WestVirginiaUniversity
THE RESEARCH REPOSITORY @ WVU

Graduate Theses, Dissertations, and Problem Reports

2013

Correlation of Photocatalytic Activity with Band Structure of Low-
dimensional Semiconductor Nanostructures

Fanke Meng
West Virginia University

Follow this and additional works at: https://researchrepository.wvu.edu/etd

Recommended Citation

Meng, Fanke, "Correlation of Photocatalytic Activity with Band Structure of Low-dimensional
Semiconductor Nanostructures" (2013). Graduate Theses, Dissertations, and Problem Reports. 468.
https://researchrepository.wvu.edu/etd/468

This Dissertation is protected by copyright and/or related rights. It has been brought to you by the The Research
Repository @ WVU with permission from the rights-holder(s). You are free to use this Dissertation in any way that is
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license
in the record and/ or on the work itself. This Dissertation has been accepted for inclusion in WVU Graduate Theses,
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU.
For more information, please contact researchrepository@mail.wvu.edu.


https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/etd
https://researchrepository.wvu.edu/etd?utm_source=researchrepository.wvu.edu%2Fetd%2F468&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/etd/468?utm_source=researchrepository.wvu.edu%2Fetd%2F468&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:researchrepository@mail.wvu.edu

Correlation of Photocatalytic Activity with Band Structure of

Low-dimensional Semiconductor Nanostructures

Fanke Meng

Dissertation submitted to the
Benjamin M. Statler College of Engineering and Mineral Resources
at West Virginia University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In

Mechanical Engineering

Niangiang Wu, Ph.D., Chair
Ever J. Barbero, Ph.D.
Lian-Shin Lin, Ph.D.
Dongling Ma, Ph.D.
Terence Musho, Ph.D.

Department of Mechanical and Aerospace Engineering

Morgantown, West Virginia University
2013

Keywords: Hj, low-dimensional, nanostructure, photocatalysis, semiconductor,
solar

Copyright 2013 [Fanke Meng]



ABSTRACT

Correlation of Photocatalytic Activity with Band Structure of Low-dimensional
Semiconductor Nanostructures

Fanke Meng

Photocatalytic hydrogen generation by water splitting is a promising technique to
produce clean and renewable solar fuel. The development of effective semiconductor
photocatalysts to obtain efficient photocatalytic activity is the key objective. However,
two critical reasons prevent wide applications of semiconductor photocatalysts: low light
usage efficiency and high rates of charge recombination. In this dissertation, several low-
dimensional semiconductors were synthesized with hydrothermal, hydrolysis, and
chemical impregnation methods. The band structures of the low-dimensional
semiconductor materials were engineered to overcome the above mentioned two
shortcomings. In addition, the correlation between the photocatalytic activity of the low-
dimensional semiconductor materials and their band structures were studied.

First, we studied the effect of oxygen vacancies on the photocatalytic activity of
one-dimensional anatase TiO, nanobelts. Given that the oxygen vacancy plays a
significant role in band structure and photocatalytic performance of semiconductors,
oxygen vacancies were introduced into the anatase TiO, nanobelts during reduction in H,
at high temperature. The oxygen vacancies of the TiO, nanobelts boosted visible-light-
responsive  photocatalytic  activity but weakened ultraviolet-light-responsive
photocatalytic activity. As oxygen vacancies are commonly introduced by dopants, these
results give insight into why doping is not always beneficial to the overall photocatalytic
performance despite increases in absorption. Second, we improved the photocatalytic
performance of two-dimensional lanthanum titanate (La,Ti,O;) nanosheets, which are
widely studied as an efficient photocatalyst due to the unique layered crystal structure.
Nitrogen was doped into the La,Ti,O7 nanosheets and then Pt nanoparticles were loaded
onto the La,Ti,O; nanosheets. Doping nitrogen narrowed the band gap of the La,Ti,O;
nanosheets by introducing a continuum of states by the valence band edge, unlike the

mid-gap states introduced by oxygen vacancies, leading to an improvement in visible and



UV photocatalysis. The Pt nanoparticles both enhanced separation of charge carriers and
acted as reaction sites for hydrogen evolution. The photocatalytic hydrogen generation
rate of the La,Ti,O; nanosheets was increased to ~21 u M g™ hr from zero in visible
light by nitrogen doping and Pt loading, showing the importance of the positioning of
dopant energy levels within the band gap.

Third, a hematite/reduced graphene oxide (a-Fe;O3/rGO) nanocomposite was
synthesized by a hydrolysis method. The photocatalytic oxygen evolution rate of the
hematite was increased from 387 to 752 u M g' hr' by incorporating rGO.
Photoelectrochemical measurements showed that coupling the hematite nanoparticles
with the rGO can greatly increase the photocurrent and reduce the charge recombination
rate, overcoming the poor charge recombination characteristics of hematite and allowing
its small band gap to be taken advantage of. Fourth, a Au/La;Ti,0;/rGO heterostructure
was synthesized to further enhance the photocatalytic hydrogen generation rate of the
La,Ti,O; nanosheets. The enhanced performance of photocatalytic water splitting was
due to plasmonic energy transfer, which resulted from the plasmonic Au nanoparticles on
the La,Ti,O; nanosheets. This heterostructure showed doping, charge extraction, and
plasmonics work synergistically. Fifth, nanoscale p—n junctions on the rGO were formed
by depositing the p-type MoS, nanoplatelets onto the n-type nitrogen-doped rGO. The p-
MoS,/n-rGO heterostructure had significant photocatalytic hydrogen generation activity
under solar light irradiation. The enhanced charge generation and suppressed charge
recombination due to the p—n junctions led to enhance solar hydrogen generation reaction
while allowing replacement of the expensive Pt nanoparticles with an eco-friendly
alternative.

