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Abstract

Access to fresh water has become one of the mgshtglobal issues because
of growing fresh water consumption and wastewat@isgion. To treat this
wastewater and increase the clean and sustainalbdée supply, there is a growing
need for the development of advanced materialsvéder treatment. In this thesis,
two research projects aimed at developing advanwaérials for water treatment
were conducted: i) the synthesis of an advancednatagflocculant for highly
efficient solid suspension removal, and ii) theatian of advanced electrode

materials for capacitive deionization (CDI).

An introduction to the global water crisis is pnet@el in Chapter 1, along with
the concepts of magnetic flocculant and CDI, thesih objective, strategies,
novelties, and the research outline. The literateweew of magnetic flocculants and
CDI electrode materials is discussed in Chapt&ef2eral general material synthesis
methods and characterization methods related$dhbsis are discussed in Chapter
3. In Chapter 4, details regarding the synthests @e of the magnetic ey-
graphene oxide (E®;-GO) nanocomposite for rapid flocculation of sdicspended
particles in wastewater and natural water are ptede In Chapter 5, the
development of a three-dimensional ordered mesaogatitanium nitride (3DOM-
TiN) is presented as a next generation high-pemoice non-carbon CDI electrode

material, with further in-depth studies revealintg inovel dual adsorption

\Y



mechanism. In Chapter 6, a first-ever synthesia afnocomposite electrode of
nitrogen-doped graphene-titanium oxynitride (NG-IN) for highly efficient CDI

Is presented. Detailed material synthesis methogBysiochemical and
electrochemical characterization, adsorption amalysectrosorption mechanism
analysis, and CDI performance analysis can aldounad in each chapter. Chapter
7 summarizes the work in Chapter 4-6. Additionalbgveral proposals and
suggestions for future research are presentedapt€h7. Supplemental information

and preliminary experiments of Chapter 4-6 aremginethe Appendix section.
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Chapter 1: Introduction

1.1 Global Water Crisis

Access to clean water is one of the most urgerilenas in the 2% century.
Only 3% of the world’s water is fresh, with the vasajority being seawater and
non-potable water. Of the fresh water, humans a¢dyn access 0.5%; the rest is
frozen and locked in remote areas and glacierse@tly, over 650 million people
lack safe drinking water. One-in-five deaths ofldten under five years old can be

attributed to a water-borne illness.

The clean water supply can be increased by pugfgon-potable water. Two
treatment steps are needed during the general wastetreatment process: (i)
removal of solid suspensions and, (ii) water dassilbn. Herein, two techniques for
these treatment steps are introduced: magneticulaton for solid suspension

removal and capacitive deionization for water das#ibn.

1.2 Magnetic Flocculation for Solid Suspension Removal

In general water treatment processes, the pollwtddr goes into a series of
unit operations, whereby components are removedratgly, The removal of
suspended solid particles is typically a mandastep during water processiAd@he
gravity settling method a well-established treattmecthnology for removing

suspended solid particles. To accelerate the regttirocess, flocculants are often



added The most common flocculants are polymer/ion coritpsswith high-
coordination capacities such as polyferric silicatéate (PFSS) and polyaluminum
chloride (PAC). These compounds aggregate suspesatedonents to form large
particles that accelerate the gravity settling pss¢ ° The magnetic flocculant is a
kind of flocculants combining the magnetite corel dhe flocculants together to
reach higher efficient in solid suspension remawvaler the presence of an external

magnetic field.

In recent years, magnetic flocculants have beegsldped, based on polymer-
magnetite flocculants.” However, these compounds have low flocculatioracip
and therefore require high dosing amounts to perfsimilarly to the traditional
coagulating agents. Thus, the challenge of devedppinovel magnetic flocculant
was raised. The pollutants in wastewater can be sokspended particles, heavy

metal ions or organically soluble components.

1.3 Capacitive Deionization

Seawater and brackish water can be desalinatetteated to produce clean
water® Brackish water is a type of water with relatividw or moderate salt levels.
It may result from the mixing of fresh water anchwater, or as a product of
agricultural or industrial waste. Consequently, ttevelopment of desalination
technologies has attracted considerable attensind,several methods have been

developed and applied in large-scale industriatipction of clean water, including
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vacuum distillation, multi-stage flash distillatiomultiple-effect distillation, vapor-
compression distillation, and reverse osmosis. Heawnanost of these technologies
require a large energy input, and therefore haxgelaperating costs. Moreover,
these technologies require a separate heatingropression device to heat up or
generate vacuum. Furthermore, they are usuallyopedd under lower pressure,
and thus are inapplicable in small-scale water ldegeon. Ghaffour analyzed the
energy cost for a whole life capacitive deionizatgyocess and determined that the
capacitive deionization process showed great ddgas over conventional

desalination technologies.

Since the late 1960s, capacitive deionization (GiA$ become one of the
most efficient methods for treating brackish wateEDl is a form of electrodialysis
technique, was introduced as a desalination meilitbcconsiderable potential. CDI
removes ions from water by applying voltage acrwas electrodes. Anions are
removed from the water and stored in the anodeyamdversal'CDI is primarily
used in brackish water desalination and in wastewaeatment. In the 1970s, the
mathematical model of CDI was studiéd;?using the electrical double layer (EDL)
model, which describes the ion ad/desorption orsthréace of an electrode under

an electrostatic field.

A typical CDI system pumps salty water from a resegrand consists of a

cell stack, a conductivity detector, and a compigedata processing. The CDI cell
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stack is a two-electrode device with an ion absomplayer capacitor. It can be
operated either in flow-by mode, i.e., the feedwatezam flows through the space
between the electrodes, or in flow-through mode, the feedwater stream flows
through the electrode. An ion-exchange membrandegtaced above the electrode
film to enhance ion removal, which is the membr&iid system. Several cells can
be stacked together, with continuous salty watewvifig between thenkigure 1-1
demonstrates the schematic of a typical porougretke flow-by CDI cell. CDI did
not attract significant attention until 1995With the development of supercapacitor
technology and electrode materials, it has becoossible to use CDI to remove
ions in water efficiently, and during the past tdecades, a large amount of studies
have been conducted on CDI electrode materials. Mbst important factor for
enhancing CDI performance is a suitable materiattfe cell capacitor. Thus, most
recent studies have focused on the developmentoodup carbon electrode

materialst®
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Figure 1-1 Schematic of a flow-by porous electrodes CDI cell.



1.4 Thesis Objectives and Approaches

The objectives of this study were to develop nawafnetic flocculants for
solid suspension removal and novel CDI electrodeer@s with high salt removal
rate, regeneration and cycling stability. To achidliese objectives, candidate
materials were tested in preliminary studies (Apess) and several materials were
selected for further, in-depth analysis. The stpyatnd research process in this thesis
are shown irFigure 1-2 The details of the approach for each materiatleseussed

in the relevant chapters.
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The first phase of this study focused on the deraknt of a magnetic
flocculant for solid suspension removal. The sgptevas to deploy amn-situ
synthesis of magnetite incorporated onto absonmaterial with a high surface area
and adsorption capacity. The synthesized magnédiccudlant was tested in
simulated kaolinite solid suspension water, andrémeoval rate was measured by
visible-UV light adsorption on the upper liquid &y The data were fitted with
Langmuir and Freundlich models to explain the dhsgr behavior of the

synthesized magnetic flocculants.

The second phase of this study focused on the a@went a CDI electrode
material. The desired material had a large surdaea, high electrical performance
and a high salt adsorption capacity. Several tgbg®rous electrode materials that
have been previously considered are studied (Apperithen a possible synthesis
strategy was put forth, and the electrode matearés tested on CDI cells in both
batch and continuous mode. To increase the elextpmiformance, a porous
titanium material was developed so that: i) itsgusrmorphology was enhanced, ii)
its surface area was increased, iii) its specipacitance and another related
electrical performance was improved, iv) its weittgbin continuous-flow salty
liquids was improved, V) its regeneration perfors@and long-term stability were

improved.



Another advanced strategy was to develop dual-ptsar mechanism
electrode materials with novel adsorption mechaniSine novel adsorption
mechanism is the pseudo capacitance adsorptionlrbegend the conventional
single-mechanism driven porous carbon electrodeema&t The study on the
mechanism of the electrode materials would possblyieve a breakthrough and

foster new research in CDI electrode material stidi

Accordingly, it is important to identify the advages and disadvantages of
the selected materials and modify their synthesisgsses so that their intrinsic
nanostructure characteristics may allow high s#ntion capacity and so that the
above requirements are met. An example is the gdrtnium nitride (TiN), which
has proven to provide improved salt retention caypahigher surface area, and
better electrical performance than most traditima@bon-based materials. However,
porous TiN nanopatrticles, such as porous titanitoride (TiO,), suffer from low
cycling stability and salt adsorption decay. Thepgmsed approach for improving
this material consists of nitrogen doping, formiag ordered structure, and
incorporating graphene to assist nitrogen dopirftgesé approaches bring about
remarkable changes in the morphology and performasfcthe material. The
synthesized electrode material was tested for eygéion capacity in over 10 cycles.

Similar strategies were applied for the other maleimvestigated in this study.

To reiterate, the specific objectives of the thesesas follows:
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The design and development of unique nanostructumadnetic materials
capable of highly-efficient solid suspension renipva

The solid suspension removal capacity should bes®than 50 mg migwith
rapid settling speed;

The design and development of unique nanostruchaterials capable of unit
mass salt adsorption capacity higher than 15 rhdNgCl in batch-mode CDI
tests in 500 mg t simulated brackish water at 1.2 V;

Cycling stability, i.e., over 10 cycles for oveh4with at least 60% salt retention
capacity to its initial salt adsorption capacity;

The developed material should have good physicdbpeance, for instance,
high surface area and high mechanical stability;

The developed electrode material should have gtedrieal performance, for
instance, a high specific capacitance and goodrelalcconductivity;

The synthesized material and methods should havpdtential application for

commercial and large-scale applications.

1.5 Research Outline
Chapter 4~6 introduced three works based on therealobjectives and

approaches.
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In chapter 4, the magnetic &&-graphene oxide (E®,-GO) nanocomposite
was synthesized by a facile one-pot hydrothermahatkand was used for settling
and removing solid suspended particles in the wadtr. Physicochemical
characterizations not only confirm the successitditu deposition of magnetic
Fe;04 nanoparticles on GO nanosheets but also demam#teit strong interaction.
The FgO,-GO nanocomposite can effectively accelerate thiergeprocess in the
presence of a magnetic field. It can reduce Kaelisolid particle concentration by
one order of magnitude within 30 min, which is teviihe rate in the absence of a
magnetic field. The solid suspension absorbing Wehaof the FegO,-GO
nanocomposite in the presence of a magnetic feeld good agreement with the
Langmuir and Freundlich isotherm models and theugeesecond-order kinetic
model. The maximum calculated adsorption capasityd.46 mg ¢, and that of
the initial adsorption rate is 0.0275 mgmin'. The FeO,~GO nanocomposite is
proven to be an effective, efficient, and a prongsnagnetic coagulant for the rapid

treatment of solid suspended particles in wastaveate natural water.

In Chapter 5, a three-dimensional ordered mesogotdanium nitride
(3DOM-TIN) has been synthesized via a templatingho@ as a novel high-
performance non-carbon capacitive deionization j@&mMctrode material. The dual
lon electrosorption mechanisms, fast ion diffusaow rapid charge transfer enabled

by the multiple advantageous features of the 3DOM-Electrode boost an
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outstanding CDI salt adsorption capacity (SAC)igh las 23.6 mg-§and a record-
breaking maximum salt adsorption rate (SAR) ofrfB2g® min* when treating 500
mg L'* NaCl solution at an applied voltage of 1.2 V. Sagbellent CDI performance
in addition to excellent cycling stability not oniginks the 3ADOM-TIN electrode as
one of the most promising electrodes for future @pplications but also confirms
the great potential of nanoengineered non-carbegireldes for next-generation CDI

cells.

In Chapter 6, a first-ever reported nanocomposgetimde of nitrogen-doped
graphene-titanium oxynitride (NG-TifNy) for capacitive deionization (CDI) was
synthesized via hydrothermal reaction and high-tmampire nitridation process. The
physiochemical characterizations revealed that riteogen was doped in the
graphene structure mainly in the form of graphititogen and the Tiy was
successfully formed via TiOnitridation process. The layered NG nanosheets
facilitated the diffusion of ions in saline wateraformed electrical double layer on
the surface of the electrode material, while thespnce of Ti(N, enhanced the
electrochemical performance by increasing surfaea and generating surface
vacancies via nitridation. The CDI cell employed -N®yN, electrode delivered a
breakthrough salt adsorption capacity of 26.1 mgngs00 mg L saline water and

retained over 90% of its initial salt removal effoy after 12 regeneration cycles.
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Such high CDI performance exhibits the promisingligation of NG-TiQNy as a
novel CDI electrode candidate.
Supplemental information and preliminary studies @hapter 4-6 can be

found in the Appendices.
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Chapter 2: Literature Review

2.1 Magnetic Suspension Removal

Phase one of this study was focused on developrglmagnetic flocculants for
magnetic-assisted solid suspension removal. Toadiliy, magnetic flocculants are
made from a magnetic-core and an outer layer. Tagnetic core is usually made
from magnetite (-FeO,), while the outer layer is typically made from yoler
flocculants, such as polyferric silicate sulfate &), polyaluminum chloride (PAC),
polyacrylamide, and chitosan et Graphene oxide (GO), a well-known absorbent
material’®has not been substantially reported on in theditee as a solid
suspension removal absorbent. In the following satiens, we will introduce

graphene oxide and magnetite briefly.

2.1.1 Graphene Oxide as the Solid Suspension Adsorbent

Graphene oxide is a layered-structure compoundadbon, oxygen, and
hydrogen in variable ratios. It is synthesized bgating graphite with strong
oxidizers. GO sheets have high similarity to graqgh&ngle-atom sheets, with a C:O
ratio from 2.1 to 2.9. GO is a one-atom-thick ndmees of sp-bonded carbon atoms,
with a high specific area, and high crystal anctetmic quality. GO was first
synthesized in 1859 (Brodie, 1859) by treating git@pwith a mixture of potassium
chlorate and fuming nitric acid. In 1957, Hummerd a@ffman developed the

Hummer method using sulfuric acid, sodium nitrateg potassium permanganate

14



to oxidize the graphite nanoshéeétt is currently the most widely used synthesis

method.

GO is hygroscopic and has the potential advantagabsorbing wastes in
water solution® Further, with its 2D and 3D structure, it is amadtl pollutant-
adsorbing and ion exchange material. Recent stuiiksate that GO can be used
for removing heavy metal ions, such ag'PEw*, and Cé*, from watert®2t GO
has been studied for reverse osmosis in watenteraf? Owing to its ion-selective
property, large ions can be filtered from the G@embrane, and small ions can
pass through the layered structure. O’'Hern stuali®dgle-layer GO membrane with
selective ionic transport owing to its tunable sEMometer pores.Motes-Navajas
measured the surface area of GO in ligthid can reach a maximum of 736.6 gt
in a diluted solution. Due its large specific sedarea, and good ad/desorption in
both physical and electrosorption, GO has attranbediderable attention as an ideal
material with wide application in water treatmangtluding toxic organic substance
and dye adsorptiéh 2° However, none of this research has focused oy Gd as
a solid suspension adsorbent. Thus, the idea n§ SO as the out-layer absorbent

of magnetic flocculant was tested and verifiechis work.

2.1.2 Fe304 as the Magnetic Core in Magnetic Flocculation
-F&O, is one of the most commonly used materials in raagncore

synthesi€’ Despite its wide application, conventional magmnefiocculants
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generally loosely incorporated the ;B with liquid polymer-flocculants
physically?® Sun et al. reported using#® cored reduced GO nanocomposites as a
platform for removal of dye pollutant$® Chandra et al. reported using:Bg
core/reduced GO for arsenic remo¥aDther reports also suggested that magnetic
Fe;04 could be used as core in absorbent in magnetistassorbing®2However,
in-situ synthesized -Fe;0O, flocculant as the magnetite core in adsorbent nadser

for water solid suspension removal has not beeorteg in the literature

2.2 Capacitive Deionization

Phase two of this study was focused on developoglnelectrode materials for

capacitive deionization (CDI) technology. Currenthost porous carbon-based CDI
electrodes are based on the electrical double [@[@L) adsorption model, which

Is introduced below. Moreover, several importaettbde materials related to this

study are also introduced in this section.

2.2.1 Electrical Double Layer

EDLs are fundamental to modeling a CDI system. Adiog to Paul et af3
the EDL is a region at the interface between atgmiand solid electrical materials
where an excess charge may exist even thoughdbiaes are electrically neutral.
Johnson et al. developed the first EDL model inX8@0s'? 3** They assumed that
lon absorption in the CDI is approximately a capeeiprocess, whereas adsorption

kinetics do not limit the charging rate, and fatadaactions are negligible.
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The double sides of the electrodes interfacing \athopposite electrical
charge are termed as EDL, and the most widely aedapodel for describing the
EDL is the Gouy—Chapman-Stern motfdin the Gouy—Chapman-Stern moéfel,
as shown irFigure 2-1, the double layers are assumed to be divided mtmrzer
region on the electrode surface (the Helmholterdgyand the diffusion region (the
Gouy-Chapman layer). The Helmholtz layer is wheresiof the electrode surface
are transferred directly onto the electrode surfadele, the Gouy—Chapman layer

Is where the electric charge is diffused, and therge distribution depends on the

surface potential.
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Figure 2-1Distribution of Charges in a Gouy-Chapman-Stern ehod
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The capacitance of the Helmholtz and Gouy—Chapragerd contributes to
the total capacitanc&quation 2-1can be used to calculate the total capacitance by

considering the Helmholtz and Gouy—Chapman layers:

— (2-1)

whereCsy is the total capacitance of the two capacitorsanes;Cy.4 is the

capacitance of the double layer between the eketsnrfaceM and the plane of
closest approacH for the ions,Cyu.4 IS the capacitance of the diffuse double layer

from H into the solution; and Is the capacitance of the Gouy—Chapman layer.

In an ideal parallel capacitor model, charge sdjmaras electrostatic. The
capacitance is proportional to the area of thedde plates and the inverse distance

of separation, as shown lguation 2-2

— (2-2)

where A is the area of each capacitor platejs the relative electrostatic
permittivity (dielectric constant) of the materibktween the plates; is the
permittivity of free space (8.854 x 1DF m?); andD is the separation between the

plates (m).

Gouy and Chapman developed an ideal model, whassae treated as point
charges, and the electrodes are ideally polariZefias shown irEquation 2-3.
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o _ (2-3)

Where s the electrical valencejis the excess chargR;is the ideal gas
constantT is the absolute temperatute; is the electrical capacitancg; is the

bulk concentration; andis the electrostatic permittivity of the electfield.

