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ABSTRACT

Water stress is a vital security challenge that our world faces, and it is intricately
connected to the global energy problem. Scientists and engineers have designed different
methods for efficiently purifying water. Among these technologies, membranes in particular
have proven to be effective for water purification with decades of productive use. Membrane
processes have distinct advantages, including high water quality with easy maintenance,
stationary parts with compact modular construction, and excellent separation efficiency. With
recent innovations in both analytical and fabrication tools, more advanced membrane

technologies are surfacing for a multitude of water purification applications.

In this dissertation, we aim to build advanced functional materials for three different
membrane systems to manipulate their interfaces to induce selective transport and to apply them
for practical use. We have made fundamental insights into the water-membrane interface
properties for selective ion transport, yielding first reports of advanced functional materials for

several applications.

This work begins with fabricating porphyrin covalent organic frameworks (POFs) using a
simple one-pot method to modify membranes for solar steam generation. The focus in the
literature of covalent organic frameworks for water treatment has been on desalination, dye
removal, and ion capture. We have developed a new direction for these materials, namely, to
design and fabricate this material for distillation. We demonstrated a universal, simple, and
scalable interface engineering strategy for the fabrication of a solar steam generator based on this
POF material. Wood@POF, using wood as the template, exhibited about 80% overall process

efficiency for solar steam generation under 1.6 Suns illumination.

xi



In the next chapter, we demonstrate a route to tune the ion-transport properties of
vermiculite membranes by introduction of alkanediamine molecules to crosslink the layers. We
show that the interlayer spacing can be tuned by introducing diamines of different molecular
lengths, and the crosslinked vermiculite membranes exhibit distinct ion-separation performance.
The methodology outlined here could be extended to other layered materials with different
inherent layer spacings and electrostatic properties, opening a pathway for designing a diverse

range of 2D membrane materials with tunable ion transport.

Next, a systematic study of surface charge properties of atomic layer deposition (ALD)
grown films in aqueous environments is established. 17 different ALD-grown metal oxide films
are synthesized, and a comprehensive study of their water stability, wetting properties, and
surface charge properties are provided. This analysis represents a resource guide for researchers,
and ultimately for materials and process engineers, seeking to tailor interfacial charge properties

of membranes and other porous water treatment components.

Lastly, ongoing experimental work in the development of a Janus membrane via ALD is
detailed. Detailed characterization of the structure, properties, and function of these membranes
will ultimately provide a thorough understanding of ionic transport properties, with ramifications

extending beyond the applications explored herein.
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Chapter 1: INTRODUCTION

Water security is a crucial element of the energy, climate, food, economic, and human
security challenges that our world faces in the coming decades.! As the economy expands
rapidly, water demand will increase along with pollution and wastewater generation. Unlike
energy sources, water has no alternative sources. Thus, water stress represents a massive and
growing social risk. To mitigate this challenge, various technologies have been explored to
increase supplies of fit-for-purpose water, including membrane separation, catalytic degradation,
adsorption, and solar steam generation, to name a few. These techniques can be divided into
three main categories: chemical, physical, and biological methods. To date, no single process is
capable of effective treatment on its own due to the complex composition of typical wastewater;

generally, one must apply a combination of various techniques in sequence.

Improving upon desalination, water recycling, and pollution remediation technologies
will only be possible with a thorough understanding of the interactions of complex aqueous
fluids with materials relevant for sorption, membranes, and other components of water treatment
systems. Scientific understanding of interactions and transport involving ions is particularly
poor. Furthering this understanding will have benefits beyond potential innovations in water
treatment technologies. Water at interfaces plays essential roles in many water treatment

applications.

To better understand the ion transport process and water interfaces in aqueous systems,
we propose the design and synthesis of new model porous materials, in some cases recently
enabled by the discovery in our group of a method for gradient interface engineering, for

nanofiltration and osmotic energy harvesting. We propose three different systems, which offer



complementary capabilities and an opportunity to broaden our understanding of more than one
mechanism: covalent organic frameworks (COFs), phyllosilicate 2D material membranes, and

Janus membranes.

1.1 Membrane for Water Treatment

Based on the pore size, membrane separation processes are classified into one of the
following categories: reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF). (Figure 1.1) Among these types of membrane, MF membranes have the
largest pore size, around 0.1-5 um, and RO membranes bare the smallest pore size, within 1 nm,
because they are mainly designed for the separation of metal ions or salt ions. 2

This dissertation mainly focuses on membranes of pore size between 1 to 100 nm, which

fall under the NF and UF categories.
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Figure 1.1: Schematic of the membrane filtration spectrum. RO, NF, UF, and MF membranes
have different pore sizes and applications. (Reproduced from [2])



1.2 Covalent Organic Framework-Based Membranes

Porous materials, such as porous carbons, zeolites, conjugated microporous polymers
(CMPs), porous aromatic frameworks (PAFs), and metal organic frameworks (MOFs) have
attracted substantial attention for their high surface area and abundant active sites. However,
there remains a need for porous structures with highly ordered aperture size and tunable
structures with designer properties. Covalent organic frameworks (COFs) are crystalline
framework materials, constructed by covalent bonds from reactions of light elements including
carbon, nitrogen, hydrogen, oxygen, and boron. COFs were first reported by Yaghi and co-
workers in 2005.2 Because of their high porosity, highly organized pore structures, adjustable
chemostability, tunable surface properties, and controllable aperture size, COFs have been
applied for gas separation®, gas storage™ °, catalysis” & °, chemical sensing'®, and energy
storage!® 12, Recently, COFs’ potential versatility in water treatment applications has generated
excitement in the field. Their designable aperture size and hydrophilicity make COF films or
mixed matrix membranes (MMMs) with COF particles as nanofillers promising candidates for
desalination or selective organic contaminant removal from aqueous solutions. Moreover, COF
powders with tunable surface properties, created by introducing different functional sites on the

organic linkages, are promising for selective metal ion detection and adsorption.®

COF films can be synthesized through a bottom-up strategy involving solvothermal
synthesis®, interfacial synthesis**, room temperature vapor-assisted conversion®®, or synthesis
under continuous flow conditions'®. Alternatively, a top-down strategy can be implemented to
obtain COF thin films from bulk materials, including solvent-assisted exfoliation!’, mechanical
delamination®®, chemical exfoliation'®, or self-exfoliation?®>. COF powders have generally been

synthesized through the solvothermal method. The reader is directed to existing reviews for



details on COF fabrication processes.?! 2 2% The state-of-the-art applications of COFs for water

treatment are in desalination, dye removal, ion capture, and beyond (Figure 1.2).

To utilize COF materials for water treatment, stability in water is an obvious prerequisite.
Many COFs show good thermostability, but stability in aqueous solution remains a challenge for
certain COFs. The physical aperture size defines the application space among membrane
separation processes such as RO, NF, UF, and MF; the design and fabrication COFs with tailored
pore size(s) is crucial for practical use. Properties like surface charge and hydrophilicity are also
important with regard to performance, which can be controlled through post-synthesis or bottom-
up methods. Introducing COFs into other materials to obtain hybrids is also a widely used

method to enrich functionality.
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Figure 1.2: Key applications for COFs in water treatment. (Reproduced from [*%])



Functionalization endows COFs with new or modified properties. Bottom-up synthesis and
post-synthesis modification (Figure 1.3) are the two general strategies to accomplish such
functionalization (e.g. surface charge or hydrophilicity), in analogy to the approaches discussed

previously for pore-size regulation.?
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Figure 1.3: Typical photothermal materials and their light-to-heat conversion mechanisms.
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Bottom-up synthesis is at once both a straightforward and a difficult approach for COF
design and construction. The functional moieties will be directly included in the designed
building units before completing the synthesis.?* For example, the surface charge of COFs can be
manipulated by the predesign of building-block monomers. Bottom-up strategies have succeeded
in constructing COFs for gas storage®* and photoelectric applications®®, and have also shown
potential for water treatment in some early studies. However, the design and fabrication of a new

COF with good chemostability, crystallization, and porosity is a significant challenge.



Water treatment in complex aqueous systems imposes a difficult set of requirements on
materials; one must consider the water stability, hydrophilicity, and charge distribution. Often,
COFs excel in exhibiting a subset of these properties while struggling to achieve others.
Combining COFs with other materials to create a COF-based hybrid is a potentially simple and
useful method to combine the merits of both materials. Many kinds of materials have been
reported to combine with COFs for water treatment, such as MOFs, GO, and polymers. The
intended application will dictate material selection in such hybrids. For seawater desalination or
dye removal, COF particles embedded in the crosslinked polymer polyamide (PA) can function
as a selective layer. COF thin films on UF support layers are another practical option. For ion
adsorption, graphene has been integrated into COFs to increase water stability and separation

ability.?

Solar steam generation (Figure 1.4) is a promising technology for treatment of saline or
wastewater, drawing on plentiful sunlight as a clean and renewable energy source for
distillation.?” 28 2 In this application, one needs an efficient photothermal material that can
harvest a broad range of wavelengths, convert the energy into heat, and transfer that heat to water

at an air/water interface for enhanced evaporation.
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Figure 1.4: Typical photothermal materials and their light-to-heat conversion mechanisms.
(Reproduced from [*%])

COFs with highly uniform and ordered aperture size provide passages can, in principle,
deliver ultrahigh-selectivity molecular sieving. Defect-free COF thin membranes can be
assembled onto UF substrates as a selective layer, and COF powders can be used as nanofillers
in active layers of mixed matrix membranes. COF particles are also often implemented as
adsorbents because of the high surface area and abundant surface active sites (chelating sites) for

heavy metal ions, radioactive ions, or organic pollutants. The design and the introduction of



surface functionality govern the adsorption performance of COFs. COFs with broad sunlight
wavelength absorption property and photothermal conversion efficiency have shown potential
for solar steam generation, and the use of COFs as photocatalysts or capacitive deionization

electrodes materials has only just begun.

The history of COF materials for water treatment is only about five years old; the
opportunities going forward are vast, presuming detailed foundational studies continue. Much
remains to be learned about the relationship between COF structure and performance/properties.
The mechanism of ion adsorption in COFs, development of tailored active sites for selective ion
capture, and the role that COFs particles play as nanofillers during separation processes still need
further investigation. With more in-depth understanding of the relationship between performance
and structure, more COF-based materials could be designed and explored effectively for water
treatment. A closely related application space is in sensor technology, where selectivity of
adsorption is also paramount. This is a topic ripe for additional exploration. With more
comprehensive understanding of the structure-performance relationships present in this diverse
class of materials, COFs may indeed play an important role for water treatment in the future. As
new COF platforms are developed, including engineering of their interfacial charge and
chemistry®!, it is certain that there will be exciting new discoveries with untold impact in

addressing our society’s water challenges.

1.3 Phyllosilicate Two-Dimensional Material Membranes

Two-dimensional (2D) materials (Figure 1.5) of atomic-scale thickness have emerged as
promising candidates to develop membranes with unique nanopores or nanochannels. 2D

material membranes feature unique permeation properties, providing a new pathway for fast and
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highly selective membranes for water separation. 2D materials can be fabricated into two
categories of membranes: nanosheet and lamellar membranes.®?> In general, the molecular
transport direction is perpendicular to the membrane for nanosheet membranes, which consist of
2D materials with uniform pore sizes for separation. In 2D lamellar membranes, the pathway of
molecules is parallel to membranes, which is fabricated by the restacking of 2D material
nanosheets. By choosing different 2D materials and tailoring the surface structures, those 2D
material membranes could exhibit both high flux and selective properties. The selectivity and the

transmembrane flux are also determined by the membrane thickness.

Figure 1.5: Interlayer spacing of 2D material membranes provides pathways for molecules and
ions transport through membranes.

2D material nanosheet membranes consisting of materials such as metal organic
frameworks (MOFs),3 34 zeolites® 3 or graphene-like materials®” % 3° have pore size range
from 0.25 to 5 nm.*% 1 Compared to 2D material nanosheet membranes, 2D material lamellar
membranes always behave lower separation efficiency because of their higher thickness.
However, they can also be easily fabricated on a larger scale, which are more suitable for
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practical applications. To date, various 2D materials have been successfully fabricated as
lamellar membranes for water separations or other applications. Among these 2D materials,
graphene oxide (GO)*" # is the most popular candidate. Besides graphene, 2D atomic crystals
such as transition metal dichalcogenides,*> “ layer double hydroxides (LDHs)* %° and MXenes*®
have received increased attention because of the nature of their 2D structures and unique

chemistries.

Phyllosilicates refer to the group of minerals which form parallel sheets of silicate
tetrahedra. Phyllosilicates can be broadly classified into two categories one where the
composition is 1:1, wherein there is one tetrahedral sheet for every octahedral sheet present and
another class of minerals have a 2:1 composition with one octahedral layer between two
tetrahedral layer. These sheet silicates include number of minerals like clay, mica, chlorite,
serpentine, talc, etc. The layer of water molecules occupies a spacing of about two water
molecules. The extent of hydration the way the layers are stacked within the structure of the clay
mineral is heavily dependent on the radius and the charge of the exchangeable cations present in
this space. For example, the interlayer spacing of vermiculite varies according to the relative

humidity and also the cations from 10.5 to 15.7 A. 47

1.4 Janus Membranes

1.4.1 Concept of Janus Membranes

Janus objects have been of great interest for over thirty years since Cho and Lee reported
the first Janus particle, consisting of polystyrene and poly(methyl methacrylate), in 1985.48

Widespread attention was then garnered after P. G. de Gennes's Nobel Prize lecture.*® The Janus
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object, named after the Roman god Janus, has two faces with different properties on each side.
Among different Janus objects, Janus membranes have attracted much attention for the past
several years.®® In contrast to conventional counterparts, Janus membranes exhibit opposite
properties on each side, like positive/negative surface charge, hydrophilic/hydrophobic surface,
etc. These kinds of asymmetric structures make Janus membranes obtain an intrinsic “inner”
driving force to control the transport properties of ions and molecules along the channels.>! This
inner driving force provides an additional potential, increasing the expected mass or energy flow
when it aligns with the external driving force, while decreasing those flows when counter

aligned.®

Fog collectiq,,
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UojsiaAu0? £o3

Figure 1.6: Summary of the properties, functions, and potential applications of porous Janus
materials based on various asymmetries (wettability, charge, pore size or structure, thermal or
electrical conductivity, or chemical activity). (Reproduced from [*%))
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Due to the unique structure of Janus membranes, they have shown much promise for
different applications, including nanofiltration, demulsification, and osmotic energy conversion.

