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ABSTRACT

As selenium and chromium are toxic even at low levels, it is very necessary to
remove them from drinking water with proper ways. In this work, titanium dioxide based
photocatalysts were mainly investigated in detail for their photoreduction ability towards
selenate and chromate in aqueous environment. Firstly, photoreduction ability of layered
double hydroxide (LDH) nanosheets with commercial TiO; particle hybrid materials was
investigated towards selenate or chromate. The results showed that commercial
LDH/TiO; (P90) composite, homemade LDH nanosheets/TiO, (P90) composite and also
in situ LDH/TiO, (P25) composite all did not indicate significant improvement on
photoreduction performance towards selenate or chromate. Secondly, TiO, nanosheets
material was synthesized with TiS; as precursor via hydrothermal treatment. Morphology
of TiO, nanosheets were characterized by SEM, AFM and TEM. Photodegradation of
MB (methylene blue) with TiO, nanosheets was performed. In the future, first approach
is to synthesize visible-light driven LDH photocatalyst NiFe-LDH nanosheets with TiO,
nanosheets hybrid material for selenate removal. Second approach is to use anion

intercalation/insertion via electrochemical process to remove anions in drinking water.
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CHAPTER 1
INTRODUCTION

1. Introduction

Chromium is abundant in ground water and can naturally exist or produced by
industrial activities, including metal finishing, dyeing, electroplating and steel fabrication,
etc. 2 Cr(VI) is mutagenic and carcinogenic and results in many health problems such as
liver damage, pulmonary congestions, vomiting, even can cause cancer.>> The limitation
of chromium in drinking water is 0.1 ppm from U.S. Environmental Protection Agency.®
So it is of great concern to eliminate Cr(VI) from our drinking water. The predominant
form of the chromium states mainly depends on the pH of solution, concentration and
redox potential, as indicated in Fig. 1.” ® In aqueous environment, the most probable
Cr(V1) states are Cr,0+%, CrO,*, H,CrO,, and HCrO,, which are all soluble anions and

making it impossible to separate them by directly precipitating.” "
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Fig.1 Eh-pH diagram for chromium species and Chromium speciation as a function of pH (Cr(V1) = 50 mg L )"



Selenium exists in many oxidation states, for example, selenide (Se®), elemental
Se (SeY), selenite (Se™), selenate (Se®), etc (Fig. 2). Selenite and selenate are soluble in
water and therefore potentially toxic to animals and human beings. The reduced forms,
most selenide (Se?) and elemental Se (Se°) are insoluble therefore unavailable to aquatic
environment. The presence of oxidized selenium in aquatic environment have been
accelerated by agriculture irrigation and industrial wastewater, including electronics
industry, glass industry, plastics, paints, enamels, inks, rubber, etc.® Epidemiological
studies indicate that intake of low concentration of Se positively related with coronary
heart disease, cardiovascular disease and cancer.*® The maximum selenium concentration
from U.S. Environmental Protection Agency is currently 50 ppb in drinking water. And
the maximum allowable selenium level from the World Health Organization (WHO) and
the EU in drinking water is 10 ppb.** Such stringent standards lead to a widespread

exploration on the removal of selenium in drinking water.
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In aqueous systems, selenate is harder to be removed from water compared to
selenite, because selenate cannot be easily absorbed onto particles and selenite is easily
immobilized.™*™ The mechanism for adsorbance of selenate and selenite onto particles
are quite different. For selenate, it prefer to bind through outer-sphere surface complexes
and can only be weakly absorbed onto surface of metal oxides. For selenite, it prefers to
bind through inner-sphere and can be absorbed strongly onto surface of metal oxides.!” %
Sulfate has similar structure and physicochemical properties compared to selenate.”* So
when the sulfate is in high concentration in water, it can compete with selenate, which
makes it hard to remove selenate.

Chromium (111) is a natural element which exists in soil, rocks, animals, plants,
volcanic dust and gases. Trivalent chromium (Cr(l11)) is another form of chromium in
aqueous systems, which is 100-1000 times much less toxic than Cr(V1). It can also serve
as a trace nutrient which enables living organisms to function properly. ? Besides, from
the Eh-pH diagram(Fig.1 ), it is indicated that at neutral pH Cr(111) exists in the form of
insoluble Cr(OH)z.2 "8 Therefore, to remove the toxic Cr(V1), except for adsorption,
another commonly used method is to convert it to less toxic Cr(I11) which can readily be
precipitated out in the form of insoluble Cr(OH)3.? Consequently, effective reduction of
Cr(VI) to Cr(II) with innovative technologies has become a key procedure.

There are various technologies for the reduction of Cr(VI) to Cr(llI). One of the
chemical reduction treatments is using SO, gas or NaHSOj3 in acid solution as reducing
agents. Both agents can form H,SOj3 to reduce Cr(VI) and precipitate the chromium.
However, the sludge produced during the whole reduction process is of large amount,
which results in a big problem to manage, transport and final disposal. "2 Another
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traditional way to chemically reduce Cr(V1) is using iron(I1) chloride and iron(ll) sulfate
as agents under acidic conditions, followed by precipitation with alkali. The
disadvantages are that the considerable sludge produced, for instance, ferric hydroxide
remains a big issue and also the requirement for a continuous supply of the reducing
agents.” ® %% An environmental compatible method to remove chromium from water is
electrochemical technology, mainly since that electron is a “clean reagent”.
Electrocoagulation is one simple and efficient way to remove Cr(V1). Electrocoagulation
is the electrochemical production of destabilization agents which can neutralize electric
charge of the pollutants. One shortage of this method is that the sacrificial anode needs to
be replaced periodically since it will be consumed gradually during the
electrocoagulation reaction. Another electrochemical technology is electrochemical
reduction using non-sacrificial anode. Carbon based electrodes, for instance, graphite and
carbon felt, and also gold electrodes, conducting polymers are novel cathode materials
which is very efficient for electrochemical Cr(\V1) reduction. However, as compared to
the electrocoagulation methods, it may needs relatively more treatment time and further
separation/purification of Cr(I11) products.