The electrical capacitance of the diffuse doubigedas then obtained by

differentiatingEquation 2-3 with respect td

s -4

Figure 2-2 shows the excess charge distribution at the exderbetween a
charged electrode-electrolyte solution accordingthiie Gouy—Chapman-Stern

model.
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Figure 2- 2Schematic representation of charge distributioanrelectrolyte.

The outer Helmholtz plane is indicated by OHP(H).
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Biesheuvel et al>*! further investigated the EDL model in CDI, as shaw
Figure 2-3. The figure demonstrates that when two oppositbgrged electrodes
are in equilibrium with the same electrolyte salatiexcess charge is built up at the

interface near each electrode.
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Biesheuvel et al. examined the prediction modeigislaCl salty water as the
simulated feed water in a CDI systeith*! The experimental data were fitted to the
prediction results successfully, thereby introdga@itractive forces in the micropore
electrode model. Schocron and Suss observed cenidel conditions in which
surface transport enhances cell charging rates, @nthter-intuitively, this
additional transport pathway was found to slow dae&h charging in other model

conditions®

2.2.2 Adsorption Model

The ion adsorption on the surface of the electrmate be explained by the
Langmuir and Freundlich adsorption isotherms métidh this model, the
concentration gradient driving the ions to be aolsd on the surface of the electrode
Is treated as the electrical force. In both thedrmanir and Freundlich models,
equilibrium is reached as a result of surface saitur on the carbon material.
Gabelich et al. used Langmuir, Freundlich and BEdtherms in their study on
electrosorption of ions onto carbon aerodél$n their study, the Langmuir

adsorption isotherm is given usiggjuation 2-5:

(2-9

24



Where X is the per unit weight of adsorbent;is the equilibrium
concentration of the solution; andis the stoichiometric concentration of the

solution.

The Freundlich isotherm can also be used to desdhke adsorption in

solution:

012 3 (¥ (2-6)

WhereO is the amount of solution adsorbed; M is the weafradsorbent;
; 1s the equilibrium concentration of the solutianmd K and n are empirical

constants depending on the system.

2.2.3 Analysis of a CDI Cycle in a Two-Electrode Model

A typical CDI design uses two porous carbon elesowhose thickness is
between 100 and 500m. The brackish water flows through the gap betwihen
two parallel electrodes, as shownHigure 2-4. A typical “flow-by” electrode at
laboratory scale ranges from 5x5 to 10x1@.chine electrode can either be a thin
film attached to the metal mesh or be coated orctfiectors. The system can be

tested as a single pair (supercapacitors) or & stanultiple cell pairs.
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Figure 2- 4 Schematic of a flow-by CDI cell.
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2.2.4 Operation of CDI

Several factors influence the performance of a &@dtem. with the most
important being the electrode material. Propediesh as surface area, pore size and
pore size distribution have a great effect on tedgomance of the system. Thus,
carefully manufacturing the electrode material éffiicient CDI operation is the

main concern.

The CDI cell is connected with a peristaltic puraptimp feed in salt water.
By combining single CDI cells together, CDI cell&anc gain much higher
desalination performance to meet the requiremenitsdostrial water desalination
standards. The salinity of desalinated water issmesl by a conductivity meter at

the out flow. The schematic of a whole CDI stacgtem is shown ifrigure 2-5.
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Figure 2-5 Schematic of a CDI analysis system.
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2.2.5 Feed Water Composition and Concentration

Currently, the CDI technique is mainly used to tleate brackish water and
industrial waste water with salinity similar to bkash water. The brackish water is
water having more salinity than freshwater, but astmuch as seawater, which
contains between 0.5 and 30 grams of salt pemigééer. The brackish water habitats

are estuaries, mangroves, brackish seas and fakes.

The composition of the feed in salty water may \degending on if simulated
brackish water, real brackish water or simulateligtrial waste water is used. Water
containing a single component, such as NaCl or KOlhe most commonly-used
simulated brackish water at the lab-scale. Watataining multiple components is
used to simulate natural brackish water or indalswiastewater with heavy metal
ions. It may also be real-waste or brackish watewever, real water should be pre-
treated to remove large particles and biologicalrganic matter to avoid destroying

the porous electrodes, if real brackish water tsseh to be the feed water.

The feed and purified waters can be analyzed ushrgmatography or
inductively coupled plasma optical emission spesttopy to determine their
compositions and assess the composition changetdueatment. Such a test is
usually conducted off-line. For single- or multymlemponent simulated water, the

composition of feed water is fixed, and the outsfivater can be detected online to
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analyze the composition changes after the flowutinahe cell. The test can also be

combined with a conductivity meter.

2.2.6 Electrical Potential

In the EDL model, higher capacitor voltage implie=er electric charge on
the electrode surfaces, and hence (in theory) rbette adsorption performance.
However, the applied voltage has an upper limitjicwhs 1.23 V of the water

electrolysis voltagé® Thus, the cell voltage of the CDI system is usualR V.

2.2.7 Electrode Material
One of the most important factors in performancehef CDI system is the
electrode material. An ideal CDI electrode mateshbuld meet the following

requirements:

1. Large specific surface area, which implies higltetesorption capacity.

2. Uniform morphology, which results in a positiveezit on electrical conductivity.

3. High electrical conductivity.

4. Rapid response of the entire surface area to ekmtion—electrode sorption
changes.

5. Stability to wide pH variations and to the preseafteon-ionic components such
as oxidants and colloids.

6. Stability to wide voltage variations.
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7. Cycling stability, retaining at least 50% of itstial desalination capacity after

multiple cycles.

The earliest and most commonly-used material isy®carbon, which has
low cost, large surface area, and good electricgdgaties. Since 1995, various types
of electrode materials have been developed, sueltasted carbon (AC), carbon
aerogel, ordered mesoporous carbon, inorganicieesliin carbon-based materials,
carbon nanotubes, and polymer-coated carbon miatéieveloping an electrode
material with high salt removal efficiency and higdgeneration capacity has been

the main concern of the research on CDI in the ppastdecades.

2.3 Electrode Materials Related to this Thesis
Even though the concept of CDI appeared in the 4960ited research was
conducted between the 1960s and 1990s. Duringaie\wo decades, several types
of electrode materials were develope@he most commercially-available and well-
known electrode materials related to this theses @esented in the following

subsections with brief introduction to their phydiand chemical properties.

2.3.1 Activated Carbon
Activated carbon (AC) is a low-cost absorbent usdddustrial applications
and can be the base material in preparing CDI reldes that support other

functional additives. AC is primarily produced Wdyetpyrolysis of carbonaceous
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source materials such as nut shells and wood ghelertures under 1000 *€.
Alternatively, the raw material can also be actddby acid, strong base, or salt prior

to carbonization, which is performed at a lowergenature'’

AC has been used as an electrode material by MwaptyCaudle et al. at the
early stages of CDI researth?®Since 1995, numerous works have been concerned
with using AC as the CDI electrode material or bgadrporating various additive
species during fabrication, tuning the pore site $pecific surface area and
conductivity to enhance ad/desorption performafdntil now, AC is still among
the cheapest, most accessible and least commeecialiDI electrode materials.
Thus, AC is often used as the standard referendeet&dtrode materials in CDI

tests.

2.3.2 Titanium
Titanium (mostly TiQ) is a widely-used functional material in waterlpbbn

treatment. It is reported that the conversion ef d¢ectric properties of titanium
atoms in the presence of an electric field is rasjfie for the significant increase
in the electric field adsorption of Tinodified AC#° Ryoo et al. studied the role
of incorporating TiQ in AC electrodes? AC cloth was modified by adding metal
alkoxides of titanium, silicon, aluminum, and zind@m to enhance its CDI
performance. The presence of titanium atoms inesetee adsorption sites for ions

under an electric field. The authors also obsewrveimilar phenomenon with the
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modification of silica-, alumina-, and zirconia-ACiu et al>* used a microwave-
assisted method to synthesize an anatase/titaniomided/AC composite. The
single-direction polarity of Ti@particles enhanced the reversal of the adsorpfion
AC. The authors used both direct blend and a miav@assisted method to
synthesize the TI&AC cloth. Kim et al. used a Ti(Gsol-gel spray method for
carbon electrode®.The presence of TiOand SiQ additives attracted high water
content and increased the wettability of the eteldr the inhibition of physical
adsorption of ion species affecting electrochemazhtiesorption during CDI, and
the alteration of the surface zeta-potential orcdrdon electrode to increase the ion
removal rate. The previous studies revealed ttatitim and its derivatives could
be a useful additive in porous carbon-based CDttelde materials or even

candidates for non-carbon CDI electrode materials.

2.3.3 Graphene Oxide and its Derivatives

Graphene oxide (GO) has long attracted considegrdt#ation and is used as
an electrical material in various applications,luding supercapacitor electrodes,
which shares several similarities with CDI. Howevianited research has been

conducted on its use as a CDI electrode material.

By oxygen reduction (rGO), the conductivity of ghape oxide can reach
approximately 1000 S/if¥. GO has a strong interaction with water owinggddrge

specific ared? and is an ideal material for water treatment wiifph wettability.
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Electronic properties such as conductivity depemthe chemical composition and
structure of the GO nanosheet. Conductivity is allpselated to the degree of
structural disorder. Several studies have beenumed on the electrochemical
applications of GO and rG&:*°It has been demonstrated that these materials have
a strong potential in several electrochemical agfilbns’™>’ Shao exposed
graphene to nitrogen plasma and obtained nitrogetopéd graphene (NG5®
which exhibited significantly higher electrocatatytactivity toward oxygen
reduction and kD, reduction than graphene due to the nitrogen fanatigroups
and the specific properties of graphene. Inhwd.&t ased a step-by-step thermal
reduction process to synthesize GO, and successtrkngthened the external
electrical field, the density of the transport emt; and temperature. Thus, it is
reasonable to consider using GO and its derivaigasovel functional materials for

capacitive deionization.

For comparison, recent electrode material developsrend recent studies on

CDI electrode materials are listedTiable 2-11%-1°
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Table 2-1CDI performance of various electrode materials

Initial Salt Salt
Cell Voltage
Electrode Material Concentration Adsorption
(V)
(mg L) (mg g*)
Carbon Aerogéf 50 1.2 1.4
Carbon Aerogel 500 1.2 2.9
100 6.1
200 8
500 9.72
AC powdef? 1.2
1000 10.8
1500 11
2000 11.76
Ti-Active Carbon ClotH?° 5844 1.2 4.3
Multi-walled CNTs®2 3000 1.2 1.7
CNTs-Carbon nanofibef$ 110 1.2 3.3
omCh4 25 1.2 0.68
OMC®® 50 1.2 0.93
AC?56 200 1.5 3.7
AC 200 1.5 5.3
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Initial Salt Salt

Cell Voltage
Electrode Material Concentration Adsorption
V)
(mg L) (mg g%
292 10.9
Commercial AC electrodé 1.4
1170 13.0
Graphene-like nanoflake 25 2.0 1.3
Single-walled CNT® 23 2.0 0.75
Commercial AC electrod@ 292 1.2 10.5
MnO,-AC™t 25 1.2 1.0
Carbon nanofiber webs 95 1.6 4.6
Sulphonated graphite
250 2.0 8.6
nanosheét
Graphene-CNT 29 2.0 1.4
Reduced graphene oxide-AC 50 1.2 2.9
Ordered OMC/CNT% 46 1.2 0.63
Carbon aerogel monolitis 2922 1.5 9.6
Reduced graphite oxide-
65 2.0 3.2
resol®
AC™ 292 14 124
Carbide-derived carbén 292 1.2 14.9
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Initial Salt Salt
Cell Voltage
Electrode Material Concentration Adsorption
V)
(mg L) (mg g*)
AC powder® 1170 1.0 10
AClion-exchange resih 2000 1.4 18
Polyrrole/graphen@é 1000 1.4 15
AC cloth’® 100 1.2 7
Three-dimensional
30 2 80
hierarchical® porous carbdii
550 1.2
Carbon clotf! 100
5500 1.1
CNT spong® 60 1.6 90
CNT/polyacrylic aci&® 50 1.2 350
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Chapter 3: Experimental Methods and Characterizatio n

Techniques

3.1 Material Synthesis
The general experimental methods of synthesizirgrwajor materials, the
GO and TiN are described below, detailed experialentthods are discussed in

each chapter.

3.1.1 Synthesis of Graphene Oxide
The GO was synthesized by a modified Hummer metho®. More

specifically, 3.0g of graphene powder and 1.5gwwoditrite (Sigma Aldrich) were
mixed in a flask with 200 mL of 98% sulfuric aciddastirred for approximately one
hour at 90 °C. Then, the flask was transferred amace bath, and 9.0g potassium
permanganate was slowly added and vigorously dtioe24 hours. Then, 500mL
of deionized water was added into the flask to édmiling while adding the water.
Then the solution was heated to 35°C, stirringdnother 24 hours. During the
stirring, the color of the aqueous solution turted dark brown color. 30 mL of
hydrogen peroxide was then added to the solutiamsing the color to change to a
light shade of yellow. After two hours of continustitring, the solid product was
washed with 5% hydrochloric acid and deionized wateveral times. The final

product’s color was dark brown. For characterizatbthe synthesized GO, the wet
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product was centrifuged, frozen with liquid nitrogand finally freeze-dried for
three days until the GO turned into a light brovavder.
3.1.2 Polystyrene (PS) Template Synthesis

The PS template synthesis method in this thedmsed on previous work
where the templates were used in the preparati@ndsi TiQ nanoparticless® 87
In detail, 200mL boiled distilled deionized watexygen-free DDI) was added into
a three-neck flask. Then, 2.5g polyvinylpyrrolidd/P, M.W. 10,000) was added
under magnetic stirring until the PVP fully dissedvin the oxygen-free water. The
flask was then put into an oil bath purged witlragen gas to expel oxygen and
heated to 70°C for 15 mins. 24 mL of styrene monowes added to the flask and
stirred for 20 min. Subsequently, 40 mL of 5g'mbtassium persulfate solution was
added using a funnel with a drop rate lower thadrbps per minute. The flask was
continuously stirred and maintained at 70°C in iaffrae atmosphere for 24 hours.
After the reaction stopped, filtration was usedaimove particles from the solution.
Then, the solution was centrifuged at 3000 rpml@rhours to form ordered PS

template nanoballs. The PS template was driedeahperature <40°C overnight.

3.2 Characterization Techniques
Physicochemical characterization is important tdaratand the relationship

between electrochemical performance and the clarstots of the developed
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materials i(e., chemical composition, physical morphology, amdicgure). The
physicochemical investigation is a crucial stefhmstrategic loop used in this thesis.
Understanding the effect of material structure ahdmical composition on the
electrochemical performance is essential to idgthié shortcomings of the material.
This can help in refining the design of the synithgsocedures. The following
sections will introduce the theory and the impoctaaof the selected characterization

techniques.

3.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a high-resmiuimaging technique
used to examine the morphology of materials airtiveo/nano- scales. The working
principle of SEM involves directing a beam of shedved electrons onto the
surface of the inspected sample. The electron bheayanerated from an electron
gun (wires connected to a high voltage source,A&M3A), the beam is focused on
the sample by a set of electromagnetic lenses. Wherelectron beam hits the
sample’s surface, secondary and backscatteredragiecwill be captured by
detectors fixed above the sample. The electron biearaster scanned over the
inspection area, and the detected electrons widdmverted into electrical signals
which are processed by a data acquisition systegererate the final image of the

inspected area.
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3.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a powenftaging technique
that provides in-depth information about the phgkicharacteristics of the
Investigated sample at the nano and atomic sciesworking principle is based
on directing electrons that are generated by d Betission beam onto the sample.
When the electrons reach the sample, they willrwestnitted through the sample
and captured by detectors. The captured electrdhisartransformed into electrical
signals and converted into high-resolution imapasc¢an help visualize the material
morphology and crystal orientation at the atomiele
3.2.3 Elemental Mapping

Elemental mapping is the image obtained from SEM &a&EM scanning,
showing the spatial distribution of elements iraaple. Since the sample requires
polishing prior to elemental mapping, the resultais2D image showing the

compositional zonation of the material.

3.2.4 Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is atjtzdive and qualitative
analysis technique that is used for the identicatof the sample’s chemical
composition through elementals analysis. EDS isaliswwoupled with SEM and
TEM and can be done simultaneously with imaginge €bllision of the electrons

with the sample will emit X-rays which can be captliby a detector. The analysis
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of the binding energy of the emitted X-rays vensgisrence fingerprints for different
elements enables the identification and quantiboabf the material’s chemical
composition.
3.2.5 X-ray Diffraction

X-ray diffraction (XRD) is an important and fastadytical technique that is
used to identify the crystal structure of the inigeged sample and provide
information about unit cell dimensions. X-rays wifipecific wavelengths are
emitted from a beam source at a specific angle e inspected sample. When
the X-rays bombard the sample, they will interaghwhe material atoms before
being reflected with different intensities and ¢ieg a pattern. The diffracted X-
rays will be collected by a detector and processegknerate a spectrum which will
be compared versus well-known fingerprints for mate to identify the
investigated material. The lattice spacing can d&end using the relationship
between the angle of diffraction and the specifistal orientation using Bragg's
law shown in the followindg=quation 3-1:

5%68' '79 (3-1

Where n is the order of the spectrum (integer nujnbeis the X-ray

wavelength, d is the distance between the sampleepbnd is the introduced X-

ray angle to the surface of the material.
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3.2.6 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also knows electron
spectroscopy for chemical analysis (ESCA), is agqfu analysis technique that
can provide qualitative and quantitative informatadout the investigated materials.
XPS is a surface-sensitive technique capable ofsuomeay the elemental
composition at very high precision for the atomstxg at 0.5 to 10 nm from the
surface of the sample. XPS provides detailed infhion about the chemical
formula and chemical state of the materials. Thekiag principle is based on
sending an X-ray with known energy to bombard tbhdage of the examined
material causing vibrations in the atomic bonding amissions of electrons. The
emitted electrons are counted, and their kinetergynis measured. By calculating
the change in total energy between the sent beahthenemitted electrons, the
energy needed to excite and emit these electrandeaalculated, which will be
equal to the binding energy of these electrons.Bihding energy is characteristic
of the atom type and chemical state.
3.2.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is an analysisiteque that measures the
change in the weight of the investigated samplsustemperature increase at a
fixed rate or versus time at a fixed temperatuf@ATan provide useful information

about the composition of the tested sample as@itumof mass loss or mass gain.
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3.2.8 Brunauer—-Emmett—Teller

Brunauer—-Emmett-Teller (BET) is a useful analy$isoty that provides
information about the specific surface area of itheestigated materials. BET is
based on measuring the physical adsorption ofragah multilayer as a function of
relative pressure. BET instruments are usually mopd with a Barrett-Joyner-
Halenda (BJH) pore size and volume analyzer thatpezavide information about
the pore area and pore volume from the adsorptmogbtion measurement.
3.2.9 Raman Spectroscopy

Raman spectroscopy is an analytical techniquedhaatprovide qualitative
and quantitative information about the chemical position of the investigated
materials based on vibrational spectroscopy. Thasomement theory is based on
sending a monochromatic laser light at a knownueagy onto the material and
analyzing the intensity of the scattered light. Wihige laser beam hits molecules in
the material, a shift in energy will happen dudhe interaction of light with the
molecule causing a shift in the vibrational enelepels of the excited molecules.
Plotting the intensity of the shifted energies usrthe frequency of the inbound light
yields a characteristic plot often referred to &rmerprint” that can be matched to
a known plot from a chemical database. Raman pletalso used to study chemical

bonds or verify the addition of attachments to salbss.
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3.2.10Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) ieehnique used to obtain
an infrared spectrum of absorption or emission sblad, liquid or gas sample. An
FTIR spectrometer simultaneously collects high-gpécesolution data over a wide
spectral range. This confers a significant advantager a dispersive spectrometer,

which measures intensity over a narrow range ofelengths at a time.