(Figure 1.6)

Normally, Janus membranes could be fabricated by two approaches (Figure 1.7):
asymmetric fabrication and asymmetric decoration (through interfacial strategies or non-
interfacial strategies). Asymmetric fabrication introduces the Janus structure during the
membrane formation process, while asymmetric decoration introduces the Janus structure by

post-modification after membrane formation.>% 2

Membrane
I L 1
Interfacial strategies Non-interfacial strategies
! |
a Gas-liquid interface b Gas-solid interface c d e f
GEEEE paaas DOEEN EEEED QDEENE QDEEDE
Single-side deposition Template infiltration Surface modification Diffusion Surface midiﬁcan'on Surface modification
* ' Gas-solid inlerfagg;} ~ UVlight ~ Wliight
I

AEEER OEEEER EENEY QNNNEE NENDN
Surface modification Peel off by tape Photo-degradation Photo-crosslinking

Template removal

Figure 1.7: Scheme of fabrication processes of Janus membranes. (Reproduced from [2])

The conventional method to make a Janus membrane is to fabricate each side of the
membrane separately and then combine them together. For example, sequential electrospinning®*
and sequential vacuum filtration® are the two most common methods used to fabricate Janus

membranes.
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Another popular method to generate Janus structures is one-side modification. By
controlling directional diffusion or other asymmetric treatments, this goal could be achieved
easily. For example, shingle-faced photo degradation®®, single-faced photo crosslinking®’,
vapor treatment®, sing-faced coating®, floated deposition®®, and sequentially surface

modification®® have been successfully applied.

The thickness of each layer can be precisely and conveniently controlled by both above-
mentioned processes. However, most studies use interfacial combination via physical connection,
which yields materials that are difficult to modify and that suffer from instability and relatively
low surface energy. Herein, we propose to use atomic layer deposition (ALD) as a surface

modification method to generate Janus structure.

1.4.2 Introduction to Atomic Layer Deposition and Sequential Infiltration Synthesis

ALD is a novel technology for conformal membrane coating by which alternating
reactant vapors (also called precursors) enable atomic layer-by layer growth of different kinds of
materials, including metals, metal oxides, metal sulfides, and even organic materials. During the
ALD process (Figure 1.8), the alternating pulses of vapor precursors are used to deposit material
onto the targeted substrates. Each precursor will irreversibly react with the substrate chemically,
and each step is called a “half-reaction”. Subsequently, the ALD reactor chamber is purged with
carrying gas (typically N2 or Ar) to remove all unreacted precursor and by-products. Then
following the pulse and purge of the counter-reactant precursor, a single layer of the desired
material is formed. The total process of these steps is called one cycle. This process is then

cycled until the appropriate film thickness is achieved. In an ideal ALD system, each cycle
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deposits a certain uniform layer of targeted material, and the growth rate is known. However, the

ALD process is very complicated in reality, and can be affected by temperature, chemistry, flow

rate, and precursor diffusion time.
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Figure 1.8: Scheme of ALD and SIS interface engineering in terms of nucleation site-induced
Al>03 functionalization using precursors trimethylaluminum (TMA) and water. (Reproduced
from [%2))

Conformality of high aspect ratio and three-dimensional structured materials is made
possible by the self-limiting characteristic of ALD, which restricts the reaction at the surface to
no more than one layer of precursor. With sufficient precursor pulse times, the precursor can
disperse into deep trenches, which not only retains the original pore structure of the membrane

but also achieves nearly 100% coverage. This combination of attributes is important for catalytic
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or adsorptive membranes requiring high active area. Lastly, the coating thickness can be

precisely and continuously tuned across a wide range from nanometers to micrometers.%3

A new synthesis method developed 10 years ago, sequential infiltration synthesis (SIS)
(sometimes referred to as vapor-phase infiltration), extended the capabilities of ALD-like
processing via material-bulk-controlled vapor-solid reactions.* ALD and recently developed
related methods like SIS offer a tremendously diverse library of chemistries for interface
functionalization with intimate control over the surface properties. Thickness, stoichiometry,
gradient structures, and more can be manipulated with precision.®® In addition, much has been
learned in the past few years regarding the physical chemistry of SIS, which relies on a complex

interplay of covalent and non-covalent reactivity and diffusion.®
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Figure 1.9: Library of ALD- and SIS-grown materials. (Reproduced from [?])

A wide variety of materials have been synthesized via ALD (Figure 1.9). ALD, being a

far more mature technology, has established fabrication of many kinds of materials, including

16



oxides, sulfides, nitrides, and pure elements. Compared to ALD, the library of materials grown
by SIS is still very limited far now. The current published library of SIS coating materials

includes ZnO, TiOy, In,03, Ga»,03, Al,O3, and some few other metal oxides.

17



Chapter 2: PORPHYRIN COVALENT ORGANIC FRAMEWORK
(POF)-BASED INTERFACE ENGINEERING FOR SOLAR

STEAM GENERATION

Through replacement of traditional energy sources with sunlight as the heat source, solar
steam generation has emerged as a promising technology for water purification and desalination.
Despite significant efforts to develop efficient photothermal materials for solar steam devices,
challenges associated with scalable fabrication of high-performance materials remain. Moreover,
most existing methods cannot be easily engineered to produce steam-generating devices with
both arbitrary control over shape and high photothermal efficiency. Herein, a flexible porphyrin
organic framework (POF)-based interface engineering method is introduced to produce high-
performance solar steam generators. POFs, a recently discovered class of materials, are
demonstrated to grow readily on a diverse range of porous substrates, including membranes,
fabrics, sponges, and wood. Wood@POF exhibits particularly strong performance, achieving
~80% light-to-steam conversion efficiency. This study demonstrates a universal, simple, and
scalable interface engineering strategy for the fabrication of solar steam generators based on POF

materials.

2.1 Introduction

Water and energy represent two essential—and intertwined—elements of life and society.
With expanding population and rapid urbanization, both freshwater and energy supplies are

increasingly strained.®® ¢7-68 Existing methods for mitigating clean water shortage at the expense
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of greater energy consumption are unsustainable.’® 7° Solar-driven distillation/solar steam
generation for wastewater treatment and seawater desalination is one promising strategy to help
address this challenge in that it draws on plentiful sunlight as the clean and renewable source.?”
I To achieve effective solar steam generation, one needs evaporators that can float on water to
concentrate heat energy at the water-air interface, where evaporation takes place.?” > 3 Ideally,
though, high-performance solar steam generators must also combine all the following

characteristics:

(1) buoyant on water, (2) absorbs a broad spectrum of light to utilize the solar irradiation
effectively, (3) high light-to-heat conversion efficiency, (4) porous structure that facilitates heat
transfer to water while promoting water movement from the bulk to the interface, and (5) low

thermal conductivity to minimize heat losses to the underlying water body.

Recently, various photothermal materials have been developed for solar steam
generation, including carbon materials,”* 7> 76 7. 78 79 plasmonic metals,”® 8 & and
semiconductors.®? 8384 Compared with other materials, carbon materials have high stability and
low cost.®5 Carbon nanotubes’® and graphene’ have been applied in solar steam generation, and
wood,"? 8887 mushrooms,’® and carbon nanomaterial-based ink® have also been implemented in
light-to-heat conversion. Relevant localized interfacial heating membranes works a lot in this
field.2> ® Many of these syntheses cannot be easily Reproduced to impart photothermal
properties to arbitrary porous substrates—a necessary attribute in the development of solar steam
technologies. There remains a pressing need for scalable, water-stable photothermal coatings.
Herein, we introduce a new porphyrin organic framework (POF)-based interface engineering
strategy for solar steam generation,3! demonstrating a simple one-pot method for photothermal

material fabrication.
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Covalent organic frameworks (COFs) are a class of advanced porous materials with
abundant diversity in structure and composition, first reported by Yaghi and coworkers.® Since
then, COFs have been applied in various research areas including carbon capture,® gas storage,®?
and catalysis.®® % Recently, a new sub-class of COFs based on porphyrins (POFs) was reported
with demonstrated ability to uniformly grow on the surface of diverse materials with a range of
different porosities and hydrophilicity, while also exhibiting useful electrochemical properties.®®
The repeat unit of POF, porphyrin, has unique optical characteristics that may be exploited in the
context of new applications. Moreover, porphyrins are conjugated and highly delocalized organic
molecules with a strong ability to coordinate metal cations into complexes. These characteristics
make porphyrin and porphyrin-derived structures promising candidates for solar steam
generation and multifunctional applications in water-energy systems. Li and coworkers recently
reported a mild synthesis method to obtain POFs and used it for sustainable applications

including Li -S batteriesand Li metal protection. % %:97. 98

In this contribution, we apply POFs for the first time as photothermal materials for solar
steam generation. This application exploits POFs’ light-harvesting characteristics as well as their
natural ability to form uniform coatings on porous substrates as a direct result of the synthetic
procedure. The fabrication process is one-step, one-pot, and applicable to a wide range of

template materials. The chemical structure of the POF is shown in Figure 2.1.
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Figure 2.1: Schematic of direct synthesis of POF

There is enormous flexibility regarding the materials used as the supporting scaffold for
these POFs, enabling one to select an available material meeting the local needs. The
template@POF materials were one-pot synthesized following an acid-catalyzed dehydration
reaction of benzene-1, 4-dialdehyde (BDA) and pyrrole and porous structured materials as
templates. Pure POF exhibits a dense spherical morphology with a diameter of ca. 1.0 um
(Figure 2.2). Figure 2.3 depicts the scheme for in situ growth of POFs within porous templates.
These POF-based materials showed strong performance in sunlight-driven water evaporation.

Wood@POF was particularly effective, presenting high evaporation efficiency (79.6 = 3.0 %).
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Figure 2.3: Schematic of the synthesis process for POF-based solar steam generator
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2.2 Results and Discussion

2.2.1 Fabrication and Characterization of Templates@POF

Assisting template materials were placed into the precursor solution, providing nucleation
sites for in situ growth of POF. Several porous materials with widely varying surface chemistry
and structure, including wood, anodic aluminum oxide (AAO) membrane, sponge, and fabric,
served as the supporting substrates for POF growth, demonstrating the versatility of this method.
Among these commonly available materials, wood is a nearly ideal option since it meets most of
the requirements for solar steam generators, for example, density lower than water, low thermal
conductivity, high hydrophilicity, and a porous internal network comprised of microvoids and
cell wall capillaries. These templates were immersed in the precursor solution for 24 h. The as-
prepared materials were then washed, sonicated, and dried, producing four types of optically
black templates@POF (Figure 2.4 a-h). POFs successfully grew on the outer and interior
surfaces of all the tested template materials. Under simulated sunlight irradiation, all the
templates@POF show excellent photothermal properties, with a surface temperature above 90 °C
(Figure 2.4 i-l), which indicates that POF-based materials are promising candidates for solar

steam generation.
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Figure 2.4: Digital pictures of various materials (wood, AAO membrane, fabric, and sponge) a-
d) before and e-h) after in situ POF growth. i-1) Infrared images of POF-based materials under

simulated sunlight.

The surface morphologies of templates@POF before and after in situ growth were
observed by field-emission scanning electron microscopy (FESEM) (Figure 2.5). The nascent
template materials exhibit porous or layered structures. POF particles were dispersed evenly on
the surfaces of the templates. In this study, all reactions were consistently maintained at 80 °C
for 24 hours. The morphology of the scaffolds is unaffected by the synthesis process, other than
the appearance of adhered POF particles. The structure of the surface-bound POF particles
themselves is also the same as the POF grown in solution (Figure 2.2). X-ray diffraction (XRD)

data are shown in Figure 2.6, which shows almost same structure as previous work.%
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Figure 2.5: SEM images of AAO membrane, wood, sponge, and fiber before and after in situ

growth of POF. a-d) are pristine AAO membrane, wood, sponge, and fiber. e-h) are respectively

AAO@POF, wood@POF, sponge@POF, and fiber@POF.
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Figure 2.6: XRD spectrum of AAO membrane and AAO@POF
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2.2.2 UV-Vis Spectra of POF Particles and Templates@POF

The UV-vis spectrum of POF particle solution (Figure 2.7 a) shows increasing absorption
from the UV region to visible region. Time-dependent plane wave (PW) density functional
theory (DFT) calculations (Figure 2.8) of POF light absorption also display broad harvesting
across the visible and NIR range. The optical properties of templates@POF were also
investigated using a UV-vis/NIR spectrometer (Figure 2.7 b, Figure 2.8). In the case of AAO, the
nascent material displays negligible absorption over the entire range of wavelengths, as expected
from the visible white appearance (Figure 2.7 b). After coating with POF particles, however, the
AAO membrane turned black and exhibited a dramatic change in light absorption. The UV-vis
spectrum of the POF-coated AAO shows low total reflectance, and the measured transmission is
negligible. As a result, the light absorbance of the POF membrane is above 95% over the
wavelength range from 300 to 1300 nm, which captures the vast majority of the spectrum of
sunlight irradiation. It should be mentioned that the microfiltration membrane surface is
relatively smooth on optical length scales, and the reflectance can, therefore, be further reduced
by using substrates with macroscopically rough structures such as sponge or wood. After in situ
growth of POF, wood, sponge, and fabric all showed much higher absorption ability than the

respective nascent materials (Figure 2.9).
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Figure 2.7: a) UV-vis spectrum of POF particle solution. b) UV-vis/NIR spectra of pristine AAO
membrane and POF-based AAO membrane, with the AM1.5 standard sunlight spectrum overlaid

in gray for comparison.
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Figure 2.8: PW DFT calculation result of POF light absorbance a) with energy dispersion and b)

with wavelength dispersion.
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Figure 2.9: UV-vis/NIR spectra of wood, fabric and sponge materials before and after in situ

growth of POF.

2.2.3 Evaporation Performance of POF-Based Absorbers

To demonstrate the evaporation performance, POF-based absorbers were floated on water
and placed under simulated sunlight illumination. In this work, the optical concentration, Copt, IS
1.6. Figure 2.10a schematically illustrates the mode of operation of such a solar steam generator.
When light from the solar simulator illuminates the surface of the POF-based material, the
optical energy is converted into heat, which is transferred to the water within the material’s
pores, thereby accelerating evaporation. As low density, good absorption, porous structure, and
low thermal conductivity lay a solid foundation for efficient solar steam generation, we highlight

the evaporation performance of wood@POF. As shown by infrared imaging in Figure 2.10b, the
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heat was localized on the surface (water-air interface) of the template@POF material. The
surface temperature of wood@POF raised quickly with illumination, reaching 45 °C in 20
minutes, while bulk water will only achieve 33 °C in a comparable time period (Figure 2.10c).
This temperature rise is non-linear. In the initial two minutes, the surface temperature of
wood@POF increased to 36.8 °C from 21.8 °C, corresponding to a change rate more than three

times that of bulk water (22.3 °C to 26.5 °C).
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Figure 2.10: a) Scheme of water evaporation through the POF-based materials. b) Infrared

images of beakers of water with and without POF-based wood before and after simulated
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sunlight irradiation. ¢) Temperature change and d) mass change of beakers with only water,

floating wood on water, and POF-based wood on water.