The research results in this dissertation are contributed to a better understanding
of the relationship between the band structure tuning and photocatalytic activity of low-
dimensional semiconductor nanostructures. The results lay out guidelines for the
enhancement of large band gap semiconductors with poor solar utilization and small band
gap semiconductors with poor charge recombination characteristics alike. Additionally, it

is shown that the rare earth co-catalyst can be replaced with an earth friendly alternative,



leading to a further increase in performance. The findings of this thesis can be used to
guide photocatalyst selection and optimization for solar to hydrogen conversion.
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Chapter 1 Introduction
1.1 Background

The demand for energy has increased hand in hand with the increase of the world
population and development of human society. It has been reported by the U.S. Energy
Information Administration that the total world consumption of marketed energy will
increase from 505 quadrillion British thermal units (Btu) in 2008 to 770 quadrillion Btu
by 2035 [1]. In the past decade, the major energy source has been fossil fuels, in
particular oil [2]. The replacement of fossil fuels is a critical challenge facing society
today. First, the waste gases produced from fossil fuel combustion is the leading reason
for air pollution. Second, the reserve of fossil fuels will be diminished in the next decade.
Third, fuel prices continue to climb as it becomes harder to extract the remaining oil
reserves, while consumption continues to grow. These issues have led to research into
alternative, next generation energy resources. While, nuclear power has several
advantages, safety is still a concern, especially in the aftermath of the 2011 Fukushima
Daiichi nuclear disaster [3,4]. The most promising alternative energy resource would be
renewable, green, and safe.

Fortunately, renewable energy resources are readily being deployed to meet these
requirements. For example, by 2010 the renewable energy that is consumed worldwide
has already increased to 16.7 %, for which biomass accounted 70 % [5]. Besides bio mass
conversion, hydropower, wind power, and ethanol are three most commonly used energy
sources, accounting for 3.34, 0.51 and 0.50 % of total energy consumption [5]. The most

abundant and clean energy source, solar energy, remains to top this list because of low
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conversion efficiencies, with solar energy, including solar hot water, solar photovoltaic
power (solar PV power), and concentrated solar power (solar CSP) accounting for less

than 2 % of renewable energy produced [5].

1.2 Motivation

If solar energy is to replace fossil fuels as a primary or even supplementary
energy source extensive improvement is needed. Among solar energy methods, solar to
hydrogen conversion is particularly appealing because it directly produces a fuel which
can be stored and transported. Even more, the hydrogen produced can be directly used in
many currently energy intensive chemical manufacturing processes, further increasing its
appeal. It has been reported that the research and development of hydrogen fuel in the
United States will cost more than one billion dollars of federal money [6]. H; research is
intensively studied by two national laboratories (National Renewable Energy Laboratory
and Sandia National Laboratories) of the Department of Energy (DOE). Hydrogen is
useful for energy storage and for use in airplanes and small devices as a power cell, but is
not yet practical for automobile compared to using a battery [6].

The multitude possibilities of solar energy to H, conversion have inspired
research into many production routes. In particular, during recent decades much attention
has been paid to obtain hydrogen fuel by splitting water with photocatalysts [7-9]. Similar
to photosynthesis, photocatalysis is the process of converting solar energy to chemical
energy. In this process, solar energy is absorbed by the semiconductor photocatalyst,
creating electron and hole pairs, which then reduce or oxidize the water molecules to H,

or to O, respectively. In order to effectively generate H, by photocatalytic water splitting,
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the semiconductor photocatalyst must have a sufficiently small band gap to absorb the
solar spectrum, while still maintaining the reduction/oxidation levels with water. Briefly,
the conduction band should be lower than 0 V vs RHE (pH=7), and valence band should
be higher than 1.23 V vs. RHE (pH=7) [10-13]. This creates a balance between solar
absorption and water splitting rate which leads to an ideal band gap of around 2 eV.

