal tree (Ficus religiosa)
was immersed into a tape water-filled closed container (25 litters) for about 25 days. After 25
days, the upper epidermis and mesophyll layers of the leaf blade turned into a soft, smelly and
brownish coloured loosely bound material. The network of naked leaf veins was obtained after
gently removing those loosely bound material by using a soft nylon brush. The as-obtained

vein network was dried by using a heat gun (approximate temperature ~ 50 °C).
Evaporation of water through leaf veins:
For the evaporation experiment, glass ampoules containing 15 mL of deionized water were
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first sealed with a parafilm cover. The parafilm sealing was pierced with the help of a needle
to immerse the isolated midrib part of the naked leaf vein systems. Glass ampoules containing
the naked vein network was kept in a controlled environment (30 %, RH, 25 °C, 50 lux and
0.54 km hY) for a recorded amount of time. The evaporated amount of water through the midrib
vein was gravimetrically estimated by measuring the weight change of the ampoule at
consistent intervals of time. In order to study the effect of temperature on evaporation rates,
naked veins immersed in glass ampoules were kept at a fixed distance from the heater under a
controlled environment with RH, and airflow rate measured to be 30 %, and 0.54 km h*,
respectively. Thermometer, Digital Lux Meter, Thermo-Hygrometer, and Thermal
anemometer instruments were installed at the same levels of the vein network in order to record
the respective parameters in real-time. Similarly, for the measurements of evaporation rate
under varying humidity conditions, the humidity level of the chamber was varied by using a
combination of the required amounts of desiccants (calcium chloride) inside the chamber and
warm N2 flow. Dependence of the evaporation rate on the airflow velocity was studied by using
a domestic table fan. LED light with different luminous flux was employed to study the

evaporation rate under varying light intensity.
Water diffusivity experiment:

An ampoule containing 15 ml of DI water was sealed with parafilm, and a small hole was
pierced through the parafilm to insert the midrib part of an isolated vein network. Two Ag/AgCl
electrodes (7 mm apart) were installed to the midrib of the naked vein network (area 13 cm?)
by applying the conductive silver paste. The electrodes were attached to a source meter
instrument (Keithley 2450) and recorded the development of current values as a function of

time (time interval of 1.33 seconds).
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Surface Charge Governed lonic Transport:

The nanofluidic device was prepared by embedding an isolated midrib (dimension = 20 mm x
1 mm x 0. 3 mm) into a blend of polydimethylsiloxane (PDMS) prepolymer and curing agent.
Once the PDMS stub was fully cured, two reservoirs of volume 0.4 ml were carved out at both
ends of the midrib to expose the same into electrolyte. Electrical measurements were done with
a source meter instrument connected with Ag/AgCl electrodes, which were immersed into the
reservoirs filled with electrolyte of different concentrations (from 10 M to 1 M). Conductance
values (G) at different electrolyte concentrations were calculated from the slope of the I-V
curves recorded by sweeping the voltage from -1 V to 1 V. The following equation was used

for the calculations of conductivity values (C): C = G x cell constant.
Characterisations:

The microstructure of leaf vein was characterised by optical (Olympus BX51) and Field
Emission Scanning Electron Microscope (FESEM) (Zeiss, Model: Sigma). Spectroscopic
techniques such as UV-Vis spectrometer (PerkinElmer, Model: Lambda 750) and Fourier
transform Infrared Spectroscopy (Perkin Elmer IR spectrometer) was used for functional group
identification. The light intensity was measured using a Digital Lux Meter (Model: LX1330B).
The relative humidity, temperature and the wind speed of the surrounding environment was
measured using Thermo-Hygrometer (testo 605i), thermometer and Thermal anemometer
(testo 405i) instruments. Electrochemical measurements were done with the help of a
sourcemeter instrument (Keithley 2450 model). Dye separation experiments were studied by

using a UV-Vis Spectrophotometer (Systronics, Model: 117).
6.4: Results and discussions

The network of hierarchical channels, precisely designed by nature for efficient transportation
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of liquids were extracted from matured and fallen leaf samples collected directly from nature.
To begin with, the leaves of Ficus religiosa (Peepal tree) were soaked in tape water for around
25 days. During the prolonged soaking period, most of the soft cells of the leaf blade (cuticle,
epidermis, the mesophyll) were digested by the microbes releasing a funky smell. Remarkably,
the vein structure of leaf epipodium was not affected by the digestion process. The hierarchical
structure of natural leaf is primarily comprised of high-crystalline cellulose, hemicellulose, and

lignin. While lignin possesses an extremely complex structure and dark colour, cellulose and
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Fig. 6.1: Characterization of leaf vein network: (a) Digital images of raw leaf and digested
leaf, showing the decolourisation after lignin removal (b) IR spectra of the isolated vein
network of natural raw leaf compared to the leaf after digestion process. (c) DRS spectra of
leaf vein after digestion process.