The removal of selenium mainly includes physical, chemical and biological
methods. The physical methods mainly involve adsorption, ion-exchange and membrane
processing. Physical removal is not an effective method for selenium removal compared
to other heavy metal ions and few adsorbents are effective on Se(V1) adsorption.?* The
chemical reduction methods involve the use of ferrous hydroxide or zero-valence iron,
which are expensive chemicals. With biological methods, bacteria help to reduce selenate
and selenite into Se°, however, a main challenge with this method is Se® will inhibit the

4



growth of bacteria.> Therefore, it is very necessary to find a cost-effective way for the
removal of selenium. Photocatalysis turns out to be a promising way for the removal of
selenium, especially selenate, as it reduces selenate directly to immobilized form of Se°,
which can be easily separated from the aqueous system.?

Semiconductors can function as photocatalysts under the irradiation of solar light
energy that is more energetic than the bandgap energy of semiconductor.?” Mechanism is
shown in Fig. 3. Electron-hole pairs are formed in the conduction band and suitable redox
potentials, which can be used for hydrogen evolution, oxygen reduction and reducing the
hazardous contaminants for water treatment.?* 2> Among all the semiconductors, TiO is
the most frequently used photocatalyst because of its favorable physical/chemical

property, including high stability, nontoxicity and low cost.? *
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Fig. 3 Schematic illustration of the formation of photogenerated charge carriers (hole and electron) upon absorption of

ultraviolet (UV) light®!

Cr(VI) is present as dichromate at standard conditions(e.g., pH 0) and its
reduction potential is EO = 1.36 V vs. RHE. To be able to reduce Cr(VI), the

semiconductors should have conduction band minima positive enough for the



photoreduction of Cr(V1) to occur. The valence band of the semiconductor should be
more positive than the reduction potential for OH/0,.?

The photocatalytic reduction of Cr(VI) happens on surface of the semiconductor
between the redox couple of negatively charged Cr,O;*~ or CrO,* and positively charged
—OH,".% Electrons produced during the light irradiation will reduce Cr(VI) and the holes
generated during the light irradiation will oxidize water or a sacrificial agent D". (Fig. 4)
The chemical reaction under acidic condition(Egs.1) and neutral condition(Egs.2) are
shown respectively as follows:?
2Cr,07* + 16H*—4Cr** + 8H,0 + 30, (1)

4CrO4* + 20H*—4Cr* + 10H,0 + 30, (2)
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Fig. 4 (A) Schematic depicting photocatalytic reduction of hexavalent chromium
(B) Band diagram depiction of Cr(VI) photoreduction.
(C) Band edges for common semiconductor photocatalysts at standard conditions (pH

0) with respect to the redox potentials for H, generation and Cr(V1)/Cr®*.?



In the context of photocatalytic reduction of selenate and selenite, electrons on
conduction band of semiconductor will reduce selenate and selenite on surface of
semiconductor to element Se, even H,Se. Formic acid is usually used as hole scavenger.”
What’s more, the formic acid lowers the pH to acidic so the Se6 can bind on the TiO,. It
also can be oxidized by the photogenerated holes on TiO, rather than relying on water
oxidation, which is kinetically slower. Dissolved oxygen in water solution will compete
with selenium and be reduced to superoxideradicals, while water will be oxidized to
highly oxidizing hydroxy! radicals.?

The mechanism for the photocatalytic reduction of Se is as follows:

uv
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Photocatalyst

electron

(5o /
e~ @ —

insoluble
toxic,

soluble

Fig.5 Schematic of Se®" and Se*" photoreduction by TiO, mechanism?

Methylene blue (MB), with its solution in blue color, is a kind of redox indicator
in analytical chemistry. The photodegradation mechanism of MB accords to the dye
degradation mechanism (Fig. 6). The first step is the photoexcitation of semiconductor.
Take TiO; as example. TiO; is irradiated by photons with energy equal or greater than the
band-gap energy of TiO,. Then electron on valence band of semiconductor will migrate
to conduction band and form a hole on valence band. The photogenerated hole will react

with surface bonded water or OH™ to produce OH radicals, while the electrons on
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conduction band will combine with the oxygen in water and form anionic superoxide
radical(O%). Superoxide radical will first turn into hydroperoxyl radical (HO?) with the
existence of proton and then turn into H,O,, which further dissociates into hydroxyl
radicals (OH). The hydroxyl radicals will react with dye and finally produce CO, and

H,0.%

.. *¥2H*
0 (20,3 2H0O" —>H,0;—> 20H")

Reduction Products

Dye —> Oxidation Products
Light Irradiation

Dye OH*+H*/OH*

Oxidation Products H0/0H

Fig. 6 Schematic of dye degradation by TiO, mechanism (under UV light)*



CHAPTER 2
LAYERED DOUBLE HYDROXIDE (LDH) NANOSHEETS WITH COMMERCIAL
TI10, PARTICLE HYBRID MATERIALS

2.1 Overview of Layered double hydroxide based materials

Layered double hydroxides are a large family of two-dimensional anionic clay
materials. It can be represented as [M% 1 N**(HO )] [(X™ )wn -yH20]*, where M is a
divalent metal, N is a trivalent metal, X is an exchangeable anion with a valence of n.*
As shown in Fig. 7, metal anions exists in the layers, and a fraction of divalent metal
anions are replaced by trivalent metal anions, which makes the layers positive
charged.Water and exchangeable negative anions exist in the interlayers, compensating
the positive charge in the layers. The interlayer bonding of LDH is relatively weak so it
leads to other properties of LDH materials. For instance, the negative anions between

layers are quite exchangeable with proper alternative anions.®
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Fig.7 Crystal structure of layered double hydroxide and the pariclase structure formed after calcination. The layered
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structure is reconstructed upon exposure of the periclase structure to water.