Even if the semiconductor absorbs solar light efficiently and matches the redox
potentials of water, it is not guaranteed to be a good photocatalyst. The photoexcited
carriers must also be able to reach the surface active photocatalytic sites, requiring long
charge recombination lifetimes and large charge migration distances. In this dissertatioin,
it will be discussed how nanomaterials can provide a solution to all three problems of
poor charge separation, charge recombination, and charge migration facing
semiconductor photocatalysts for solar to hydrogen conversion. It has been known that by
shrinking photocatalysts to the nanoscale, the surface area can be increased while
decreasing the distance charges must migrate to reach surface active sites and drive water
splitting. However, with the decrease in size come the additional challenge of poor light
absorption and an increase in trap states which decreases carrier lifetime and mobility,
effectively reversing the advantage of a nanoscale material [13-17]. Many materials have
been investigated for nanoscale photocatalysis to address these problems, but a single
material solution has yet to be found. Large band gap metal oxides have good
recombination and migration characteristics, but only absorb the ~ 5 % of the solar
spectrum in the UV. Small band gap materials increase solar spectrum utilization, but are

plagued by short migration and recombination lifetimes. Clearly, if nanoscale



photocatalysts are going to be efficient at solar to hydrogen conversion, a materials
engineering approach must be employed instead of relying on a single semiconductor.

Therefore, in this dissertation we provide a series of experiments guiding the
engineering of single semiconductor photocatalyst materials to address the necessary
improvements to charge separation, charge recombination, and charge migration to create
a highly efficient solar to hydrogen conversion efficiency. The problem is approached for
both large and small band gap materials, providing the necessary steps to improve either
the spectral utilization or charge migration/recombination, respectively, in each type of
material. This approach allows maximum flexibility in design of a semiconductor
photocatalyst by not placing constraints on material selection.

First, in Chapters 3-5, the enhancement of large band gap oxide photocatalysts is
investigated by doping. It is shown that dopants must be selected to extend the
conduction or valence band edge if a full spectrum enhancement is to be achieved. If the
dopant does not form a continuum, mid-gap states are introduced to reduce the charge
separation and migration advantages of large band gap materials. This is shown for both
TiO, with the introduction of oxygen vacancies (Chapter 3) and nitrogen doping in
La;Ti,O; (LTO) nanosheets (Chapter 4 and 5) [21]. Secondly, in Chapters 6-8,
heterostructuring with metal and graphene oxide materials is used to increase charge
separation and migration in small band gap semiconductors [18-20]. In Chapter 6 reduced
graphene oxide (rGO) is used to quickly extract charge in hematite, a promising material
with a ~2 eV band gap but poor carrier lifetimes. Next, in Chapter 7 these charge
extraction techniques are combined with the doping of a large band gap semiconductor as

optimized in Chapter 3-5 to create an even higher efficiency photocatalyst using Au
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nanoparticles, LTO, and rGO. Additionally, in Chapter 8, nanoscale p-n junctions at the
semiconductor/graphene oxide interface allow highly efficient charge extraction for
hydrogen generation in p-MoS,/n-rGO, similar to the p-n junctions used in solar cells for

photoelectric generation.

1.3 Significance

The results in this dissertation will advance the design of nanoscale photocatalysts for
solar to hydrogen conversion. Strategies for the enhancement in solar coverage for large
band gap semiconductors and charge extraction enhancements for small band gap
semiconductors have been investigated both separately and synergistically. The research
into the oxygen vacancy effects in anatase TiO; has discovered new knowledge as to why
the donor level of Ti** increases spectral coverage but often decreases the overall
photocatalytic efficiency. The band gap narrowing studies of nitrogen doped LTO
nanosheets furthered these new findings, demonstrating that when a continuum of states
was formed doping does not have the usual undesirable side effect of decreasing charge
lifetime through mid gap states. The heterostructuring of hematite with rGO provided an
effective way to overcome the small charge recombination lifetime, and the addition of
nanoscale p-n junctions to MoS,/rGO allowed photocatalytic activity when MoS; is not
active alone. Further, the heterostructuring of Au/Nitrogen doped LTO/rGO led to
increases in spectral coverage and charge extraction through the synergistic interaction of
doping, plasmonics, and rGO. Therefore, the presented studies have both explored the

fundamental mechanisms of photocatalysis while providing practical guidelines to



improving performance in real devices and will have a large impact on furthering solar to

hydrogen conversion to a stage where it can replace fossil fuel usage in the future.
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Chapter 2 Literature Review

2.1 Introduction of photocatalytic water splitting

Photocatalytic water splitting is the process of the conversion of photon energy
into H, as fuel. The ideal case therefore involves using natural solar light to generate H.
Briefly, when dispersed in water solution, the photocatalyst absorbs solar light creating

electron and hole pairs, which can then migrate to the surface of the photocatalyst to

drive the production of H, and O..
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Figure 2-1 Schematic of energy change in photosynthesis and photocatalytic water splitting [1].

Figure 2-1 shows a schematic of photocatalytic water splitting and photosynthesis.
Just as in photosynthesis where the energy from the sun is converted into chemical
energy, water splitting converts solar energy into chemical energy as hydrogen and
oxygen. Both processes are accompanied by a large, positive change in the Gibbs free
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energy. Because of the similarities, photocatalytic water splitting is considered a type of
artificial photosynthesis, and poses many challenging issues in both chemistry and
engineering due to the uphill nature of the reaction.