3.3 Electrochemical Characterization
3.3.1 Cyclic voltammetry (CV)

Cyclic voltammetry measurement was carried outgudiaCl solution with
the concentration of 0.1, 0.5 and 1M; the sweepigntial ranged from O to 1 V
in an electrochemical cell with a three-electrogistam: carbon electrode as the
counter electrode, SCE as the reference electnodiéha prepared materials as the
working electrode. The system works with a Vera3tatotentiated device. The
specific capacity was calculated by integratingates of the CV curve to determine

the average value using the followiEguation 3-2

S (3-2)

Where G is the specific capacitance (F)g; is the current (A)7 is the scan

rate (V st), ?@is the applied potential windows (V), and m is éhectrode material
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mass (g). Electrochemical impedance spectroscai®) (Beasurements was carried
out at frequency ranging from 10 to 0.01 Hz. Thektode of the alternating voltage
was 10 mV and the potential was 0V.

The electrosorption capacity is showrEquation 3-3:

(B CB*E €

= (3-3

Where G and G are initial and equilibrium NaCl concentrationsy(int), V
is the volume of NaCl solution (L) and m is theatahass of the electrodes (Q).
Charge efficiency (), a useful tool for evaluating the total chargefirted as
the ratio of the amount of electro-adsorbed ionth#&oequivalent total charge, was
calculated using the followingquation 3-4:

( C =
¢ (34

WhereK is the charge obtained by integrating the corredjpy current and
F is the Faraday constant (96485 C fe).

3.3.2 Galvanostatic Charge-Discharge

Galvanostatic charge-discharge (CD) is a well-éstadsd measurement
technique that can provide useful information abdbe electrochemical
characteristics of the cell. The test protocolasdxl on charging and discharging the

working electrode at a fixed current density withilspecific voltage window. In a
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typical CD experiment, when the working electragleharged or discharged at fixed
current density, the amount of charge transferetaiden the electrodes will remain
constant. The change in potential and time are wunedsand varied based on the
current density that is applied. The analysis efubltage and time dynamics with
current density can provide useful information alelactrochemical characteristics
of the investigated materials. The specific capacié can be calculated from the
charge-discharge curve as per the beimuation 3-5.

B' 'I'I(F'NCI'NM™ (3-5

Where G is the specific capacitance (B)gl is the discharge current (A), m
Is the mass of the active material (g), and t is the discharge curve slope (mV s

1 obtained after the voltage drop.

3.3.3 Electrochemical Impedance Spectroscopy

The impedance can be defined as the oppositionner flow or voltage
change? Electrochemical impedance spectroscopy (EIS) pesviinformation
about the resistance of electrodes and electroageyell as the charge transfer

process. EIS measures the impedance of the celboange of frequencies.
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Chapter 4: Highly Efficient Removal of Suspended So lid
Pollutants from Wastewater by Magnetic Fe 304-Graphene

Oxides Nanocomposite

This section is published ddhemistry Selecnd reprinted for this chapter
with the permission from Wiley. Supplemental infaton, preliminary

experiments and cost-effective analysis can bedauAppendix A.

4.1 Chapter Introduction

Obtaining clean water is one of the biggest isdoelse solved in the 241
century®® with water purification being an effective way itacrease clean and
drinkable water supplies. The water sources tha&dn® be purified include
industrial wastewater, urban life wastewater, agdcaltural wastewater. Natural
water such as seawater, underground water, andwi&r also contains various
components that need to be removed before drirdangndustrial utilizatio® The
pollutants in wastewater can be solid suspendeticles; heavy metal ions or
organic soluble components. Generally, the polluieder goes into a series of
treating units, and these components are removearaely, in which removing
suspended solid particles is usually a mandateqy dtiring water processidd.he
gravity settling down method is one of the oldesi anost mature technologies for

removing suspended solid particles. To accelehssettling process, coagulants is
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added to the suspension solution, and suspendedgmaflocculate and form large
particles to accelerate the gravity settfhdhe most common coagulants are
polymer bound with ions with high-coordination cefpasuch as polyferric silicate
sulfate (PFSS) and polyaluminum chloride (PAC) tombine suspended
components in the water together and form largégbes and settle dowrt.®> To
increase the settling efficiency, coagulant ageatsalso be prepared with magnetic
nucleus such as k@, and used with a magnetic field to further acceééettae settling
process. This kind of magnetic flocculation hasnbased in mineral refinement
since last 1980¢ *'and has attracted lots of research intéfdsawever, traditional
polymer-based magnetic coagulants usually req@veral hours or days to fully
settle down a batch of industrial wastewdfaxhile the remaining trace amount of
residual aluminum, S® or other ions from the coagulant can be a sicpifi
pollutant in purified water?® ®Therefore, a novel magnetic coagulant with high

settling-down performance and the low residue exled.

Graphene oxide (GO) is a multifunctional materighwarge surface aré,
which is now widely studied and used in waste,uyiell, or natural water treatment
as the filtration and settling material. With thdsactions, GO is an excellent
adsorbent for removing ions and dyes in liguith. The GO nanosheets also have
intense interaction with nano- and micro-particiethe aqueous solution due to its

large surface, which foresees its potential uséh®removal of insoluble suspended
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solid1® % |t was also reported that when GO was combineth wie magnetic
nanoparticles, the removal of the dye pollutantsansenic ions can be significantly
accelerated and improved in an external magnet@d® 2° Thus, the
nanocomposite of magnetic nanoparticles and GOst®is could possibly be used
as a highly efficient magnetic coagulant in absagland removing solid suspension

particles in the solutiof: ¥

Herein, for the first time, we design and synthesiragnetic F,-GO and
use it to remove suspended solid particles in thstewater. The prepared:Pg-
GO successfully shows a cohesive capacity forisgtdown suspended solids in
water. With the existence of the external magnieicl, the suspended solids in
water can be removed fast and efficiently with thedition of FegO;-GO
nanocomposite, showing 90% removal efficiency witBD minutes. The kinetic
studies indicate the adsorption model can be fittdmbth Langmuir and Freundlich
equations and follows the pseudo-second-order ikimebdel. These simulations
prove the strong interaction between the nanocoitgpasd suspended particles and
show a high initial adsorption rate reaching 0.08¥bmg! min™. Thus, this work
revealed that R®,-GO has a great potential application in the ramdtment of

suspended solid particles in wastewater and natatsr.

4.2 Experimental Section

Materials
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The graphite powder (microcrystal grade) was oletifrom Alfa Aesar.
Sodium nitrite, sulfuric acid (98%), potassium panganate, hydrogen peroxide

and Kaolinite were obtained from Sigma Aldrich.

4.2.1 Synthesis of GO

The GO was synthesized by a modified Hummer methdtTo expand, 3.0
g of graphene powder and 1.5 g sodium nitrite (Sigktdrich) were mixed in the
flask with 200 mL of 98 % sulfuric acid and stirrt approximately hour. Then,
the flask was transferred into an ice bath andg9pbtassium permanganate was
slowly added and vigorously stirred for 24 hourseil, 500 mL of deionized water
was added into the flask to avoid boiling while ingddthe water. Then the solution
was heated to 35 °C, stirring for another 24 hobDtging the stirring, the color of
the aqueous solution turned to a dark brown c8@mL of hydrogen peroxide was
then added to the solution, causing the color tmgk to a light shade of yellow.
After two hours of continued stirring, the solidoduct was washed with 5 %
hydrochloric acid, and deionized water for sevéiraés. The final product’s color
was dark brown. For characterization of the syngeesGO, the wet product was
centrifuged, frozen with liquid nitrogen and finafreeze-dried for three days until

the GO turned into light brown powder.
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4.2.2 Synthesis of the FgD4-GO
The ratio of FgO, to GO is determined by a series of experimentiatet in

the Appendix. 1 g of the synthesized GO was ultreesed for 30 minutes and
dispersed in 200 mL of distilled deionized (DDI)teia Ammonia solution (14 mL,
17%) was then added to the GO suspension solutioedsfor two hours. In a
separate beaker, 2.0g of Fe@H,O and 5.4g FeGlbH,O were dissolved in 10 mL
of DDI water and stirred until fully dissolved. THaetter solution was added
dropwise into the former solution, and the mixtwas ultrasonicated for to avoid
using any steel or magnetic stir bars. The homoggsolution was transferred into
a Teflon-lined stainless-steel autoclave and heat@&®)°C for 10 hours to form the
Fe;04 nanoparticles on the GO sheets. The fingDr€50 suspension solution was
washed with DDI, and centrifuge. Then the produaswe-dispersed in DDI and
used as the settling agent. To characterize ththesized Fg€,-GO, the product
was centrifuged and freeze-dried. Following thepsta dark brown color powder

was obtained.

4.2.3 Characterization

X-ray diffraction (XRD) patterns were obtained ugim MiniFlex 600
diffractometer (Rigaku, Japan) equipped with CurBdiation ( = 0.154nm) source
at scanning speed of 2° mim the range of 5 - 85°. The Raman spectroscopm/ wa

conducted with a Senterra Raman Microscopes (Byuk8). X-ray photoelectron
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spectroscopy (XPS) was measured using a Thermatbcik-Alpha spectrometer.
The Fourier transform infrared (FT-IR) was obtaingsing Thermo scientific
Nicolet 6700 spectroscopy. The morphology of theamled samples was
characterized by a LEO 1350 field emission scaneiegtron microscope (SEM).
The nitrogen isothermal adsorption was carried weihg a ASAP 2020 Plus
accelerated surface area and porosimetry systeenvibible light absorption was

obtained by a Genesys 10s UV-Vis spectrophotometer.

4.2.4 Adsorption Experiments

Adsorption experiment were performed with 1 mL 60Idmg mi* Fe0,-GO
suspensions dropped into 20 mL of 40 m¢ kdolinite suspension solution. After
Fe;0,-GO was dropped into the kaolinite solution, theigson was ultrasonicated
for ten minutes and then moved on to a magnet (B0tanbegin the setting process
in Vial 1. For comparison, Vial 2 with the same centration of kaolinite and E®.-
GO nanocomposite and Vial 3 solely with kaoliniisgension were placed in a non-
magnetic environment. Photos were taken throughloaitsettling process, and
guantified adsorption analysis was performed byntak.5 mL of the solution from
the upper portion of the vial after a series oftlisgt times to analyze in a
spectrophotometer. In each curve, the peak at 8Q7Awhich is the strongest peak,
was used to measure the relative light absorplibe. data of light adsorption was

corrected and calibrated with the light adsorptata of standard solution to obtain
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the concentration of each sample. The standard digborption-concentration line

can be found in the appendix.
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4.3 Results and Discussion
4.3.1 Materials and Characterization

To confirm the successful synthesis 0§£GO nanocomposite, its chemical
composition and structure were investigated viaa)X{photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscéyiiR) in comparison with those
of the GO powder. The appearance of iron peak @teklin XPS surveyFigure
Al-1a) discloses the existence of iron in the nanocom@oshe FT-IR spectrum
and XPS O 1s spectrum of the nanocompositdgare Al-1 a & b both confirm
the existence of Fe-O peak at 6207'cand 530.4 eV, respectivelyl® This
indicates the oxidized nature of iron within th@aeomposite. Moreover, the high-
resolution XPS spectrum of Fe 2pRigure Al-1cshows typical peaks for Fe 2
and Fe 2p,, located at 711.5 and 725.0 eV, respectively. FHd&p, peak can be
deconvoluted into four characteristic peaks, narfely at 710.1 eV, F& at 711.2
eV, satellite peaks at 716.2 eV and 719.8'8VThe co-existence of both oxidation
states and an integrated area ratio of 2.14:1d61t¢ F&* indicate the formation of

Fe04 in Fe0,-GO 27 102

On the other hand, the oxygen-contained functignalips on GO after the
synthesis were also investigated via FTIR and XP&ccording to the FTIR
spectrum irFigure 4-1a the peaks assigned to O-H stretch vibration (3i59),

C=0 stretch vibration (1600 ciy O-H bending vibration (1400 cth and C-O
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stretch vibration (1080 cM) are preserved in the nanocomposite after the
hydrothermal reactiot?® A new peak emerged at 1700-¢in the spectrum of the
nanocomposite is assigned to the ketone struchatwas originated from the
oxidation reaction of phenol and/or alcohol grodpang the hydrothermal reaction
in the presence of Fe Similarly, the high-resolution XPS spectrum ofl©for the
nanocompositeHigure 4-1b) shows the increase of C=0 species in comparisibn w
that of GO inFigure 4-1b. Besides, the significant decrease of C-O-C peaktlae
increase of C-OH peak in the spectrum for the namposite as opposed to those
of GO imply the ring opening reaction of epoxidehamivater molecules during the
hydrothermal reaction. The high-resolution C 1s XB@ectra of both the
nanocomposite and GO powdéidure 4-1d & Alc) also show the noted decrease
of C-O-C species on the GO nanoshé¥t§® Those C-OH and C=0O groups
generated on the GO nanosheets during the hydmodheeaction Figure Al-1d)
could function as the extra anchor sites for ironsi via coordination and non-
covalent interactions. This further enhances thesitu deposition of Fg,

nanoparticles on the GO nanosheets.
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Figure 4-1 XPS spectra of E©,-GO: (a) FTIR; (b) Fe 2p spectra of:Ee-GO;

(c) C 1s spectra of E@,-GO; (d) Ols spectra of g@,-GO.
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The crystal structures of E&-GO nanocomposite and GO powder were
investigated by XRD pattern&igure 4-28 and Raman spectr&igure 4-2b). As
shown inFigure 4-2a the typical peaks at 12° and 43° are assigne(@g) and
(100) for GO powdet®” 198 After the deposition of R®, nanoparticles, the (002)
peak starts to diminish as the intense peaks fgdFappear. The XRD pattern of
10% FgO4-GO shows typical intense peaks at (220), (3122)4(511) and (440),
which are in agreement with XRD peaks fog®n theliterature!®® 19The crystal

size of FeO,can be estimated by the Schefguation 4-1

O 3P1(QRS' T™*" (uvw

Where is the crystal sizeK is the dimension factor, here is 0.89s the
wavelength of X-ray, is the full width at half maximum (FWHM), andis the
Bragg angle. Accordingly, the calculated averaggstaet size of the RO,
nanoparticles in the nanocomposite of 10%(Jz&50 is 30 nm. The SEM images
in Figure 4-2c & 2d present the morphologies of typical layered stmecfor GO
powder and F©, nanoparticles decorated nanosheets structure fer th
nanocomposite, respectively. The average sizeeobliserved R©®, nanoparticles

is also around 30 nm.

The Raman spectra of GO and;Ge£GO in Figure 4-2b both show the
characteristic peaks for the structure of GO at61&#* and 1585 cm. They are

assigned as the D-band for the disordered carbtmeigraphene structure and the
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G-band for the stretching vibration of2sparbon domain in the GB!113 The
intensity ratio of D-band and G-banid/(c) indicates the degree of defects in the
graphene structuré? 1> According toFigure 4-2b, with the deposition of R,
nanoparticles on the GO nanosheets, the valuk/bf significantly increased,
indicating more defects were introduced to the G@nasheets after the
hydrothermal reactioh® 1 This is in line with the increased oxygenated gsu
based on XPS analysis, telling that GO nanosheetse wot reduced during the
hydrothermal reaction. Additionally, a series oék&ranging from 250 cfrto 700
cnrtarethe characteristic peaks of k.18 For instance, the peaks around 290 cm
1540 cmt, and 670 cm can be assigned to thg, H,g and Ag vibrational modes

for crystal lattice of Fg), respectively-°

Both XRD pattern and Raman spectrum of the nanoositg confirm the

formation of FgO, nanoparticles.

59



a (311)  10% Fe;0,-GO b D-Ban GO
S (400) (511 5 G-Band
8 (220) (42£) (340) S
2 [To0z) 2 10% Fe,0,-GO
(7)) GO 0
c c
3 3
= (100) £
20 40 60 80 0 1000 2000
28/Degrees Raman shift (cm™)

Figure 4-2(a) XRD patterns of 10%E@,-GO, 1% FgO,-GO and GO; SEM images
of F&O,
-GO under (b) Raman spectrum of GO angz&50; SEM images of ©,-GO at

(c) lower magnification, and (d) higher magnificeti
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4.3.2 Adsorption Properties

To evaluate the capability of &-GO nanocomposite as the coagulant agent,
the kaolinite agueous suspension is used to simula solid-suspended real
wastewater in the settling experiments. As displagehotos irFigure 4-3a it can
be clearly observed that kaolinite particles priégipd the fastest in the presence of
Fe;0,-GO nanocomposite and the magnetic field. It oabkt5 min to allow most
solid particles, including kaolinite particles atite nhanocomposite, settle on the
bottom of the vial. After 60 minutes’ experimettie suspension solutions were
nearly clear and transparent for Vial 1, still tdrit many suspended particles for
Vial 2 and as milky as the initial suspension faal\3. Clearly, in the absence of a
magnetic field, the co-settling capability of;Be-GO with kaolinite suspension is
insufficient. In other words, both §&,-GO nanocomposite and magnetic field are
necessary for efficiently and effectively coagulgtsolid suspension particles in the

wastewater.