hemicellulose are colourless.?! The digestive process removed most of the soft cells of the leaf

blade along with the lignin portion producing a light-coloured system as compared to its natural
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analogue, shown in Fig. 6.1a. The FT-IR spectra of raw leaf vein (Fig. 6.1b) exhibit intense
bands in the regions of 3430 cm™ (O-H stretching vibration), 2900 cm™ (C-H stretching
vibration), 1734 cm™ (C=0 stretching vibration), 1506 and 1460 cm™ (aromatic C=C stretching
vibration), and 1260 cm (C-O-C stretching vibration). These bands are related to the hydroxyl
groups in celluloses, carbonyl group of acetyl ester in hemicelluloses and carbonyl aldehyde,
aromatic skeleton in lignin and guaiacyl ring breathing with C-O stretching, respectively.?*?4
After the digestive process, the intensity of aromatic skeletal bands at 1506 cm™ and 1460 cm’
! along with the guaiacyl ring breathing with C-O stretching has been significantly reduced
confirming partial removal of the lignin.2* However, the lignin removal did not seem to perturb

the inherent cellulosic skeleton as most of the cellulosic hydroxyl groups are retained.

Moreover, the digestive process did not seem to alter the dimension of the leaf veins, suggesting
that the original hierarchical alignment of microchannel are well-preserved. Instead the lignin
removal creates additional micro capillary which can be viewed from the optical microscopic

images (Fig. 6.2).

() (b)

Raw midrib Midrib after digestion
Fig. 6.2: Optical microscopic images of leaf midrib vein: Cross sectional microscopic
images of (a) Raw midrib vein and (b) Midrib vein after digestion process.
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The digested soft cells were gently removed with a soft brush in order to isolate the naked vein
structure. The veins of Peepal leaf was chosen due to its mechanical robustness, a typical midrib
of Peepal leaf weighing 50 mg can hold around 400 mg of weight as shown in Fig. 6.3a. The
tensile stress vs strain curve for de-lignified midrib vein is shown in Fig. 6.3b and comared the
same with that of green midrib vein. It indicates that the lignification process made the leaf
vein more ductile. Young's modules of the pristine and de-lignified midrib veins were

calculated to be 30 MPa and 12 MPa respectively.
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Fig. 6.3: Mechanical property of leaf vein: Mechanical robustness of the veins of Peepal leaf
(a) Image showing mechanical strength of the veins that can hold a weight 8 times higher than
its inherent weight (b) Tensile strain vs stress curve for delifnified midrib and green midrib
vein.

A digital photo of the extracted vein network is shown in Fig. 6.4a. Thorough examination on
multiple optical and electron microscopic images of the vein network (Fig. 6.4b) with the help
of image processing software (Image J) revealed that about 70 % area of the naked vein network
is empty or bereft of any channels. The density of the midrib vein was evaluated with the help
of BJH analysis to be 1.75 gcm. Moreover, the leaf vein density which is defined as the total
length of veins per unit area was evaluated with the help of image processing software image

J and was found to be 2.5 cm™. The optical microscopic image of the cross-section of an
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isolated midrib vein, shown in the inset of Fig. 6.4b, reveals the presence of large empty
channels with diameters extending up to hundreds of microns. The optical microscopic
investigation also revealed that the typically isolated midrib veins exhibit an oval-like shape.
The hierarchical nature of the naked veins can be visualized from field emission scanning
electron microscopic (FESEM) image in Fig. 6.4c. Primarily, natural leaf veins are made of
three kinds of cells, fiber tracheids, vessels, and parenchyma cells as shown in Fig. 6.4c and
Fig.6.4f. Owing to their large lumen diameter and open-ended wall structure, vessels are the
primary conduits for mass transport, whereas the thinner fiber tracheids with closed tapered
ends are attributed for the mechanical support.>2® Moreover, small pits with an average

diameter of ~1 um are visible on the internal surface of the microchannels, Fig. 6.4e.