The first experiment for photocatalytic water splitting was conducted by Honda
and Fujishima in the early 1970s [3]. It was reported that when TiO, was irradiated with
UV light electron and hole pairs were generated. The photo-generated electrons were able
to reduce water to form H; on a Pt counter electrode and the holes could oxidize water to
produce O, on the TiO; electrode, but only if some external bias by a power supply or pH
difference between catholyte and anolyte was supplied [3]. Intensive attention has been
paid on the study of efficient photocatalysts ever since this discovery. Despite the
discovery of a multitude of candidates for photocatalytic water splitting, efficient single

materials for water splitting under visible light irradiation remain elusive.

2.1.1 Processes of photocatalytic water splitting

(iii) Construction of
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Figure 2-2 Schematic of different processes of photocatalytic water splitting [1].



The process of photocatalytic water splitting can be divided into three main steps,
which are shown in Figure 2-2 [1]. First, the photocatalyst can absorb photons only if the
energy of the incident photons matches the band gap, which is the minimum energy for a
photon to excite electrons to the conduction band from valence band. By this process
electron and hole pairs are created in the semiconductor photocatalyst. Second, the
photoexcited electron hole pairs can either recombine or migrate to different surface
reaction sites and drive a chemical reaction. If the excited electrons and holes recombine
quickly, the energy will be transferred to heat or re-emitted as photons. If this occurs, the
absorbed energy is lost and no product is made, decreasing the efficiency of the energy
conversion process.

The suppression of charge recombination is therefore a critical consideration in
the design of photocatalysts for water splitting. If the excited electrons and holes do not
recombine and can migrate to the surface of the photocatalyst, they can be used for the
photocatalytic water splitting reaction. It should be highlighted that crystal structure,
crystallinity and particle size all strongly affect this step. Typically, the higher crystalline
quality, the higher the activity towards photocatalytic water splitting because less defect
sites, such as dislocation and grain boundaries, exist to promote the recombination of
electron hole pairs [2]. The effect of particle size of the photocatalyst on the
photocatalytic activity is more complicated. On one hand, if the particle size becomes
small, the distance for the photo-generated electrons and holes to transfer to reaction sites
on the photocatalyst surface becomes short, resulting in a decrease in the overall
recombination. On the other hand, the smaller the particle size, the more grain boundaries

exist in the photocatalyst, and thus the electron-hole pairs are more likely to recombine.
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2.1.2 Fundamental theory of photocatalytic water splitting

As mentioned above, water splitting is an uphill reaction. In equation 2-1, the

standard Gibbs free energy change is 237 kJ/mol, which equates to 1.23 eV.
1
H,0 = ~0; +H,; AG =+237KJ/ (2-1)

Thus, the minimum band gap energy needed for photocatalytic water splitting reaction is
1.23 eV. However, further thermodynamic concerns raises this value to ~2 eV when
realistic material properties and chemical kinetics are taken into account. Theoretically,
this minimum band gap corresponds to light with a wavelength of about ~620 nm. The

relationship of the band gap and light wavelength is described in equation 2-2 [4].

Bandgap(eV) =1240/ A(nm) (2-2)

A
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c
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+

Figure 2-3 Schematic of principle of water splitting using semiconductor photocatalysts [1].
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A band gap of ~2 eV does not guarantee water splitting is possible. The valance
band and conduction band of the photocatalyst must match the redox potentials for the
water splitting reaction. Briefly, as shown in Figure 2-3, the conduction band has to be
more negative than the potential of H*/H, (0 V vs. NHE) to ensure reduction, while the
top level of the valence band has to be more positive than the potential of O,/H,0 (1.23 V
vs. NHE) for oxidation. If these conditions are met, under illumination the photo-
generated electrons and holes in the photocatalyst can reduce and oxidize water

molecules to generate H, and O,, similar to electrolysis.

3.1 1.5

E(NHE), V

£1 L : 15

Figure 2-4 pH dependence of the conduction band and valence band in an aqueous electrolyte solution [4].

The redox potential of water lays out the important material selection criteria that
the semiconductor must have both a suitable band gap and positions of the conduction
and valence bands. [1]. Even if these conditions are met, the requirements on the band
structure is only a thermodynamic requirement, and does not take into account the other
important factors of charge separation, mobility, overpotential, and lifetime of

photogenerated electrons and holes. All of these factors are important in determining the
12



efficiency of the photocatalytic water splitting reactions. For example, one important
consideration that must be taken into account is that the band edges (Figure 2-4) of the

semiconductor vary with the change of pH [4].

(a) Test reaction for H, evolution ||(b) Test reaction for O, evolution
Conduction h H,
Band
, H,O Conduction Ag
" Band t
Ag
| (Oxidizin
Vilerice @K reagents
Alcohol : (@)
Band S$%, SO, valence @) ’
(Reducing reagents band H,0

Figure 2-5 Schematic of half reactions of water splitting—H, or O, evolution reactions

The long list of requirements makes the complete splitting of water difficult.
Instead, the water splitting reaction is usually investigated as two half reactions (water
reduction for H, evolution in Figure 2-5 (a) and water oxidation for O, evolution in
Figure 2-5 (b)). In these cases, sacrificial reagents are often employed to balance the
whole photocatalyst system and compensate for the missing half of the water splitting
reaction. As shown in Figure 2.5, the commonly used sacrificial reagents for holes
scavengers are S*, SOs%, and alcohols. Hole scavengers can give electrons to suppress
the extra holes left in the photocatalyst after hydrogen production. If the holes are not
compensated in the photocatalyst, photo-corrosion occurs (ex. equation 2-3 and 2-4) and

damages the photocatalyst.
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CdS +2h* —> Cd? +S (2-3)

ZnO +2h* — Zn* + %02 (2-4)

On the contrary, for O, evolution an electron scavenger such as AgNO; or FeCls is
needed as the sacrificial reagent to suppress the extra electrons in the photocatalyst after

oxygen production.