To further understand and quantify the settlingcpss, the UV-Vis spectra of
the suspension at different time were extractedaawadlyzed. As presentedfigure
4-3b & c, both suspensions with thed#a-GO nanocomposites with or without the
magnetic field show the distinct absorption peaB@t nm for kaolinite particles.
The peak intensity dramatically drops just aftee #ddition of the F©,-GO

nanocomposite and continues decreasing in the mresef the magnetic field
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(Figure 4-3b), which is in accordance with the color changestha photos.
Interestingly, in the absence of the magnetic figheé peak intensity also greatly
decreased after the introduction of nanocompoBitpi(e 4-39. The contradiction
between the UV-Vis spectra and the digital photas loe attributed to the strong
absorption capability of F®,-GO nanocomposite towards kaolinite particles. The
kaolinite concentration could be further calculasedording to the standard curve
in Figure Al-2 and the solid particle removal efficiency can bkglated using the

following Equation 4-2

XYF$Z[\'V'6#6Y7#_ ( C 4*1 'E & (UVB
Wherec, is the initial concentration of kaolinite angis the concentration of
kaolinite after settling for the different time. &l the kaolinite concentration and
removal efficiency as functions of settling times atepicted irFigure 4-3d & e
The initial concentration and 0% removal efficieraty0 minutes were added on
each graph manually. The initial concentration & removal efficiency at 0O
minutes were added on each graph manually. Atriialistage (0-5 minutes), the
plots show the quickly absorbing and settling dgmocesses. Then, the absorbing
process slows down and approaches to the equitibaiccording to the insert plot
of Figure 4-3d As shown in the insert plot dfigure 4-3¢ when 90% of the
kaolinite particles were removed from the suspensiothe presence of magnetic

field, F&O,-GO nanocomposites took only one half of time tha¢quired in the
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absence of magnetic field (27 mus. 55 min). Compared with several related
magnetic flocculants and their removal rates listedable Al-1,the FgO,-GO

reached a higher removal efficiency than most ategnetic flocculants.

Optimized mass ratio of £, (10%) nanoparticles to GO is chosen for further

kinetic study based on the removal efficiencieBigure Al1-3.
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Figure 4-3 (a) Photos of vials containing 40 mg mL-1 kaolirstespension taken
after a settling time of O min, 1 min, 5 min, 10nMBO min, 60 min. (b) Light
absorption of the upper-portion liquid from them@ mL? kaolinite solution mixed
with F&O,-GO after various settling times (b) with a magaat (c) without a
magnet. (d) The time-concentration and (e) remeffadiencies of kaolinite settling
with FeO,-GO with/without a magnetic field, the insertedufig in each graph is

the plot of 5-600 minute.
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The kinetic behavior of the adsorption model inghesence of magnetic field
is further analyzed by the Langmuir adsorption nh@ael Freundlich’s adsorption
isotherm. The Langmuir adsorption model describesatisorption happened on the
surface site of absorbent in an ideal situationevareundlich’s adsorption isotherm
describes the adsorption happened between thea doetact of the absorbent and
adsorbate in a non-ideal situatint?°To determine the model parameters, the same
amount of FgO,-GO (100 mg) was added to various concentratiawsn(2.5 mg
ml? to 40 mg mt) of 20 ml kaolinite simulated solid suspensionsg éhe final
equilibrium concentration was measured after 3 fiofisettling until they reached
near equilibrium, the upper layer of solution waedifor analysis. The Langmuir

model can be expressediguation 4-3 and fitted inFigure 4-4a

/ (C. / *1( . ;' (UVd

The Freundlich equation can be expressdficagmtion 4-4:

;e (i (Uvy
Where the parameters Eguation 4-3 & 4 are as followsqe is the amount
of adsorbate absorbed by unit weight of absorbegtfigt), Ce is the equilibrium
concentration of the adsorbate (mgimwhen the upper layer reached near
equilibrium after a long settling tima,is the maximum adsorption capacity (mg mg
1 of absorbentb is the Langmuir constant, which implies the int¢ien between

the nanocomposite and suspended sdlidsthe relative adsorption capacity of the
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adsorbent (mg mb) and1/nis the adsorption intensity. The Freundlich edqrats

fitted in Figure 4-4band the fitted parameters are listed in the falhgirable 4-1

Table 4-1Fitting data of Langmuir and Freundlich Equation

Langmuir Equation Freundlich Equation
a(mg mgh) 58.46 K 1.99617
b (ml mg?) 20.29 n 0.02029

R? 0.9998 R 0.99721

The fitted curve proved that the adsorption model be fitted both with
Langmuir and Freundlich Model, in which the Langnmmodel fitted with a better
R? value close to 1, the result indicates that tremdshte interacted and bind on the
surface sites of the absorbefit.The Langmuir coO4nstabtis large enough to tell
that the interaction between GO and the kaolingeiges are moderately strong,
which is much stronger than reported weak intevactietween absorbent and
adsorbatét 120 121Therefore, based to the above adsorption modesKaolinite
particles were first absorbed on the surface of kB®,-GO nanosheets, then the
coagulated composites accelerate its settling dowoess driven by the magnetic

field as shown irFigure 4-4d.
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Figure 4-4 Plot of (a)Ce vs.ge and the non-linear fitting using Langmuir equation
(b) Log(Ce) vs LogQe) and the linear fitting using Freundlich equati¢e),t/q; vs.
time and the linear fitting using pseudo-secondepidnetic model,(d) Interaction

between absorbent and adsorbate.
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The kinetics of adsorption was investigated byniittthege parameter plotted
against adsorption time with the samples takemduthe settling down process of
40 mg mit kaolinite solution, as shown ifrigure 4-4d'?> 12 Assuming
chemisorption is the rate determining step, thestikis were fitted into pseudo-
second-order kinetic model usiggjuation 4-5, by integrating, the equation can be

rearranged into linear equationEguation 4-6:
(5 g15f e (,C g '(UVYG
Nik' e 1, ' (1 ,*" "(UVI

Where e is the adsorption capacity at equilibriuip, is the solid-phase
loading of kaolinite and is the time corresponding tg Thek, (ml mg* min?) is
the rate constant for the kinetic modé.(mg mg* min?) is the initial adsorption

rate, which can be obtained frdbguation 4-7.
= e ;' (UVf*

The pseudo-second-order was linearly fitted wituation 4-7 with the
obtained parameters listed Table 4-2 The value ofk,=1.7111 indicates the
kinetics of the adsorption process is more likelydilow the pseudo-second-order
kinetic model?? The initial rate, Vo, =0.0275 mg mg min for the large particle
absorbing is significantly faster compared to tkported initial rates for large
particles absorbingf* 12°
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Table 4- 2Kinetics data of kaolinite adsorption withgEr-GO in a magnetic field.

Kinetics Adsorption

Ko 1.7111
Qe 0.3415
R? 0.9959
Vo (mg mg! min?) 0.0275
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4.4 Chapter Conclusions

This work reveals that the synthesized magnett©F&0 can be used as a
high-efficiency agent in rapid removing and segfloshown the solid suspensions in
treating wastewater with an external magnetic fifllde synthesized magnetic
Fe0,-GO requires a small amount added into the sokgansion solution and can
reach nearly 90% removal rate within 30 minuteshwttle residue in the treated
water. The characterization and adsorption experinmicate that the magnetic
Fe;0, components interacted with the external magnetld fvhile the GO attract
the solid suspension particles in the solution, anally accelerated the settling
down process compared to the gravity settling m®oeithout magnetic. The
adsorption test suggests the adsorption behavilbowfoboth Langmuir and
Freundlich model, with the adsorption capacity 846 mgmg®. The test also
suggests the kinetics of adsorption process follinepseudo-second-order kinetic
model with the initial rat&/,=0.0275 mg mg min’. Overall, the results show a
small amount of F©,-GO exhibits a potential application in treatindlpied water

containing solid suspended particles.
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Chapter 5. A 3D Ordered Hierarchical Porous Non-Car bon
Electrode for Highly Effective and Efficient Capaci tive

Deionization

This section is published alournal of Material Chemistry And reprinted for this
chapter with the permission from Royal Society die@istry. Supplemental

information and unpublished preliminary experimes#a be found i\ppendix B.

5.1 Chapter Introduction

The freshwater crisis has become one of the maatetiying and urgent
global issues due to the growing human populati@hollution levels. The ideal
solution to this issue is the development of sasftale desalination technology,
which can treat abundant saline and brackish W#té# Current technologies
include distillation, reverse osmosis, and eledalydis. However, these
technologies suffer major drawbacks such as higingynconsumption, high capital
cost, and secondary pollutiéff. Alternatively, a highly efficient, low-cost, low
energy-consumption, scalable and environmentalyign desalination technology
known as capacitive deionization (CDI) has emerged viable and promising
solution over the last two decades’!32 CDI applies the principle of ion
electrosorption to remove charged ions in low #gligolutions such as brackish

water® Due to its similarity to a supercapacitéri**CDI electrode materials play
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a pivotal role in the CDI performance. The majoofyreported CDI electrodes are
carbonaceous materials, from the earliest activatgtion (AC) electrode to the
most recent carbon nanomaterial electrod®s!** However, these carbonaceous
CDI electrodes still suffer from low CDI performan@specially low salt adsorption
capacity (SAC) and low salt adsorption rate (SARPue to the strong dependence
on electrostatic double-layer capacitance (EDLQGktoove ions from solution, the
improvement of SAC for carbonaceous CDI electragifisbe limited. The lack of
tuning pore structure for these hydrophobic carbeoas electrodes causes
inaccessible surfaces and unfavorable tortuousopicous channels for ions to
diffuse, leading to the decrease of both SAC anR Skaerefore, to further enhance
the CDI performance for practical application, new adsorption mechanisms and
fine tuning of the pore structure must be considdrea new strategy for the
fabrication of the CDI electrodes.

In this work, a strategy of using a nanoenginegpedous non-carbon
electrode for CDI cell is proposed for the firghd. As shown ifrigure 5-1,the as-
prepared 3D ordered mesoporous titanium nitrideQBBTIN) functions as the
nanoengineered non-carbon electrode for high-pmdace CDI. Such a novel and
rational design adapts the following advantagesnaximize CDI performance
(Figure 5-1): (i) the application of dual ion electrosorptiarechanisms, namely

EDLC and pseudocapacitance (PC), which signifigaatihances SAC and SAR;
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(i) a well-designed ordered hierarchical porouacure together with high surface
area and high pore volume, which effectively boas$ts ion adsorption and
decreases the ion diffusion resistance, hence nmaxrignboth SAC and SAR; and,
(i) an interconnected nanoframework and nitrogleped carbon residual coating,
which ensure high electric conductivity and fasarge transfer, hence further
improving CDI performance. As a result, in a batsbde flow-by CDI cell, the
3DOM-TIN electrode delivers a high SAC of 23.6 mbagd maximum SAR of 3.2
mg g*min?tin 500 mg L* NaCl solution at an applied voltage of 1.2 V. Rertmore,

it demonstrates a superior regeneration and cyskagjlity to that of AC electrode.
The superior CDI performance of the 3DOM-TIN eled& not only provides a
promising application in CDI but also highlightetéffective strategy of employing

nanoengineered non-carbon electrode designs forgesmeration CDI devices.
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Figure 5-1Schematic of 3D hierarchical ordered mesoporoasititn nitride as

the electrode for capacitive deionization.
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5.2 Experimental Section
5.2.1 Synthesis of polystyrene (PS) template

The synthesis procedure of the PS template is addpim the literaturé: &’
First, 2.5g polyvinylpyrrolidone (PVP, M.W. 10,00@)as charged in a three-neck
flask that contains 200 mL boiled distilled deicadavater (oxygen-free DDI). After
PVP was fully dissolved, the flask was placed inodrbath with N gas purging
under the surface of the solution to expel the exygn the system. As the
temperature was elevated to 70 °C for 15 min, syremonomer (24 mL) was
gradually added into the flask for 20 min with vigos stirring and refluxing. Then,
the potassium persulfate (40 mL, 5 mgthwas added dropwise into the mixture,
and the emulsion polymerization was continued urademir-free atmosphere at
70°C for 24 h. The obtained PS template solutios wentrifuged at 3000 rpm for
12 h to form ordered micro PS spheres and washtdDid| water. The ordered PS

template was obtained after fully drying at 40°@ught.

5.2.2 Synthesis of 3D Ordered Mesoporous Titanium Nitridg3DOM-TiN)
Titanium (IV) butoxide (TBOT, 97%, 10 mL), ethanei99%, 10 mL), and

hydrochloric acid (37%, 2 mL) were mixed with awale ratio of 5:5:1 and stirred

for at least 30 mins. The PS templates (2 g) wesa tmmersed in the solution for

1 hour, and the excess solution was filtered ordgudph vacuum filtration. After
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drying in ambient conditions overnight, the composample was loaded into a
Lindberg tube furnace and subjected to sequentiall treatments at 380 for 1 h
and 540C for 30 min under Ar atmosphere followed by 8@or 1.5 h under Nk
atmosphere. The ramp rate in between each stagé amin® The 3DOM-TIN
was obtained after the sample was cooled downaim temperature in Ar gas. For
comparison, bulk-TiN was also synthesized followihg above procedure without
the addition of the PS template. The detailed ®giting steps are listed kgure

5-2.
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Figure 5-2 Synthesis process of 3DOM-TIN.
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5.2.3 Physicochemical Characterization

X-ray diffraction (XRD) patterns were obtained upim MiniFlex600
diffractometer (Rigaku, Japan) equipped with CurBdiation ( = 0.154nm) source
at a scanning speed of 2° ninn the range of 5-90°. X-ray photoelectron
spectroscopy (XPS) was measured using a Thermatbcik-Alpha spectrometer.
The morphologies of the obtained samples was cteized by a LEO 1350 field
emission scanning electron microscope (SEM). Trasson electron microscopy
(TEM) images were obtained by a Philips CM10 ElectMicroscope (60 to
100kV). The nitrogen adsorption-desorption isotheras obtained using an ASAP
2020 accelerated surface area and porosity systeanalyze the surface area and

pore structure.

5.2.4 Electrochemical Characterization

Cyclic voltammetry measurements were carried ougusaCl solutions with
concentrations of 0.1, 0.5, 0.8 and 1M. The swexspntial ranged from -0.6 to 0.6
V and the sweep rate ranged from 5 to 50 m\insan electrochemical cell with a
three-electrode system including a graphite rodnt@uelectrode, a saturated
calomel reference electrode (SCE) and a glass oalautrode coated with active
materials as the working electrode. To further gtadd simulate the cathode and
anode ion adsorption, the sweep potential rang®.6f- 0 V and 0 - 0.6 V were

adapted respectively, under the sweep rate range 60 mV & in 1 mol L* NaCl
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solution. The experiment was conducted using aabCsP-300 working station.
The specific capacity of the prepared materialseaésulated by integrating the area

of the CV curve to determine the value using thi®fang Equation 5-1:

(gwv

WhereCsis the specific capacitance (R)g; is the current (A)> is the scan
rate (mV &Y, ?= is the applied potential window (mV), amd is the electrode
material mass (g). Electrochemical impedance spsobpy (EIS) measurements
were carried out at frequencies ranging from 100tdHzHz. The amplitude of the
alternating voltage was 10 mV and the direct curpatential was 0 V vs open

circuit potential.

5.2.5 CDI Cell Assembly and Electrosorption Experiment

The TiN electrode slurry was prepared with thedwihg mass ratio, 3DOM-
TiN: carbon (super P): polytetrafluoroethylene (EJyF 8:1:1. The working
electrode was prepared by pressing the dried siotoya 4 cm diameter, 3.0 mm
thick round electrode and pressed onto the sangersimd stainless-steel metal
mesh. For each piece electrode, the obtained massamproximately 0.4 g on each
side, and the surface area was 12.66. dhe electrode attached on the stainless
metal mesh was then attached to copper foil asuhnent collector, and the two

electrodes were separated by glass fibers (Whatlmader-free, Grade GF/C) to
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assemble a CDI cell. The CDI performance of thelbatode testRigure 5-5a &

b) was obtained by measuring the conductivity obtieated water using an Oakton
CON 6+ conductivity meter. The calibration curve afnductivity to real-time
salinity can be found iigure A2-11 During the continuous mode of CDI testing
(Figure 5-5c, d & @, the working conditions including potential vajes applied
on the CDI cell, the concentration of the salt wasad flowrate were adjusted to
reveal detailed desalination performance and behavihe continuous salt
concentration was measured by a VeraStat 3 eléanoical workstation and
recalibrated with the results obtained by the Gal@®N 6+ conductivity meter.

The Salt Adsorption Capacity (SAC) is defined asftillowing Equation 5-2

C ,*E=
B\ 2’ (gVIF

Where theCy is the initial concentration of the pumped in sedtter, and €
Is the real-time concentration of the desalinatatew The maximum salt adsorption
capacity is defined as tl& at the lowest salt retention rateis the mass of active
material in each electrode. The salt adsorptioe, "8AR, is calculated using the

following Equation 5-3.

KIX kIB1f (gVd
Wheret is the time corresponding to the SAC during thel @Bsalination

process.
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5.3 Result and Discussion
5.3.1 Physiochemical Characterization

As demonstrated by scanning electron microscopM)Sand transmission
electron microscopy (TEM) images kgure 5-3a, b & A2-1, the interconnected
ordered hierarchical porous 3D nanostructure isinbt through such synthesis
procedure. These images match with the BET analysiggure 5-3¢ showing the
ordered hollow macropores with a size of approxalyat00 nm and the connecting
mesopores with a size of 12.7 nm. The scatteredpzaticles and the rough pore
walls in the magnified TEM images are related #ghbl-gel and nitridation process.
This process creates small mesopores of less thamifor both 3DOM-TIN and
bulk-TiN (Figure 5-3c & A2-2). The hierarchical macro-/mesoporous structure
provides 3DOM-TIN with a high surface area of 14i¥6g?, over four times larger
than that of bulk-TiN (31.65 fgt, Table A2-1) and significantly larger than the
surface areas of previously reported TiN matefi&lst*® This maximizes the
electrolyte-electrode interfaces and improves kbetesorption capacity of Nand
CI onto the electrode during the CDI process. Moreaecording tolable A2-1,
the interconnected macro-pores also provide 3DONI-With nearly ten times
higher pore volume in comparison with that of biiik¢ (0.291 cni gt vs. 0.030
cn® g1). This allows the absorption of bulk saline elelgtie into its structure, which

will extend the electrolyte-electrode interfaceiBDOM-TIN and minimize the ion
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diffusion distance from bulk saline water to theotfode surface during the CDI
process.