LDH is positively charged material so it can adsorb negatively charged chromate
or selenium anions onto its surface or interlayers. MgAIl-LDH has showed good

adsorption towards selenium in our previous studies.* Besides, LDH has higher Point
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Zero Charge (PZC) compared to TiO,. TiO, is a semiconductor material which can act as
photocatalyst, so the combination of LDH and TiO; will have more advantage than single
LDH and single TiO,. Better adsorption of LDH can benefit the photodegradation
efficiency more than TiO,. MgAI-LDH is tried first to form hybrid materials with
Ti0,(P90), aiming at improving photodegradation efficiency by increasing the adsorption
compared with only TiO,(P90). To investigate the impact of morphology of LDH and the
way of combination between LDH and TiO, on photoperformance of composites, three
different type of LDH composites are synthesized.

2.2 LDH/TIiO; hybrid materials

+ + ++ + + + +
& LDH

TIOZ —C'\\’V :c:: T|02 s 'C'\\/ ’;c'\” TloZ

I .

~ H
Eevd EBevd
LDH

Scheme.1 Schematic of LDH nanosheets/TiO, hybrid materials for chromate removal

Scheme 1 is an idealized structure of how LDH and TiO, combined with each
other. When UV light which has higher energy than bandgap of TiO, comes in, electrons
on the valence band of TiO, will be excited to the conduction band of TiO,, forming
electron hole pairs on surface of TiO,. Then chromate or selenate ions absorbed on

surface of LDH will obtain free electrons on surface of TiO; and further get reduced.
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2.2.1.1 Synthesis of commercial LDH and TiO, (P90) composites

100 mg of LDH (sasol) and 100mg of TiO, (P90) is dispersed in water separately.
LDH is stirred for 5h and the sample not dispersed is sonicated for 15 min. TiO, (P90) is
sonicated for a few seconds. Then TiO, dispersion is dropped into LDH dispersion and
then stirred for 3h. The as-prepared composite is then filtered and dried in oven at 80 °C.
2.2.1.2 Characterization of commercial LDH and TiO, (P90) composites

Previous studies in our group showed that after stirring or sonicating the Sasol
LDH a homogenous suspension can be formed, shown in Fig. 8.% It indicates that after
sonication Sasol LDH appears a nanosheet structure, with particle size around 200nm
(from inset). From Fig.9, SEM image of TiO;, (P90), we can see that P90 is in small and
uniform particle size. After combination the hybrid material looks like bulk morphology,
as shown in Fig.10. EDS mapping (Fig.11) is performed and from the images we could
conclude that LDH and TiO, mixed with each other uniformly. The intimate contact
between LDH and TiO, will benefit the photodegradation efficiency of hybrid materials

towards selenium and chromium.

Fig.8 SEM image of granular LDH; particles obtained after sonication shown in inset
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Fig.10 SEM image of commercial LDH (sasol)/TiO, (P90) composites

Fig.11 EDS mapping of commercial LDH (sasol)/TiO, (P90) composites (Mg in green, Al in blue, Ti in yellow and O

in red)

12



2.2.1.3 Photoreduction and dark adsorption results of selenium with commercial LDH
(Sasol)/TiO, composite

1 g/L of Se(VI) solution is prepared by dissolving Na,SeO,4(Sigma-Aldrich) into
DI water as stock solution. 150 mg of composite is put into 150 ml of 1ppm Se(VI)
solution respectively for the photoreaction and dark adsorption. Samples at time 0 min
are taken before the composites are put into the Se (V1) solution. Samples at time 30s are
taken after LDH/TiO, composites are put inside the water and stirred for 30s. The rest
samples are taken every 15 min within 2 hours. Since dissolved oxygen might compete
with Se(VI) for the electrons on the conduction band, and forms superoxide radical
anions.” Nitrogen is purged into the Se (V1) solution for 1 h to evacuate oxygen from the
system before composites are put inside the solution. And also, nitrogen is purged during
the whole photoreaction and dark adsorption. The reactions are performed inside the
Quartz tube within the UV reactor (Rayonet RRP-200 photochemical reactor, light source
of 1.65 x 10" photons/sec/cm?® at A = 350 nm). The concentration of selenium is analyzed
with inductively coupled plasma mass spectrometry (ICP-MS, iCap Q quadrupole,
Thermo Co., USA) at ASU.

Dark adsorption of LDH and TiO, (P90), dark adsorption and photoreduction of
TiO2(P90), and also dark adsorption and photoreduction of selenate with the commercial
LDH/TiO, composites (weight ratio 1:1) are shown in Fig.12a, Fig. 12b, and Fig. 12c
respectively. Fig. 12a shows that both LDH and TiO, (P90) alone performs great
adsorption to selenate. Almost all selenate could be removed from the beginning. Fig.
12b shows the photoreduction performance of TiO, (P90) is affected by Ar flow. Since
the hybrid material also has adsorption ability, for comparison, control test of dark

13



adsorption under the same condition was performed. The results indicate that there is no
obvious difference between the dark adsorption and photoreduction performance. We
expect that when UV light exists, Selenate could be removed faster than under the
condition of control test. Further experiments need to focus more on the mechanism of

selenate photodegradation.
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Fig. 12a Dark adsorption curve of commercial LDH (sasol) and TiO, (P90) towards selenate; b Photoreduction and
dark adsorption curve of TiO, (P90) composites towards selenate; ¢ Photoreduction and dark adsorption curve of

commercial LDH (sasol)/TiO, (P90) composites towards selenate

2.2.2 Homemade LDH nanosheets/TiO, composites

Since the morphology of commercial Sasol LDH is different with the morphology
of homemade LDH, in order to compare the influence of morphology of LDH on the
impact of photoperformance, we further tried to synthesize LDH nanosheets in the lab
instead of using commercial LDH to understand more about the impact of LDH on
photodegradation of environmental pollutants. We tested the photodegradation ability of
homemade LDH nanosheets with TiO, (P90) hybrid materials towards chromate.
2.2.2.1 Synthesis of homemade LDH and TiO, (P90) composites
Synthesis of homemade LDH