2.1.3 Evaluation of photocatalytic water splitting

Many methods exist for the evaluation of photocatalytic water splitting. The
typical indicators are listed below:

(1) Normalized evaluation rates of H, or O, production

The activity of photocatalytic water splitting reaction is calculated by the amount
of H, or O, evolved under light irradiation in a certain time. Many factors related to
instrument design, such as lamps and irradiation configurations, will affect the measured
production rate. Therefore, a normalized rate of H, or O, evolution is used employed to
allow comparison of different photocatalysts and experimental conditions. Generally, the
rate unit used for gas evolution is pmol - h™ - g™, As long as the irradiation light source
and solution systems employed in the photocatalysis experiments are described, different
photocatalyst in different experimental conditions should be comparable.

(2) Turn over number (TON)

In the former section, the normalized gas rate is used to evaluate the gas

production rate. However, different catalysts have different densities of active sites on
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which the catalytic reaction occurs. Therefore, it is difficult to evaluate the efficiency of
the photocatalytic water splitting reaction. The turn over number (TON) is used to solve
this problem. TON is usually defined by the ratio of the number of reacted molecules to

that of an active site, as shown in equation 2-5.

Number of reacted molecules
TON = ; - (2-5)
Number of active sites

However, for inorganic photocatalysts, it is difficult to calculate the number of
active sites so the number of active sites is usually changed to the number of atoms on the

surface of the photocatalyst. Equation 2-5 the becomes

B Number of reacted molecules
~ Number of atoms at the surface of a photocatal yst

TON (2-6).

(3) Quantum yield

Another factor for the evaluation of the efficiency of energy usage is the quantum
yield. Because of the strong scattering in the dispersed solution system, it is hard to
determine the exact amount of photons absorbed by a photocatalyst and the exact ratio of
energy absorbed to energy converted can not be determined. Therefore, the apparent

quantum yield (AQY) is introduced in equation 2-7.

Number of reacted electrons

AQY x100% (2-7)

" Number of incident photons
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2.2 Materials for photocatalysis

A large number of semiconductor materials have been developed as
photocatalysts. Most of these materials are UV-responsive photocatalysts, which can be
classified into the following four groups.

The semiconductor materials consisting of d® metal cations, such as Ti*", zr*,
Nb>* and Ta>*, are the most intensively studied photocatalyst [5-17]. Solid state reaction
(SSR) methods are usually used to prepare these mixed metal oxides. Briefly, starting
materials containing a metal oxides and/or alkali and alkaline earth carbonates are
homogenously mixed and then calcined at high temperatures in air [13, 15]. A
polymerizable complex method can also be used for preparation of these photocatalysts
[9, 11, 14, 18]. This synthesis method gives fine, crystalline powders as a product. The
surface area is also generally higher than the SSR method, due to the relatively low
calcination temperature and short calcination time.

TiO; is the first reported photocatalyst for water splitting [3]. Recently, a series of
titanates with perovskite structure were developed as efficient photocatalysts for
photocatalytic water splitting [19-23]. For example, K;Ti,Os, K;TisOg, La,Ti,O; and
Na,TizO; are active for photocatalytic H, generation in aqueous solution with the
assistance of methanol or ethanol as a hole scavenger [19-21]. In order to increase the
activity of photocatalytic water splitting, noble metal particles (Pt, Ru, etc.) are usually
deposited on the surface of the photocatalyst [20].

Another type of metal oxide like TiO, is ZrO,. More than one decade ago it was
found that ZrO, powder could split pure water without any deposition of cocatalysts
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under UV light [24, 25]. Furthermore, the photocatalytic activity of ZrO, can be
significantly increased by the pressure of the reaction system and pH value of the solution.
Interestingly, unlike other semiconductors, loading noble metal particles decreases the
performance of photocatalytic water splitting for ZrO,. Unfortunately, the mechanism of
decreased performance for water splitting is still unclear.

Nb- and Ta- groups of metal oxide semiconductors were also studied intensively
as an effective photocatalyst. The related strontium niobates SrNb,Os, SrsNb,O;5, and
Sr,Nb,O7 showed efficient photocatalytic activity for both hydrogen and oxygen
generation from pure water [26-28]. Nb,Os is not active for pure water splitting even
under UV irradiation, however, the photocatalytic H, generation performance of Nb,Os
exists once modified with Pt and put in solution with methanol [29, 30]. Ta-based oxides
only have photocatalytic H, generation performance under UV irradiation, and a large
band gap of ~4.0 eV [29]. The photocatalytic H, generation rate of Ta,Os can be
increased significantly by modification with NiO and RuO, as the cocatalysts on the
surface [29]. It was reported that alkali tantalates XTaO3; (X: Li, Na or K) showed
impressive activities for photocatalytic water splitting for both H, and O, generation
under UV light [31].