<+ No vein
O~ Raw midrib
161 -/ Midrib after digestion
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Fig. 6.4: Naked veins of a tree leaf: (a) Digital photo, and (b) optical microscopic image of a
vein network extracted by removing the digested soft cells of a fallen leaf of Ficus religiosa
(peepal tree). Inset showing optical microscopic image of the cross-section of an isolated
midrib vein (c) FESEM image of the outer surface of an isolated midrib vein along the growth
direction showing the different water transportation pathway Viz. vessels, parenchyma cells and
fibre tracheids. FESEM images showing zoom-in view of (d) parenchyma cells and (e) inter-
vessel pits (f) Cross-sectional FESEM image of leaf midrib vein (inset shows higher
magnification view) (g) Evaporation rate (E.R._ . ) of DI water through a raw midrib vein and

isolated midrib vein extracted via digestion process is compared with that of a similar ample
without the vein.
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In order to study the evaporation behaviour through naked leaf veins, a portion of the midrib
(length = 4.7 cm) was isolated from the network by cutting away the secondary veins. The
bottom part of the isolated midrib (3.12 cm) was soaked into a glass ampoule containing 15 ml
of deionized (DI) water. Parafilm covers were applied all around the vein to restrict evaporation
of water molecules through secondary pathways, directly from the container. The evaporation
behaviour was monitored by measuring the weight change of the ampoule at a consistent
interval of time. The experiment was performed in a controlled environment (inside a stainless
steel chamber (diameter 27 cm, height 30 cm) with controlled RH, temperature, light intensity
and wind velocity. In Fig. 6.4g, the water evaporation rate through the raw leaf vein and
extracted leaf vein via digestion process is compared with that of a similar ampoule minus the
vein structure. Remarkably, even under dark condition, inside a stainless steel chamber (30 %
RH and 25 °C) the E.R..ein value was found to be 1.5 kg.m2.ht, which is nearly 50 times higher
than a similar ampule covered with a parafilm having a hole similar to the diameter of the vein
structure. Evaporation rates (E.R.vein) through the midrib vein under different conditions were

calculated by employing Eqn (1).

E R h Change in weight (kg) 1
rvein ™ pyaporating area (m2) X Time (h) @

Where, the circumference (A) of the isolated midrib vein exposed to the atmosphere was
considered as the evaporating area. It was determined by assuming the vein to be an oval shaped
cylinder, in the inset of Figure 1b. The diameter was measured along two perpendicular lines,
or axes at two positions, at the tip of the exposed midrib vein and at the bottom just above the
parafilm cover. L is the length of the vein above the parafilm cover. The details of the

calculation of evaporating area is discussed in the Fig. 6.5.
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(a)

(b) Area (A) = 2mrrxh

Diameter at tip = “a” and “b”

Exposed to Diameter at base = “c” and “d”
Atmosphere
L A i a+b+c+d
verage radius (r) =
g =73

Evaporating height =L

Under water

Evaporating area (A) =2 x J]xr xL

Fig. 6.5: Calculation of evaporating area: (a) Optical microscopic image of the cross-section
of an isolated midrib vein measured along the vertical growth direction at two different
positions. It revealed that vein is an oval shaped cylinder and the diameter of the circular base
is different at different vertical growth direction. (b) The evaporating area of the vein was
considered to be the circumference (A) of the isolated midrib vein exposed to the atmosphere.
It was determined by assuming the vein to be an oval shaped cylinder. The diameter was
measured along two perpendicular lines, or axes at two positions, at the tip of the exposed
midrib vein and at the bottom just above the parafilm cover. L is the length of the vein above
the parafilm cover.

The incredible evaporation process through the vein of naked leaf can be subdivided into two
steps. The first step involves transportation of water molecules from the container to the
evaporating surface through hierarchal capillaries of natural leaf vein. In the second step, the
transported water molecules diffuse and/or evaporate of into surrounding atmosphere. With a
view to find out the rate determining step, evaporation rate through leaf vein was studied by
varying the parameters of surrounding atmosphere (like relative humidity (RH), temperature,
and wind velocity). As shown in Fig. 6.6a, the rate of evaporation through the naked leaf vein

was found to be dependent on the atmospheric humidity levels, which was varied by employing
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a combination of calcium chloride desiccant inside a closed chamber and control flow of warm
N2 gas. With the decreasing humidity level, the E.R.vein Value was found to be increased from

0.77kgm?h?at50 % RH to 1.76 kg m? h™ at 25 % RH, see Fig. 6.6a. The enhancement in
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Fig. 6.6: Evaporation through isolated leaf veins: ER. . of DI water through isolated

midrib vein with varying (a) relative humidity levels, (b) atmospheric temperature, (¢) wind
velocity, and (d) light intensity under controlled environmental conditions. In order to study
the dependence of E.R. . on a particular parameter the remaining parameters were fixed at 30

% RH, 25 °C, 50 lux, and 0.54 km hr’'.

the evaporation rate with the decreasing humidity level suggests that the rate determining step

involves diffusion and evaporation of the transported water molecules from the capillary mouth
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into air atmosphere, which is also called as kinetic-limited evaporation process. The
dependence of humidity in kinetic-limited evaporation process is attributed to the increasing
difference between the partial pressure and vapour pressure of the water molecules. The
occurrence of kinetic-limited evaporation process was also supported by a drastic improvement
in the E.R.vein Values with increasing atmospheric temperature (the bar diagram in Fig. 6.6Db).
In the Kinetic-limited evaporation process, the elevated atmospheric temperature aids the
evaporation process by increasing both kinetic energy of the molecules as well as the saturation
vapor density of the atmosphere. A similar escalation in the evaporation rates through the naked
leaf vein was also observed with increasing air velocity of the surrounding environment. Fig.
6.6¢ shows the bar diagram of E.R.vein values calculated for the leaf vein at different air velocity
created by a domestic table fan under dark conditions. The decreasing boundary layer at the
evaporating surface with increasing air velocity creates a conducive environment for the mass

transfer, which in turn leads to the remarkable enhancement in the evaporation rate.