The evaporation tests were performed under simulated sunlight illumination (1.6 Suns
intensity in this work). The water evaporation rate associated with wood@POF is 1.95 + 0.06 kg
m2 h'l. As a comparison, the evaporation of pure water and uncoated wood under the same
condition are also recorded, 0.30 and 0.94 kg m™ h’, respectively. Clearly, the evaporation
efficiency of wood@POF far surpasses that of both pure water and bare wood, as expected from
the enhanced light harvesting. The steam generation efficiency can be calculated by the

following equation:*’

17 = mhyv/CoptPo

Where m refers to the mass change rate, hiv to total enthalpy of sensible heat and the
liquid—vapor phase change enthalpy, Copt to the optical concentration, and Po the nominal solar
irradiation value of 1 kW m™2. Thus, the calculated evaporation efficiency is 79.6 = 3.0 % for
wood@POF. This high performance is not only attributed to the POF molecular structure itself,
but also the in-situ growth method, which preserves the nature of hierarchical cellulose-based

structure and low thermal conductivity.

2.2.4 Long Term Stability of POF-Based Materials

After the evaporation tests, we investigated the structures of wood@POF, also
AAO@POF, sponge@POF, and fiber@POF after solar irradiance. These materials show no

obvious difference after solar irradiance or solar steam generation as shown in Figure 2.11.
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Operational lifetime is indeed an important performance aspect for solar steam generators. A full
evaluation of this for the POF-based materials would be beyond the scope of this initial report,
but we have performed some preliminary experiments for evaporation of simulated seawater (0.6
M NaCl). After 20 minutes of evaporation, there is no apparent effect on the photothermal
surface. However, after 5 hours, salt crystals do begin to appear on the surface. These results are

included in Figure 2.12.

Figure 2.11: a-c) SEM images of AAO@POF, sponge@POF, and fiber@POF after solar
irradiance treatment. d) SEM image of wood@POF after solar steam generation. These materials

show no obvious difference after solar irradiance or solar steam generation.
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Figure 2.12: Digital image for wood@POF after solar steam generation for 20 minutes in a)
deionized water, b) 0.6 M NaCl solution. No salt crystals appear on the surface. c) Digital image
for wood@POF after solar steam generation for 5 hours in 0.6 M NaCl solution. Salt Crystals
appear on the top surface of wood@POF.

2.3 Conclusions and Perspectives

In summary, we have demonstrated a universal, simple, and scalable interface
engineering strategy for the fabrication of a solar steam generator based on POF material. POFs
can uniformly in situ grow on the surface of diverse materials with a range of different porosities
and hydrophilicity. Wood@POF, using wood as the template, shows about 80% overall
efficiency for steam generation under 1.6 Suns illumination. Table 2.1 compares the water
evaporation efficiency of this wood@POF with some other photothermal materials. This high
performance is attributed to both the superior qualities of wood materials as a scaffold material
and the exceptional solar absorptivity of POF particles. This method was also demonstrated with
other templates, including sponge@POF, fabric@POF, and membrane@POF. They are all
promising candidates as solar steam generators, with the selection of material for a specific
application guided by availability, cost, and other factors. POF-based interface engineering
design provides a pathway for the scalable fabrication of solar steam generators, with potential

ramifications for desalination, wastewater treatment, and beyond.
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Table 2.1: Water evaporation efficiency for different photothermal materials under different suns.

Materials Suns Efficiency Reference
Wood@POF 1.6 80% This work
3D-CG/GN 1 85.6% Ref. 74
CNT-silicon 1 82% Ref. 7
Graphene Foam 1 90% Ref. 7’
GDY/CuO nanowires 1 91% Ref. '8
Plasmonic wood 10 85% Ref. 8
MXene Ti3C2 1 84% Ref. 82
Chinese ink 1 82% Ref. 8
1 64%
Carbon foam/ graphite Ref. %
10 85%
Black Titania 1 70.9% Ref. 8
AU/NPT 4 90% Ref. 80
Carbonized mushrooms 1 78% Ref. 73
Graphitized carbon 10 69% Ref. 8
black
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COFs, due to their high porosity, highly organized pore structures, adjustable
chemostability, tunable surface properties, and controllable aperture size, have been
demonstrated in research labs for water treatment applications in desalination, organic

contaminant removal, metal ion capture, as well as in several additional emerging areas.

COFs with highly uniform and ordered aperture size provide passages that can, in
principle, deliver ultrahigh-selectivity molecular sieving. Defect-free COF thin membranes can
be assembled onto UF substrates as a selective layer, and COF powders can be used as
nanofillers in active layers of MMMs. COFs particles are often implemented as adsorbents
because of the high surface area and abundant surface active sites (chelating sites) for heavy
metal ions, radioactive ions, or organic pollutants. The design and the introduction of surface
functionality govern the adsorption performance of COFs. COFs with broad sunlight wavelength
absorption property and photothermal conversion efficiency have shown potential for solar steam
generation, and the use of COFs as photocatalysts or capacitive deionization electrodes materials

has only just begun.

The history of COFs materials for water treatment is only about five years old; the
opportunities going forward are vast, presuming detailed foundational studies continue. Much
remains to be learned about the relationships between COF structure and performance/properties.
The mechanism of ion adsorption in COFs, development of tailored active sites for selective ion
capture, and the role that COFs particles play as nanofillers during separation processes still need
further investigation. With more in-depth understanding of the relationship between performance
and structure, more COF-based materials could be designed and explored effectively for water
treatment. A closely related application space is in sensor technology, where selectivity of

adsorption is also paramount. This is a topic ripe for additional exploration.
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COF applications in desalination have only recently begun. Computational results hint at
tremendous promise, but the practical use of COFs as sieving channels has been limited because
this process relies on a difficult-to-achieve aperture size (less than 1 nm). Post-synthesis methods
may be utilized by anchoring side groups on the interior pore walls. There is still a pressing need

for stable COF membranes with high salt rejection and relatively high flux.

COF particle adsorbents have displayed limited practical use to date, but introducing
COF adsorbents into membrane technology may be beneficial for ion adsorption performance.
Generally, technoeconomic assessment will be essential, as COF syntheses may cost more than
current commercial materials. Guided by such analysis, new fabrication methods with cost-
effective and large-scale fabrication strategies could be developed for industrial applications.
Moreover, COF environmental compatibility has not been investigated yet; environmental risk
assessment should be considered before practical applications.[113] Reusability and long-term
operational stability of COF-based membranes and adsorbents will also need to be realized to
enable most real-world applications. We note that COF-based materials are still absent in some
other significant areas of water treatment, such as electrodialysis and membrane distillation,

which may offer some interesting opportunities as well.

With more comprehensive understanding of the structure-performance relationships
present in this diverse class of materials, COFs may indeed play an important role for water
treatment in the future. As new COF platforms are developed, including engineering of their
interfacial charge and chemistry,[114] it is certain that there will be exciting new discoveries

with untold impact in addressing our society’s water challenges.
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2.4 Experimental Section

Fabrication of Templates@POF. The AAO and PVDF membranes were purchased
from Sterlitech (USA) and MilliporeSigma (USA), respectively. The cotton fabric, melamine
sponges, and basswood were obtained from Fisher Scientific (USA). The terephthalaldehyde,
pyrrole, trifluoroacetic acid (TFA), nitrobenzene, and acetic acid were purchased from Sigma-
Aldrich (USA). Templates@POF were synthesized using a one-pot method. An acid-catalyzed
dehydration reaction leads to uniform in situ growth on a variety of different substrates. The
selected substrate material (AAO membrane, fabric, sponge, or wood) is trimmed as needed to
achieve the desired form factor and placed into the reactor. 100 mL acetic acid is added to the
vessel, followed by addition of 50 pL. TFA to serve as an acid catalyst. Next, 22.72 pL pyrrole,
300 pL nitrobenzene, and 23.44 mg terephthalaldehyde are mixed with the suspension. The as-
obtained mixture was kept at 80 °C under continuous magnetic stirring for 24 h and then cooled
down to room temperature. The black products were washed using acetone, isopropyl alcohol,
and deionized water twice. Ultrasonic cleaning for 30 minutes served to remove any weakly
bonded POF particles. After drying in a vacuum oven at 100 °C for 2 hours, the black

templates@POF were obtained for further characterization.

Characterization. The particle size distribution was detected by a particle size analyzer
(Zetasizer Nano, Malvern). The surface structures and morphologies of templates@POF and
pristine templates were characterized using a JSM7500F (JEOL Ltd., Tokyo, Japan) field
emission scanning electron microscope (FE-SEM) at 3.0 kV. The UV-Vis-NIR reflection and
absorption spectra of templates@POF and POF solution were collected using an UV-Vis-NIR
spectrometer (Lambda 950, PerkinElmer). The infrared images were taken with a FLIR C2

Compact Thermal Imaging Camera, and the temperature vs. time data were collected using an
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infrared gun. The water evaporation tests were all conducted using a solar simulator (Oriel 300
W, Newport). In the experiment, we put wood or wood@POF in a 20 mL beaker full of
deionized water. The outer wall of the beaker was covered with an opaque layer to make sure the
light only input from the top of the beaker. Because the wood was a little smaller than the
opening area of the beaker, a polypropylene mask combined with heat-insulating film was used
to cover the remaining exposed water surface. Evaporation was quantified by measuring the

mass loss using a precision balance.

Density Functional Theory. The QUANTUM ESPRESSO package'® was applied.
SG15 ONCV pseudopotential'®® is used for all elements. The exchange-correlation part of the
density functional was treated within the generalized gradient approximation (GGA) of Perdew—
Burke—Ernzerhof (PBE).1% 1 The cut-off energy for the plane-wave basis was 50 Ry. The basic
calculations were performed in the unit cell consisting of 54 atoms (Cs2NsH1sg), with a k-point

mesh of 5x5x1, and the total energy is converged to 1x10* eV.
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Chapter 3: TUNABLE ION TRANSPORT WITH

FREESTANDING VERMICULITE MEMBRANES

Membranes integrating two-dimensional (2D) materials have emerged as a category with
good ion transport and separation applications in both aqueous and non-aqueous systems. The
interlayer galleries in these membranes drive separation and selectivity, with specific transport
properties determined by the chemical and structural modifications within the inherently
different interlayers. Here we report an approach to tuning interlayer spacing with a single source
material—exfoliated and restacked vermiculite with alkanediamine crosslinkers to both control
the gallery height and enhance the membrane stability. The as-prepared crosslinked 2D
vermiculite membranes exhibit ion diffusivities tuned by the length of the selected diamine
molecule. The 2D nanochannels in these stabilized vermiculite membranes enable a systematic
study of confined ionic transport and may provide a pathway for applications of 2D material

membranes in water treatment, energy storage, and beyond.

3.1 Introduction

Membrane technology has proven viable in water purification and other separation
applications with decades of productive use. As a process without the requirement of phase
change, it involves low energy input, high efficiency, and continuous operation,04 105 106, 2, 107
However, membrane technology continues to struggle with the challenge of trade-offs between
selectivity and permeability.:®® Most methods to increase selectivity (e.g., narrowing pore size)

inevitably decrease the permeability; reducing the membrane thickness to increase permeability
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will generally decrease selectivity due to inevitable pore size variations. There has been only
limited success in pushing the boundaries of these trade-offs with advanced membrane materials.
Molecular-sieving fillers with nanostructuring (e.g., nanocrystals or 2D nanosheets) can
simultaneously improve both permeability and selectivity.'% 1° Anomalous transport phenomena
observed with 2D material membranes, such as ultrafast water transport''® 12 and selective ion
transport*® 4 in particular, have attracted attention for promising applications in water
treatment. To date, graphene oxide (GO) and other graphene family materials have been the
primary focus for researchers in this field.*> 116 Beyond the graphene family, boron nitride’,
MXenes*8, transition metal dichalcogenides (TMDs) such as MoS; *** and WS, '%°, and layered
double hydroxides (LDHs)'?* have also been explored. Each of these classes of materials carries

challenges in translating laboratory-scale studies to practical technological applications:

(1) During typical exfoliation processes, acids, oxidants, or solvents are used to break the
bonding between layers, which carry adverse environmental impacts. (2) For some 2D materials,
precursor materials are limited in supply and therefore expensive. (3) For practical application as
separation membranes, long-term water stability and chemical resistance are important factors to
be considered, and some 2D materials will evolve in aqueous environments due to oxidation or

hydroxylation of the surface functional groups and other reactive species.

Clay minerals are naturally occurring phyllosilicates that can be found in sedimentary
rocks and hydrothermal deposits and have found widespread applications from the beginning of
human civilization.*?®> Vermiculite, Mgo.7(Mg,Fe,Al)s(Si,Al)s020(OH)s - 8H,0, is a hydrous
layered aluminosilicate compound with each layer composed of one Mg (or Fe)-based octahedral
sheet sandwiched between two tetrahedral silicate sheets (Figure 3.1a).1%® The global production

of vermiculite is approximately 0.5 million tons with the average price of around $350 per ton,
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suggesting a plentiful and low-cost source material.'* Vermiculite layers have strong negative
surface charge, which is typically compensated by hydrated cations in the interlayers.'?>!% These
interlayer cations enable simple exfoliation of vermiculite via ion exchange.*?® Vermiculite also
has extraordinary water and chemical stability.'?> 127 Although the layered structure has been
recognized since the 1990s, vermiculite’s primary application is in traditional industries such as
construction. Membrane applications have only emerged in recent years. Vermiculite membranes

have shown promising potential in batteries'?® 12 and water treatment!2> 127 130,

In the quest to overcome the selectivity-permeability trade-off, attention has turned
primarily to engineering improved selectivity. For many applications, the challenge centers on
tuning selectivity in the nanofiltration regime, roughly spanning the range of 0.5-10 nm. Ideally,
a high-performance membrane will have transport channels with uniform size, chemistry, and
charge to maintain the maximal permeability for a given size/charge exclusion behavior. In this
work, we successfully demonstrate a route to tunable ion-transport properties of vermiculite
membranes (VMs) by introduction of alkanediamine molecules to crosslink the layers (Figure
3.1b), which also enhances the water stability. We show that the interlayer spacing can be tuned
by introducing diamines of different molecular length. The crosslinked VMs exhibit distinct ion-
separation performance, dictated by a combination of the tuned layer spacing and interlayer
(negative) surface charge. The methodology outlined here could likely be extended to other
layered materials having different inherent layer spacing and electrostatic properties and
therefore represents a pathway for designing a diverse range of 2D membrane materials with

tunable ion transport.
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Figure 3.1: a) Crystal structure of vermiculite, which contains two tetrahedral sheets with an
octahedral sheet, and balance of hydrated cations (Mg?*/Ca®*/Fe?*) between layers. b) Schematic
illustration of the fabrication process of an alkanediamine crosslinked VM (XDAVM).