Based on the method reported by Xu et al, Mg.Al(OH)sCI xH,O was prepared.10
mL of mixed salt solution containing MgCl, (3.0 mmol) and AlClI; (1.0 mmol) was added

within 5 s into a 40 mL NaOH solution (0.15 M) under vigorous stirring, followed by 10-
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30 min stirring with the reactor isolated from air. Pure LDH slurry was obtained via
centrifuge separation and washing, and then manually dispersed in 40 mL of deionized
water and hydrothermally treated in an autoclave at 100 <C for 16 h, resulting in a stable
homogeneous suspension.®’
Synthesis of homemade LDH/TiO, composites

Firstly, pH of DI water is adjusted to 10 with NaOH. TiO, (P90) is suspended into
water and sonicated for half an hour to form a 2.33 g/L TiO; collidal solution. Then TiO,
collidal solution is dropped into LDH suspension slowly under the protection of N,. The
final LDH amount in LDH/TiO, product is 12% and 50% respectively.

2.2.2.2  Characterization of homemade LDH nanosheets/TiO, composites

Fig.13 SEM image of homemade LDH nanosheets
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Fig.14 XRD pattern of homemade LDH nanosheets, TiO, (P90) and 50%-LDH/TiO, (P90) composites

Homemade LDH suspension is dipped onto silicon substrate and dried under

room temperature for SEM characterization. From SEM image of homemade LDH (Fig.

13), it is observed that homemade

substrate with particle size ranged from around 50 nm to 300 nm. XRD pattern of LDH

nanosheets is consistent with the reference.*” XRD pattern of 50%-LDH/TiO, (P90) (Fig.
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14) shows the characteristic peaks of both TiO, (P90) and LDH nanosheets, indicating
that TiO, (P90) and LDH is combined with each other successfully.
2.2.2.3 Photoreduction results of chromate(Cr(V1)) with LDH/TiO, composites

The Cr(VI) reduction with TiO, nanosheets is performed under UV light. Initial
Cr(VI) solutions were prepared by dissolving K,Cr,07 in ultrapure DI water (18.3 MQ-
cm) at a concentration of 10 ppm. Then 1 g/L photocatalyst is dispersed into the Cr(VI)
solution. The photocatalytic experiment is performed after dark adsorption for 30 min in
a long quartz tube inside the Rayonet RRP-200 photochemical reactor (Southern New
England Ultraviolet Company) with light source of 1.65 x 10 photons/sec/cm® at A =
350 nm. Samples are taken every 15 min within 2 h. The concentration of Cr(V1) solution
was determined with TNT 854 reagent kit from Hach by measuring the maximum light
absorbance (at 543 nm) with a UV-vis spectrophotometer (Ocean-opticsDH-2000-BAL).
The mechanism for the Cr(VI) test method is as follows: Cr(VI) reacts with 1,5-
diphenylcarbazide and forms 1,5-diphenylcarbazone. The amount of red color formed
with hexavalent chromium is directly proportional to the amount of chromium in the
sample.  (https://www.hach.com/chromium-tntplus-vial-test-0-03-1-00-mg-I-cr/product-

parameter-reagent?id=7640179469&callback=qs)
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Fig.15 Photoreduction curves of homemade LDH /TiO, (P90) composites towards chromate

The photoreduction performance of TiO, (P90), 12%-LDH/TiO, (P90) composite
and 50%-LDH/TiO, (P90) composite are as in Fig. 15. TiO, (P90) can remove about 85%
of chromate in the solution after 1 h and almost all the chromate after 2 h. 12%-
LDH/TiO, (P90) composite can remove about 70% of the chromate after 1 h and 50%-
LDH/TiO, (P90) composite can remove about 75% of the chromate after 1 h. Both hybrid
materials give a worse performance than TiO, (P90). When part of the TiO2(P90) is
replaced by LDH, the LDH are expected to absorb Cr(VI) more effectively and the
intimate contact between TiO,(P90) and LDH will make TiO,(P90) reduce the absorbed
Cr(VI) more quickly. But the weight ratio of TiO,(P90) in the photocatalysts decreased
so that the photoreduction effeciency also decreased.
2.2.3 In-situ LDH/TiO, composites

Both commercial LDH and homemade LDH with TiO, (P90) hybrid materials
don’t reach our expectation of improving the photodegradation -efficiency of

environmental pollutants (selenium, chromium). We further tried to use in-situ growth of
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LDH onto TiO, (P25). The sample is from our project collaborator, Minjeong Suh and
Jaehong Kim at Yale University. We acknowledge Minjeong and Jaehong for providing
the samples. The in-situ synthesis method will create a much more intimate contact
between TiO, and LDH materials. There are hydrogen bondings between LDH and TiO,
instead of just simple mixture. In their studies they found better improvement for dye
degradation in the composite, so we expect the material will also show a better
performance on the photodegradation of selenate. So we tested its photodegradation
ability on selenate.
2.2.3.1 Preparation of in situ LDH/TiO, composites:

The synthesis of in situ LDH/TiO, composites was prepared by collaborators at
Yale by taking Mg(NO3),.6H,0 (1.71 g), AI(NO3)3.9H,0 (1.25 g) and urea (5.20 g) were
dissolved in deionized water to form a clear solution with a total volume of 100 mL.%*
Add (varying amounts of) P25 to the stock solution in a Teflon-lined stainless steel
autoclave, and stir and sonicate the resulting mixture to ensure that the P25 is uniformly
dispersed. Place the autoclave in an oven at 90 °C for 9h (ramp rate of 5 °C/min used).
Wash the composite material with deionized water a number of times to remove the
residual urea on the material surface.
2.2.3.2 Photoreduction of selenium with LDH/TiO, composites

30% TiO,/LDH composite is tested. 150 mg of composite is put into 150 ml
Se(VI) solution respectively for the photoreaction and dark adsorption. Samples at time 0
min are taken before the composites are put into the Se(V1) solution. Samples at time 30s
are taken after LDH/TiO, composites are put inside the water and stirred for 30s. The rest
samples are taken every 15 min within 2 hours. Nitrogen is purged into the Se(VI)
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solution for 1 h before composites are put inside the solution and also purged during the
whole photoreaction and dark adsorption. The reactions are performed in the beaker with
the UV lamp (UVP, 8 Watt, 0.16 Amps, 115V, 60 HZ, wavelength 254 nm) above the
solution. The concentration of selenium is analyzed with inductively coupled plasma
mass spectrometry (ICP-MS, iCap Q quadrupole, Thermo Co., USA) at ASU.
Photoreduction performance of selenate with the in situ LDH/TiO; hybrid material is in
Fig. 16. Since the hybrid material also has adsorption ability, for comparison, control test
of dark adsorption under the same condition was performed. The results indicate that
there is no obvious difference between the dark adsorption and photoreduction
performance. When there is UV light existing, the speed of Se(VI) removal is not faster
than under the dark condition. It means that the existence of UV light didn’t result in any
photoreaction. Further experiments need to focus more on the mechanism of selenate

photodegradation.
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Fig.16 Photoreduction and dark adsorption curve of in-situ LDH/TiO, (P90) composites towards selenate
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CHAPTER 3
T10, NANOSHEETS
3.1 Overview of TiO, nanosheets

We synthesized LDH/TiO, composites using commercial TiO, and then tried to
combine with LDH. We tried homemade and commercial LDH and also in situ synthesis
method. However, none of those methods is promising as photocatalysts to remove Se(V1)
or Cr(VI). The problems are that the TiO, are agglomerated with LDH and one possible
way to solve this problem is to use sheet structure.

Materials with layered (or lamellar) structures can be more easily prepared with
platelet or sheet-like morphologies due to the natural bonding anisotropy in the intra- and
interlayer directions, but anatase does not exhibit such a layered structure. Platelet-type
nanocrystals of anatase have been successfully prepared using hydrothermal methods, but
fluoride anions, typically from toxic reagents such as hydrofluoric acid, must be used as a
structure-directing agent.>® “° For instance, Yang et al** used titanium tetrafluoride(TiF,)
as precursor and synthesized TiO, nanosheets with dominant facets using a hydrothermal
method. Han et al* reported titania nanosheets with a high percentage of exposed (001)
facets with tetrabutyl titanate as precursor and hydrothermal method. Hydrofluoric acid is
utilized in both of their synthesis procedures. Nanosheet-type structures with larger
lateral dimensions have also been demonstrated by converting nanosheets of layered,
lepidocrocite-type titanate compounds to anatase using hydrothermal or calcination
treatments.***® While the conversion of these titanates to the anatase structure has been
found to be topochemical in nature, the layered titanate nanosheets must be obtained by
exfoliation using osmotic swelling, which is a multi-step process involving ion-exchange
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and intercalation of bulky ammonium cations.“® For example, Gunjakar et al*’ reported
using the layered cesium titanate as precursor and tetrabutylammoniu for exfoliation and
obtained exfoliated titanate nanosheets. Previous work exploring exfoliation-based
methods for obtaining energy storage materials in 2D morphologies have shown that
these large organic cations are strongly adsorbed on the nanosheet surfaces and can
interfere with their interfacial properties unless they are removed using electrophoresis.*®
49

To our knowledge, the preparation of TiO, nanosheets from the conversion of
TiS, nanosheets has not been explored. This approach is attractive, as the preparation of
2D nanosheets using chemical and electrochemical reduction methods has been
demonstrated for a large number of layered, transition metal dichalcogenide materials® >
and hence has the opportunity to lead to a large number of layered metal oxides.
Additionally, using TiS; as the starting material can enable sulfur-doped TiO,, which has
a smaller bandgap than pure anatase and enhanced photocatalytic properties.®*°
3.2 Synthesis of TiO, nanosheets

The TiS; nanosheets were synthesized first via the electrochemical exfoliation of
bulk TiS; similar to the method described elsewhere.>” The lithium intercalation of TiS,
was performed in pouch cells with lithium foil as the counter anode. The working
electrode was prepared by mixing TiS,, carbon black, and PVDF binder in a weight ratio
of 8:1:1 under vigorous stirring for 12 h with N-methylpyrrolidone (NMP) as dispersant.
The slurry was cast onto copper foil and dried at 120 <C for 12 h. Pouch cells were
assembled in an argon-filled glovebox. The assembled cells were discharged

galvanostatically using a 0.05 C rate (assuming a theoretical lithiation capacity of 239
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mAh/g) to 0.9 V vs. Li/Li" using a BioLogic VMP3 potentiostat. Then the electrode was
held at 0.9 V for 2 h, followed by a 1.5 h rest at open circuit. If the voltage was higher
than 1V, the electrode was charged galvanostatically again using a 0.05 C rate until the
potential reached 0.9 V vs. Li/Li", then another 2 h was held at 0.9 V. The step was
repeated until the open circuit voltage was less than 1V. The lithiated TiS, cathode was
dispersed in ice water and sonicated for 1 h (with the ice water used to mitigate heating
from the sonication and avoid agglomeration of the nanosheets). Afterwards, the resulting
suspension was centrifuged at 3000 rpm for 20 min to separate the TiS, nanosheets
(dispersed in water solution) and unreacted materials (agglomerated on the bottom).