One of the pre-requisite of kinetic-limited evaporation process is the seamless supply of water
molecules from the reservoirs to the evaporating surface, which require a tremendous flow rate
of water through the capillary channels of naked leaf veins. In natural leaf veins, the fiber
tracheids and vessels, collectively called microchannels, are the major conduits for water
transportation. The digestive process consumes the lignin embeds in the cellulose and
hemicellulose matrix of leaf vein and generate numerous hydrophilic nanochannels among the
microfibers tracheids.?’ These newly generated hydrophilic nanochannels, previously occupied
by hydrophobic lignin provides an additional means for fluid transport, through increasing the
hydrophilicity and available surface area. The occurrence of numerous nanopores in the
dignified leaf can be verified from BET surface area and BJH pore distribution analysis, where

the leaf vein possesses a high surface area of approximately 240 m?g2.
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Fig. 6.7: Nanopores in leaf midrib vein: BJH pore size distribution in leaf midrib vein.
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The observed smaller pore distribution shown in Fig. 6.7 can be attributed to the presence of
nanopores.?® These inherent microchannels of low-tortuosity and open-structures are oriented
along the growth direction, resulting in efficient mass transport in the upward direction as
shown in the schematic diagram of Fig. 6.8a. Moreover, some small pits with an average
diameter of ~1 pum are present on the internal surface of the microchannels, which enable a
transverse mass transport between the adjacent vessels.?>% The porous leaf vein with numerous
aligned hydrophilic micro and nanochannels can effectively transport water molecules from
the bottom to the evaporating surface, maintaining a continuous network of water channel
throughout the vein structure. As water molecules evaporate from the upper surface, it is
simultaneously compensated by capillary induced pumping from the bottom through the
vessels and other interconnected-channels in the leaf vein, ensuring an uninterrupted supply of
water molecules for the evaporation process. The negative pressure at the top of the open veins
originated from water evaporation, induces large capillary force inside the micron- and nano-
sized channels of the leaf vein.?®-3! Water molecules can also flow in the transverse direction
in between the adjacent vessels channels via the interconnected pits (Fig. 6.8a). But this
transvers flow occurs via slow diffusion form one vessel to another instead of free liquid
advection and hence the pits have little impact on water transport along the vessels in the
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vertical direction, but it contributes towards over-all evaporation process from the outer
surface.?® 32 The upward water transportation along the growth direction can be visualized from
optical microscopic investigation shown in Fig.6.8b and Fig. 6.8c. In order to study the water

transport velocity from the reservoirs to the evaporating surface through capillary channels of

(a)

Vertical flow
(Fast)

Cross flow

(Slow) (e)

(d) ékﬁ

"Ag/AgCI Sourcemeter
Instrument
—J
1.3cm

Fig.6.8: Mechanism of water transportation: (a) Schematic diagram showing anisotropic
water transportation through the vessel channels and the interconnected pits in leaf midrib vein.
Optical microscopic images of leaf midrib vein (b) before and (c) after water transportation,
showing upward flow of water along the growth direction. (d) Schematic illustration of the
experimental set-up used for the measurement of water transport velocity through naked leaf
veins. (e) Development of ionic current as a function of time between the Ag/AgCl electrodes
installed at the midrib vein after dipping the base into liquid DI water.

Current (nA)

Time (s)
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naked leaf veins, two Ag/AgCl electrodes were mounted on the midrib vein of a naked vein
network at a distance of 7 mm apart, see the schematic of Fig. 6.8d. In order to detect the
development of ionic current, both these electrodes were connected to a sourcemeter
instrument. As the cellulose-based leaf veins are electrically insulating, under dry conditions
no detectable current was observed. Once the base of the midrib vein touched the water surface,
the water molecules started moving towards the vein network through the midrib vein. As soon
as the vein between the electrodes got wetted a sudden increase in the current value was
detected. The ionic current thus recorded by the sourcemeter instrument is plotted as a function
of time (Fig. 6.8e). The time lag between the midrib vein touching the water surface and
appearance of ionic current at the sourcemeter instrument was taken as the time (t = 9 s)
required by the water molecules to travel the distance (x = 1.3 cm). Accordingly, the water
transport velocity was calculated to be 1444 pm s™. Just for the comparison, the spider silk and
cactus spine exhibit water transport velocity of ~30 and ~12 pum s, respectively.*** Radha et
al. measured the flow velocity of water in ultra-thin graphene nanocapillaries to be ~1,00,000
um.s 1.2 Similarly, the velocity of water on the Sarracenia trichome is reported to be ~11,738
um.s1.2” The diffusivity of water (D) through the midrib vein was calculated to be D = 3.1 x