3.2 Results and Discussion

3.2.1 Fabrication and Characterization of Vermiculite Membranes

Stable aqueous dispersion of vermiculite flakes was prepared from thermally expanded
vermiculite crystals by two steps of ion exchange, as reported previously.!?® 122 Process details
are provided in the Experimental section. Optical images of thermally expanded bulk
vermiculite (Figure 3.2a) indicated the multilayered structural nature of the raw mineral.
Flexible, thin, free-standing VMs (Figure 3.2b) are readily achieved by vacuum filtration of the
exfoliated material. Cross-section scanning electron microscopy (SEM) images of a VM (Figure
3.2c) reveal its lamellar microstructure. The final thickness of such VMs is determined by the
concentration and volume of vermiculite colloidal dispersion used in the vacuum filtration
process. Restacked vermiculite has a relatively uniform interlayer spacing with some variation
owing to the presence of different balancing cations, different degrees of hydration, and stacking
disorder. As shown in Figure 3.2d, the X-ray diffraction (XRD) pattern of VMs in this work has a

strong peak at 7.1°, corresponding to the {001} d-spacing of 12.4 A. Figure 3.2e is an atomic
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force microscopy (AFM) image of typical exfoliated vermiculite flakes. The height profile
extracted from this image (Figure 3.2f) shows that the thinnest layer of flakes is around 1.2 nm,

corresponding to the monolayer height of exfoliated vermiculite.
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Figure 3.2: Exfoliation of bulk vermiculite and the fabrication of free-standing vermiculite
membranes. a) Thermally expanded bulk vermiculite, which can be exfoliated by two steps of
ion exchange. b) Flexible free-standing vermiculite membrane fabricated by vacuum filtration. c)
Cross-section SEM image of a VM. d) XRD scan of a VM showing the {001} layer spacing. e)
AFM topography image of exfoliated vermiculite flakes, and f) Line scan extracted from AFM
data showing the monolayer height.

3.2.2 Crosslinked Vermiculite Membranes

To demonstrate the concept of alkanediamine crosslinking of vermiculite sheets, three
different diamines are chosen: 1,2-ethanediamine (EDA), 1,4-butanediamine (BDA), and 1,6-
hexanediamine (HDA). Following membrane fabrication (see Methods), three free-standing

crosslinked VMs are obtained successfully (Figure 3.3). The morphology and the surface
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structure of as-fabricated diamine-crosslinked vermiculite membranes (xDAVMs, x=E, B, or H)
exhibit no qualitative change compared with the uncrosslinked VM (Figure 3.4a-f). The diamine

modified VMs retain the lamellar microstructure, as shown in cross-section SEM images.

Figure 3.3: Optical images of crosslinked EDAVM, BDAVM, and HDAVM.
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Figure 3.4: a-c) Top-view SEM images of EDAVM, BDAVM, and HDAVM. d-f) Cross-section
SEM images of EDAVM, BDAVM, and HDAVM. g) XPS spectra of N1s of VM and BDAVM
showing the integration of diamines in the latter. h) XPS spectra of Al 2p of VM and BDAVM. i)
XPS spectra of Si 2s of VM and BDAVM.

To confirm the integration of diamines into the final membranes, X-ray photoelectron
spectroscopy (XPS) measurements were carried out. Figure 3.4g exhibits the N 1s XPS spectra
of VM and BDAVM,; there is no nitrogen peak apparent for the original VM, whereas the
BDAVM N 1s XPS spectrum indicates substantial presence of diamines in the material. The
high-resolution N 1s peak in BDAVM membrane is broad and asymmetric. Curve deconvolution

indicates two types of binding configurations for the nitrogen atoms and can be fitted for
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unbound/free (-NH2) and bound/crosslinked (-NH-) shifted to the high-binding-energy side.'*
The fitted XPS peaks at 400.6 eV and 403.1 eV likely correspond to C-NH; and N-O-Al/-N-O-
Si/Al bonding, respectively. Depth profiling (Figure 3.5a) indicates that the diamines are both at
the surface and within the bulk of the crosslinked vermiculite membranes. Based on XPS
elemental analysis, the density of diamines linked to vermiculite interlayer surfaces is
approximately 1-2.4 molecules per nm?. The C/N ratio provides further evidence for VM
crosslinking. We find good agreement between the experimentally determined and theoretically
expected C:N values for BDAVM (observed = 2.16:1; theoretical = 2:1) and HDAVM
(observed = 3.2:1; theoretical = 3:1) (Figure 3.5b). While we expect a C:N ratio of 1:1 for
EDAVM membrane, the observed value was 0.4:1. Comparing the percent N/(Al+Si) values
between the different alkanediamine crosslinked vermiculite membranes (Figure 3.5c), we found
that EDAVM films yielded higher degree of crosslinking (38%) compared to BDAVM and
HDAVM, which exhibited a similar degree of crosslinking (10%). The lower degree of
crosslinking can be attributed to the molecular size-dependent steric hindrance of diamines
(EDA, length = 3.7 A; BDA, length = 6.2 A; and HDA, length = 8.7 A) limiting their access to
the space between the vermiculite interlayers, attracted by long-range van der Waals
attraction.® Further studies of crosslinking sites, crosslinking time, and crosslinker-VM
interactions may be fruitful, particularly in terms of highlighting the factors affecting the degree
of crosslinking. To explore the nature of the bonding between diamines and vermiculite layers,
we examine the high-resolution Al 2p, Si 2p, and O 1s XPS spectra (Figure 3.4h, Figure 3.4i and
Figure 3.6); the BDAVM Al 2p peak shifts from 74.5 eV to 74.8 eV, and the BDAVM Si 2p
peak shifts from 102.5 eV to 103.2 eV. Also, the BDAVM O 1s peak shifts from 531.6 to 532.1

eV, which suggests the Al-O/Si-O in the tetrahedral layers is interacting with the diamine (Figure
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3.1a shows the vermiculite crystal structure). (All spectra were referenced to the Cls peak at

284.8 eV.)
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Figure 3.5: a) XPS depth profile of nitrogen element for BDAVM. b) C:N values for xDAVMs. c)
(Al+Si):N values for xDAVMs.
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Figure 3.6: XPS spectra of O 1s of VM and BDAVM.
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Extended membrane stability in aqueous environments is a critical prerequisite for
application in water treatment. However, the as-synthesized, uncrosslinked VM is not stable in
water. After submersion in deionized water (DI) for 20 minutes with mild shaking, the VM was
redispersed in water because of its highly hydrophilic nature (Figure 3.7 and 3.8). In contrast,
after crosslinking with diamines, the membrane water stability is enhanced. The thickness of
HDAVM, for example, remains unchanged after extended submersion in water or in 0.1 M KCI

aqueous solution (Figure 3.9).

Figure 3.7: VM has poor water stability because of its highly hydrophilic nature.
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Figure 3.8: VMs are hydrophilic with a water contact angle of 24.7°.

Figure 3.9: 10 um HDAVM was soaked in 0.1 M KCI aqueous solution. After 60 days, the
thickness remains 10 pm.
3.2.3 Water Permeance of xDAVMs

With the introduction of diamines, the interlayer spacing is modified. The measured d-
spacings of VM, EDAVM, BDAVM, and HDAVM are 12.40, 12.87, 13.10, and 13.18 A,
respectively, when dry (Figure 3.10a). Hydration by soaking in DI water for 24 hours slightly

increases the d-spacings of EDAVM, BDAVM, and HDAVM to 12.91, 13.14, and 13.22 A,
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respectively (Figure 3.11). As would be expected, the varying interlayer spacing correlates with
different water permeance. Different crosslinked VMs were punch-cut to 25 mm standard
membrane disks and tested using a lab-scale dead-end filtration system. After the thickness is
normalized to 20 um, the water permeance for EDAVM, BDAVM, and HDAVM are 17 + 2, 40 +
5,and 77 + 3 L m? hl bar?, (Figure 3.10b) respectively, revealing the sensitive dependence of

permeability on layer spacing.
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Figure 3.10: a) XRD data show that the interlayer spacing of VMs is systematically tuned by
integrating different diamine crosslinkers. b) Water permeance through VMs correlates with the
interlayer spacing.
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Figure 3.11: XRD patterns of xXDAVMs in wet state (dash line) and ambient state (solid line).

3.2.4 lon Transport of XDAVMs

With the ability to tune water permeability demonstrated, we turn our attention to

characterization of the ion-transport properties of this XDAVM series to ascertain the potential

for tuning sieving performance with different crosslinking species. lon transport was performed

with an H-cell permeability device using the concentration gradient as the driving force. The

feed half-cell contained 90 mL 0.1 M of different salt solutions (KCI, NaCl, LiCl, MgCl», CaCl.,

YCl3, K2SOs4, or K3POys), and the permeate half-cell was filled with the same volume DI water.

Both sides of the H-cell were stirred at 400 rpm to minimize the potential influence of
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concentration polarization. lonic conductivity of the permeate solution was continuously
recorded using a conductivity meter, and permeation rates were obtained based on a calibrated
linear relationship between the conductivity and concentration of salt solutions. Inductively
coupled plasma - optical emission spectrometry (ICP-OES) was used to confirm the reliability of

this simple conductivity measurement method.

Permeation experiments of both some common anions and cations were performed. As
shown in Figure 3.12a, the ion permeability for anions with various valences and sizes exhibit a
clear trend of CI- > SO4%>> PO,*. The diffusion of chloride ions is significantly faster than that of
sulfate and phosphate because the transport is governed largely by a size-exclusion process, and
chloride ions have the smallest size among this set. The larger negative charge of the multivalent
anions likely also plays a role through Donnan effect, resulting from electrostatic interactions
between solutes and membrane surfaces. Membranes with the same charge repel the ions while
attract ions with opposite charge.'3* 34 Moreover, the ion permeability of an individual anion for
different xDAVMs has the trend HDAVM > BDAVM > EDAVM. Because of the negative
(repulsive) surface charge property of XDAVMs (see zeta potential data in Figure 3.13), and the
fact that the interlayer spacing of HDAVM is larger than the other two membranes, HDAVM

would be expected to exhibit the highest anion permeability.

Cations, in contrast, exhibit different behavior. Positively charged species transporting
through xXDAVMs face the same two mechanisms, namely, size exclusion and electrostatics, but
the latter will be attractive in this case. This distinction appears to have a qualitatively different
impact on ion transport because of the possibility for more significant dehydration of the
diffusing ions. When cations pass through the nanochannels of VMs, the negatively charged

nanosheets have strong electrostatic interactions upon them when the channel scale is on the
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order of the Debye length, which is around 1 nm in this system (depending on the ionic strength
for each electrolyte). As shown in Figure 3.12b, the ion permeability of individual cations for

different xDAVMs often follows the same trend of HDAVM > BDAVM > EDAVM (although

the difference between EDAVM and BDAVM is smaller).
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Figure 3.12: a) Tunable anion permeability through XDAVMs. b) Tunable cation permeability

through xXDAVMs.
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Figure 3.13: Zeta potential measurement of xXDAVMs in 0.01 M KClyq at pH=5.0.

Comparisons across different cations (with respect to their size and valence), however,
reveals different behavior. When the ion transport process is governed by size exclusion, the
hydrated ion size is the most important factor. In this context, K*, with the smallest hydration
radius, should possess the highest ion permeability; Mg?* with a larger hydrated radius would be
expected to have relatively lower ion permeability. Surprisingly, as reported for (non-
crosslinked) VMs!?’, higher Mg?* permeability was observed here for EDAVM, BDAVM, and
HDAVM. A possible explanation for the high permeability could lie in a mechanism strongly

dominated by the dielectric interaction with some contribution of steric and Donnan effects;
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association of counter-ions with fixed charges accompanied by charge reversal for divalent
cations may be responsible for the observed behavior.®*> *¢ Compared to monovalent cation,
Mg?* is expected to pass more readily due to stronger attraction to negative membrane charges
according to Donnan effect. We further investigated the ion permeability for another trivalent
cation Y3. xDAVMs all exhibited higher ion permeability value compared to monovalent
cations, which further prove the explanation. We note that hydrated magnesium ions are present
in natural vermiculite interlayers, suggesting a potential favored interaction with this specific
cation; these and other mechanisms are an interesting topic for future studies. Importantly,
beyond the overall permeabilities changing, the permeability ratios of ions also vary as the layer
spacing changes, suggesting a possible route to rational membrane design for targeted ion
separations. At last, we compared the ion rejection performance of XDAVMs with different
single salts through a dead-end filtration system. Because the relatively large interlayer spacing

compared to the ion sizes, the ion rejection ratio is limited (shown in Figure 3.14).
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Figure 3.14: lon rejection performance of XDAVMs with single salts

3.3 Conclusion

We have demonstrated a method for tuning the 2D interlayer galleries of phyllosilicate
mineral membranes via judicious selection of different molecular crosslinkers. The water
stability (including in electrolyte solutions) is enhanced while preserving the general layer
morphology and structure. Control of the nanochannel height enables tuning of both water and
ion permeabilities via delicate manipulation of the balance between steric hindrance and

electrostatic interaction. In principle, since the ion permeability ratios vary with different
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interlayer spacings, one could rationally design a particular spacing to promote transport of
certain ions while inhibiting others, providing a broad array of applications for such membranes

for ion separation, battery separators, wastewater treatment, resource recovery, and beyond.

3.4 Experimental Section

Vermiculite Exfoliation. Vermiculite was obtained from Sigma Aldrich, which is in
bulk condition. The vermiculite was exfoliated by the ion-exchange process as reported
previously. 1?2 126 100 mg of bulk vermiculites was added into 500 mL of saturated sodium
chloride (NaCl) solution and stirred under refluxing at 100 °C for 24 h to replace the interlayer
Mg?* cations with Na*. The solution was filtered, and then the sediment was rinsed repeatedly
with deionized (DI) water and ethanol in sequence to remove the remaining salt. In the next step,
the as-prepared sodium vermiculite (NaV) was dispersed in 500 mL 2M LiCl aqueous solution;
the as-obtained mixture was kept at 100 °C under continuous magnetic stirring for 24 h to further
replace the interlayer Na* with Li* cations and then cooled down to room temperature. After the
same cleaning procedure, the lithium vermiculite (LiV) flakes were sonicated in DI water for 1
hour to exfoliate them into monolayer LiV nanosheets. Centrifugation at 3000 rpm was applied

for 20 minutes to remove the multilayer vermiculite nanosheets and other bulk residues.

Fabrication of Vermiculite Membranes. The vermiculite membranes were prepared by
vacuum filtration of the 50 mL diluted vermiculite nanosheet—-aqueous solution mixture through
a porous commercial hydrophilic PVDF membrane substrate (pore size of 0.22 um and diameter
of 47 um). The as-prepared vermiculite film on PVDF can be peeled off from the substrate easily

after dried to obtain a free-standing vermiculite membrane.

56



Fabrication of Crosslinked Vermiculite Membranes. To further modify the interlayer
spacing to control the ion-transport properties through the membrane and enhance the water
stability of vermiculite membranes, different crosslinkers were applied. To precisely control and
compare the effect of the crosslinker, 1,2-ethanediamine, 1,4- butanediamine, and 1,6-
hexanediamine were chosen as the crosslinkers. After the diluted vermiculite nanosheet solution
was obtained following the vermiculite exfoliation process, 50 mg of crosslinker was dropped
into the 50 mL solution and followed by a sonication process for 1 hour. The crosslinked
vermiculite nanosheet solution were filtered through a PVDF substrate and peeled off to obtain

free-standing EDAVM, BDAVM, and HDAVM.