The typical d*° group metal oxide photocatalysts include metal oxides containing
In**, Ga**, Ge**, Sn*" and Sb®" cations [32-35]. They exhibit excellent photochemical
water splitting activities under UV light irradiation. Among of them, Ni-loaded Ga,O3
was a promising photocatalyst for overall water splitting [32]. Especially, Zn ion doping
notably increased the photocatalytic activity of Ga,O; for water splitting, and the

apparent quantum yield reached up to 20 %.
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2.3 Approaches for improvement of photocatalytic activity

2.3.1 Metal/Nonmetal ion doping and codoping

One major avenue of enhancement is increasing the spectral coverage of the
semiconductor by doping. lon doping techniques have been studied by many researchers,
because of the ease of fabrication and large potential improvement of the photocatalytic
water splitting performance. The three typical methods for doping are metal doping,
nonmetal doping and metal/nonmental codoping.

More than 30 years ago, researchers found that the photocatalytic water splitting
performance of TiO, can be improved by doping with Cr’* [36]. Many metal cations
have since been doped into TiO, to improve its performance for photocatalytic water
splitting such as, Cr, Fe, Mn, Sn, V, Mo, and Ni. [36-46]. The electronic structures of
TiO, doped with the 3d transition metals have been studied in depth by theoretical
calculations. It has been reported that doping 3d metal ions into TiO, mainly creates
donor levels in the band gap or close to the conduction band [45].

Various nonmetal anions (such as S, C, N, etc.) have also been doped into TiO..
The light absorption properties of TiO, were significantly changed by inclusion of these
nonmetal ion dopants. For example, TiO, showed a clear red-shift of the band edge to
longer wavelengths by doping with C, N, or S [47-49]. The extended light absorption
range increases the efficiency of solar energy conversion. The donor levels in these
materials were proven by X-ray photoelectron spectroscopy (XPS) to be close to valence

band of TiO,, opposite from the donor levels introduced by metal ion doping [47].
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Both metal doping and nonmetal doping are considered to be single ion doping
techniques. While doping extends the band edge, vacancies are also introduced into the
TiO, lattice during the doping process. These vacancies increase charge recombination
and trapping, decreasing the overall enhancement in solar energy conversion. In order to
maintain the charge balance and decrease the introduction of vacancies, researchers tried
to dope both cations and anions together into TiO,. Many ion couples were used in the
codoping systems, for example, Fe + Nor C; Ni+ Bor N; Ce + C, I, N,or B; La+ N, I,
or S; Bi+ S, C, or N [50-62]. The performance of codoped TiO, was better than either

pristine TiO, or TiO, with single ion dopants.

2.3.2 Cocatalyst loading

Whereas doping extends the spectral coverage and increases initial charge
creation, loading cocatalysts onto the surface of the photocatalyst extracts the photo-
generated charge carriers, suppressing charge recombination and increasing the apparent
quantum yield for absorbed energy. In the following part, three typical cocatalysts used
for surface loading will be discussed.

(1) Noble Metal Cocatalyst

When noble metals are deposited on a photocatalyst the photo-generated electrons
accumulate on the metal particles, delaying the recombination of the electron-hole pairs,
and boosting the hydrogen evolution efficiency [69]. Among all the noble metals, Pt is
the most widely used cocatalyst [63-69]. All have been shown to greatly enhance the
photocatalytic activity for hydrogen evolution. Up until now, the highest photocatalytic

activities for hydrogen production from water using visible-light irradiation are from
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photocatalysts loaded with Pt as the cocatalyst. Other metals, such as Au, Ag, and Ru,
working as cocatalysts also exhibited efficient photocatalytic activity for hydrogen
evolution [70-75].

(2) Metal oxide cocatalysts

The most used metal oxides as cocatalyst were RuO; and NiO [76-79]. Actually,
RuO, and NiO are independent photocatalysts, and when coupled with other
semiconductors, they can work together to improve the charge separation. Most of these
metal oxides are good candidates for water oxidation to generate O, under UV light
irradiation. The typical example is 1rO,, which can used as an efficient water oxidation
cocatalyst [80].

(3) Nonmetal-oxide cocatalysts

During recent decade, some nonmetal-oxide cocatalysts have attracted more and
more attention. The typical examples are MoS;, and CdS nanoparticles [81-82]. These
cocatalysts can work as a type of sensitizer and give good catalytic sites for H;
generations. It should be clarified that the electrons are not directly transferred from the
photocatalysts to MoS; to reduce water molecules. Instead, the electrons react with water
at the active sites on the interface of MoS;, and the semiconductor photocatalyst to

generate H,, opposite of the previous cocatalysts [81].
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Chapter 3 Effects of Oxygen Vacancy to the Photocatalytic