108 um? s by using Einstein’s approximation for three-dimensional diffusions (Eqgn 2).%

Typically, the theoretical limit of the kinetic-limited evaporation flux (mx’) is predicted by the

classical H-K Eqn (3).

1

" M \2 Pv,e Py
m = (22 b1, - 3

Where, M is the Molar mass of water, R is the Universal Gas Constant. oe is the evaporation

coefficient, the fraction of molecules that strike the interface and change phase from the liquid
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to vapour state (typical values varies between 1 and 0.001).° o is the Condensation coefficient
the fraction of molecules that strike the interface and change phase from the vapor to liquid
state (typically varies between 1 and 0.001).> Pyeq is the Equilibrium vapor pressure of the
liquid at the interface, Py is the Partial pressure of the vapour in the gas phase calculated from
relative humidity of the experimental condition (RH = P\/Pyeq). Ti is the temperature of the
liquid (the temperature of the evaporating area of the vein measured by a non-contact IR
camera) and Ty is the vapor temperature (measured by thermometer at a distance of 10 mm
from the vein). The Kinetic-limited evaporation flux calculated by the H-K equation
considering the current experimental conditions was found to be 2.5 kg m? h* (considering
both ge and o to be 0.001),° which is in same order of magnitude with the experimental results.
The experimental evaporation rate at 25 °C corresponds to a heat flux of 0.08 Wcm™2, which is
easily achievable under the current experimental conditions. Similarly, the velocities of water
vapour leaving the interface from the volumetric flux was calculated to be 20 mm s, which is

several times smaller than that of the RMS velocities of vapour at the same temperature.

To the best of our knowledge, the E.R.vein Value recorded with the midrib vein inside an indoor
environment with a RH (30 %), and temperature (25 °C) is at par with the recently published
evaporation rates for the solar steam generators under intense simulated sun light (1 sun or
higher. Moreover, the naked leaf veins are deprived of any photo-thermal materials. The
evaporation rate through the leaf vein was also studied at different light intensity by employing
LED lights of different luminous flux. As can be seen from the bar diagram in Fig. 6.6d, the
E.R.vein Value does not alter significantly with increasing luminous flux of the employed LEDs,
the slight variation in E.R..ein can be attributed to the little rise in temperature of the
surrounding atmosphere. So it can be argued that in a direct contrast to the solar steam
generators, the naked leaf vein exhibits remarkable evaporation rates even in the absence of
light.
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The amount of water evaporating through the midrib vein can be further improved by keeping
a definite portion of the vein network at their natural position. A photo of the same is shown in
of Fig. 6.9a. When the mass lost from the glass bottle was normalized by the circumference of
the midrib vein it yielded remarkable values of E.R.vein. FOr example, with a vein network of
area 6 cm? the E.R.vein Was calculated to be 8.34 kg m? h! (30 % RH and 25°C). However,
when evaporation rate was normalized by the total area covered by the vein network
(E.R.nemork) it yielded humble values of evaporation rate (~ 0.25 kg m h™). Large void spaces
in the vein network area and the small cross-section of the midribs that connects the vein
network with the water reservoirs is believed to be the reason behind the humble E.R.network
values. However, it is worth noting that even though, in the presence of extended network area,
the value of evaporation rate is lower but the actual mass of water evaporating through the
network will be more beneficial for the practical applications. The extraordinary ability of
naked leaf veins extracted from fallen tree leaves to evaporate water at an expedited rate under
ambient conditions could find multiple technological applications in areas like water
desalination, harvesting of exquisite salts or molecules, humidification, and energy conversion.
As a proof of concept, here we have studied the evaporation of water molecules from saltwater
by employing midrib veins with an extended vein network (area 6 cm?). Fig. 6.9b shows the
E.R.network Values as a function of NaCl concentration at an elevated room temperature of 35 °C
and 30 % RH. The decreasing evaporation rate with increasing salt concentration is attributed
to the increase in the osmotic pressure that needs to be overcome by the evaporating water
molecules. Such evaporation of water molecule from the salt solutions would be suitable for
applications like water desalination or wastewater treatment. As a proof of concept, an
experimental set-up was designed to collect the water molecules evaporating from the
wastewater samples, a schematic illustration of the same is shown in Fig. 6.9c. A midrib of a
naked vein network (area 13 cm?) was immersed into a solution of simulated seawater (0.6 M
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NaCl) inside a glass chamber, where except the collection chamber (at the bottom), the entire
set-up was exposed to direct sun light on a bright sunny day (temperature and light intensity
were recorded to be 30 °C and ~77x10° Lux respectively). Parafilm covers were applied in the
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Fig. 6.9: Application of isolated leaf veins: (a) Digital photo of the ER. . based