Structural and Chemical Characterization. The surface structures and morphologies of
vermiculite powder and different VMs were characterized using a Carl Zeiss Merlin high-
resolution field emission scanning electron microscope (FE-SEM) at 3.0 kV. The X-ray
diffraction (XRD) patterns in the Bragg-Brentano geometry were obtained using a Rigaku
benchtop X-ray diffractometer equipped with HyPix-400 MF 2D hybrid pixel array detector
(HPAD) and a Cu Ka X-ray source (wavelength of 1.5418 A) operating at 40 kV and 15 mA. X-
ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Fisher k-
Alpha+, and the spectra were analyzed using Thermo Fisher Avantage software. The X-ray
source was a micro-focused monochromatic Al Ko (1487 eV) with a spot size of 400 um. Survey
scans used a pass energy of 200.0 eV and a step size of 1.000 eV, and high-resolution XPS scans
used a pass energy of 50.0 eV and a step size of 0.100 eV. Ar" ion sputtering was performed for
depth profile measurement and the sputter rate was calibrated using Ta»Os, accounting for a
Ta2Os-equivalent rate of 0.28 nm/s (time of etch cycle: 10s; ion energy: 1000 eV). Thermo

Avantage (v. 5.977, Build 06436) post-processing software was used for spectral analysis. High
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resolution peak deconvolution was performed using the Powell peak fitting algorithm with mixed
Gaussian-Lorentzian line shapes and a Smart background. All the spectra were referenced to the
C1ls peak at 284.8 eV. Surface wettability was investigated using a static water contact angle
measurements system (DSA 25E, KRUSS) and the sessile drop method. The morphologies of
VMs were characterized using an MFP-3D atomic force microscopy (Asylum Research). The
clay mineral flakes deposited on a silicon wafer were imaged with Nanosensors PPP-NCHR-W
tips (Resonance frequency: 204-497 kHz; Force constant: 10-130 N/m; and nominal tip radius:
10 nm) in a tapping mode. The collected images were analyzed using the Asylum Research

software to determine the thickness and size of the individual particles.

Water Permeance Measurement. The water permeance performance of the as-prepared
VMs was tested with a lab-scale dead-end filtration system with an effective membrane area of
4.9 cm?. The flux test experiments were operated under 2.2 bar at 25 °C. The water flux (Fw, L

m2 ht bar?) was calculated by the following equation.

where Q, A, t, and AP represent the volume of permeated water, effective membrane area,

permeation time, and driving pressure on the feed side, respectively.

Zeta Potential Measurement. VM zeta potentials were measured using streaming
potential measurements performed with an adjustable gap cell in an Anton Paar SurPASS 3
system, averaging over at least three samples of each material. The electrolyte for all the
measurements is 0.01 M KCI aqueous solution. The reference material is a polyvinylidene
fluoride (PVDF) membrane provided by Anton Paar. The zeta potential can be calculated based
on the Smoluchowski equation. 37 138
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lon Transport Measurement. The ion-transport properties were tested with an H-cell
permeability device. The free-standing crosslinked VMs were immersed in DI water before
testing to remove impurity particles and ions on the surface. The feed half-cell contains 90 mL
0.1 M of different salt solutions (KCI, NaCl, LiCl, MgCl,, CaCl, YCIs, K2SQOa, or K3POs), and
the permeate half-cell was filled with the same volume DI water. Both sides of the H-cell were
stirred under 400 rpm to avoid the potential influence of concentration polarization. The ionic
conductivity of permeate solution was continuously recorded using an ionic conductivity meter
(Orion Versa Star Pro Conductivity Benchtop Meters) and then permeation rates were obtained
based on the linear relationship between the conductivity and concentration of salt solutions.
Two to four different samples are tested for each XDAVM. The reliability of the conductivity
method was further confirmed with Thermo Scientific iCAP PRO XP ICP-OES measurement.
The samples for the ICP-OES tests were collected and diluted 100 times in 1.0 wt% HNOs3

solution.

In the concentration-driven diffusion and crossover tests, the increase of concentration in
the permeate solution over the initial period without any volume change follows Fick’s first
law.’*® The ions permeation rate (J) across a membrane is calculated from the following

equation.

V ocC

]=Z(§

where J, V, A, C, and t are the flux, solution volume, effective area of the membranes,

concentration of permeate, and diffusion time, respectively.
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During the process with a constant flux, the previous equation can be simplified as

follows:

=0 (2 72) =P - )

where D is the permeability, C: and C; are the concentration of feed and permeate
solutions, | is the membrane thickness, and P is the permeance. The membrane thickness is

measured by a micrometer with the accuracy of 1 pum.
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Appendix A

Figure 3.15: H-cell systems for ion diffusion tests.
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Chapter 4: SURFACE ZETAPOTENTIAL OF ALD-GROWN

METAL OXIDE FILMS

Membranes are among the most promising technologies for energy-efficient and highly
selective separations, and the surface charge property of membranes plays a critical role in their
broad applications. Atomic layer deposition (ALD) can deposit materials uniformly and with
high precision and controllability on arbitrarily complex and large substrates, which renders it a
promising method to tune the electrostatics of water/solid interfaces. However, a systematic
study of surface charge properties of ALD grown films in aqueous environments is still lacking.
In this work, 17 ALD-grown metal oxide films are synthesized, and a comprehensive study of
their water stability, wetting properties, and surface charge properties are provided. This work
represents a resource guide for researchers, and ultimately for materials and process engineers,
seeking to tailor interfacial charge properties of membranes and other porous water treatment

components.

4.1 Introduction

The global interplay of supply and demand for water is largely dictated by the growth of
the world population, ongoing societal development, and climate change. The fraction of the
world’s population experiencing water scarcity increased from 0.24 billion in the 1900s to 3.8
billion people in 2009 and is forecast to reach 6.3 billion in the next few decades.'® 4! At the

same time, society is undergoing significant expansion of manufacturing, energy production, and
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other water-intensive activities. Thus, demand for fresh water is growing dramatically. Beyond
water scarcity, extensive pollution of water is an emerging global issue that needs to be
addressed to maintain a sustainable environment. 4% 142 Current methods to address water
pollution are often energy-intensive. As with water, energy supplies are increasingly strained
with our expanding population, so utilization of existing methods for mitigating clean water
shortages at the expense of greater energy consumption is unsustainable. New materials-based

strategies are of increasing interest in the development of efficient approaches to water treatment.

The interaction between water and solid interfaces represents an essential topic of profound
interest from both fundamental and applied science and engineering perspectives of almost all
water treatment components, including sorbents, membranes, catalysts, electrodes, and beyond.3!
Intimately understanding and then tailoring interfacial structure and chemistry is a foundational
basis for controlling the performance of these components. Membranes, in particular, offer
enticing prospects for energy-efficient and highly selective separations to help address the

treatment of progressively challenging source waters.?

The surface-charge property of a membrane is a critical parameter for a broad range of
functions, such as fouling mitigation'*3, ion separation'**, salinity-based energy conversion®? 14°,
and adsorption*®. In the context of biofouling, the membrane surface charge can be controlled to
induce electrostatic repulsion and hinder the adhesion of biomolecules/biomacromolecules on the
membrane surface.’*® Electrostatics are also central to many separations processes. Xu’s group
attached ionizable functional groups on graphene oxide (GO) membranes to change the surface
charge, and the charged membrane surface provided interactions with ions to deliver high salt
rejection and water permeance.’** Membranes with asymmetric charge properties across the

membrane thickness, which are called Janus membranes, provide an inner driving force at the
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junction barrier with the potential to affect the ion-transport process inside pores. This uniform
structure offered an additional potential, which could boost selective ion transport when aligning
with the external driving force.>>! Reversed electrodialysis (RED) based on this membrane can
directly convert osmotic energy into electricity. Moreover, charged membranes can sequester

metal ions, whether to address toxicity or capture critical resources for recycling.'4°

Because the actual surface potential is challenging to characterize experimentally, the zeta

potential, or ¢ -potential, is widely used for quantifying the magnitude of the surface charge.

Zeta potential is the electrical potential at the electrokinetic slipping plane at the material surface
(Figure 4.1). A positive zeta potential means that this material surface has a net positive surface
charge in this condition, and conversely a negative zeta potential represents a negative surface
charge. The value of this parameter depends on the nature of ions in the solution and also the
properties of the solid surface itself.}4” Material surfaces with a zeta potential between -10 and
+10 mV are considered approximately neutral, while surfaces with a zeta potential greater than

+30 mV or less than -30 mV are considered strongly cationic and anionic, respectively.4®
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Figure 4.1: Diagram of zeta potential surrounding a material in an aqueous electrolyte.

Since the zeta potential is a property of the solid material in contact with a liquid, control
of the potential can be achieved by depositing thin layers of various dielectric materials. A
variety of deposition techniques have been developed to create a thin film on a substrate.'*® Most
deposition techniques can categorized as either solution-phase, like dip coating or spin coating,
and vapor-phase, such as thermal evaporation or sputtering. These deposition methods are simple

and cost-effective, but they often suffer from poor thickness control, uneven coverage, and
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inability to coat porous substrates, limiting application in membrane functionalization. Compared
with these techniques, atomic layer deposition (ALD) can deposit materials uniformly and with
high precision and controllability on arbitrarily complex and large substrates, which is especially
important for porous substrates like membranes.®® ! Moreover, there is a large library of
materials that can be grown via ALD, offering a broad range of potential surface properties.®® 152
Thus, ALD is a promising method to tune the electrostatics of water/solid interfaces. For ALD to
successfully modify a polymeric membrane, there must be a binding interaction between the
vapor-phase precursor and a functional group on the polymer. Many commercial membranes
have such functional groups natively, such as carbonyls and sulfones. For polymers lacking such
ALD-reactive moieties, the membrane can be sensitized before ALD processing using either

plasma®®® or dip-coating®>*.

Zeta potential is difficult to predict a priori, so experimental measurements are an
essential tool in guiding the selection of materials for targeted applications. Furthermore, the zeta
potential depends not only on the composition of the material at the interface but also on its
atomic-scale structure (e.g., crystallinity) and mesoscale morphology. There are several studies
in the literature reporting zeta potentials for different metal oxides, but the vast majority of these
measurements were performed on particulate materials, and such particles are often stabilized by
grafted molecules that can significantly influence the electrostatic environment.1% 15 157, 158
Results for ALD films, even for identical stoichiometries, are likely to vary from these particle
studies because of the different surface-charge densities caused by atomic ordering as well as
electrolyte selection. A few groups have reported zeta potential properties for ALD films™®®, but
many technologically and scientifically interesting ALD materials have yet to be characterized

by zeta potential measurements. Here, we provide a systematic analysis of zeta potentials for a
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diverse library of ALD film materials. We synthesize over 15 metal oxide films and investigate
their stability, wettability, and surface-charge properties, which will serve as a reference for a
range of future studies on water treatment through manipulating the surface charge properties

with ALD.

4.2 Results and Discussion

4.2.1 Films Grown Using ALD

XPS analysis was carried out to characterize the composition and oxidation states of as-
prepared samples. These results in Figure 4.2-4.19 demonstrate the successful growth of each of
the oxide films through ALD. Transition metals can typically assume multiple oxidations states.
The XPS spectra in Figure 4.17-4.19 show multiple oxidation states for the ALD metal oxides of
Co, V, and Mn. These different oxidation states are formed during the ALD or upon exposure to
the air. In the oxygen 1s spectra of all oxides, in addition to oxides, there are also hydroxide
features due to the surface bound hydroxides and adsorbed water.*%® The XPS spectra of Y20s,
MgO, and NiO revealed the presence of carbonates. For instance, in Figure 4.12, the Ni 2p
spectrum shows the NiO film to be a composite of NiO, Ni(OH)., and NiCOsz and the Mg 1s
peaks MgO film show Mg(OH). and MgCOs features (Figure 4.16) exhibiting their reactive
nature with water and CO- in the air. Note that very small or no Si 2p features are observed for
any of the films, indicating the films are continuous with no pinholes. The results of XPS surface
scans of films, Table 4.1, also revealed the high content of carbon, primarily due to the
adventitious carbon and contamination during the ALD reaction of carbon-based precursors. In a

common XPS measurement, Ar" sputtering is used to clean the adventitious carbon. However,
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here we avoided Ar* sputtering because it can reduce the metal ions that result in the inaccurate
composition of oxidation states. To confirm that there is minimal carbon within the films other
than adventitious carbon, we also performed surface etching. C1s spectra were obtained after 10
s of Ar™ sputter etching using 2000 eV energy at medium current. The elemental carbon content
and spectra from before and after surface etching are summarized in Table 4.2. As can be seen
from Table 4.2, most of the carbon disappeared after surface cleaning. However, there is a small
amount of carbon left after cleaning for many of the films. This carbon originates from residuals

of the ALD precursors.
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Figure 4.2: XPS spectra of Si 2p, C 1s, Al 2p and O1s signals of Al2O3
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Figure 4.19: XPS spectra of Si 2p, C 1s, Mn 2p, and O 1s signals of MnOx
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Table 4.1: XPS elemental composition of ALD films

Oxides Metal at. % Oat.% Cat. % Siat. % Other at. %
Native SiO2  10.57 % (Si**)  35.75 9.2 44.49 (Si°) -
Al203 34.84 (Al) 58.19 6.98 0 -
CoO 23.23 (Co) 44.09 21.38 6.8 0 (N)
MnOx 12.41 (Mn) 40.49 39.4 7.4 0.27 (N)
SiO2 28.19 (Si) 42.55 26.24 - 3.01 (N)
TiO2 19.75 (Ti) 44.85 31.17 3.72 0.51 (CI)
In203 27.72 (In) 51.21 21.09 0 -
Y203 26.09 (Y) 50.33 23.57 0 -
V205 16.86 (V) 50.24 32.89 0 -
SnO: 15.89 (Sn) 50.44 28.19 2.02 3.46 (N)
Sh20s 22.92 (Sh) 62.14 13.49 0 1.45 (N)
NiO 22.9 (Ni) 45.44 31.68 0 -
ZrO; 22.18 (Zr) 55.87 21.52 0.43 0.9 (N)
ZnoO 29.52 (Zn) 44.03 26.45 0 -
Nb20s 12.01 (Nb) 45.11 37.19 5.7 -
Fe20s3 29.61 (Fe) 50.83 16.38 3.17 -
MgO 13.07 (Mg) 57.03 29.5 0 -
Gaz20s 23.2 (Ga) 43.59 31.12 1.36 0 (N)
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Table 4.2: Elemental carbon composition before and after surface etching

Oxides C1s before etching at. % C1s after etching at. %
Native SiO2 9.2 2.65
Al203 6.98 3.69
CoO 21.38 1.98
MnOx 39.4 2.09
SiO2 26.24 35
TiO2 31.17 3.06
In203 21.09 2.57
Y203 23.57 0
V205 32.89 2.59
SnO2 28.19 2.26
Sbh20s 13.49 0
NiO 31.68 6.58
ZrO2 21.52 0
ZnO 26.45 2.97
Nb20s 37.19 4.32
Fe203 16.38 0
MgO 29.5 4.04
Gaz20s 31.12 0.79
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4.2.2 Stability of ALD-Grown Films in Aqueous System

Zeta potential measurements are conducted with aqueous solutions of different pH
conditions. Therefore, here we tested the stability of all ALD films prepared in this study. Figure
4.20 shows the stability of each ALD-grown metal oxide film in three different pH values:
alkaline (pH=10.5), near neutral (pH=6), and acidic (pH=3.5). Blue represents high stability,
where the thickness change is <10% after 2 hours. Orange represents moderate stability, where
the thickness reduction ranges from 10% to 50%. Gray represents high instability; the thickness
reduction is larger than 50% after 2 hours for these materials. As shown in Figure 4.20, MgO,
V20s, and Sh2Os films are generally unstable in water at any pH, which limits their applications
in water treatment if no further reinforcement methods are applied. SnO,, TiO2, ZrO,, CoO,
MnOy, SiO2, In203, Nb2Os, Fe203, and NiO films are relatively stable over the pH range 3.5 to
10.5. Thus, these metal oxides are potential candidate coating materials for water treatment. For
the third category of oxides including Ga»,O3z, ZnO and Y203 are not stable under acidic

conditions, while Al.Os3 is unstable under basic conditions.
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Figure 4.20: Stability of metal oxide films in acidic, neutral, and alkaline aqueous solution. Gray,

orange, and blue represent low, moderate, and high stability, respectively.