To prepare TiO, nanosheets, O, from a gas cylinder was purged into the as-
prepared TiS; solution for 30 min to 1 hour to ensure sufficient dissolved O, for the
reaction with TiS,. The O, purged dispersion was then put into 40 mL autoclave vessels
(Parr) with each vessel containing a maximum of 30 mL of solution. The pre-treated TiS;
nanosheet dispersion was hydrothermally reacted at 180 <C for 14 h to obtain the TiO,
nanosheets.

The crystal structure of the TiO, nanosheets was determined using X-ray
diffraction (XRD) under monochromatic Cu Ka radiation (A=1.5405 A) (Panalytical
X'pert Pro). The size and morphology of the materials were observed using scanning
electron microscopy (SEM) using a FEI XL 30 field emission SEM, transmission
electron microscopy (TEM) using a Philips CM200 microscope, and atomic force
microscopy (AFM) using a Bruker Multimode scanning probe microscope. X-ray
photoelectron spectroscopy (XPS) was performed on a VG ESCALAB 220i-XL with Al
Ka anode (1486.6 eV) operated at 63 W and 15 kV. The X-ray takeoff angle was 45° and
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the data were acquired from the region within ~500 pum of the outer surface of the sample.
Charge compensation was used because TiO, is a wide bandgap semiconductor. A pass
energy of 20 eV was used for high-resolution spectra. The spectra were calibrated to the
C 1s hydrocarbon peak at 284.7 eV. Peak fitting was performed using CasaXPS
processing software. Raman spectroscopy was performed in air at room temperature
using a WITec alpha 300R confocal Raman microscope system, using a 100X objective
lens and 532 nm excitation laser.
3.3 Schematic of TiO, nanosheets

In the current work, the synthesis of TiO, nanosheets was established with a
three-step process (Fig.17). The first step involves the reduction of bulk TiS, material
through electrochemical lithiation to form Li,TiS,, using procedures similar to those used
when utilizing TiS; as a positive electrode in a Li battery.® An example voltage profile
for the lithiation of the TiS; electrode is shown in Fig.18. The lithiation weakens the van
der Waals interaction between the TiS, interlayers and enables exfoliation via
ultrasonication. The exfoliated TiS; nanosheets are uniformly dispersed in water (Fig. 19).
Then, the as-obtained TiS, nanosheet dispersion is oxidized using a hydrothermal
treatment to obtain TiO, nanosheets. Previous studies TEM studies showed that the
oxidation product of TiS, after immersion in de-ionized water solutions was

9

amorphous,”® so the hydrothermal treatment is implemented here to improve the

crystallinity of the formed TiO..

1. Electrochemical Reduction 2. Exfoliation 3. Oxidation
. Hydrothermal
*XL:‘ (32 Sonication Treatment
) — =
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Bulk TiS, Bulk Li,TiS, TiS, Nanosheets TiO,Nanosheets
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Fig.17 Synthetic procedure for the preparation of TiO, nanosheets
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Fig.18 Lithiation voltage profile of bulk TiS,. The electrode was charged galvanostatically using a 0.05 C rate until the
potential reached 0.9 V vs. Li/Li", as indicated by the arrow. Then the electrode was held at 0.9 V for 2 h, followed by
a 1.5 h rest at open circuit. If the voltage was higher than 1 V vs. Li/Li* after this relaxation period, the electrode was

charged galvanostatically again using a 0.05 C rate until the potential reached 0.9 V vs. Li/Li", followed by another 2 h

potentiostatic hold at 0.9 V. These steps were repeated until the open circuit voltage was less than 1 V vs. Li/Li".

(A)

R PR AN

Fig. 19 Photographs of (A) dispersed Li,TiS, nanosheets obtained after electrochemical lithiation of bulk TiS,, and (B)

TiO, nanosheets obtained after hydrothermal treatment.

3.4 Characterization of TiO»
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Fig.20 SEM images of (a, b) exfoliated TiS, nanosheets, (c, d) prepared TiO, nanosheets.

The scanning electron microscopy (SEM) images of the exfoliated TiS,
nanosheets and prepared TiO, are shown in illustrated in Fig. 20. The lateral size of the
TiS, nanosheets varied from 2 to 10 pm (Fig. 20a-b). From Figure 20c-d, it can be seen
that the TiO, nanosheets obtained after hydrothermal treatment could maintain the sheet-
like morphology of the TiS, starting materials. However, in addition to the nanosheets
materials, some agglomerated particles and residues were observed on the substrate.
Raman spectroscopy and high magnification optical microscopy was used to characterize
the samples (Fig. 21). The Raman spectrum taken from the nanosheet region displayed a
peak at about ~150 cm™, which matches the E, mode of anatase.® The intensity of this
peak was still present, but much weaker when obtaining a spectrum from the residue on
the background, which suggests that the residue consists of some anatase but probably
mostly carbonaceous material such as the carbon black and PVDF binder from the TiS,

electrode.
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Fig. 21 Raman spectroscopy analysis of prepared TiO, nanosheets. (A) Optical microscopy image with blue spot
localized on a TiO, nanosheet and red spot on carbon residue on the background. (B) Corresponding Raman spectrum
from the red and blue spots in (A). The peak at 150 cm™ is from the E, mode of anatase while the large peak at 520 cm’
Lis from the crystalline Si substrate.
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Fig.22 AFM images of of (a, b) exfoliated TiS, nanosheets, (c, d) prepared TiO, nanosheets.