tw

Evaporating system, where midrib veins are extended with definite portion (6 cm ) of venation
network. (b) ER. . values through naked vein network with varying salt concentrations

under 35 °C atmospheric temperature and 30 % RH (c¢) Schematic illustration of the
experimental set up used for condensing the molecules evaporating from waste water (mud
water, sea water, and dye solution) through naked vein network. Inset shows photo of the mud
water before and after evaporation. (d) UV-vis spectra and digital photos of Rhodamine B (0.01
M) solution before and after evaporation through the vein network.

175

TH-2952_166122027



Remarkable Rate of Water Evaporation through Naked Veins of Natural Tree-leaf

vials all around the vein structures to limit the evaporation of water molecules through
secondary pathways. Remarkably, within 5 hours of the experiment, ~ 5 ml of clean water was
collected at the water collection chamber. The experiment was also repeated for muddy water
and 0.01 M rhodamine B dye. The water samples collected from concentrated salt and dye
solutions did not show any salt or dye ions in the detectable range. UV-Vis spectra and digital
photos of the dye solutions before and after evaporation through the vein network is shown in
Fig. 6.9d. However, after 48 hours of operation time salts molecules tends to deposit on the
surface of the leaf evaporator as shown in Fig. 6.10, resulting in the reduction of the E.R. value.
But the accumulated salts can be removed via simple physical shaking or by washing with
water and removal of salts via washing process did not seem to have significant impact in the

evaporation efficiency of the leaf based evaporator.

Leaf evaporator E.R. comparison
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Fig. 6.10: Stability of the leaf vein based evaporator: (a) Digital images of the leaf based
evaporator showing the accumulation of salt over its surfaces after 48 hours of operation. (b)
E. R. comparison of the reused leaf after removing the accumulated salt via normal washing
process.

Leaf based Steam generators possesses some decisive advantages over conventional solar
stream generator. In solar steam generator devices photo-active materials are employed to
convert sunlight into heat, which in turn induces rapid evaporation of the surrounding water
molecules. However, utilization of photo-active materials complicated the overall process by
invoking some exclusive requirement such homogeneous exposure of light throughout the
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photoactive material, thermal insulation between the active material and bulk liquid, and
periodic removal of the deposited salts in order to avoid blocking of light and capillary
pores.1®17 Being non-dependent on the light irradiation process, leaf based steam generator

excluded such requirement and make the steam generation process facile and cost effective.

Leaf veins are made of dense micro and nanofibrils bearing negative surface charges, and such
charges on the walls of tiny channels possess the ability to break electrical neutrality of
electrolytes flowing through it.*33" This property of the minuscule biochannels is exploited here
to harvest electrical energy through electrokinetic streaming potential. As a proof of the
concept, two Ag/AgCl electrodes were installed in the midrib vein of a vein network (area 13
cm?) at a distance of 7 mm apart. As soon as the base of the midrib vein was immersed into
liquid water, a constant flow of water molecules occurs through the channels of midrib vein.
The rapid evaporation in the vein network is the driving force behind this uphill flow of the
liquid water. The flow of DI water generated an open-circuit potential of 120 mV between the
two Ag/AgCI electrodes installed along the midrib vein (Fig. 6.11 a). Further, the potential
generated by water transportation can be easily controlled by tuning the evaporation rate. For
example, exposure of halogen light (at 30 °C) drastically improved the evaporation rate from
0.133 to 2.1 kg m h%, and concomitant with this enhanced evaporation rate the open-circuit
potential was also improved from 120 mV to 280 mV, shown in Fig. 6.11a. As soon as the light
was put off, the voltage went down to original values and these cycles of controlling the output
voltage by applying light/heat energy can be repeated multiple times, see Fig. 6.11b. The
experiment of streaming potential generation was also repeated with salt solutions of different
concentrations (10 to 1 M). As shown in Figure 6.11c, the plot of salt-concentrations vs open-
circuit voltage shows two distinct characteristic regimes. In the low concentration regime (10
® to 102 M), the voltage increases with increasing salt concentration, but in the high

concentration regime (102 to 1 M), it decreases with increasing salt concentration. In order to
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Fig. 6.11: Streaming potential through naked leaf veins: (a) Plot of open circuit potential
generated by the water molecules streaming through the leaf veins as a function of time.