The successful nitridation of both 3DOM-TIN and ldiN is confirmed in
the X-ray diffraction (XRD) patternd={gure 5-3d). The major peaks at 36°, 42°,
62°, 75°, and 80° are assigned to TiN crystal @gid1), (200), (220), (311), and
(420), respectively. Despite the existence ofweerhinor rutile TiQ peaks, 3DOM-
TiN shows much higher purity in comparison withladliN. The slight downshift
of XRD peaks in the 3DOM-TIN as opposed to bulk-Tuxther proves the higher
degree of nitridation in 3DOM-TiN according to thalculation inTable A2-2.144
145 Such high purity and degree of nitridation arelaited to the 3D interconnected
porous structure which allows high diffusion andrtbugh reaction with Nkiduring
the nitridation process.

Both the energy-dispersive X-ray spectroscopy (EBsults inFigure A2-

3, and the X-ray photoelectron spectroscopy (XP8jesuin Figure A2-4areveal
the existence of O and C on the surface of 3DOM:-TiNaddition, according to the
EDX map inFigure A2-3c-¢ they are well distributed together with Ti andT\is
indicates that surface oxidization and residuabearcoating from the removal of
PS templates occur at the surface of 3DOM-FfNLhe surface oxidation of 3DOM-
TiN occurs when it is exposed to &if,generating high oxidation state Ti species

such as TiGNy and TiQ on its surfaces according to the high-resolutio2;, N
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1s, and O 1s XPS spectraFmure 5-3e, f & A2-4h These Ti species with various
oxidation states on the high surface area 3DOM-{jatentially allow fast surface
faradic reactions through the oxidation/reductidntteese Ti species during the
electrochemical charge and discharge proceésed? Also, these species can
facilitate fast surface intercalation/deintercaatiof sodium ions to enhance ion
electrosorption capacity furthet®®1%2 The residual carbon coating from the PS
template is found to be doped.

With nitrogen, mainly forming pyridinic nitrogen ithe carbon structure
(Figure 5-3f & A2-4c). Such nitrogen-doped carbon (NCR) coating canombt
enhance the electronic conductivity of 3DOM-TIN iadirectly improve CDI
performance, but also directly contribute poterdixta SAC for 3DOM-TIiN during
the CDI proces$?® **Additionally, these oxygenated polar species ensinface
of 3DOM-TIN shown inFigure A2-4b can form hydrogen bonds with water and
hence enhance the wettability of the electrodelemfit the ion storage process in

3DOM-TiN. 155 156

83



Figure 5-3 (a) SEM and (b) TEM images of 3DOM-TIN; (c),MNdsorption-
desorption isotherm and associated pore size llisioh of 3DOM-TIN; (d) XRD
patterns of 3DOM-TIN and bulk-TiN; high resolutidiPS spectra of (e) Ti 2p and

(f) N1s.
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5.3.2 ElectrochemicalCharacterization

The electrosorption performance of the electrodas fivstly investigated via
cyclic voltammetry (CV) in a typical three-electeodystem in 1 mol £ NaCl
aqueous solution, employing a saturated calometrelge (SCE) and graphite rod
as the reference electrode and the counter elegtrespectively. The CV curves of
3DOM-TIN, bulk-TiN, and AC electrodes iRigure 5-4aare all quasi-rectangular
in shape, showing the considerable contributioBEC in all three electrodes. The
additional distinct redox peaks located at —0.28VSCE in the CV curves of both
3DOM-TIN and bulk-TiN show the existence of pseuwdgpacitance. Overall, the
specific capacitance of the 3DOM-TIN electrode (84R2g?)is larger than that of
the AC electrode (88.9 ¢*) and the bulk-TiN electrode (45.4¢2) at a scan rate
of 50 mV st (Figure 5-4a). The dramatic enhancement of the specific capadit
3DOM-TIN electrode is strongly related to the irese of surface area brought by
the 3D hierarchically-porous interconnected namasirre, which increased the
efficiency of utilizing the active sites and enhadcthe ion diffusion from the
electrolyte to the internal porous structure of 3BEOM-TiN 1°7:1%8  When varying
scan rates are applied to the 3DOM-TIN electrdue 3V curves maintain the quasi-
rectangular shapé&igure 5-4b), and the obtained specific capacitance can raach
high as 171.1 §* at 5 mV & (Figure 5-4¢. At every scan rate, the 3DOM-TIN

electrode outperforms the AC and bulk-TiN electodéth approximately 50% and
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200% larger specific capacitance, respectivdfygyre 5-4c & A2-5), thus
predicting its superior electrosorption performamicging the CDI process. The
specific capacitance of 3DOM-TIN also increasedwite concentration of NacCl
(Figure A2-6) in the low electrolyte concentration range (0.1 mol L%).
Furthermore, the 3DOM-TIN electrode demonstratasekant stability, showing
over 90% retention of its initial capacitance a@00 cycles at a scan rate of 50
mV stin 1.0 mol ! NaCl solution Figure 5-4d), predicting its excellent stability
in the CDI cell. Additionally, the high-resolutio@ls XPS of 3DOM-TIN after
cycling shows insignificant decease of &ybridized carbon (~ 4 %) and slightly
increase of oxygenated carbon species addgmridized carbonKigure A2-7),
indicating sufficient stability and resistivity &xidation of the NCR-coating for CDI

application.
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Figure 5-4(a) CV curves of 3DOM-TiN, AC and bulk-TiN electtes in 1.0 mol L
1 'NaCl solution with a scan rate of 50 mV; gb) CV curves of 3DOM-TIN
electrodes in 1.0 mol ‘L NaCl solution with various scan rates; (c) Specifi
capacitance of 3DOM-TIN, AC and bulk-TiN electrodies 1.0 mol L' NaCl
solution under different scan rates; (d) Cycliraggtty of the 3DOM-TIiN electrode

up to 5000 cycles.
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To further understand the electrochemical propgrand electrosorption
behavior of the electrodes, electrochemical impedaspectroscopy (EIS) was
conducted for both 3DOM-TIN and bulk-TiN electrod&se Nyquist plots of both
electrodes inFigure 5-5a show an incomplete semicircle in the high-freqyenc
region and a steep straight line in the low-freqyemegion. The associated
equivalent circuit model inserted figure 5-5a successfully accounted for the
resistive and capacitive features of the electrét¥e$°Both the smaller equivalent
series resistance {Ras shown irFigure A2-8a(4.07 ) and the larger electronic
conductivity (562.7 S ) of 3DOM-TiN as shown irfrigure 5-5brelative to bulk-
TiN (8.69 , 317.5 S m) suggest an enhanced electronic transfer dueeo th
interconnected 3D nanostructure and nitrogen-depeabn residual coating within
the 3DOM-TIN electrode. This inevitable NCR-coatwdl contribute to the CDI
performance indirectly via the enhancement of @leconductivity. According to
literaturel®® 159 16¢he two constant phase elements (CPEs), namely @RECPE?2
are assigned to EDLC and PC, respectively. Thegeh@mansfer resistance {Ris
connected in series with CPE2 and mainly indic#itesresistive behavior at the
electrode-electrolyte interface occurring during fflseudocapacitive charge storage
process. The observed loweg Bf the 3DOM-TIN electrode as opposed to that of
the bulk-TiN electrode (9.62 vs. 17.61 ) (Figure A2-8a) reveals the fast kinetics

of the Faradic reactions occurring at the highlpased accessible active sites on
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the high surface area of the interconnected hikieatly-porous 3DOM-TIN
electrode. It is also observedHhigure 5-5athat the linear straight line exhibited by
3DOM-TIN at the low-frequency region is steepernthtat of the bulk-TiN
electrode, implying faster ion diffusion in the 3DIATIN electrode. The calculated
Warburg coefficient ( s%9) in Figure A2-8b demonstrates that the ion diffusion
resistance of 3DOM-TIN is only 12% of the valudlwdt in the bulk-TiN electrode.
These results prove that the 3D interconnecteaitukically-porous nanostructure
enables fast ion diffusion from the electrolytethe electrode, fast pseudocapacitive
charge storage as well as the high electronic atly, thus giving the 3DOM-
TiN electrode with high specific capacitance anelgjpotential as a CDI electrode.
Investigations of the electrochemical behavior &XCBJ-TIN as both the
anode and cathode were also conducted via CV nexasut. As illustrated in
Figure 5-5c¢,the 3DOM-TIN cathode delivers slightly higher sfiecapacity than
the 3DOM-TiN anode at a scan rate of 10 m\(80.2 F ¢ vs.66.5 F @'). Such
difference between electrosorption towards theonatiNa) and anion (C) lies in
the difference in sorption mechanisms of each $ipeitin.’®! 152 Nevertheless,
Figure 5-5cindicates the 3DOM-TIN electrode has high elearpson capacity
towards both cations and anions, which is a delsigaioperty for electrodes used in
the symmetric design of CDI. To quantify the cdmition of capacitive ion sorption

mechanisms, Dunn’s method is employed for the 3D0ONIlelectrode in the anodic
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and cathodic ranges as well as the full potensiate!3® 1°° 1%The calculation in
Figure A2-9 and the shaded areas kiigure 5-5d reveal that EDLC and PC
contribute equally in the 3DOM-TIN cathode while ED dominates the
electrosorption in the 3DOM-TIN anode (81.8%). Tgfere, Clis mainly adsorbed
to the hierarchically-porous 3DOM-TiN electrode th& formation of EDL, which

is in line with the literaturé*® Given the highly oxygen-deficient and reductive
atmosphere during the nitridation process, largeuarhof oxygen vacancies (OVS)
must be generated on the surface of 3DOM-TiN duaimgnonia heat treatmelig.
These OVs on TiN or hydrogenated Fikave been reported to be responsible to
their excellent pseudocapacitance via the oxidagoluction of surface hydroxyl
groups and OHion adsorption in the chloride-free aqueous eddytie 1°0- 164-166
Therefore, it is assumed that the OVs on the serfd@DOM-TIN can act as non-
selective adsorbing sites towards anions in NaQutism (CF, OH, etc.) to
contribute to the pseudocapacitance at the anadéhéother hand, Ndends to be
electro-adsorbed to the 3DOM-TIN electrode viaftst surface Faradaic reaction
in addition to the EDL formation. This Faradaic'd#éorage mechanism takes place
at the interface between partially oxidized ) moieties and electrolyte via the
oxidation/reduction of Ti during chemisorption aitercalation/deintercalation in
the form of the following reactiotf810

(TIO,N,) +Na“+ e m(TiO,NyNa") '

surface surface
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Therefore, the pseudocapacitive electrosorptionrNaf accounts for the
majority of PC in the 3DOM-TIN electrode in the lfuhnge Figure 5-5d). As a
result, the 3DOM-TIN electrode is proved to applyadion electrosorption
mechanisms to store NaCl simultaneously, thus ergbfficient desalination in the
CDI process. Such mechanism resembles the workingiple of a hybrid system
of battery and supercapacitor, such as lithiunodiusn ion supercapacitdt’ 1%8In
this case, Naions are stored at the electrode-electrolyte fiaterat the cathode via
EDLC and PC, while the counter ions, @nsare mainly stored in the EDL to
balance the charges and extra transferred electabrnthe anode. The novel

machanism will enable efficient desalination in @&l process.
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Figure 5-5(a) Nyquist plot and the associated equivaleudiderived for 3DOM-
TiN and bulk-TiN; (b) Powder conductivity test oD®M-TIN and bulk-TiN; (c)
Dunn method analysis of capacitance contributicB®M-TIN anode and cathode
at scan rate of 10 mV'sn 1 mol L*NaCl solution. The shaded regions show the
current contributions from the electrical doublgda capacitive processes; and
associate (d) EDLC and PC contribution to specifipacitance of the 3DOM-TIN

electrode in cathodic, anodic and full range.
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5.3.3 CDI Performance

The evaluation of CDI performance was conductedaifiow-by mode
symmetrical CDI cell equipped with 3DOM-TIN, bulkN or AC electrodeFigure
A2-10 compares the conductivity profiles of desalinabaster against operation
time for three electrodes in a full batch-mode @Ricess under an applied voltage
of 1.2 V with 100 mg g NacCl solution pumped through the cell at a flove raf
5ml mint. This shows that all three electrodes took rou@iyminutes to reduce
the solution conductivity to its minimum and theradually reached a saturated
adsorption state around 60 minutes. CorresponditiggySAC of each electrode at
different desalination times was calculated acewydb Figure A2-10 and were
plotted as a function of time ifigure 5-6a 3DOM-TIN achieves the highest SAC
among these three electrodes, specifically 22.3tag 60 min, which is roughly 4
times and 40% higher than the SAC of bulk-TiN and @lectrodes, respectively.
Most importantly, such high SAC at low salinity karthe 3DOM-TIN electrode at
the top of the best previously reported titaniursdathCDI electroded @ble A2-4).
To compare the desalination efficiency of the Clgictodes, the SARs of three
electrodes were calculated and plotted againstiAi& CDI Ragone plot iRigure
5-6b. The SAR increases quickly within the initial 1@nhndue to the rapid infusion
of salt water and then decreases due to the gradiatation of ion adsorption.

Clearly, the 3DOM-TIN electrode shows the highestRSamong these three
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samples, reaching a maximum SAR of 0.81 mgnin which is 2 times and 4 times
higher than that of AC and bulk-TiN electrodes pexgively. Such effective and
efficient CDI performance of the 3DOM-TIN electrogddowing both high capacity
and high rate, is ideal for the CDI procé¥sThe dramatic increase of CDI
performance with respect to bulk-TiN is stronglyated to the nanoengineered
features of 3DOM-TIN. First, the high surface ao¢8DOM-TIN exposes a large
amount of accessible active sites at the electedelgrolyte interface for dual
capacitive deionization mechanisi’ **which greatly increases the SAC. Second,
the 3D hierarchical porous structure and high potame reduce the ion diffusion
resistance, which enhances the SAC and SAR sinmdtesty. Third, the
interconnected nanoframework and nitrogen-dopebdoraresidual coating ensures
the high electronic conductivity and efficient ofpartransfer, which further
improves the total CDI performance. All these feasutogether make the 3DOM-
TiN a superior electrode material for CDI.

To further assess the potential of the 3DOM-TiNcetmle for practical
application to CDI, different operational paramsfaramely cell voltage, salinity,
and flow rate were conducted in the continuous €&, with all desalination
processes lasting until the lowest conductivity weesched. The obtained Ragone
plots are displayed iRigure 5-6¢, d & A2-12 Both SAC and SAR increase together

with the applied voltageHgure 5-60), resulting from the thicker electrical double
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layer and the stronger coulombic force under theenntense electric fieltf? 171
Similarly, the curve irFigure 5-6d shifts to the top-right of the CDI Ragone plot as
the salinity of the solution increases, indicatihg increase of both SAC and SAR
at high salt concentration. When the continuous G&lMl is fed with a solution of
500 mg L* NaCl, the SAC further reached 23.6 mgag the saturated adsorption
moment, with a maximum SAR of 3.2 md guinl. Such maximum SAR is the
highest-ever reported value among all those olddirem carbon and non-carbon-
based CDI electrode$#ble A2-5 & A2-6). The 3DOM-TIN electrode outperforms
all recent reported titanium-containing CDI eled&s in terms of the combined
performance of SAC and SAR iRigure 5-6e%> 51 139, 156, 172-179This excellent
performance is attributed to two factors, the fireing that a higher concentration
of ions can enable the formation of a more cohexadtdenser EDL, and thus more
pseudocapacitive ion adsorption and storage at ¢hectrode-electrolyte
interfacest* Secondly, the interconnected hierarchical porduscgire and high
electronic conductivity of the 3DOM-TIN electrodewer the ion diffusion and
charge transfer resistances even at high salimiyce maximizing the SAR. When
the flow rate is adjusted up to 15 ml mjrboth the SAC and SAR of the 3DOM-
TiN electrode are inferior to those obtained atdoWow rates as shown figure
A2-12. This decrease could héributed to the insufficient residence time @& tbns

in the CDI cell stemming from the high flow rdfé.
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Finally, salt adsorption-desorption cycling testsh® 3DOM-TIiN electrode
in the CDI cell were conducted to evaluate itsistglmuring the CDI process. The
regeneration curve irFigure 5-6f demonstrates the continuous and stable
performance of over 600 minutes (10 cycles) undexpplied potential of 1.2 V and
feeding saline water of 100 mgtINaCl at a flow rate of 5 mL mih The SAC of
the 3DOM-TIN electrode after cycling remains 15.8 gt, representing over 91%
retention. It is significantly higher than the mr&ien rate of the AC electrode (73.4%)
after 600 minutes cyclingF{gure A2-13). Therefore, the 3DOM-TIN electrode
exhibited good and stable cycling and regenerafbilities. Such high CDI
performance of the 3DOM-TIN electrode, especially high SAC and SAR,
demonstrates its promising application as a noeel-carbon CDI electrode for

future large-scale desalination treatment of bidtkvater and seawater.
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Figure 5-6 (a) SAC vs. time and (b) Ragone plot of SAR vsC3Ar 3DOM-TIN,
bulk-TiN and AC electrodes obtained from batch-msglametric CDI cell; Ragone
plots of SAR vs. SAC for 3DOM-TIN electrode in contous symmetric CDI cell
obtained under different operational parameterk:cétl potential and (d) water
salinity, the insert plots illustrate the maximuRSand SAC at 25 min; (e) SAC
and SAR comparison of 3DOM-TIiN with recently-regattitanium-contained CDI
electrodes; (f) Regeneration cycling stability tegt 3DOM-TIN electrode in
continuous symmetric CDI cell with saline water@iig L* NaCl) flow through at

5 ml mint at the applied voltage of 1.2 V.
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5.4 Chapter Conclusions

In this work, we successfully synthesized 3DOM-Tiding a facile template
method and fabricated it into electrodes for batdde symmetric CDI cells. The
following distinct advantageous features were aottar&ed: (i) The high specific
capacitance as both anode and cathode, owing haliiohesive electrical double
layer formed at large accessible electrolyte-ebelerinterfaces and the fast surface
pseudocapacitive reactions involving the bondingNaf; (ii) the well-designed
hierarchical 3DOM structure together with high peotume dramatically decreased
the ion diffusion resistances from saline soluttonthe electrode; and, (iii) the
interconnected nanoframework and nitrogen-dopedoraresidue coating ensured
the high electron conductivity and the low chargensfer resistance. All these
features shaped 3DOM-TIN as promising electrodeerradtin the CDI cell. The
3DOM-TIN electrode delivered an outstanding SAChagh as 23.6 mgfand a
record of high maximum SAR of 3.2 mg miig! in a symmetric CDI cell fed by
500 mg L* NaCl solution. The superior CDI performance ndyaemonstrates the
great potential of the 3DOM-TIN electrode for fleu€DI applications but also
proposes a feasible and effective strategy of us@goengineered porous non-

carbon electrodes for next-generation CDI cells.
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Chapter 6: Nitrogen-Doped Graphene-TiO xNy Nanocomposite

Electrode for Highly Efficient Capacitive Deionizat  ion

This section is published on RSC Advances and mtgati Supplemental

information can be found iAppendix C.