Activity of Anatase TiO,

3.1 Background introduction

As mentioned in Chapter 1, titanium dioxide (TiO,) has been widely studied
because of its prospective future in solar energy conversion and environmental cleanup
[1-7]. While TiO- has great surface kinetics, charge recombination, and charge migration
characteristics, the possibility of high efficiency is sabotaged by the low spectral
coverage of its large band gap (~3.2 eV), which allows only UV light (accounting for less
5 % natural solar light) to be utilized [7]. Despite its large band gap, TiO, remains one of
the most successful catalysts to date, so extending the light-absorption regime remains a
high priority. The most commonly used technique for improving the light-absorption
efficiency of TiO, is doping metal cations or nonmetal anions into the TiO; lattice [7-16].
Cationic doping creates d bands deep into the band gap of TiO,, while anion doping
creates p bands near valence band of TiO, [7, 12]. The sub-bands created by doping
allow for electrons to be photoexcited into the conduction or valance band with less
energy, decreasing the band gap of the semiconductor, and extending the light-absorption
regime from the UV to longer wavelengths (normally 400-600 nm) [7, 17, 18]. Therefore,
the efficiency of solar-light-energy utilization in TiO, photocatalysts should be greatly
increased when doped.

Although many studies have been performed for ion-doping methods in TiO, the

conclusions are often contradictory. Although the solar light absorption range is always
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increased, the overall photocatalysis is often worse. Particularly, an increase in visible
light photocatalysis often leads to a decrease in UV photocatalysis. When a dopant is
introduced into TiO, oxygen vacancies commonly form [7-14]. In fact, one popular form
of doping involves purposely introducing oxygen vacancies to extend the absorption of
TiO, [8, 19]. It has also been discovered that the oxygen vacancy on rutile TiO, surface
can adsorb gas molecules, which might be helpful for photocatalysis [1, 2]. Almost all of
the research to date involving oxygen vacancies is on single crystal rutile TiO,, while
much less work involves anatase titanium dioxide despite its more favorable
photocatalytic activity [1, 19-22]. Although it would seem oxygen vacancies are central
to understanding the effects of doping on photocatalysis, the relationship remains unclear.

To clarify this critical point, we have investigated the effects of oxygen vacancies
in anatase TiO,. First, a hydrothermal method was employed to synthesize pristine single-
crystalline anatase nanobelts. Then, reduced anatase nanobelts were obtained in H, flow
at high temperatures to ensure only oxygen was removed without other dopants being
added into the TiO, lattice. Single-crystalline anatase nanobelts were chosen as the
photocatalyst due to the following reasons. First, free electron diffusion favors the one-
dimensional geometric structure of nanobelts over nanoparticles because the long
direction acts as a diffusion channel [23, 24]. Second, the high length-to-diameter ratio of
nanobelts is able to enhance visible-light scattering and absorption [25, 26]. Third and
most importantly, the synthesized nanobelts are of a high degree of crystallinity and have
a low number of grain boundaries, reducing the effects of electron-hole recombination at
the grain boundaries, and deconvoluting the effect of oxygen vacancies from other forms

of defect states. [27]
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3.2 Experimental section

3.2.1 Synthesis of the pristine and reduced TiO; nanobelts

The synthesis procedure of pristine TiO, nanobelts is described briefly in the
following as in our previous works [7, 15, 16]. First, 1.0 g of anatase TiO, particles
(232033, Sigma-Aldrich) and 70 mL of 10 M NaOH aqueous solution were mixed in a 80
mL Teflon cylinder to form a white suspension. The suspension was stirred rigorously
with a glass stick for 2 min and then placed in a Teflon cylinder in an ultrasonic bath for
another 30 min to make sure the suspension was mixed homogeneously. Second, the
sealed Teflon cylinder was placed in an autoclave and a preheated furnace (200 °C) for 24
h. Hydrothermal synthesis occurred at this temperature. Third, after hydrothermal
processing, the autoclave was cooled down to room temperature and a white fluffy
powder was collected from the Teflon cylinder. Fourth, the obtained white powder was
washed with 0.1 M hydrochloric acid and deionized water (18.2 MQ-cm at 25 °C)
alternately until the pH of the suspension was less than 7. Fifth, the white powder was
dried in an oven at 80 °C overnight and calcined it at a furnace at 700 °C for 30 min at a
ramp rate of 1 °C/min. As a result, a dried white powder of pristine single-crystalline
anatase TiO, nanobelts could be collected. Next, the pristine single-crystalline anatase
TiO, nanobelts powder were placed in a quartz-tube furnace, equipped with a gas-flow-
controlled system. The powder was heated at 600 °C for 3 h in H, flow (0.2 L/min) at a
ramp rate of 10 °C/min to form reduced anatase TiO, nanobelts. The color of the

nanobelts became dark blue after this reduction.
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3.2.2 Characterization of the TiO, nanaobelts