4.2.3 Water Contact Angle of ALD-Grown Films

Considering the potential of these meal oxides for use as membrane coatings, a thorough
understanding of their wetting properties is essential. We characterized the surface wetting
properties of these film materials using water contact angle (WCA) measurements (Figure 4.21).
The WCAs in air were 15.4°, 21.1°, 21.9°, 22.7°, 23.9°, 31.1°, 32.6°, 33.5°, 42.8°, 43.8°, 44.9°,
45.7°, 46.9°, 47.2°, 48.4°, 57.3°, and 105.3° for SnO2, MnOy, ZrOz, native SiO2, TiO2, CoO,
NiO, Fe.03, Sh20s, Al,03, Ga203, ZnO, V205, Nb2Os, SiO2, Y203, and In203, respectively.
Among these films, most of the materials exhibit hydrophilic properties, whereas In,O3 presents
the highest water contact angle, revealing its hydrophobicity. SnO2 has a highly hydrophilic
surface, retaining a tightly bound hydration layer, which can passively repel foulants such as
hydrophobic organic molecules and oils. 621> A previous study of ALD Y03 found that the

WCA increased with increasing film thickness from ~42° at 3 nm to 100° at 50 nm due to the
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evolution in film crystallinity with thickness.'®? Our finding of WCA = 57.3° at 10 nm Y203 is

consistent with this previous study.
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Figure 4.21: Water contact angles of ALD film materials.

424 Zeta Potential of ALD-Grown Films

Figure 4.22 presents the zeta potential as a function of pH for ALD films under the same

KCI concentration of 0.01 M. For each material, the pH at which the transition from positive to
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negative zeta potential occurs is called the isoelectric point (IEP), which reflects the pH value for
different material surfaces where they carry no net electric charge. Based on the experimental
measurements, the IEPs for these ALD films from low to high are NiO, SiO2, Nb.Os, Fe;0s3,
ZrOz, ZnO (~Fe203), CoO (~Al203), Y203, TiOz, Ga0s, SnO2, and MnOy. These data also
reveal that MnOy, Ga»03, Y203, and TiO2 have a relatively higher (positive) surface charge at
neutral conditions, while SiO> has a strongly negative surface charge. Table 4.3 compares the
IEP of these oxides grown through ALD with the IEP values reported in the literature. There is
no generally accepted approach to the preparation of materials and characterization conditions
when assessing IEP, so some discrepancy in reported values is to be expected. Oxides of certain
metals may differ in their degree of hydration and crystallographic form even when carrying the
same name. Thermodynamically unstable phases may also undergo phase transformation or
hydration/dehydration during an experiment.*®® This variation among nominally similar materials
emphasizes the importance of characterizing the zeta potential of interfaces prepared under
synthetic conditions as closely as possible to those in the intended application. Particles are
unlikely to be a suitable proxy for films, and even among films, those grown by, for example,
chemical vapor deposition (CVD) are likely to differ from those grown with ALD. As shown in
the Table 4.3, some ALD-grown oxides exhibit similar IEP values compared with values
reported in the literature, but there are also some notable exceptions. SnO2, MnOx and NiO, for
example, vary substantially from earlier reports. For NiO, the discrepancy may be attributed to
the film being a composite of NiO, Ni(OH)2, and NiCOs. The existence of multiple oxidation
states likely impacts the results for MnOx. Tin oxide is a more interesting case, and it highlights
how much the specifics of material synthesis can influence interfacial electrostatics. ALD-grown

SnO; films exhibit an IEP of 8, while most reported SnO- particles have a much lower IEP (~4).
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Looking at the data for a Si wafer with native SiO2 (~2 nm thickness) and with the data
for 200 ALD cycles of SiO2 whose thickness is around 19.2 nm, the zeta potential is essentially
unchanged. This suggests that the film thickness does not play a significant role in determining
the zeta potential for the ALD SiO> films. Different thicknesses of ZrO» (or SnOy) films also
present similar zeta potential profiles. Figure 4.23 shows that 7.1 nm and 15.6 nm ZrO: films, for
example, have a similar surface charge properties. A previous study found a distinct correlation
between the WCA and thickness of ALD Y203 films and attributed this variation in surface
properties to changes in the crystallinity of the ALD Y03 coatings.!®> The Si native oxide and
the ALD SiO> coatings are amorphous as-deposited so the crystallinity does not change with
thickness. We hypothesize that the zeta potential and other surface properties will not change
with thickness for the ALD metal oxide films in this study that deposit in an amorphous state,
SiOy, Al203, Ga203, and Nb2Os. However, the zeta potential may vary for the other metal oxides
that can deposit in a crystalline state if the size and orientation of the crystal change with

thickness and deposition conditions.
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Figure 4.22: Zeta potential curves of a variety of ALD-grown metal oxide films
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Table 4.3: IEP comparison with oxides reported in the literature.'®3

Film IEP from Literature IEP from this Work
Al203 7.6 164 7.4
TiO2 5.5-8 165 7.9
ZnO 6-10.3 166 6.5
ZrOz 6 167 5.9
MnOx 9.1 168 >905
CoO 7.4 1 7.4
SnO2 3.8170 8.2
Ga20s3 8.41" 7.9
SiOz 4,117 4.9
Nb20s 3.5-517 5.2
IN203 8.7 17 6.5
Y203 7617 7.6
NiO 8.1-9.1 176177 <45
Fe203 3-9.4178.1719 5.4

90



60 - 50 cycles ZrO, - 7.1 nm
1 —— 100 cycles ZrO, - 15.6 nm

40+
> .
E 204
©
5 0 =
T
© -20 -
'&l) -

A0

'60 T T T T T T T

Figure 4.23: Zeta potential curves of different thicknesses for ZrO..

4.3 Conclusion

In summary, we have presented characterization of a diverse range of ALD-grown metal
oxide films. Some materials (MgO, V20s, and Sh20s) were found to exhibit poor stability in
aqueous environments, with thickness decreasing by over 50% within 2 hours of soaking in
water, eliminating them from consideration for interface engineering of membranes and other
water treatment devices. As a prelude to zeta potential measurement, those films that were
sufficiently stable in water were characterized for their wetting properties, which were almost
uniformly hydrophilic, with the notable exception of indium oxide. Zeta potential measurements
were conducted to investigate the surface charge property for these films. NiO and SiO2 are
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promising candidates as ALD coatings with negative surface charge in aqueous solution,
whereas ZrO., Al>Os, and GaxOs are promising for positive surface charge coatings at near-
neutral pH. Collectively, these results represent a comprehensive study of the water stability,
wetting properties, and surface charge properties for many common ALD-grown metal oxide
films. We believe this work provides a guideline resource for researchers and technologists in

selecting ALD materials for a range of water treatment applications.

4.4 Experimental Methods

Films Grown Using ALD. Growth of ALD oxides was performed in a custom-made hot-
wall viscous flow ALD reactor that is described in detail in another study.*® Ultrahigh purity N2
was used as a carrier gas with a total mass flow rate of 225 sccm and a background pressure of
0.9-1 Torr. The temperature of the reactor was maintained by a proportional-integral-differential
temperature controller with an accuracy of +0.03 °C. Metal oxide films were deposited on Si
(100) substrates with a native oxide layer through self-limiting binary ALD reactions. Table 4.4
shows the ALD processes for the films for this work. For example, for Al;Os,
trimethylaluminum (TMA, AI(CHs)s) and H2O are the metal precursor and co-reactant,
respectively. The temperature for both precursors is room temperature (RT). The Al.Os ALD
was performed at 200 °C using the time sequence: 1 s TMA dose/ 10 s N2 purge / 1 s H2O dose/
10 s N2 purge, which we denote as 1:10:1:10 in the recipe column in Table 4.4. The ligands and
compounds listed in Table 4.4 are methyl (Me), ethyl (Et), cyclopentadienyl (Cp),
methylcyclopentadienyl (MeCp), ethoxide (OEt), 3-aminopropyltriethoxysilane (APTES),

isopropyloxide (QiPr), dimethylamido (NMez), and N, N’ -di-isopropylacetamidinato (AMD).
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The thicknesses of the grown films were measured using spectroscopic ellipsometry. Each metal
oxide film showed a distinct growth per cycle value, a characteristic of ALD processes. The
number of ALD cycles were adjusted to yield a consistent film thickness of ~10 nm for each
material and to ensure a continuous coating where the surface chemical properties are

independent of the substrate.
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Table 4.4: Summary of ALD process parameters used to prepare the films in this study.

Film Precursor/Co- Precursor/Co- Recipe Time Reaction
reactant reactant Sequence (s) Temperature

Temperatures (°C) (°C)
Al20318! | Al(CH3)s/H20 RT/RT 1:10:1:10 200
TiO2'®! TiCla/H20 RT/RT 1:10:1:10 200
ZnO*#t Zn(Et)2/H20 RT/RT 1:10:1:10 200
MgO*2  Mg(Cp)2/H20 65/RT 2:10:1:10 200
ZrO2'® | Zr(NMe)a/H20 75/RT 1:10:1:10 200
MnOx!8* | Mn(EtCp)2/H20 90/RT 1:10:1:10 200
CoO'® | Co(AMD)2/H,0 100/RT 5:20:5:20 200
SN0z | Sn(NMey)4/O3 45/RT 1:20:1:20 200
Sh20s'8" | Sh(NMe)s/O3 43/RT 2:20:2:20 200
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Table 4.4 - Continued from previous page

Ga203!8 | Gay(NMey)s/H20 75/RT 3:15:1:10 200
V205! | VO(OiPr)s/H20 72IRT 2:20:2:20 200
SiO2'*® | APTES/H.0/03 100/RT/RT 2:15:2:10:10:15 200
Nb20s! | Nb(OEt)s/H.0 150/RT 2:10:1:10 250
IN203%%2 | In(Cp)s/H20/02 45/RT/RT 3:5:4:5:4:5 200
Y203 | Y(MeCp)s/H20 154/RT 1:5:1:5 270
NiQ% Ni(Cp)2/O3 100/RT 5:10:5:10 250
Fe203!% Fe(Cp)2/Os 85/RT 2:10:5:10 250

XPS Characterization. XPS measurements were carried out on a Thermo Fisher k-
Alpha+, and the spectra were analyzed using Thermo Fisher Avantage software. The X-ray
source was a micro-focused monochromatic Al Ko (1487 eV) with a spot size of 400 um. Survey
scans used a pass energy of 200.0 eV and a step size of 1.000 eV, and high-resolution XPS scans
used a pass energy of 50.0 eV and a step size of 0.100 eV. For each measurement, an average of

five scans was reported. All the spectra were referenced to the C1s peak at 284.8 eV.
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Water Contact Angle Measurements. Surface wettability was investigated using a static
water contact angle measurements system (DSA 25E, KRUSS) and the sessile drop method.
Before the measurement, all films are cleaned through a sequence of sonication in toluene,
acetone, isopropyl alcohol (IPA), and reverse osmosis (RO) water for at least 10 minutes each.
Impurities from exposure to ambient environments can influence wetting and electrostatic
properties. All substrates were cleaned immediately before characterization to remove such
contamination. In applications, it is likely that exposure to a process stream would achieve a
similar washing effect. RO water is used to test the water contact angle. Values of at least three

different spots on each sample were averaged to obtain the reported angles.

Ellipsometry Measurements. Measurements were performed on a J.A. Woollam M-2000
ellipsometer and a J.A. Woollam alpha-SE ellipsometer. The data were collected at multiple
angles with 328 wavelength steps from 380 to 900 nm. Analysis was performed using
CompleteEASE 5.1 software. The thickness of the native oxide layer on the Si substrates is
~20 A. Thicknesses of the films were fitted based Cauchy model. Before the measurement, all
films are cleaned through a sequence of sonication in toluene, acetone, isopropyl alcohol (IPA),

and reverse osmosis (RO) water for at least 10 minutes each.

Zeta Potential Measurements. Before the zeta potential measurement for each film, a
stability test is conducted. Coated samples are soaked in three aqueous solutions: HClgg) (pH =
3.5), RO water (pH = 6), and KOH@q) (pH = 10.5) for two hours, separately. The thickness of the
ALD films is measured before and after soaking using an ellipsometer to monitor for partial or
total dissolution of the coated material. Subsequent zeta potential measurements are conducted
over a pH range for which each material is stable as determined by these dissolution

measurements.
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Membrane zeta potentials were measured using streaming potential measurements
performed with an adjustable gap cell in a SurPASS 3 system (Anton Paar). The zeta potential
can be calculated based on the Smoluchowski equation. 1%: 1%

_dU n
~ dp eg,

¢

Before the measurement, all films are cleaned through a sequence of sonication in toluene,
acetone, IPA, and RO water for at least 10 minutes each. The electrolyte for all the
measurements is 0.01 M KCI aqueous solution. pH is adjusted via two syringe pumps dispensing
titration reagent (0.05 M HCI and 0.05 M KOH). The reference material is a polyvinylidene
fluoride (PVDF) membrane provided by Anton Paar. Each zeta potential data point is calculated
by repeating the measurement four times, and two to four different samples are tested for each

metal oxide film. The experimental error of the zeta potential is within £+ 10 mV.
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Appendix B

Film sample
(Faced bottom
towards PVDF)

—
L PVDF (Fixed)

Figure 4.24: Schematic of the sample holder for the zeta potential measurement.

The bottom side of the sample holder is fixed, the material is P\VDF, we can put the film
on the top side. The as-measured zeta potential value (Umeasured) COMbine the data of both PVDF
and film sample. Thus, before the measurement, we put another PVVDF on the top, and get the
zeta potential of PVDF reference (Ure). Then the zeta potential of the film sample could be

calculated.