The thickness of TiS, and TiO, nanosheets were measured using atomic force

microscopy (AFM). The AFM images show that the thickness of the exfoliated TiS,

28



nanosheets ranged from around 1 nm to 40 nm (Figure 22a-b). According to previous
work, single-layer TiS, nanosheets should have a thickness of 0.9 — 1.2 nm,*” which
indicates that the TiS, samples were a mixture of single and multi-layered nanosheets.
This is likely due to the wide distribution of particle sizes in the starting TiS, materials
(Fig. 23), with the smaller particles sizes leading to more complete exfoliation. It was
also observed that the lateral size of the TiS, nanosheets varied from very small pieces to
around 10 pm, which is in accordance with the SEM images (Fig. 20a-b). The AFM
images of the as-prepared TiO, nanosheets was determined to be around 200 nm to 240
nm (Fig. 22c-d). The increase in thickness compared to the TiS, nanosheets could be

caused by agglomeration or restacking of the sheets during the hydrothermal treatment.

Fig.23 SEM images of as-received, bulk TiS.,.
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Fig. 24 XRD pattern of (a) as-received, bulk TiS2, (b) as-prepared TiO, nanosheets obtained after hydrothermal
treatment of TiS2 nanosheets, and (c) as-prepared bulk TiO, obtained after hydrothermal treatment of bulk TiS2. The
reference patterns for TiS2 and TiO, were obtained from JCPDS No0.15-0853 and JCPDS No. 21-1272, respectively.

To better understand the structure of the TiO, nanosheets, X-ray diffraction (XRD)
and high resolution transmission electron microscopy (TEM) were performed. The XRD
pattern (Fig. 24a) of the bulk TiS, starting material matched that expected for the
hexagonal structure of TiS, with close agreement with the reference pattern for anatase
(Fig. 24b), suggesting no preferential crystalline orientation. No additional diffraction
peaks were observed, indicating that the transformation of the TiS, nanosheets to TiO;
did not result in other crystalline phases. Performing the same hydrothermal treatment on
bulk TiS; particles (without exfoliation into nanosheets) also resulted in formation of bulk

anatase TiO, as verified by XRD (Fig. 24c), confirming the oxidation through this

process.
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The TEM results showed that the TiO, nanosheets were polycrystalline, which is
consistent with the XRD pattern. From the TEM image in Fig. 25a, the sheet-like
morphology of the TiO; is easily identified, but it is composed of many small crystallites.
The high resolution TEM image in (Fig. 25b) shows the polycrystalline nature of the
TiO, nanosheets. The lattice spacing of 0.35 nm was measured, which is close to the d-
spacing for the (101) atomic planes of anatase TiO,. These results show that while the
morphology of the initial TiS; nanosheets was maintained during the hydrothermal
treatment, the formed anatase was polycrystalline due to the differences in bonding
arrangements between the TiS; and anatase crystal structures. TiS; is comprised of Ti-S
octahedra arranged in “slabs” with sulfur atoms separated with van der Waals bonding,
which results in layers of Ti atoms sandwiched between two sulfur layers.®" On the other
hand, anatase is comprised of edge sharing, distorted Ti-O octahedral®® and lacks a
similar van der Waals gap that enables both the facile Li insertion and exfoliation in TiS..
Hence, the structural rearrangement during the oxidation process results in the formation
of polycrystalline materials, but interestingly still enables the nanosheet morphology to

be maintained.

(A)

Fig. 25 (A) TEM and (B) high resolution TEM images of TiO, nanosheets.
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X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical
states in the TiO, nanosheets. Fig. 27 shows the Ti 2p, O 1s and S 2p XPS spectra
obtained from the surface of the TiO, nanosheets. These peaks are found at lower binding
energies 456.4 and 462.4 eV in TiS,* and can be well distinguished from the Ti-O peaks

in samples comprised of partially oxidized TiS,.*
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Fig. 26 XPS peaks of P25 (align to C1s 284.7 eV)
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Fig. 27 XPS peaks of TiO, nanosheets (align to P25 O1s 529.89 eV)
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Fig. 28 XPS peaks of TiS, nanosheets (align to C1s 284.7 eV)
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Since we do not observe the separation of the peaks in our results, this indicates
that the TiS; was successfully converted to TiO,. The O 1s XPS spectrum showed two
peaks, with the peak at 530.9 eV attributed to the Ti-O bond in the TiO,, and the peak at
higher binding energy (532.5 eV) attributed to the surface hydroxide. The presence of S
2p XPS signal indicated that there was still some sulfur remaining after the hydrothermal
treatment. The S 2p peaks for S* are found at 161.97 and 160.85 eV in TiS,.%* Hence,
this implies that some Ti-S bonds are still present in the TiO, nanosheet samples. The
broad peak at 168.38 eV is associated with S** that there is still some S remaining after
hydrothermal treatment. The absence of a peak at 169 eV, which is associated with $°*,>
indicates that Ti*" is not substituted with S®".

3.5 Photodegradation of MB (methylene blue) with TiO, nanosheets
3.5.1 Photodegradation procedure of MB (methylene blue) with TiO, nanosheets

The photocatalytic activity of as-prepared TiO, nanosheets was evaluated by
photodegradation of MB (methylene blue) in aqueous solution under UV irradiation. UV
spectrophotometer (UVP, 8 Watt, 0.16 Amps, 115V, 60 HZ) at its characteristic
wavelength 254 nm was used as light source to determine the degradation. All the
photocatalytic reactions were performed in 50 mL glass beaker under magnetic stirring
with UV light illuminated above the surface of aqueous solution. The UV light source
was turned on 2 h ahead of the photoreaction. 0.2 g/L as initial concentration of
photocatalysts was added into 30 mL solution containing 5 ppm MB. Dark adsorption
was carried out for 10 h before photo reaction to reach adsorption-desorption equilibrium

between the photocatalysts and MB. About 2 mL of suspension were taken at certain time
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intervals during the photoreaction and centrifuged to remove the photocatalysts to obtain
clear MB solution. The concentration of MB in the collected samples was determined by
UV-vis spectroscopy through measuring absorbance at a wavelength of 664 nm. Each
photoreaction with the same kind of photocatalyst was repeated 2 times to determine the
reproducibility of the results.