4
Exposure of a halogen light (intensity 10 lux, at 30 °C) drastically improves the evaporation
rate (from 0.133 to 2.5 kg/m2h), a concomitant enhancement is also reflected in the values of
open circuit potential (b) Tuning of open circuit voltage of leaf vein by the exposure of halogen

light (intensity 104 lux, at 30 °C) in repetitive cycles. (c) Open circuit voltage of leaf veins as
a function of the NaCl concentration in the water reservoir. (d) Current-voltage (I-V) curves,
and (e) lonic conductivity as a function of KCI concentration through the nanofluidic device
of isolated midrib vein. Vein-based nanofluidic device shows the typical characteristics of

surface-charge-governed ionic conductivity. (f) Application of streaming potential generated in
the leaf vein to power an LED (3V).

understand this behaviour, a nanofluidic device of isolated midrib vein was constructed and I-
V curves were measured through the leaf vein-based nanofluidic device. As shown in Fig.

6.11e, the biochannels of leaf vein exhibit the characteristic surface-charge-governed ionic
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conductivity of nanofluidic channels. Comparison of the curves in Fig. 6.11c and Fig. 6.11e
suggests that in the low concentration regime (10 to 102 M), where transport of the ions is
controlled by the surface charges of the biochannels, the open-circuit voltage increases with
increasing concentration of the ionic species. On the other hand, at the high concentration
regime (102 to 1 M), the increasing salt concentrations increase the shielding of negative
surface charges. As a result, the effectiveness of the surface charges in breaking the charge
neutrality decreases, and concomitantly the magnitude of open circuit potential decreases 349
The voltage generated from the solutions streaming through the leaf veins can also be used to
carry out useful works such as lighting of LED. Fig. 6.11f shows lighting of a 3V LED by

connecting ten number of leaf vein network based devices in series.

5.5: Conclusion

In conclusion, we have demonstrated that the veins of natural leaf exhibit remarkable
evaporation efficiency under ambient conditions. The evaporation rates can be further
improved by tuning the environmental conditions like temperature, humidity, and wind speed.
Even in the dark conditions, with the help of air flow, naked leaf veins exhibit an evaporation
rate at par with the best photo-thermal material-based solar steam generators under intense light
(one sun). Materials with such a high evaporation rate could find multiple applications in areas
like water desalination, harvesting of streaming potential, harnessing of exquisite salts and
molecules, and humidification. The isolated leaf veins can be an ideal host for photo-thermal
materials like plasmonic nanoparticles or carbon-based nanomaterials in order to develop solar

vein-based evaporator for futuristic water treatment and energy harvesting.
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Thesis overview and future outlook:

One major challenge faced by the researchers in the field of nanofluidic study is extrapolating
the property and phenomena observed in the individual nanochannels into a macroscopic
platform toward practical applications/demonstrations. So the aim of this research work is to
explore the properties of biomimetic and bio-derived nanofluidic systems and is to demonstrate
their potential in different real time applications. To accomplish the research aim, research
methodology was designed and implemented and the major achievement of the thesis work is

listed below in chapter-wise manner:

Summary of Chapter 2:

Chapter 2 demonstrated a biomimetic approach of fabrication of hybrid nanofluidic system via
self-assembling colloidal dispersions of graphene oxide (GO) and humic acid (HA). Here, we
have explored the possibility of tuning the transport characteristics of GO nanofluidic
membranes without sacrificing their lamellar structure or altering the channel's heights. Humic
acid, a naturally occurring organic material, is applied here as a synergistic spacer to tune the
network of GO nanochannels. With a structure chemically and physically similar to that of GO,
humic acid caused an all-around improvement of the GO lamellar membrane. With such
improvement, the hybrid GO-HA lamellar membranes were found to be ideal for applications

like water desalination and renewable energy harvesting from reverse electrodialysis.

Summary of Chapter 3:

Chapter 3 demonstrated another biomimetic approach of fabrication of nanofluidic system via
self-assembling exfoliated colloidal dispersion of positively charged CoAl layered double
hydroxide (CoAl LDH). Unlike the conventional 2D materials, LDH panoply remarkable anion
selectivity and the inherent anion selectivity of CoAl layered double hydroxide is exploited in
this work to achieved multidirectional application. Due to the perm-selective nature of
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positively charged layered double hydroxide membrane (P-LDHM), it panoply remarkable
anion conductivity in the surface charge governed region and this ion selective features of P-
LDHM is also utilized to harvest electricity from salt concentration gradient via applying the
principle of RED. Moreover, the p-LDHM based device shows shape dependence ionic
transport behaviour, while a rectangularly cut p-LDHM device shows linear 1-v curve, the
triangularly cut p-LDHM shows non-linear I-v curves similar to a diode. The ionic current
rectifying behaviour of triangular p-LDHM can also be utilized to achieve anion pumping

under the presence of a fluctuating electrical potential with a mean value of zero.
Summary of chapter 5:

In chapter 5, we have demonstrated the utilization of biological nanochannels extracted from
potato tuber for nanofluidic study. The biological nanochannels possess various elementary
nanofibrils with permanent negative charges and hence panoply several nanofluidic
phenomena analogous to its artificial nanofluidic devices. The bio-nanochannels-based
nanofluidic devices exhibit various nanofluidic phenomena like surface-charged-governed
ionic conductivity and thereby help in the development of transmembrane potential. The
mobility of ions in the hydrated bio-nanochannels is found to be higher than that of bulk water.
The cation-selective nature of bio-channels was also exploited to harvest a continuous supply
of power up to 74 mWm2 for 3 hours from the enzymatic decomposition of urea. The
transmembrane potential generated across the bio-channels was also explored for level-free

electrical monitoring of enzymatic reactions inside the biological medium.
Summary of Chapter 6:

In chapter 6, we have utilized another bio-derived material in the form of leaf vein network
extracted from peepal tree via microbial delignification process. The naked leaf veins

exhibit remarkable flux (evaporation rate 1.5 kg m h!) of capillary evaporation under ambient
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condition (25 °C and 30 % RH), close to the photothermal material-based evaporators reported
in the recent literature. The evaporation rates can be further improved by tuning the
environmental conditions like temperature, humidity, and wind speed. Even in the dark
conditions, with the help of air flow, naked leaf veins exhibit an evaporation rate at par with
the best photo-thermal material-based solar steam generators under intense light (one sun).
Leaf veins are made of dense micro and nanofibrils bearing negative surface charges, and such
charges on the walls of tiny channels possess the ability to break electrical neutrality of
electrolytes flowing through it. This property of the minuscule biochannels is exploited here
to harvest electrical energy through electrokinetic streaming potential. With such superiority,
our leaf vein-based evaporator has the potential to perform multiple valuable works

such as water desalination, humidification, and electricity generation in a single operation.

Future outlook:

We have noticed several significant outcomes of the as conducted research work related to
facile fabrication and applications of biomimetic and bio-derived nanofluidic systems. The
current thesis work has explored the properties of biomimetic and bio-derived nanochannels
and of utilized the same to fabricate nanofluidic conduits for multiple application purposes,
notably for manipulating molecular/ionic transportation, concentration gradient based energy
harvesting, uphill ion pumping, level free monitoring of enzymatic reactions and water steam
generation. Indeed, there are so many possibilities that can be explored in future to extend the

presented work which been proposed below.

» A major problem faced by the traditional proton exchanged membranes like nafion in
direct methanol fuel cell (DMFC) applications is the high methanol permeability, which
leads to a crossover effect. As we have already highlighted in chapter 2, incorporation

of humic acid as a synergistic spacer in GO laminates not only improves the proton
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conductivity of pristine GO membrane but also reduce the methanol permeability
through it. With such improvement GO-HA membranes may be a preferred candidate
of choice over GO membranes for DMFC applications.

» Utilization of both the cation and anion-selective membrane is desired to enhance the
operational performance of several futuristic applications such as osmotic power
generation, seawater desalination, and regulated ionic/molecular transportations.
Utilization of cation selective 2D membrane is well documented in literature and hence
we put emphasis on the development of anion selective 2D membrane. However as
compared to the cation selective 2D membranes like GO, Clay, MXene etc., LDH is
comparatively less stable and hence future research can be conducted to provided
rigidity to LDH based system to make it more appealing from industrial point of view.

> Nature produces a plethora of nanochannels to carry out highly complex biological
tasks in a sophisticated manner. There have been several studies to understand the
characteristics of these channels; however, efforts to apply them for technological
advancements are still scarce. Here, we have demonstrated that the fluidic channels of
biomaterials can be harvested as nanofluidic devices to produce energy from enzymatic
chemical reactions. Looking at the large variety of natural nanofluidic channels, it
should be possible to create/develop different kinds of nanofluidic devices for future
applications.

> Electricity is produced in leaf vein base system, when the charge nano- capillaries break
the electrical neutrality of electrolytes flowing through it. The magnitude of electricity
generation is dependent on two parameter viz surface charged density on the walls of
vein nano- capillaries and electrolyte flow rate through it. So we could have possibly
enhanced the magnitude of streaming potential generation by either incorporating a

charge polymer/nanoparticles that might increases the overall surface charge density or
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via incorporating plasmonic nanomaterials that will possibly increase the mass of flow

due to its localised heating effect.
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