Ufilm = 2Upeasured — Uref
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Chapter 5: ALD-GROWN JANUS MEMBRANES FOR IONIC
RECTIFICATION

lon transport through porous media within aqueous systems is a topic of profound interest
from both fundamental and applied science and engineering perspectives. Intimately
understanding and tailoring transport properties is a grand challenge in the field. Engineered
membranes with non-trivial interfacial properties offer a powerful new tool toward this end.
Intelligent molecular and ionic transport control at the nanoscale has the potential to impact
applications including osmotic energy conversion, ion pumps, and biosensors. To understand
ion transport properties in depth, it is desirable to design and construct high-performance
heterogeneous membranes with tailored selectivities, such as rectified ion transport. Janus
membranes, having differing properties on opposing faces, have emerged as a new strategy for
achieving ion rectification. To date, the methods used to combine two different membranes to
realize such heterogeneous structure suffer from significant drawbacks. These relatively
uncontrollable processes and weak interfacial interactions have limited the understanding of ion
transport process as well as the practical use of these membranes. Herein, we explore a highly
customizable process to control the properties of Janus membranes. ALD can deposit materials
uniformly and with high precision and controllability on arbitrarily complex and large substrates.
Thus, ALD is a promising way to fabricate Janus membranes and to develop systematic models
to help us understand ion transport. Deposition of different metal oxides selectively on one face
of a membrane enables one to tune the electrostatics of the interface. Experiments will be guided
by simulations performed by collaborators in the de Pablo group. These simulations will suggest
pore geometries and surface charge spatial distributions that are likely to produce high

rectification ratios. Experiments will aim to realize these optimized designs and then serve to
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provide feedback to enhance the simulations, forming a virtuous cycle with continuous

improvements in understanding and performance.

5.1 Introduction

Membranes are an important component of technologies with applications in energy and
water. Membrane processes involve selective/directional mass transport through pores, which is
often thermodynamically unfavorable. To make the process continuous, external energy input is
essential. Minimizing this energy input is a grand challenge in the field, and conventional
membranes have proven unable to achieve significant progress. Thus, new strategies are needed.
Janus membranes are a new class of membrane with asymmetric properties on each side, which
can provide an inner driving force at the junction barrier to control the ion transport process
inside pores. This inner driving force provides an additional potential, facilitating the expected
mass or energy flow when it aligns with the external driving force while impeding those flows
when counter-aligned. Because of the unique structure of the Janus membrane, it has been

designed and used in many areas ranging from mass separation*® to energy harvesting%® 145200
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Figure 5.1: Illustrative potential applications of Janus membranes. Reproduced from ref. [*2].

Nature has provided inspiration for Janus membrane architectures.?™ 202 The
cytomembrane, for example, possesses a typical Janus structure, whose outside has a positive
charge, and inside negative. Such asymmetric structure enables ion transport across the
cytomembrane with a selective direction to maintain cell function.?%® Inspired from the natural
world, the study of Janus membranes with asymmetric surface charge launched at the end of last

century and gained increasing attention recently as the potential utility to address major societal
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water challenges becomes clearer (Figure 4a). The earliest Janus membranes were bipolar
membranes, each layer of which only allowed selective permeation of certain cations or anions
to realize selective ion transport. This feature demonstrated Janus membranes with an
asymmetric surface charge to be good candidates for ion-based batteries or other systems

involved with ion transport processes such as osmotic energy harvesting and nanofiltration.?%*

205, 206, 207, 208, 52
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Figure 5.2: Applications of Janus membranes with asymmetric surface charges. a) Diagram of a
Janus membrane applied in energy generation by salt concentration difference. K+ ions transport
selectively through the membrane. b) Calculated ionic concentration distribution in positively
charged, negatively charged, and Janus membranes. These results confirm the ionic rectification
is caused by ion depletion and accumulation induced by asymmetric polarity under different
external bias. c) I-V curve of the Janus membrane in 0.1 M KCI solution, reflecting the ionic
rectification effect of the asymmetrically charged membrane. d) Power density generated using a
Janus membrane under different salinity gradient and resistance. e, Diagram of a Janus
membrane used in nanofiltration. The negatively charged layer rejects the multivalent anions
while the positively charged one rejects multivalent cations. f, Salt rejection of a Janus
nanofiltration membrane. A positively charged layer was formed initially, while the negatively
charged layer formed with the increase of reaction time. Reproduced from ref. [*?].
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For Janus membranes, the efficient ion-selective transport mechanism is based on the
presence of nanopores with heterogeneity in electrochemistry and structure. The fluidic channels

inside the Janus membranes follow a similar principle to ionic diodes?®

, 1.e. bipolar nanopores
showing different ion conductance under different bias polarities because of the asymmetric
surface charge.?!® %> Fundamentally, the change of conductance originates from the originally
asymmetric cation/anion distribution on each side of the nanopores at equilibrium (Figure 5.2 b).
When an external electric field is applied, the ion current is proportional to the original
equilibrium ion concentration.?* Therefore, under bias polarity, when the outward ionic flow is
larger than the inward ionic flow, the nanopore is depleted, leading to lower ionic conduction.
When the applied electric field is reversed, it can lead to an accumulation of ions in the pores and
results in higher ionic conductivity. This nonlinear ionic conductivity response eventually leads
to the ionic rectification performance for ionic diodes (Figure 5.2c). In addition, higher surface
charge density can lead to better ionic selectivity and conductance. This would allow the
processing of more concentrated solutions within Janus membranes; otherwise, the concentrated

ion solutions can offset the surface charges within the nanopores, excluding the occurrence of

electrical double layer overlap and subsequent ion-selective transport.

Osmotic energy existing in seawater is regarded as a sustainable energy source because of
the large reserves and easy accessibility.?3 212 198 janus membrane can also work for
nanofiltration (Figure 5.2 e, f). Janus membranes can be effective for osmotic energy harnessing
because the bipolar structure with opposing polarity can form an abrupt change of the cation or
anion concentration at the interface. The energy conversion efficiency could be promoted by
optimizing the pore geometry and the surface charge density. This simple and versatile

configuration is amenable to numerical simulation and subsequent optimization.?'® 24 215 More
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advanced treatments that look at non-equilibrium effects relevant during transport are also

possible.

One of the biggest challenges in advancing Janus membrane concepts is the fabrication of
membranes with opposing properties on their two faces. Many strategies have been applied to
membrane surface modification®®, but asymmetric membrane fabrication remains challenging.
The main problem is that the porous structure of membranes often leads to wholly, not
asymmetric, modification due to the capillary effect during the widely applied wet chemistry
modification process. To date, to realize this asymmetric surface charge heterostructure, many
membrane materials, and synthetic methods have been attempted, like asymmetric modification,
packing nanoparticles modified with different functional groups, covalent modification, and
ALD, among other methods.20% 205208 A D, in particular, has been demonstrated recently as a
powerful tool in that, in many cases, it can offer arbitrary control over the shape or the gradient
of the property from one membrane face to the other. In this work, we tried two different
approaches to fabricate Janus membranes based on ALD technology. The first approach was
based on commercial isotropic anodic aluminum oxide (AAQO) membrane, and the second

method was based on our own designed isoporous silicon nitride (SisN4) membrane.

5.2 Results and Discussion

5.2.1 Fabricating Janus Membrane Based on Commercial AAO Membrane with ALD

ALD is a thin film deposition technique based on the sequential use of a gas phase
chemical process, which can be used for surface modification. Compared with other Janus
membrane synthesis methods, ALD is an efficient way to precisely control the morphology,

thickness, pore size, and surface charge density. Typically, ALD results in a uniform, conformal
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coating—even for convoluted substrates with tortuous interior pore structures. However, if one
selects a membrane for which the pore size is comparable to or smaller than the mean free path
of the vapor-phase precursors, a gradient evolution of the deposited material can be created in
accordance with the diffusion process. To realize a bipolar ionic diode heterostructure using the
ALD technique, we propose two deposition strategies: one-side functionalization and two-side
functionalization. Commercial anodic aluminum oxide (AAO) membranes serve as a convenient
template from which to fabricate the Janus architectures. AAO has good thermal stability,
opening up a wide ALD processing window. The oxide substrate material is also amenable to a
range of ALD chemistries, and a variety of pore diameters are available. Moreover, AAO
membranes typically have asymmetric pore geometry as a result of the anodization-based

fabrication process. This geometric asymmetry can be exploited to enhance the ion rectification

property.

In order to prepare Janus membranes using ALD, it is necessary to restrict the exposure
to the vapor-phase precursors to one side of the substrate. A special holder for AAO membranes
has been designed to this end, which can seal off the bottom side of the membrane to ensure that
diffusion and grown initiates at the top side of the AAO membrane. (Figure 5.3) Once the
membrane is sandwiched by the holder, the precursor will only diffuse from the top pore into the
channel. By controlling the soak time, the metal oxide will ideally grow on only one side of the

nano-channel.
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Figure 5.3: Schematic for Janus membrane holder for ALD.

The isotropic AAO membrane was purchased from InRedox Company, the mean pore
size of which is 28 nm. The pore density of the AAO membrane is 5x10'° cm™. Figure 5.4 shows
the surface and the cross-section structure of the AAO membrane. This isotropic AAO membrane
has a different structure compared to typical AAO membranes. Typical AAO membranes exhibit
two distinct layers, the top layer has pores with a narrow diameter (for example, 20 nm), while
bottom 40 um thickness has larger pores, around 200 nm, working as the supporting layer. To
fabricate sandwich structure within the Debye length scale, the isotropic AAO membrane was
chosen as the template. For ALD functionalization, one side was exposed to the vapor-phase
precursors, while the other side was sealed off. Based on the results of Chaper 4, ALD-grown
SnO: film is very stable in water, and it has strong positive surface charge, so we choose SnO: as
the first deposition material. Process conditions were selected to deposit tin oxide only on the
exposed face, stopping the precursor diffusion with a nitrogen purge before the molecules could

make their way deeper into the pores.
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Figure 5.4: SEM images of commercial isotropic AAO membrane with uniform pore size. (a)
Top view of AAO membrane with mean pore size of 28 nm. (b) Cross-section of AAO
membrane with the thickness of 50 um. (c-d) Zoom-in cross-section of AAO membrane,
showing the straight uniform channels.

To map out the relationship between the final pore size and the ALD process parameters,
samples were prepared with 40, 80, and 160 cycles of ALD, followed by structural and
performance characterization. Details of these experiments are described below. By changing
ALD processing parameters (cycle number, oxide material, pressure, time, temperature), we aim
to replicate the (optimized) ionic rectification. Characterization of the resulting membranes will
provide powerful data for feeding back to the simulations and refining them to project further

performance enhancements.
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Magnesium oxide (MgO) was chosen as the opposite charge coating materials to be
grown by ALD, paired with the tin oxide. SnO2 was firstly grown on one side of AAO, while
MgO on the other side. Tetrakis(dimethylamino)tin (TDMASN) was the tin source,
bis(ethylcyclopentadienyl) magnesium (Mg(CpEt)2) the magnesium source, and water the
oxygen source. The heater was set at 55 °C, and the chamber temperature was 100 °C. Before
fabricating sandwich structures, we separately deposit SnO2 and MgO on separate AAO

membranes to characterize the growth processes.

During the deposition of SnO2, the TDMA Sn dose time was 0.5 s and the purge time was
45 s; then, the water dose time was 0.15 s and the purge time was 60 s. Figure 5.5 shows that the
pores of AAO membranes were narrowed down to 17, 12, and 6 nm after 40, 80, and 160 cycles
of SnO> deposition, respectively. After 120 cycles, the pore size of AAO membrane shrunk

down to below 10 nm.

Figure 5.5: SEM images of SnO- coated AAO membrane with different cycle number

During the deposition of MgO, the Mg(CpEt). dose time was 0.5 s and the purge time

was 45 s; then, the water dose time was 0.15 s and the purge time was 60 s. Figure 5.6 shows that
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the pores of AAO membranes were narrowed down to 20 and 12 nm after 40 and 160 cycles of

SnO; deposition, respectively.

40 cycles

Figure 5.6: SEM images of MgO coated AAO membrane with different cycle numbers

After determining the growth rate of SnO, and MgO, we fabricated a MgO-AAO-SnO»
sandwich structured membrane. The ALD recipes were [give which specific conditions were

selected].
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Figure 5.7: SEM images of MgO-AAO-Sn02 sandwich structured membrane. (a) Top side SEM,
with 160 cycles of SnO-, (b) Bottom side SEM, with 160 cycles of MgO.

As shown in Figure 5.7, the MgO-AAO-SnO; sandwich structured membrane has mean
pore size of 6 nm on the SnO: deposited side and a mean pore size of 12 nm on the MgO
deposited side. Figure 5.8 shows the EDS elemental mapping of the cross-section of MgO-AAO-
SnO; sandwich structured membrane. Al and O elements are dispersed evenly along the channel
because of the substrate composition (Al20s), while tin is only present on one side of the
membrane, indicating the successful coating of SnO2 on one side. Mg signal surprisingly appears
on both sides, which may be a result of contamination in the reactor. Further studies are

underway to identify and eliminate this issue.
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Figure 5.8: EDS mapping of the cross-section of MgO-AAO-SnO; sandwich structured
membrane. (a) Al, (b) O, (c)Sn, and (d) Mg.

5.2.2 Fabricating Janus Membranes on Silicon Nitride Membranes with ALD

Due to the large thickness of commercial AAO membranes, the system cannot be fully
analyzed through molecular dynamics simulations, which limits the guidance simulations can
provide toward membrane design. In addition, commercial membranes generally exhibit wide
pore-size distribution and inconsistent pore size between different individual membranes. To

pursue an experimental platform that would be more amenable to simulations and that would
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exhibit uniform and reproducible transport behavior, we designed and fabricated isoporous

silicon nitride (SisN4) membranes through a sequence of nanofabrication processes, as follows:

Step one: To produce 2.5 mm by 0.7 mm silicon nitride (SiN) membranes, we use a
double-sided 100 nm SiN coating on a 500 pm silicon wafer. SiN can provide a high etching
resistance to KOH solution, which is used to release the membranes at the final step. Firstly, we
deposit gold on the front side as a global marker to align the front-side pattern with the back side

pattern in the following step.

Step two: Si can be etched in KOH solution forming a characteristic V-etch with
sidewalls that produces a 54.7-degree angle with the surface. In order to obtain a 2.5 mm by 0.7
mm membrane area on the front side after KOH etching, we used photolithography to create a

3.2 mm by 1.4 mm Si window on the back side.

Step three: After fabricating the back pattern, we deposit ~9 nm-thick random copolymer,
called a “mat”, on the front side. This layer can form a neutral condition of the block copolymer
(BCP) we will use, which helps us obtain a perpendicular cylinder structure. Then we use e-
beam lithography to write a hexagonal geometry with 4x density multifaction on this mat layer.
After Oz plasma removes the patterned area, Si is exposed to air, which allows us to graft
hydroxylated polystyrene (PS-OH) onto the surface. After grafting PS-OH, we spin coat ~90 nm
PS-b-PMMA on top and anneal it under 270 °C for 2 h to grow a cylindrical geometry of this

BCP.