To evaluate the effect of carbon black and PVDF inside the TiO, nanosheets
materials on photodegradation of MB, P25, carbon black in a weight ratio of 9:1
(P25+carbon black)and also P25, carbon black and PVDF in a weight ratio of 9:1 (P25+
carbon black+ PVDF) were mixed and hydrothermal treated at 180 C for 14 h.

3.5.2 Photodegradation results of MB (methylene blue) with TiO, nanosheets

The effect of TiO, nanosheets on the photodegradation of MB was shown in Fig.
29. Photodegradation of MB by P25, P25 + carbon black (PC), and P25 + cabon black +
PVDF (PCP) were also evaluated at same conditions for comparison. The results indicate
that P25 shows a faster degradation towards MB than TiO, nanosheets. The P25 can
remove almost all the MB inside the solution within 22 min, but with the TiO, nanosheets
MB still remains 12.77% after 20 min of irradiation. However, the degradation speed of
both PC and PCP are slower than TiO, nanosheets. From this result we can deduce that
carbon black and also PVDF inside the TiO, nanosheets material have a negative impact
on the photodegradation of MB. The first reason might be the carbon black and PVDF are
both hydrophobic so that they inhibit the intimate contact of photocatalyst with water,
which further inhibit the contact of photocatalyst and MB inside the water. The second
reason might be the existence of carbon black and PVDF cause the agglomeration of the
materials, which also reduces the active surface area of photocatalysts for photoreaction.
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We can further infer that if carbon black and PVDF can be successfully removed from
the TiO, nanosheets material, the TiO, nanosheets is a very promising photocatalytic
material on the photodegradation of MB. Fig. 30 shows the kinetics of disappearance of
MB for all the photocatalysts. The first order equation: Ln(Cinitial/C) = kt was used to fit
the data in Fig. 29. It is obvious that fitted degradation curves for all the photocatalysts
follows the first order model, which is similar with other studies. The rate constants are
0.185 min™ for P25, 0.1026 min™ for TiO, nanosheets, 0.0707 min™ for PC and 0.0705

min™ for PCP respectively (Table 1).
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Fig. 29 Degradation curves of MB by photocatalysts (P25, TiO, nanosheets, PC and PCP) under UV irradiation
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Fig. 30 First order liner transforms of disappearance of MB for photocatalysts (P25, TiO, nanosheets, PC and PCP)

under UV irradiation

Table 1. Kinetics results and pseudo-first-order fitting (Ciniiar: initial MB concentration, k: rate constant, r: correlation

coefficient)

Photocatalyst Cinitial k (min™) r?
P25 5 ppm 0.185 0.9912
TiO, nanosheets 5 ppm 0.1026 0.992
PC 5 ppm 0.0707 0.957
PCP 5 ppm 0.0705 0.978
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CHAPTER 4
FUTURE WORKS

4.1 First approach

LDH can act as semiconductors with specific metal anions inside the material, for
instance, ZnCr-LDH, NiFe-LDH, CoAl-LDH, etc. It was turned out that the combination
of metals, for instance, Zn/Cr, Mg/Cr, Zn/Fe, Mg/Fe, Cu/Cr, Co/Cr, and Ni/Fe, results in
the photoresponse of LDH in visible-light region. We tried MgAI-LDH before since
MgAI-LDH is proved to be a good adsorbent for selenium and chromium in our previous
studies. We combined MgAI-LDH with TiO;, for the degradation of selenium and
chromium and it wasn’t turned out to be quite useful. So we thought it might be a
promising approach if we could use other kinds of LDH which can also act as
photocatalyst instead. Properties of those LDH materials, such as the large surface area,
surface hydroxyl groups and exchangeable interlayer anions make them a very attractive
choice in the field of OER, ORR, water splitting and also photodegradation of
environmental pollutants.®® Hwang et al. used layer-by-layer assembly method to prepare
ZnCr-LDH nanosheets/TiO, nanosheets hybrid material as photocatalyst for O, evolution
and it turned out to be an efficient visible light active photocatalyst. Ning et al.
synthesized  TiOy/graphene/NiFe-LDH nanorod array as photoanodes for
photoelectrochemical water splitting. The synergetic effect of the material lead to largely
enhanced photoconversion efficiency.®” Since Co?* and Cr** anion might have impact on
the environments, we thought NiFe-LDH is a good choice to start with. So the next step

NiFe-LDH nanosheets/TiO, nanosheets hybrid material will be synthesized. We expect
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that there will be synergetic effect between NiFe-LDH and TiO, and photodegradation
efficiency of selenium or chromium will be improved.
4.2 Second approach

As shown both in the SEM image of TiO, nanosheets and the photodegradation
performance of methylene blue, carbon black and PVDF existing in the TiO, nanosheets
samples have great impact on both the morphology and photodegradation ability of the
TiO, nanosheets. The further attempts will mainly focus on how to avoid using carbon
black and PVDF during the synthesis of TiO, nanosheets. The first attempt could be
using chemical lithiation method to exfoliate bulk TiS,. As shown in literature,®® n-
butyllithium could be added into bulk TiS; under Ar atmosphere to directly exfoliate TiS,.
Another attempt could be replacing carbon black with other types of carbon. For instance,
graphene/TiO, composite has proved to be effective as photocatalysts.> ® ™ Therefore,
graphene could be used here to see if it will improve the photocatalytic ability of the TiO,

nanosheets sample.
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