6.1 Chapter Introduction

Obtaining fresh and clean water is one of the nupgéent environmental
problems in the Zicentury! An effective solution for increasing the fresh arat
supply is to develop sustainable desalination teldgy, which can treat brackish
and saline watét.However, traditional water desalination techniqimsiuding
distillation, reverse osmosis, and vacuum evapmmatare approaching their
limitations as they require high operating tempea&thuge energy consumption,
and large capital cost® Alternatively, capacitive deionization (CDI) methbas
become as one of the most promising solutions fatewdesalinatiotf® which
works by separating and adsorbing ions on eachretex It has the advantageous
nature of high efficiency, low cost, low energy-samption, ambient atmosphere
operation, and environmental-benignitylhe electrode material in a CDI cell plays
a pivotal role in determining the desalination parfance’®! Currently, most
reported and commercialized CDI electrode mateaedsbased on various kinds of

novel porous carbon electrod&¥:18°
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Graphene, as the novel two-dimensional carbon naterals, has been
widely used as the electrode materials in battamessupercapacitors due to its high
electrochemical performance and large surface 'dfé®.Its heteroatom-doped
derivative, especially nitrogen-doped graphene (N@3 also been investigated as
electrode materials to achieve even better eldotroecal performance in batteries
and supercapacitors as opposed to graphene duteogen-doped active sites and
enhanced electrical conductivity: 191t is also worth to notice that it is reported
that by nitrogen doping, the NG achieved signifttahigh adsorption capacity in
CDI test!%®2% On the other hand, Ti®, and/or TiN can be fabricated into
nanomaterials and used as electrodes materiagteries and supercapacitors with
enhanced electrochemical performance and wettabfi 294 20°Additionally, with
various morphologies, various Ti species and esoeklectrical performance, TiN
and/or TiQNy can be used as additives to enhance the perfoamaingraphene
nanosheets by forming nanocomposttés?°® Moreover, our previous research
disclosed that the porous TiN/TiR, had shown excellent performance as the CDI
electrode materigf’ However, there is no reported nanocomposites of G
TiOxNy that have been synthesized and used as CDI aleatnaterials. Therefore,
it is highly promising to prepare this kind of hybmaterial and investigate its

potential performance in CDI devices for water ¢laation.
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In this study, a first-ever reported nanocompasliéetrode of nitrogen-doped
graphene-titanium oxynitride (NG-Ti,) was synthesized via the hydrothermal
reaction and high-temperature nitridation procesd then tested for CDI. The
physiochemical characterization results demonstrdte successful formation of
nitrogen-doped-sites on the graphene nanosheetshendiOQN, nanoparticles
embedded on the graphene nanosheets. The multethggaphene structure and
TiOxNy nanopatrticles allowed the saline water streanass phrough and facilitates
a fast ion diffusion process to form the electridaluble layer (EDL) at the
electrolyte-electrode interface of both the graghlegers and TidN, nanoparticles.
As a result, the NG-Tidly electrode delivered a significantly higher sathoal
efficiency than the commercial AC, pure rGO and fGO, electrodes in single-
pass CDI test.Higure 6-1) Furthermore, the electrode reached a maximum salt
adsorption capacity of 26.1 mg ¢n 500 mg ! feed in saline water. The electrode
material also exhibited great regeneration capauity long-life cycling stability.
The overall superior results demonstrated thalBeTiONy could be an ideal CDI

electrode material candidafe®
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Figure 6-1Schematic of a flow-by CDI cell using NG-T,iR, electrodes.
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6.2 Experiment Section
6.2.1 Synthesis of TiQ nanoparticles

The synthesis procedure of the polystyrene (PSysrere is adapted from
the literatureé® First, 2.5g polyvinylpyrrolidone (PVP, M.W. 10,00@as charged
in a three-neck flask that contains 200 mL boilesilted deionized water (oxygen-
free DDI). After PVP was fully dissolved, the fkagas placed in an oil bath with
N, gas purging under the surface of the solutiorxfekthe oxygen in the system.
As the temperature was elevated to 70 °C for 15 stymene monomer (24 mL) was
gradually added into the flask for 20 min with vigos stirring and refluxing. Then,
the potassium persulfate (40 mL, 5 mgthwas dropwise added into the mixture,
and the emulsion polymerization was continued urademir-free atmosphere at
70°C for 24 h. The PS emulsion was centrifuged wadhed with DDI water for

several times. Then, after 3 days’ freeze-dryihg,RS nanospheres were obtained.

Titanium (V) butoxide (TBOT, 97%, 10 mL), ethan@99%, 10 mL), and
hydrochloric acid (37%, 2 mL) were mixed with awale ratio of 5:5:1 and stirred
for at least 30 mins. Meanwhile, 2 grams of then@Bosphere was sonicated and
re-dispersed in 20 mL ethanol. The PS nanosphéi@nel dispersion was then
added into the TBOT solution and the mixture wamicated until it turns light
yellow after 30 min§? 208 209 After drying the sol-gel in ambient conditions

overnight, the composite sample was loaded intoba furnace and subjected to
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sequential heat treatments at 3D0for 1 h and 54 for 30 min under Ar

atmosphere to form the Ti@anoparticles.

6.2.2 Synthesis of NG-TiQNy

The graphene oxide (GO) was synthesized via aaypodified Hummer's
method?° Based on a series of preliminary experiment witliff@rent initial mass
ratio of rGO: TiQ before the ammonia treatment, see in the CDI padace
section, GO and Ti©powders with a mass ratio of 2:1 were mixed father
characterization. In this study, the specific masgeGO and Ti@Qwere 1.0 and 0.5
g, respectively. GO, and Ti¥Qvere mixed in a beaker with 400 mL DDI water and
thoroughly stirred for over 24 hours. Then, the edisolution was sealed in an
autoclave and hydrothermally treated for 12 h & 48. The hydrotreated product
was then centrifuged at 2500 rpm and separatedtfrersolution. Subsequently, the
product was washed by DDI water and centrifugecesdvtimes. The obtained
product was then oven dried at 60 °C for 12 h,thed transferred to a vacuum oven
and fully dried. Thus, in this step, GO was reduttedz0?!* For comparison, the

rGO-TiO, was synthesized with the same procedure withoat@ma annealing.

The dried composite was transferred to a ceramat &od was subjected to
heat treatment from room temperature to 800 °ClLfh, under argon flow, after

reaching 800 °C, the argon flow was switched to amim and the temperature was
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kept at 800 °C for 1 h for nitrogen doping and F@tridation. Then, the sample

was cooled down until room temperature in argon.

6.2.3 Physicochemical and Electrochemical Characterizatio

The crystal structure property of the electrodeemal was characterized by
X-ray diffraction (XRD, RIETVELDXRG 3000) and théaemical composition was
characterized by X-ray photoelectron spectroscofS, Thermo Scientic K-
Alpha spectrometer) at University of Waterloo. Semporphology was examined
using scanning electron microscopy (SEM, ZEISS UATHPLUS), and

transmission electron microscopy (TEM, Carl Zeiggd 200MC STEM).

The crystallite size was calculated according ®3cherrer equation, given

in Equation 6-1

3P

" QRST

(i W
Where, is the dimension of the crystallites, which is #araor equal to the
grain size;K is a dimensionless shape factor, approximately;0.8¢ is the

wavelength of X-ray, which is 1.54060 A aKds 0.9. is the line broadening at

half the maximum intensity; andis the Bragg angle.

Cyclic voltammetry (CV) measurements were emplof@devaluating the
electrochemical performance of the CDI electrodd as adsorption/desorption

capacity. The CV experiment was performed in aefalectrode system, which
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employed a carbon electrode as the counter electaodl a saturated calomel
electrode (SCE) as the reference electrode in th€lNelectrolyte solution.
Reversible Hydrogen Electrode (RHE) were used librede the SCE electrode in
a pH=7 NacCl solution, as shownhkigure A3-1 in the supplementary information.
The actual potential was calibrated by +0.5V to dmginal value, where the
potential range from -1 V to 0 V is correspondeth®actual potential range of -0.5
V to 0.5 V, representing both the cathode and aremtk®rption processes. The
experiment was conducted using an EC-lab SP-30Rimgstation under the sweep
rate range of 5 - 50 mV2sn 1 mol L* NaCl solution. The value of specific capacity
of the prepared materials was calculated by integyahe area of the CV curve,

usingEquation 6-2

(iVb*

WhereCsis the specific capacitance (F)gl is the current (A)y is the scan
rate (mV &), v is the applied potential window (mV), amd is the electrode
material mass (g). Electrochemical impedance spsobpy (EIS) measurements
were carried out at frequencies ranging from 100tdH¥Hz. The amplitude of the
alternating voltage was 10 mV, and the direct aurpotential was 0 V vs. open

circuit potential.
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6.2.4 CDI Test

The synthesized NG-Tidly electrode material was mixed with PTFE and
conductivity carbon (super P) with a mass rati8:af1. The electrode material was
dried in a vacuum oven and pressed on metal mabshcapper current collectors.
Each plate had an effective surface area of 4ammd was separated by glass fiber
with 5 mm space. Saline water with the salinitt60~500 mg t* was fed into the
cell by a peristaltic pump (Baoding Lange) and pddsetween two electrodes under
the flowrate from 10~30 ml mil) and the potential from 0.8~1.2 V applied on each
side. The salinity of the outflow water was meaduiby a CON6+ conductivity
meter, and the raw data was converted into salustyg the calibration curve in
Figure A3-2. The salt removal efficiency is calculated usimg fiollowingEquation

6-3;

o —E Ta (ivd*

The salt adsorption capacity (SAC) was obtainedgiSguation 6-4:

C ,*E=
g 2’ (IVU*

Where theC, is the initial concentration of the saline wasard G is the real-

time concentration of the desalinated water. Theimmam salt adsorption capacity
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is defined as th€. at the lowest salt removal efficienay,is the total mass of the

electrodes an¥ is the real-time total saline water volume.
The salt adsorption rate (SAR) was calculated uSmgation 6-5:
kIX kIB1f (iVg*

Where t is the time corresponding to the SAC duthmg CDI desalination

process.
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6.3 Results and Discussion

Physiochemical Characterization

The XRD patterns of the synthesized NG-NQ rGO-TiO,, and rGO are
shown inFigure 6-2a For both NG-TiQNy and rGO-TiQ, the main (101) peak at
25° and minor (200), (215) peaks at 48° and 75beaassigned to the anatase-phase
TiO2 (JCPDS no. 21-1272), respectively. The peaks@Qtz3It, 56°, can be assigned
crystal planes (121), (211), (123) to the rutilapd TiQ (JCPDS no.46-1238). Both
the presence of anatase-Ti@nd rutile-TiQ are confirmed in the rGO-TiO
synthesized via hydrothermal method. The peak$df&°, and 62° are assigned
to TiOkNy crystal planes (111), (200), (220), demonstratedsticcessful nitridation
of rGO-TIO; after ammonia annealing. The upshift of the charastic peaks in the
XRD patterns of the TiNy as opposed to TiN (JCPDS: 38-14Figure A3-3)
indicated the presence of the oxynitrid®.1*® 212The XRD results prove the
presence of various Ti species, including bothathetase-phase and rutile Fiéhd
the existence of Ti, crystal phase. Based on previous reports, bottas@and
rutile phase TiQ can have a positive effect on increasing the idsogption by
increasing the wettability and forming a more cove&DL %% 174 213The calculated
average size of the Tily nanoparticles was 43 nm. Such small size of natiofes
can potentially provided more active sites for absorbing and forming the EDL

on the surface of the nanopartictés 21
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The BET analysisKigure 6-2b) shows a typical type IV isotherm curve,
further confirmed the existence of the mesoporotrackire with the pore
distribution around 18 nm. Compare with the rGO-I{Cable A3-1). The nitrogen
doping process dramatically increased the BET sarfaea and the pore volume.
The increase of the BET surface area is attribtaidie loaded Ti(Ny nanoparticles
with small crystal size and could be further expdal by the surface vacancies
generated during the ammonia heat treattheAt®, which may result in a positive

effect on ion absorbing.

The SEM images ifrigure A3-4 at 1 m magnitude indicated the layered
structure of the graphene nanosheet. The layeredshaets provide a relatively
large surface area for interaction between liquid solid as well as enough space
for the saline water to pass through and assibiednh diffusion processgigure 6-
2c shows the Ti(Ny, nanoparticles attached to the graphene nanosiest The
TiOxN, nanopatrticles provides the space for the formatibrohesive electrical
double layer for ion absorbingigure 6-2d is the TEM image of the synthesized
NG-TiO«Ny, which indicates the layered nanosheets of thphgnae. Furthermore,
the TiONy nanoparticles embedded on graphene the layerefudhows the
absorption of saline water into the electrode $tma; which extends the electrolyte-
electrode interface into NG-Ti@ly and minimized the distance of ion diffusion

between saline water and the electrode surfacegltiie electrosoprtion process.
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Figure 6-2(a) XRD patterns of NG-Tidy, rGO-TiG; and rGQ (b) N, adsorption-
desorption isotherm and associated pore size llitish of NG-TiQNy; (c) SEM

image and (d) TEM image of NG-Tifl.
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Table 6-1BET surface area and pore volume of NGyxNQand rGO-TiQ

BET Surface Area BET Pore Volume
m? gt cm? gt
NG-TiO«Ny 64.22 0.391
rGO-TIiO; 24.17 0.049
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The elemental mappindgrigure 6-3) suggestes the homogenous distribution
of the elements of the NG-Ti§, at 5pum magnitude. The EDX mapping spectra
reveales the mass ratio generally follows the rG@.,= 2:1 as initial. Nitrogen
accounts for 13.40% atomic percentagrgre 6-3b), demonstrating the nitrogen-
enriched doped surface, which furthers the suréds®rbing capacit§t> 216To to

further study the chemical composition of the N&yN, electrode material.
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Figure 6-3 (a) SEM images of NG-Tily; (b) EDX spectrum of the NG-Ti®ly

associated with (a); elemental mapping of (c) CJg(e) N and (f) Ti.
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X-ray photoelectron spectroscopy (XPS) was utiljzdshown irfrigure 6-
4. The wide survey of the NG-Tify, as shown irFigure A3-5, exhibits several
main peaks assigned as Ti 2s, O 1s, Ti 2p, N 1s, Ti 3s, and Ti 3p, respectively.
The high resolution XPS spectrum of O 1g~igure 6-4acan be deconvoluted to
Ti-O, C-0, -OH and O-C=0 peaks, respectively. Torenfation of hydrogen bonds
with water can further enhance the wettability lvé £lectrode and has a positive
effect on the ion storage process in the electroaterial’>> °6The XPS spectrum
of C 1s scan irfrigure 6-4bis deconvoluted to the peaks of §p=C at 284.8 eV,
sp’ C-C peak at 286.8 eV, they are assigned to the/C<€Cbond on the graphene
aromatic ring. The peak at 287.4 eV and 289.2 e&/aassigned to C=N and C-N
bonds. Both demonstrate the successful nitrogemgam the aromatic rings of
graphene layer. The nitrogen configuration of thegpbite layer can possibly result
in a stronger binding energy with the ions in theceolyte and enhancing the
surface ion retention capactty/. Additionally, it is also reported the NG contribdt
to better wettability of the electrode matef&l Thus, the presence of nitrogen
doping graphene can be possible contributing tiglaen salt adsorption capacityy.
The carbon-oxygen peak at 291.3 eV is significadihginished compared with the
reported GO C1s spectt®,which can be attributed to the reduction of oxygen
the GO nanosheets during the hydrothermal treatriiéetnitrogen-doped graphite

potentially contributes extra salt adsorption cagaduring the CDI process by
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creating the surface vacancigsThe XPS spectrum of N 1s scan is presented in
Figure 6-4¢ where the main peak at 396.3 eV and the peaiatt®V assigned to
Ti-N and Ti-O-N confirm the successful nitridatipnocess of the Ti species. Such
formation of the Ti-N and Ti-O-N bonds resultedviarious Ti species, providing
possibility for cation intercalation within the ahestry bonds and increased its
adsorption capacit§!' 222The peaks at 398.6 eV and 400.8 eV further contfiven
pyridine and graphite nitrogen doping sitésgure 6-4d illustrates the XPS
spectrum of Ti 2p scan. The peaks at 458.5 eV &6dB4eV are assigned to the N
intercalation into TiQ lattice and the formation of Ti®,.??® The Ti 2p,z and Ti
212 peaks at 458 eV and 463 eV are mainly assignelketdi 2p peak of Tig)
respectively’>* The various Ti states of Ti potentially facilitatéast
oxidation/reduction surface faradic reactions dytime electrochemical charge and
discharge process, which provide an opportunigffectively improve the specific
capacitance and ion adsorption capatfty*®Through the analysis of atomic
percentages of different Ti species from the Ts2an (Fig. S6), the value of O/Ti
ratio (X) is calculated as 0.66 (Tab. S2). Thus, the composof titanium
compounds in this NG-Til, nanocomposite (rGO: Ti®y = 2:1 (w/w)) can be

estimated as Tigxd\o 61
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Figure 6-4 High resolution XPS spectra of NG-TiQ), (a) C 1s scan; (b) O 1s

scan; (c) N 1s scan; (d) Ti 2p scan.
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Electrochemical Characterization