Step four: In order to enhance the properties of porous structures so that the percolated

structure can transfer to the underlying SisN4 layer, the sequential infiltration synthesis (SIS)®2

112



process is applied to interact TMA precursors with polar groups on the polymer, forming

nanoporous AlOyx from an organically defined structure.

Step five: We deposit a 20 nm gold protection layer on top of the SIS layer because we
cannot directly do photolithography on the SIS layer. Next, we use photolithography to create a
2.5 mm by 0.7 mm area aligning with the back side 3.2 mm by 1.4 mm window. We use gold
etchant to remove the gold layer, O> plasma etching to remove all PS block to create our porous
scaffold, and a fluoride gas-based etching to transfer the geometry in the SIS layer to the SisN4
layer. Finally, we remove all layers on top of the SisNs to make sure the surface is clean and

ready for KOH back etching.

Step six: Due to the brittle nature of ultrathin SisN4 membranes, we coat the front side of
the SisNs membrane with a 150 nm thick PMMA layer to prevent the KOH solution from
penetrating through the membrane. We only expose the back side of the SisN4 to an 80 °C KOH
solution and wait until there are no further H2 bubbles generated. After the membrane is dried,

we use Oz plasma to remove the PMMA layer.

Finally, a SisNs membrane with a thickness of 100 nm will be released.
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Figure 5.9: Scheme of the nanofabrication process of the SisNs membrane.

The lateral size of the SisNs membrane is controlled to be 2.5 mm x 0.7 mm (Figure

5.10a). The membrane has funnel-shaped channels with a length of 100 nm (Figure 5.10b). The

front side and back side SEM images show that the SisN4 membrane has a mean front side pore

size of 23.5 nm and mean back side pore size of 17.0 nm with high uniformity. These isoporous

SisN4 membranes could serve as an improved platform for ion transport studies through confined

charged nanochannels.
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Figure 5.10: SEM images of the SisN4 membrane. (a) Total view, (b) Cross-section view, (c)
Front side view, and (d) Back side view.

We precisely shrink the pore size of the SisN4 membranes with ALD and control the
surface charge of the nanochannels by choosing different coating materials. Based on the zeta
potential profile (Figure 4.22), SiO has the highest negative surface charge compared to other
metal oxides grown by ALD. Thus, as with the AAO experiment described previously, we
choose SiO; as the coating material. The deposition is carried out at 200 °C using (3-
aminopropyl)triethoxysilane (APTES), H20, and ozone as the precursors. The recipe time
sequence (s) (metal precursor dose/purge/co-reactant dose/purge/co-reactant dose/purge) is as

follows: 2/15/2/10/10/15. To check the growth rate of SiO,, we measured thickness on a Si/SiO>
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wafer after deposition, revealing a rate of 0.34 A/cycle. (The position of wafers and SizN4

membranes is presented in Figure 5.11.)

Si/8i0, wafer SiN membrane

Figure 5.11: Layout of SisNs membranes and Si wafers.

After SiO; coating, the SizN4 pores uniformly shrink down. The back-side pores are

shrunk to 16.1 nm and 12.5 nm after 100 cycles and 160 cycles of ALD coating, respectively,

from the pristine size of 17.0 nm. The back side pores are shrunk to 21.7 nm and 17.8 nm after

100 cycles and 160 cycles coating, respectively, from the pristine size of 23.5 nm.
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Figure 5.12: SEM images of SisN4 membranes grown with SiO; by ALD. (a) Back side of
pristine SisNs membrane, (b) Back side of SisN4s membrane with 100 cycles of SiO2, (c) Back
side of SisN4 membrane with 160 cycles of SiO., (d) Front side of pristine SisN4 membrane, (e)
Front side of SisN4 membrane with 100 cycles of SiO», and (f) Front side of SisN4 membrane
with 160 cycles of SiOx.

5.2.3 Transmembrane lonic Current through MgO-AAO-SnO2 Sandwich Structured

Membranes

lon transport is the targeted property to explore in these membranes. Conductivity, ion
concentrations in separation processes, rectification ratio, and power density are all of interest.
To characterize these properties, an electrochemical workstation is utilized to perform linear
sweep voltammetry (LSV). In some cases, inductively coupled plasma mass spectrometry (ICP-

MS) is used to detect elements at low concentration in solution.

The ionic transport properties of the ALD-modified AAO membrane were examined with
a simple electrochemical device by measuring the transmembrane ionic current. A pair of

Ag/AgCI electrodes was used to apply a transmembrane potential. The electrolytes are 0.01 M
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KCI, K2SO4, and KH2POs. For pristine isotropic AAO membranes, no ionic rectification is

observed because of its symmetric nanochannel structure.
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Figure 5.13: Transmembrane ionic current through pristine isotropic AAO membranes.
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Figure 5.14: lonic rectification for (a) MgO-AAO-SnO- sandwich structured membrane, (b)
AAO membrane coated with MgO on one side, and (c) AAO membrane coated with SnO, on
one side.

As for ALD-modified AAO membranes, they each exhibit ionic rectification because of
the asymmetric channel surface charge distribution along the membrane with sandwich structure.
We also observe ionic rectification for one-side-coated materials because of the asymmetric
channel geometry. The highest rectification ratio was three for SnO>-coated AAO membranes.
Figure 5.14 shows the I-V curve of the heterogeneous membrane sweeping from the potential of

—2 V 10 2 V. The rectification phenomenon occurring here shows that ALD can be utilized to
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fabricate Janus membranes for nanofluidic system. However, the relatively low rectification ratio
of the sandwich structured membranes can be attributed primarily to two reasons: (1) MgO has
poor stability in agueous systems, as shown in Figure 4.20. SnO2 could serve as a positive
charged coating material, but SiO> would serve as a better counter material that possesses high
negative surface charge. (2) The high aspect ratio of the commercial membrane (~2500) makes it
difficult to modify the whole channel cross section. Rather, the coating materials are mainly
deposited on the outside surface of the membrane and only to a shallow fraction of the overall

depth.

5.2.4 Transmembrane lonic Current through ALD-modified SisN4 Membrane

0.1+ —— SiN substrate

— 130 cycle SiO,, coating

lonic Current (mA)
o
T

©
—
1

]
w
1
N
1
-
(@
N
N
w

Voltage (V)

Figure 5.15: Transmembrane ionic current through SisNs membrane and SiO> coated SizN4
membrane.

119



The ion transport properties of the SisN4 membranes were examined with a simple
electrochemical device by measuring the transmembrane ionic current. The electrolyte is 0. 1 M
KCI. For SisN4 membrane and SiO2 coated SizN4, no ionic rectification is observed. Unlike the
AAO-based Janus membranes, these membranes have rather low aspect ratio pores (~5:1), so the
ALD precursors rapidly diffuse through the entire pore length, even for very short vapor pulses.
Because ALD is a conformal coating method, the total channel of the Si3N4s membrane is
deposited with uniform SiO> giving the membrane a symmetric surface charge property. Future
studies will pursue combinations of ALD and other deposition methods to selectively coat only

part of the pore length with a material bearing opposite charge to the substrate.

5.3 Conclusion

In summary, ALD has been demonstrated as an effective technology for membrane
surface modification, especially for pore size and surface charge control. We successfully
designed and fabricated MgO-AAO-SnO> sandwich structured membranes with Janus structure,
which possess ionic rectification property. In ongoing studies within this project, rectification
ratio will be enhanced through judicious design of the membrane architecture, guided by
simulations. By choosing more suitable metal oxide coatings and tuning the ALD process
parameters, AAO membranes are expected to achieve a higher rectification ratio. For the precise
isoporous SisN4 system, we have successfully controlled the pore size and introduced strong
surface charge. In future studies, we will explore approaches such as in situ molecular grafting

onto these substrates or membrane transfer processes to generate a heterostructure, which we
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believe could achieve higher rectification ratio. Once these goals are realized, osmotic energy

conversion performance can be characterized.

We propose to take advantage of the unique capabilities of ALD technology to this end.
Preliminary experiments have led to membranes exhibiting rectification ratios of ~3,
demonstrating the promise of this research direction. Detailed characterization of the structure,
properties, and function of these membranes will ultimately provide a thorough understanding of

ion transport properties, with ramifications extending beyond the applications explored herein.

5.4 Experimental Methods

Zeta Potential Measurements. The same as in the previous chapter.

Electrical Measurements. The ionic transport property of the Janus membranes was
studied by measuring the ionic current through the heterogeneous membrane. The ionic current
was measured by a SP-150 potentiostat (Biologic). The Janus membrane was mounted in
between a two-compartment electrochemical cell. The Ag/AgCI electrodes were used to apply a

transmembrane potential.
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Figure 5.16: Schematic of the electrochemical testing setup

Modeling. Based on the Poisson-Nernst-Planck equations and Kirchhoff’s current law, the
equilibrium ion transport properties can be explored by numerical simulation. To optimize the
Janus membranes’ surface charge density distribution and pore sizes, the de Pablo group built
models to investigate the parameter space of the transport channel. The most relevant parameters
of the channel in Janus membrane that can affect the ion transport properties are channel length
L, diameter d, surface charge density o, applied voltage V, ion charge Q, ionic concentration C,

and channel shape. An initial simplified model system was defined as shown in Figure 5.17a.
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Here, the charge density is treated as a constant on both sides. Under positive bias (V1 =2V, V2
= 0 V) and negative bias (V1 =0V, V2 = 2 V), the simulated potential profiles are shown in

Figure 5.17b.

The fluidic channels within Janus membranes follow a similar principle to ionic diodes,
which is that bipolar nanopores exhibit different ion conductance under different applied bias.
The systems break symmetry in its geometry, ionic concentration, and surface charge.
Fundamentally, the difference of conductance under different voltages originates from the
asymmetric cation/anion distribution on each side of the channel at equilibrium. When an
external electric field is applied, the ion current is proportional to the original equilibrium ion
concentration. Therefore, under bias polarity, when the outward ionic flow is larger than the
inward ionic flow, the nanopore is depleted, leading to lower ionic conduction. When the applied
electric field is reversed, it can lead to an accumulation of ions in the pores and results in higher
ionic conductivity. This nonlinear ionic conductivity response eventually leads to ionic

rectification. The modeling result in Figure 17b compares with recent literature reports?4 205,
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Appendix C

Figure 5.18: Images of assembled ALD holder for one-side deposition: pristine AAO membrane

(left) and AAO coated with SnO; (right).
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Figure 5.19: Pore size distribution of the front side and back side of the SizN4 membrane.
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Figure 5.20: H-cell system used for transmembrane ionic current measurement.
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Figure 5.21: EDS elemental mapping and SEM image of the cross-section of MgO-AAO (one
side deposition).
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Figure 5.22: EDS elemental mapping and SEM image of the cross-section of SnO2-AAO (one
side deposition).
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Chapter 6: CONCLUSION

The research in this dissertation was designed and conducted in the aim of providing new
functional materials to solve water-energy nexus challenges by solar steam generation,

membrane separation, and osmotic energy conversion.

In Chapter 2, we present a facile process in designing and fabricating the first COF based
solar steam generator. Solar steam generation is a promising technology for treatment of saline or
wastewater, drawing on plentiful sunlight as a clean and renewable energy source for distillation.
In this application, one needs an efficient photothermal material that can harvest a broad range of
wavelengths, convert the energy into heat, and transfer that heat to water at an air/water interface
for enhanced evaporation. We demonstrated a universal, simple, and scalable interface
engineering strategy for the fabrication of a solar steam generator based on this POF material.
Wood@POF, using wood as the template, exhibited about 80% overall process efficiency for
solar steam generation under 1.6 Suns illumination. This high performance is attributed to both
the superior qualities of wood materials as a scaffold material and the exceptional solar
absorptivity of POF particles. This method was also demonstrated with other templates,
including sponge@POF, fabric@POF, and membrane@POF. They are all promising candidates
as solar steam generators, with the selection of material for a specific application guided by
availability, cost, and other factors. POF-based interface engineering design provides a pathway
for the scalable fabrication of solar steam generators, with potential ramifications for

desalination, wastewater treatment, and beyond.

In Chapter 3, we have demonstrated a method for tuning the 2D interlayer galleries of
phyllosilicate mineral membranes via judicious selection of different molecular crosslinkers. The
water stability (including electrolyte solutions) is enhanced while preserving the general layer
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morphology and structure. Control of the nanochannel height enables tuning of both water and
ion permeabilities via delicate manipulation of the balance between steric hindrance and
electrostatic interaction. In principle, since the ion permeability ratios vary with different
interlayer spacings, one could rationally design a particular spacing to promote transport of
certain ions while inhibiting others, providing a broad array of applications for such membranes
for ion separation, battery separators, wastewater treatment, resource recovery, and beyond.
What’s more, we are extending the 2D interlayer galleries to muscovite, we have successfully
exfoliated this “new” mineral material, and probably be the first group to generate 2D muscovite

membranes.

In Chapter 4, we present characterization of a diverse range of ALD-grown metal oxide
films. As a world-leading research group focusing on water treatment, our group utilizes ALD as
a common technology to do surface modification. However, a comprehensive understanding of
the surface charge properties of ALD-grown metal oxides films in aqueous system is missing.
We fabricated 16 different ALD-grown films. As a prelude to zeta potential measurement, those
films that were sufficiently stable in water were characterized for their wetting properties, which
were almost uniformly hydrophilic, with the notable exception of indium oxide. Zeta potential
measurements were conducted to investigate the surface charge property for these films. NiO and
SiO, are promising candidates as ALD coatings with negative surface charge in aqueous
solution, whereas ZrO., Al>O3, and Ga»Os are promising for positive surface charge coatings at
near-neutral pH. Collectively, these results represent a comprehensive study of the water
stability, wetting properties, and surface charge properties for many common ALD-grown metal
oxide films. We believe this work provides a guideline resource for researchers and technologists

in selecting ALD materials for a range of water treatment applications.
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Chapter 5 follows the work from the previous chapter, we use ALD to generate Janus
structure. We successfully designed and fabricated MgO-AAO-SnO, sandwich structured
membranes with Janus structure, which present certain ionic rectification property. This is still an
ongoing project, by choosing more suitable coating metal oxides, and tuning the ALD
parameters, like cycle number, diffusion time, et al, AAO membranes could achieve a higher
rectification ratio. As for the much more precise substrate, SizN4, we have successfully controlled
the pore size and introduced strong surface charge. Moving forward, the comprehensive
investigation in ALD parameters and ionic rectification ratios will benefit further experiments

design for osmosis energy generator.

During my PhD, | have designed and synthesized several different functional materials
for different practical water treatment applications, like the first porphyrin COFs for solar steam
generation, the 2D stable vermiculite membranes for selective ion transport, first 2D muscovite
membrane and so on. These new findings and achievements could help to broaden the materials

candidate for gradually severe water-energy problem.
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