The CV curves were obtained at a wide range of smi@s Figure 6-53 and
in NaCl electrolyte solution with 3 different comtgations Figure 6-59. All the
CV curves of NG-TiGNy are symmetric with respect to the x-axis and goificant
oxidation/redox peaks were observed, indicating réeersibility of the EDL
formation process dominated the electrosorptiorcgsses on the surface of the
fabricated electrode$® As calibrated inFigure A3-1, the symmetric CV curve
shape of the CDI electrode is ranged from -0.5Wrbactual, which indicates the
electrode has the adsorption capacity for bothi Wad Cl. To evaluate the
electrochemical performance, the specific capac#amas calculated from the |-V
plots, as shown ikigure 6-5b. The specific capacitance ranges from 84.3~66.5 F
g! as the scan rate increased from 10 to 50sth\The decrease in the specific
capacitance is possibly due to the charge-resisieleavior when the scan rate
increased?® The mass ratio of N-doped graphene: \NQis approximately 2:1,
which results in a significant decrease of speafiea and electrochemical active
area as opposed to sole N-doped graphene and herfutecrease of specific
capacitancé®® 226 22"Figure 6-5c shows the |-V curves for electrolyte solutions
with concentrations of 0.1 mol,. 0.5 mol L%, and 1 mol L. Higher concentration
of the electrolyte solution increased the mobitifythe ions, while faciliatated the

formation of EDL on the electrode surface more lg&8 Thus, the specific
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capacitance, ranging from 66.5~28.5 F,g increased as the electrolyte
concentration increased. Figure 6-5d the NG-TiQNy electrode kept 90% of its
initial capacitance after 5000 CV cycles with ae thcan rate of 50mV-is
demonstrating its excellent electrochemical stgbilFigure 6-5e presents the
comparison of NG-Ti(N, with commercial AC electrode, pure rGO, and rG@xT
(initial mass ratio 2:1). As can be seen from tigere, NG-TiQNy showes higher
specific capacitance at the scan rate of 50 mhithan the AC, rGO and rGO-TiO
electrodes. The higher capacitance can be attdidotéhe nitrogen-doped sites on
the graphene layer and the surface vacancies dededaring the Ti species
nitridation?'> 229Electrochemical Impedance Spectroscopy (EIS) aimlwhich is
usually used for evaluating the electrical conduigtiof electrode materials, was
performed to further investigate the electrochemcaperties of the synthesized
NG-TiO«Ny. The Nyquist plots for the electrode material sltewn inFigure 6-5f,
where the typical semicircles can be observedesgmting low resistance of the
electrode/electrolyte interface and its high capace. The slope after the
semicircle indicates the formation of the electra@uble layer on the surface of the
electrode materidP® Compared with AC, rGO, and rGO-Ti®lectrodes, the higher
slope and smaller semicircle of NG-TIXQ indicates its higher diffusion coefficient

and smaller diffusion resistance for the adsorlbed*® Such phenomena can be
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explained by the formation of the surface oxygertavaies and the capacitance from

oxygen vacancies ion adsorption during ammonia fneatment3°
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Figure 6-5(a) CV curves of NG-Ti(N, electrode with scan rates of 10, 20, 30, 40,
and 50 mV 3; (b) Specific Capacitance of NG-Tj vs. scan rate. (c) CV curves
of NG-TiOxNy with 0.1 mol L%, 0.5 mol L, and 1 mol t* aqueous NaCl solutions;
(d) Cycling stability test for 5000 cycles; (e) @Urves and specific capacitance of
NG-TiO«Ny, AC, rGO and rGO-TiQ (f) EIS Nyquist Plots of NG-Ti¢N,, AC, rGO

and rGO-TiQ.
121



CDI Performance

The whole CDI process can be seekigure A3-7. The mass ratio graphite
and Ti species were optimized by preliminary desdion experiments using
different rGO: TiQ mass ratios, as shownhigure 6-6a Compared to the prstine
rGO, rGO-TiQ, and AC, the NG-Ti(N, material exhibited significantly lower salt
retention rate, which is less than 50% at 25 mime Tigher performance of NG-
TiOxNy can be attributed to the enhanced ion absorbipgaty due to the nitrogen
doping process with higher binding capacity betwetogen doping sites and the
ions 21 222which is also corresponded with the better elettemical performance.
Furthermore, the higher CDI performance of thetebeles after nitrogen doping can
be explained enhanced ions storage capacity isutiace vacancies formed during
the ammonia heat treatmé#ft.The optimized initial mass ratio of rGO: Ti©2:1
was chosen for further study. Compared with rGO;Ti@itial mass ratio 2:1), the
n-doping and nitridation process significantly emted the salt adsorption capacity
of the NG-TiQNy CDI electrode material. The dramatically high sdficiency of
NG-TiO«Ny can be attributed the multi-layered graphene raeets facilitated the
rapid liquid diffusion; higher specific capacitarared the surface adsorption and ion

intercalation within the Ti-O-N lattic&? 14°

Figure 6-6b-d shows the Ragone plots of SAC vs. SAR under differ

working conditions®® In all the three tests, the SAC increases rapidijng the
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first 5 min and gradually reached saturated affemih, while the SAR follows the
same patterriigure 6-6b shows the batch-mode CDI test was performed atll0
min! flow rate with 100 mg £ NaCl solution. The SACs reaches equilibrium
approximately 8.1 mgf 9.6 mg ¢, and 12.8 mg §with cell voltages of 1.2 V~
0.8 V at near saturated adsorption, respectiveBamvhile, the SAR of each group
at initial stage reached 0.7~0.95 m§min. The increase in the SACs and SARs
indicated that the salt adsorption capacity waengfly depended on potential
applied on the cell, which will result in a morehesive electrical double layer and
enhance the ion absorbing capaétyin Figure 6-6¢ the SACs were obtained with
10 mL min! flow rate and 1.2 V while the salinity of the puedkin water
concentrations ranges from 100 mg~500 mg L. Despite the increase in saline
water concentration, the electrode maintained @#t sdsorption capacity,
demonstrating the possibility of its applicatiornigh salt concentrations treatment.
At the salt concentration of 500 mg!Lthe salt adsorption capacity reached a
breakthrough SAC of 26.1 mg'@t its near saturation adsorption. It is also oot
mention the SAR of 500 mg“Lsaline water group reached as high as 1.8 ™ng g
mint, which is considerable high SAR compared with jas reports® Figure 6-

6d shows the SACs for different flow rates (10~30 min#) at 1.2 V and salt
concentration of 100 mgL The SAC curves have a similar trend as the ptsvio

experiments, and the SACs were 12.6 mg®f0 mg ¢ while the SARs were

123



0.95~0.45 mg g min! at near saturated adsorption, respectively. Thagively
smaller SAC declines when performing the CDI tadtigher flowrates enabled its
potential in fast water desalinatioRigure 6-6e shows the current-elapsed time
curve, which directly corresponded to the condutgtiand salt removal efficiency
curve by measuring the current at the outflow sixedhe potential applied to the
CDI cell shifted from 1.0 V to -1.0 V at 25 minut€Bhe current curve quickly
dropped in the first 10 minutes, and then reacheddwest current at 25 minutes.
The conductivity of the outflow water recoveredjbtly and reached the saturation
point of ions adsorption. The potential was shite@5 minutes, resulting in a rapid
increase in reverse current, showing the releasensffrom the porous electrode.
The negative current then decreased after a fewtesnwhich indicated that the
reverse adsorption process occurred. The rapigjereard discharge performance of
the NG-TiQNy electrode demonstrated its great potential inesdiption potential.
In Figure 6-6f, the regeneration test was performed using Nd@lesaater with 10
ml min? flow rate and 100 mg-tsalt concentration and repeated charge-discharge
cycles for 30 minutes. The salt removal efficienegnained at 90% of its original
capacity for over 12 cycles which is superior tharst reported titanium-based CDI
electrodes! 2 The stable cycling stability demonstrated thatdjethesized NG-
TiOxNy has an excellent potential for longtime-continudasalination application.

Compared with several reported porous carbon atashiuim-carbon electrode
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materials Table A3-2), the NG-TiQNy material in this work exhibites significantly

higher salt adsorption capacity.
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Figure 6-6 (&) Comparison of salt retention curves of ele#NG:TiQN,=1:1 to
3:1, rGO, and AC; Ragone Plots of NG-TIN) at: (b) potential of 0.8 V, 1.0 V and
1.2 V; (c) water salinity of 500 mg, 200 mg L%, and 100 mg &; (d) flow rates
of 30 ml mint, 20 ml min* and 10 ml mirt; (e) current vs time plot; (f) cycling

stability for over 12 cycles.
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Table 6-2 SAC comparison of commercial AC, typical carboectiodes, n-doped

carbon and titanium-based CDI electrodes.

Cell Voltage  Salinity SAC
Electrode References
\Y mg L* mg g*
Commercial AC 1.2 292-1170 10.9~13.0 ¢
Carbon Aerogel 1.2 100~1000  5-~15 231
Graphene and
0.8~1.2 100~1000 5~20 139
derivatives
rGO-TIiO, 1.2 300 9.2~13.2 174
CNT-TiO, 1.2 500 ~4.3 232
TiO>-AC 1.2 500 ~2.7 175
TiO> NPS/AC 1.2 100 ~8.04 51
TisCy-Mxene 1.2 100 13 176
N-doped graphene 1.2 500 >17.8 233
N- sphere carbon 1.2 1000 14.91 234
N-doped TiQ/ZrO, 1.2 50 3.98 172
TisC,Tx Mxene 1.2 500 20~24 133
3DOM-TIN 1.2 500 25.3 207
NG-TiO«Ny 1.2 500 26.1 This work
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6.4 Chapter Conclusions

In this work, we successfully synthesized a noygktof nitrogen-doped
graphene-titanium oxynitride (NG-Tily) nanocomposite electrode via
hydrothermal reaction and high-temperature nitrahaprocess and then tested for
CDI). The physical and chemicalcharacterizationeed®d the nitrogen was
successfully doped onto the graphite layer and édrrarious species of nitrogen-
doped carbon. Additionally, the Ti, nanoparticles were also formed and
embedded on the graphene nanosheets. Further stwepled the ammonia
treatment and the loaded T nanoparticles gave the electrode better
electrochemical performance and extra ion absorlgiagacity compared with
graphene and Ti{based CDI electrodes. Consequently, the multireygraphene
nanosheets allowed the saline water stream to thasagh the electrodes and
absorbing ions in both the surface of nitrogen-doggaphene and Ti®l,
nanoparticles. In the batch mode CDI test, the NGdY, electrode-based CDI
device exhibited a significantly high salt adsaspticapacity of 26.1 mggat its
near saturated adsorption using 500m¢ feed-in saline water. In the cycling
stability test, the NG-Ti(N, electrode lasted for over 12 cycles while retagromer
90% of its original salt removal capacity, furthéss great potential in long-time

continuous CDI application.
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Chapter 7: Conclusions and Future Work

7.1 Summary and Conclusions
The main objectives of this thesis were to devalomvel nano-material for
solid suspension removal and electrode materiats cpacitive deionization

desalination in water treatment.

In the first phase of this work, magnetic flocculams developed and tested
for solid suspensions removal. Magnetite nanogagicsynthesizedin-situ
significantly accelerated the settling down prodessolid suspension removal in
wastewater with the presence of an external maghelil. This study enabled a fast
and low-cost way in treating the solid suspensiansaste water. To achieve this,
the flocculants were combined with tiresitu synthesized magnetite particles to
improve the settling down performance in simulasetid suspension water. The
research strategy of “cyclic-investigation” was pigal in further analysis and
improvement of the studied materials. By using $&vgnd low-cost synthesizing
methods, the objective of the first phase reseasah successfully achieved. This
preliminary research opens a door for further itglaisand commercialized study

on magnetic flocculants materials.

In the second phase, the objective of the thess towadevelop novel and

unique nano-porous electrode materials for higlaciyp desalination in capacitive
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desalination. To achieve this, several selecte@madd were synthesized, modified,
and tested in simulated salty water. The “cyclwestigation” process was also
adopted during this phase of the research procgssimple, low-cost and

environmentally friendly synthesis process was alsomportant objective in this
work. All the developed materials proved to be @ffee electrode materials in
capacitive deionization. Future research can be donindustrial and commercial

development of the electrode material.

To investigate the morphology, physical and chempraperties of the
developed materials, a number of characterizagohrtiques including XRD, XPS,
Raman spectroscopy, FT-IR, BET, TGA, SEM and TEMrenvaised. The
electrochemical performance was evaluated by usngniques including cyclic
voltammetry, charge-discharge and electrochemiogkedance spectroscopy. The
performances of solid suspension removal and vadgsalination were examined by

using the techniques of visible-ultraviolet liglisarption and conductivity test.

Three classes of materials were developed in tloik.wlhe developed materials
were: 1) magnetic F®,-GO nanoparticles for solid suspension removaBXpM-
Titanium Nitride for capacitive deionization; 3) carN-doped rGO-TiGNy for
capacitive deionization. The summary and conclusfoneach one of the materials

are discussed below.

130



7.2 FeOsGraphene Oxide Magnetic Nanoparticles for Highly Hficient
Solid Suspension Removal

This work reveals that the synthesized magnett©F&0 can be used as a
high-efficiency agent in rapidly removing and satgfldown the solid suspensions
in treating wastewater with an external magnettdfi The synthesized magnetic
Fe0,4-GO requires much smaller amount (0.1g magnetoxti@ant per 40mL solid
suspension solution) added into the solid suspersiution and can reach nearly
90% removal rate within 30 minutes, with little ickse in the treated water. The
characterization and adsorption experiment indecateat the magnetic E@.
components interacted with the external magnetid fivhile the GO attracted the
solid suspension particles in the solution, andlfynaccelerated the settling down
process compared to the gravity settling procetisowt an external magnetic field.
The adsorption test demonstrated that the adsarp@havior followed both the
Langmuir and Freundlich model, with an adsorptiapacity of 58.46 mg mf The
test also showed that the kinetics of the adsarptimcess followed a pseudo-
second-order kinetic model with an initial ratg=0.0275 mg mg min. Overall,
the results showed a small amount (0.1g magnedicc@llant per 40mL solid
suspension solution) of E@-GO exhibited a potential application in treating

polluted water containing solid suspended particles

131



7.3 A 3D Ordered Titanium Nitride Electrode for Highly Efficient Capacitive
Deionization

In this work, we successfully synthesized 3DOM-Tiking a PS template
method. The 3DOM-TIiN was characterized and fabetanto electrodes for batch
mode capacitive deionization cells. The charac#ion results showed that 3DOM-
TiN had a relatively hierarchically-ordered 3D looWled structure, providing
multiple tunnels for salt water diffusion and aatelely large surface area for ions
to be absorbed and stored in the electrode. Thehesized material was
demonstrated to be highly efficient, with stablgenreeration for over 10 cycles, high
salt adsorption capacity of 22.1 mg ger unit mass, which is significantly higher
than the current commercial porous carbon matandl other previously reported
titanium-based materials. (SeeTiable A2-4, 5 & 6 The study also revealed the
relative stability of TiN electrodes after 10 cyxlef the experiment, in which the
electrode kept over 90% of its capacity for retagnihe ions in the liquid. This work
thus furthers the possibilities of using TiN as #tectrode material for capacitive
deionization, which may be further developed intocael material for electrical

desalination material with great industrial appiiza potentials.
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7.4  Nitrogen-Doped Graphene-TiQNy Nanocomposite Electrode for Highly
Efficient Capacitive Deionization

In this work, we successfully synthesized a noypktof nitrogen-doped
graphene-titanium oxynitride (NG-Tily) nanocomposite electrode via
hydrothermal reaction and high-temperature nitrhaprocess. The electrode was
then used during CDI testing. The physical and c¢baincharacterization revealed
the nitrogen was successfully doped onto the graghyer and formed various
species of nitrogen-doped carbon. Additionally, Th@xN, nanoparticles were also
formed and embedded on the graphene nanosheetbefrstudy revealed the
ammonia treatment and the loaded ;NQnanoparticles gave the electrode better
electrochemical performance and extra ion-absorlwagacity compared with
graphene and Ti&based CDI electrodes. Consequently, the multirfeygraphene
nanosheets allowed the saline water stream to ghasagh the electrodes and
absorbing ions in both the surface of nitrogen-doggaphene and Ti®l,
nanoparticles. In the batch mode CDI test, the NGdY, electrode-based CDI
device exhibited a significantly high salt adsarpticapacity of 26.1 mggat its
near saturated adsorption using 500 myfeed-in saline water. In the cycling
stability test, the NG-Ti(N, electrode lasted for over 12 cycles while retagromer
90% of its original salt removal capacity, demoaistig its great potential in long-

time continuous CDI application.
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7.5 Recommendations for Future Work

The above studies and achievements in this thesitha preliminary step in
further studies in high performance nanomater@isvater treatment. Based on the
above findings and studies in this thesis, it gggsted the future work should focus

on the following directions:

7.5.1 Magnetite-GO and its Derivatives

The graphene oxide and its derivatives, such ascestigraphene oxide, are
widely reported in the literature to exhibit exeell performance in removal waste
components in the water. Thus, it is highly recomd®al that future research focus
on developing magnetite-GO and its derivativesghly efficient magnetic removal
of solid suspensions. Other recommendation inctygioptimizing and simplifying
the synthesis procedure of the GO and its derigatwith magnetite; 2) tuning and
controlling the morphology of the nano-graphenesthéor high surface area, higher
solid suspension absorbing capacity and betterabiéty; 3) and tuning the
magnetic core anid-situ synthesis method of the magnetic flocculant taeaehfor

higher efficient solid suspension removal.
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7.5.2 Electrode Pairs for Anode and Cathode

For most CDI-like supercapacitor cells, the eledtrmaterials of cathode and
anode are different at each side for specific aaiwhcation absorption. It is highly
recommended in future studies that cathode andeagledtrode materials should be
designed and fabricated separately. By using tfferdnt electrode materials in
combination in the CDI cell the salt adsorption a@ty could be significantly
increased. In this thesis, the study revealedlaéadsorption mechanism happened
on the TiN electrode. However, through the extecivaliit and electron transferring,
both the anode and cathode sides can benefit fireraxtra ion adsorption capacity
gained by intercalation-controlled pseudo capac#akiowever, it is reasonable to
consider further improvement could be made on dgwey anode electrode

materials paired with TiN cathode with higher salsorption capacity.

7.5.3 Further Investigation on Pseudo Capacitance of CDElectrode Material
Research on 3D-ordered titanium nitride successffallealed a possible dual
adsorption model: the diffusion-controlled eledticlouble layer model and the
intercalation-controlled adsorption model. It isggasted that besides the
conventional porous carbon electrode, other rekestrauld focus on porous metal-
based electrode materials. With the intercalatibioms into the electrode, pseudo
capacitance has a great potential in contributmgextra adsorption capacity.

Possible metal-based electrodes include titaniundedxtride, organic metal
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framework, rare earth additives, MXene-based aldeis, etc. An in-depth study on
pseudo-CDI electrodes could possibly open a doantew research frontier in CDI

electrode materials.
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Appendix
Appendix A

XPS supplement information

Figure Al-1(a) XPS survey of GO and #&-GO, high-resolution XPS spectra of
(b) C 1s and (c) O 1s for GO powder and (d) assetiaomic percentage of oxygen

groups in GO and F&,-GO.
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Quantification of kaolinite concentration

Figure Al1-2 Standard curve of light adsorption as a functibtihe concentration of

kaolinite

A series of kaolinite solutions with different c@mtrations were prepared and
tested for the data of light adsorption, and wasdiinto a lineaEquation Al-1 as

Figure A1-2:

| “rstuB “rvwxx (YyWvVw
The equation can also be written BBguation Al-2 for experimental data
calibration:
B Czsr xul srztv (YWVbH
Where C is the concentration of kaolinite (mg "By and A is the light

adsorption intensity at 307 nm.
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Optimization of FgO,/GO ratio

To obtain a suitable ratio of &, to GO, a series of composite samples with the
theoretical FgO, mass ratio to 1 gram of GO as 1%, 5%, 10%, and 2@%e
synthesized and tested. The concentration of ké®kuspension was tested after 5
min of settling down. The removal efficiency isaahted and listed iRigure Al-

3. Generally, the more E®; nanoparticles were deposited, the more kaolinite
particles were removed within 5 min. As depictedrigure Al1-3, the removal
efficiency starts to plateau at 10%z;Bgnanoparticles. Thus, 10% mass ratio of

Fe;0,-GO was selected as the optimal ratio for the sgithof FeO,-GO.

Figure Al1-3 Kaolinite Removal Efficiency of R®,-GO with different FgO, mass

ratio.
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XRD Supplemental Information for Chapter 4
This figure contains a series of unpublished prelary experiments and XRD

characterizations.

20% Fe,0,-1 g GO

10% Fe,0,-1 g GO

l 5% Fe304-1 g GO
I H 1% Fe304- 19 GO

GO

Intensity / a.u.

-

20 40 60 80
2Theta / Degree

Figure A1-4 XRD characterization of Fe: GO with different maaso.
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Removal efficiencies of several materials for méagrféocculants when reaching

99% removal efficiency of E@4-GO.

This figure is a comparison of several unpublishembnetic-flocculant tested in

phase one research.
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Figure A1-5 Removal efficiencies of several magnetic flocctdan
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Comparison of magnetic flocculants in solid susgehdastewater treatment

Table A1-1 Comparison of Magnetic Flocculant in wastewatdiupants removal

Adsorbate/ Initial Removal
Absorbent . o refs
Wastewater type Concentration Efficiency
CPAM-Fe0a4 C. ellipsoidea
_ _ 25~120mg/L >95% at PH=7* '
magnetic flocculant Microalgal
. Solid in biodiesel 54%~97% at
PAC-magnetite 348mg/L 235
waste water PH=7*
PAA-Fe;04 Industrial waste water ~ 752~2041mg/L  76% at over 24h?%¢
_ Backside grinding
PAC-magnetite 1.24~2.94g/L 83% at PH=6* 237
wastewater
CS-FeOq4 Urban life waste water 400mg/L COD 67.50% 2.5h -
CS-Magnetite Urban life waste water  400mg/L COD 38% 2.5h
_ >1000NTU _ _
PAC-FeO4 Industrial waste water o 85% in 30mins 2%
(Turbidity)

. 85.2%-92.5% over
PAC-Magnetite Restaurant waste watdi300~5000mg/L

2.5 hrs
_ _ 52.0%-63.9% at
PSFS-Magnetite Urban rain water 318mg/L COD PHZT+ 240
Ammonium o >75% over 1~3
_ Kaolinite ~80mg/mL 241
Chloride-FgOs, etc. hrs
o 245~255 NTU _ _
CS-FeOs Kaolinite o 87% in 10 mins 242
(Turbidity)
o . . This
Fes04-GO Kaolinite 40mg/mL 90% in 30mins
Work

*In these experiments, the removal efficiencies avereasured at near neutral,

(pH=6~7) of the solutions.
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Economic and cost-effective analysis of®2GO as the magnetic-flocculant

This part appeared on the respond to reviewersiglyeer-review.

The price of current commercial flocculants, (sasiPAC, PFS etc.) usually
ranges from U$ 200-1000/ ton. (Alibaba.com), thephiene oxide price is based on
its grade. In this work, low grade graphene oxidk e enough in wastewater
treatment, which costs around U$5 per 10gram (Albeom). Since the synthesized
nanocomposite can be stored as solid state arbbage is significantly lower than
the liquid solution state commercial flocculantdhieToverall cost can be highly

competitive to the current commercial flocculants.
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Appendix B

Supplemental Characterization Information

Figure A2-1(a) SEM and (b) TEM images of 3DOM-TIN at low mafipation.
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Figure A2-2 N, adsorption-desorption isotherm and associated poteame

distribution of bulk-TiN.
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Figure A2-3 (a) SEM image and (b) EDX spectrum of 3DOM-TIN wasll as

associated elemental mapping: (c) Ti, (d) C, (e (f) O.
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Figure A2-4 (a) XPS survey and HR-spectra of (b) O 1s andC({ck for 3DOM-

TiN.
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Supplemental Electrochemical Characterization Infation

Figure A2-5 CV curves of (a) AC and (b) bulk-TiN electrodelirmol L! NaCl

solution with scan rates of 50, 40, 30, 20, 10, ZunaV s?.
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Figure A2-6 (a) CV curves and (b) associated specific capaoitaf 3DOM-TIN

in 1.0, 0.8, 0.5, and 0.1 moi!tNaCl aqueous solutions.
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Figure A2-7 (a) high-resolution Cls XPS of 3DOM-TIN after 5009cles of
stability test in half-cell and associated (b) cammgon of the carbon species before

and after cycling.

According to the high-resolution C 1s XPS after ®@§cles of stability test
in half-cell Figure A2-7a), the sp hybridized carbon still accounts the most in the
3DOM-TIN. Although the oxidization of NCR-coatingas observed according to
the increase in oxygenated carbon species ahbydpidized carbonRigure A2-
7b), the insignificant decease of the fybridized carbon (~ 4 %) shows sufficient

stability and resistivity to oxidation of NCR-caadi for CDI application.
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Figure A2-8 (a) System resistance JRand charge transfer resistance)(Bf the
3DOM-TIN and bulk-TiN electrodes; (b) Linear fitgrio the real part of impedance

(Z) versus the 1/2 power of the angular frequencyt) plots.

The Warburg coefficient (ohm s*®) was extracted by fitting the real part of
impedance ') versus the -1/2 power of the angular frequenc9®) plots in a
frequency range of 1 to 10 Hz. The steeper lineaand smaller diffusion Warburg
coefficient indicated the higher efficiency of ion diffusionf @DOM-TIN

compared with bulk-TiN3: 244
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Calculation of the Pseudo-capacitance

Figure A2-9 CV curves of 3DOM-TiN in 1M NacCl solution with wang scan rates
and associated linear fitting of #&vs VW2 in (a, b) cathodic range (-0.6 ~ 0V) and
(c, d) anodic range (0 — 0.6 V) ; (e) Linear figtiof i/v"2 vs VA2 of 3DOM-TIN in
1M NacCl solution with varying scan rates in thel dnge (-0.6 ~ 0.6V) and (f)
associated Dunn method analysis of capacitanceilootibn of 3DOM-TIN at scan
rate of 10 mV 3 in the same potential range. The shaded regians e current

contributions from the electrical double-layer caipae processes.
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Dunn’s method is generally described as followse Ghantity analysis of the
capacitance contributions from the surface capecgifects (€p.) and diffusion-
controlled process (pseudo capacitance) is enalglBdinn’s method* The current
density () from the CVs can be expressed as the followinggarts k;v andkav°-,

at a fixed potential:
e >e > (ybvW

Where the first park;v accounts for the current density contributed from t
EDL capacitive, whilek,v° accounts for the current density contributed fritwe
pseudo-capacitance. The equation can be rearrangéiliding thev’> on both

sides:
>t e >1 e (ybVb*

Thus, by extracting thiefrom the CVs at each scan ravesnd plotting thev
05ys.\23, a linear fitted line with the slope kf and y-intercept df, can be obtained.
Figure A2-9 displays the contributions ofg6 and pseudo capacitance of the
3DOM-TIN electrode as cathode, anode and a fulh-$2¥ from both cathode and
anode, together with the®°vs.\°® and their linear fitting process. Using theand
k. obtained from the linear fitting, the contributiohCep_ and pseudo capacitance

can be calculated at specific potentfadnd scan rate,
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Supplemental CDI Information

Figure A2-10 Conductivity profile of saline water during batofede CDI process
using 3ADOM-TIN, Bulk-TiN and AC electrodes with digal potential of 1.2 V and

initial salinity of 100 mg L.

All three electrodes reached their lowest condugtat around 25 minutes, which
Is the maximum salt adsorption capacity momentei A minutes, although the
electrodes kept absorbing salt, the capacity dedlrapidly, which is not energy and
cost effective. Thus, the salt adsorption capadfitthe electrode was determined at

the lowest conductivity moment.

154



Figure A2-11 Calibration of the Conductivity to NaCl Conceninat The inserted

graph is the enlarged part from 0-300 uSicm

The salinity of the water is based on a seriedbaion with a series of

standard NacCl solutions. The calibrated equatio@aiductivity-Concentration is:

BS7#YTN|[NE6KF}L~* "r'tzee u BE75€#NG6Z6N_(ek*  rxxswx (ybVd*
Where R=0.99998, indicating that the salinity of the smot can be

considered as linearly dependent on the condugtivit
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Figure A2-12Ragone plots of SAR vs. SAC for 3DOM-TIN electradeontinuous
symmetric CDI cell obtained under different flovtes; the inset plots illustrate the

maximum SAR and SAC at 25 min.
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Figure A2-13 Regeneration cycling stability test of AC elec&oeh continuous
symmetric CDI cell with saline water (100 mg NacCl) flow through at 5 ml mih

at applied voltage of 1.2 V.
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Supplemental XRD comparison

This figure contains a series of unpublished prelary characterizations in

studying the transformation temperature of N-dop«ab to TiN.

rutile-TiO2 TIN N-dopin _
Ping TIN

550 °C
— 600 °C
650 °C
— 700 °C
750 °C

800 °C

Intensity A.U.

A

20 30 40 50 60 70
2Theta/Degree

Figure A2-14 XRD patterns of Ti@ TiN under different calcination temperature.

As temperature increased from 600°C to 800°C, theboped TiQ XRD patterns

transformed into TiN pattern. Thus, the nitridattemperature is set as 800°C.
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Supplemental Tables

Table A2- 1BET surface area and pore volume of 3DOM-TIN anl#{iN.

BET Surface Area BET Pore Volume
m? gt cm® gt
3DOM-TIN 141.61 0.291
Bulk-TiN 31.65 0.030
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Table A2-2 Lattice constants and N/Ti ratio of 3DOM-TIN andlipTiN

2 d (220) a X
0 A A (TiN,)
3DOM-TIN 61.945 1.4986 4.2386 0.9872
Bulk-TiN 62.332 1.4931 4.2232 0.6574

Thed,,ois determined according to Bragg's law:

< P (yb VU
T y
TiNy lattice parameter is then calculated:
cf < .. e T (ybvg*

From the obtained values of lattice parameters Nfie ratio of 3SDOM-TIN and

bulk-TiN were calculateqd®

Cs trev ‘rtzw0 (ybVi*

160



Table A2-3 Elemental composition of 3DOM-TIN via XPS survegdaEDX
spectrum.

Ti C N O
XPS survey (wt%) 65.95 9.96 12.87 11.22
EDX spectrum (Wwt%)  64.35 10.80 11.32 13.53
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Table A2-4 Qlt adsorption capacity comparison of several coroiake and

titanium-based CDI electrodes

Cell Voltage Salinity SAC References
Electrode
\Y mg I mg g*
Commercial
_ 1.2 292-1170 10.9~13.0
Activated Carbon
Commercial
1.2 50~500 1.4~2.9
Carbon Aerogel
Commercial
_ 1.2 292 10.5
Activated Carbon
rGO-Ti 1.2 300 9.2~13.2
CNT-Ti 1.2 500 ~4.3
Ti-AC 1.2 500 ~2.7
Ti NPs/AC 1.2 100 ~8.04
3D-GA/TIO, 1.2 100 ~23
TizC,-Mxene 1.2 100 13
Activated Carbon 1.2 100 ~13.7 This Work
Bulk-TiN 1.2 100 ~4.5 This Work
3DOM-TIN 1.2 100 ~22.1 This Work
3DOM-TIN 1.2 500 23.6 This work
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Table A2-5 Comparison of salt adsorption rate of this workhvwaeveral carbon-

based electrode materials for capacitive deioropati

Working Condition
SARmax

Electrode  yojtage Flow rate  Salinity mg g* min References
\% ml mint  mg L?
3DOM-TIN 1.2 5 500 ~3.2 This work
Bulk-TiN 1.2 5 100 0.09 This work
Activated Carbon 1.2 5 100 0.4 This work
N-doped
Mesoporous 1.2 5 500 0.2~1.2 241
Carbor
Porous Carbon — 5 60 1000 0.2~0.3 179
membran
N, P, S co-doped
hollow carbon 1.2 50 500 0.5 141
polyhedr:
Surface-treated 1214 36 500 12 -
carbot
High-
performance 1.2~1.4 26 600 0.2 249
activated carbc
Macro/Micropore 12 50~500 500 12 L6
Carbor
Graphene sheet 1.2 20~80 500 0.8 250
Nitrogen-doped
graphene 1.4 N/A 300 ~2.0 251
composite
Porous carbon 5 66.9 1000 1.0 252
nanoshet
NagV2(PQy)s@C 1.0 15 585 2.4 253
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Table A2-6 Comparison of salt adsorption rate of this worktwgeveral metal-based

electrode materials for capacitive deionization

Working Condition

SARmax

Electrode  y/otage Flowrate  Salinity mg g* min References
Y ml min'? mg L*
3DOM-TIN 1.2 5 500 ~3.2 This work
Bulk-TiN 1.2 5 100 0.09 This work
Favated 1 5 100 0.4 This work
NasMngOss 1.2 10 500 ~04 254
Na,FeRO;  0.9~1.5 2 584.4 0.48 177
MnO;,
electroless 1.2 5 100 3.0 251
depositiol
TisC-Mexene 1.2 22 500 1.0 176
Tiozcoated N/A  500~1000 2~3 178
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Appendix C

Calibration of SCE electrode

The SCE electrode was calibrated in NaCl solutiemmgi SCE to Reversible
Hydrogen Electrode (RHE) in an open circuit as smawFigure A3-1. The result
was adding +0.5V to the potential of SCE in Na@uson, which means the -1V to

0OV was -0.5V to 0.5V in actual.

0.70

W 0.65
@)

D 0.60
(@)

L 0.55
I

(V,R
o o
H 3

0O 100 200 300 400 500 600
Time (S)

Figure A3-1 Open circuit plot of SCE to RHE vs time.
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Calibration of conductivity-salinity

The salinity of the water is based on a seriebion with a series of standard

NaCl solution.
H/I\ZOO B
|
(@)}
c 150
N
c
o 100 A
= :
< g
| —-—
.E S
) 50 B g
O 3
S 8
O O I 0 50 100 150
Conductivity (mS-cm™)

0 100 200 300 400 500
Conductivity (mB-cm™)

Figure A3-2 Calibration of the Conductivity to NaCl Conceniat The inserted
graph is the enlarged part from 0-300 uSicm
The calibratedquation A3-1 of Conductivity-Concentration is:

B ' rxxswx u B$75€#N6Z6Kek * xrz'z'w (ydvWw

Where the R=0.99993, indicating that the salinity of the smintcan be

considered as a linear dependent to the conduyctivit
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Supporting XRD information

)
< 111
Z‘ 200 220
‘0
c
g
= JCPDS: 38-1420
|
20 40 60 80

2Theta Degree
Figure A3-3 XRD Patterns of NG-TitN, and JCPDS card of TiN
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Supplemental SEM information

Figure A3-4 Low magnification SEM image of the NG-TiR, .
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Supplemental XPS wide survey

Figure A3-5 XPS survey of the NG-Ti,.
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Supplemental Ti 2p scan information

Ti(IV)=38.35%
Ti(11)=38.26%
\ Ti(lV)  Ti(11)=23.39%

! Ti(0)<0.0001%

Ti 2p

Ti('v ' Ti(lIn) 2P 312

Ti(ll)

Intensity A.U.

468 465 462 459 456 453 450
Binding Energy (eV)
Figure A3-6 Ti 2p XPS analysis of various Ti states.
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Schematic of a flow-by CDI process

Figure A3-7 Schematic of a flow-by CDI process.
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Comparison of several CDI electrode materials f@I@n phase two preliminary
research.

This figure is a comparison for several unpubliskdl electrode materials tested
in phase two study, it contains experimental dal@ed to Chapter 5. The red, blue
and green dots are the raw SAC experimental dagssofgle-batch mode CDI test.
The columns are the average SAC of each electr@desCDI cells and working

conditions are the same to Chapter 5 & 6 with iegsDOmg L* saline water.
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Figure A3-8 Comparsion of several CDI electrode material<IDi.
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Supplemental Tables

Table A3-1Lattice constants and N/Ti ratio of NG-Tiq).
2 /° d (220)/ A a/ A Yy
NG-TiOWN, 62.371 1.490 4.2211 0.6122

In this study, we conducted the nitridation prodesthe ammonia treatment of solid
rGO-TiO, rather than the gaseous titanium precursor sutiteagim tetrachloride.
Thus, the nitridation is insufficient and the degd nitridation is relatively low.
Here, we made an attempt to calculate N/Ti rafjauging the reported method and

XRD data listed ifTable A3-124¢

The dis determined according to Bragg's law:

79

%678 (yd Vs
TiN lattice parameter is then calculated:
[IA%@ S L&« \ (ded*

From the obtained values of lattice parametersNA@ ratio of TIONy in NG-

TiOxNy is calculated:

[t trev rtzw_ (ydvur
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Thus, the value of is roughly 0.61 in the NG-Tily, nhanocomposite. However,
there is no fixed stoichiometry between nitroged &tanium in titanium nitride.
The N/Ti ratio varies from 0.6 to 1.2 and dependsh® degree of nitridatiol¥® In
our design, the mass ratio of GO to TiGhe mass of rGO-Tifcharged in the
ceramic boatthe porosity and morphology of rGO-TiGas well as other
experimental factors may affect the degree ofdation. Thus, the value gfvaries

from sample to sample and from batch to batch.
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Table A3-2Oxidization states and atom percentage of Ti spani&lG-TiON,.

i Ti(lv) Ti(ny Ti() Ti (0)
Origy +4 +3 +2 0
Prig) /% 38.35 38.26 23.39 ~0
According to Fig. R1, four different oxidation statwere observed for Ti in NG-

TiO«Ny, namely Ti(IV), Ti(lll), Ti(ll) and Ti(0)?°% 2" The average oxidation state

of titanium is calculated via the following equatio

ere&zn (BT (> (ydvg*

Where theDyi andPrij are the oxidation state and corresponding atocepégsige

of each Ti species. The values are listed in tloe@bable A3-5.
Thus, the calculated average oxidation state of ¥8.1497.

It is assumed that the oxidation states of allniti®gen On) and oxygen@o) that
were bonded with Ti in the NG-Ti®y composite are -3 and -2, respectively. Then,
with the N/Ti ratio {) calculated as 0.6122, the valuextan be calculated as

follows:

(ydVi*

Then, we obtained the valuexés 0.6565 roughly 0.66.
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