Five characterization techniques were used for the nanobelts. A field-emission
scanning electron microscope (FE-SEM) (JEOL 7600F) was used to observe the
morphology of the TiO;, nanobelts. For SEM sampling, 1 mg of the nanobelts was mixed
into 5 mL of deionized water and subsequently sonicated for 1 min to achieve a
homogeneous white suspension. The suspension was dropped onto a piece of silicon

wafer substrate (5 X5 mm, SPI Inc.) and dried naturally in air. The dried powder

specimens were then ready for SEM observation. The crystal structure of the anatase
nanobelts was characterized by a transmission electron microscope (TEM), a high-
resolution TEM (HRTEM, JEOL JEM 2100F) and X-ray diffraction (XRD, X’ Pert Pro
PW3040-Pro, Panalytical Inc.) with Cu Ka radiation. The anatase TiO, sample was
directly placed in a sampling vessel for XRD operation. The sample powder suspension
in anhydrous ethanol was dropped onto a holey carbon film supported by a copper grid
for TEM. X-ray photoelectron spectroscopy (XPS) experiments were conducted with PHI
5000 Versa Probe system (Physical Electronics, MN). The sample was pressed to a pellet
with a diameter around 5 mm. The binding energy of all XPS spectra was calibrated
according to the reference of C 1s peak at 284.8 eV. During all XPS measurements, only
the electron beam was used to neutralize surface charges rather than argon ions because
the argon ions would affect the sample surface and induce oxygen vacancies [28, 29].
UV-Vis absorption performance was measured under diffuse reflection mode using an
integrating sphere (UV2401/2, Shimadzu) attached to a Shimadzu 2550 UV-Vis
spectrometer. The white powder was pressed tightly to a pellet with a diameter of 5-8 mm

in the center of BaSQO, plate.
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3.2.3 Evaluation of photocatalytic activity of the TiO, nanobelts
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Figure 3-1 Light spectra of LZC-UVA, Luzchem lamps (a) and LZC-420, Luzchem lamps (b).

A commercially obtained photoreactor (LUZ-4 V, Luzchem) with fourteen 8 W
lamps was used in the photocatalytic experiments. Two kinds of lamps were chosen: the
first was UV lamps (light spectrum centered at 350 nm, LZC-UVA, Luzchem), the
second was visible light lamps (light spectrum centered at 420 nm, LZC-420, Luzchem).
The light spectra of the two lamps are shown in Figure 3-1. Decomposition performance
of methyl orange was used for evaluating photocatalytic activity of TiO, nanobelts. 10
mg of TiO, nanobelts were added into 10 mL of methyl orange solution (the methyl
orange solution was prepared by dissolving methyl orange powder into deionized water
with a pH around 7) in a UV-light-transparent polyethylene tube. The initial methyl
orange concentrations were 20 mg/L and 5 mg/L for UV and visible light radiation

respectively. The suspensions of methyl orange solution with 10 mg of TiO, nanobelts
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were sonicated for 0.5 min, preserved in dark for 1 h to achieve adsorption equilibrium.
Then the tubes were placed onto a carousel in the photoreactor to expose every tube to
the light evenly. After favorable time intervals, the tubes were taken out from the
photoreactor and centrifuged at 10 000 rpm for 1.5 h to separate the supernatant liquid
from the bottom catalysts. The liquid was analyzed by UV-Vis spectrometer with a
characteristic absorption peak of methyl orange at 464 nm. The intensity of the
absorption peak was linearly dependent on the concentration of methyl orange according
to Beer’s law, so the concentration of methyl orange left after exposure to a fixed time

interval of light reflects the photocatalytic rate of TiO, nanobelts.

3.3 Results and discussion

3.3.1 Morphology and crystal structure of the TiO, nanobelts
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Figure 3-2 (a) SEM image of pristine TiO, nanobelts; (b) XRD patterns of pristine and reduced TiO,

nanobelts.
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An SEM image of the pristine TiO, (P-TiO2) nanobelts is shown in Figure 3-2 (a).
The hydrothermally prepared TiO, showed morphology typical of nanobelts. It can be
estimated that the width of the nanobelts was below 500 nm and the length ranged from

several micrometers to 15 v m. The size of the nanobelts synthesized in the present

experiment was almost the same as that used in our previous research [7, 16]. In Figure 3-
2 (b), the crystal structure of TiO, nanobelts did not change after reduction in H, at 600
°C. In other words, the amount of oxygen atoms removed from the TiO, lattice during
reduction process is too little to change the crystal structure. XRD patterns of both the
pristine and reduced TiO, exhibited the monolithic anatase phase. In our previous
research literatures, detail crystal structure of the anatase TiO, nanobelts synthesized with
the same method was analyzed by high-resolution transmission electron microscopy
[30,31]. Briefly, the TiO, nanobelts were single-crystalline and grew along the direction

of [101], with the dominated facet of (101).

3.3.2 Chemical status of the Ti and O in the TiO, nanobelts
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Figure 3-3 XPS spectra of Ti 2p peaks of pristine TiO, nanobelts (a) and reduced TiO, nanobelts (b).
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Figure 3-4 XPS spectra of O 1s peaks of pristine TiO, nanobelts (a) and reduced TiO, nanobelts (b).

XPS measurements were performed on both the pristine and reduced TiO;
nanobelts. Figure 3-3 shows XPS spectra of the Ti 2p core levels. Both the pristine and
reduced TiO, exhibited a Ti 2p3/2 peak at 458.3 eV and a Ti 2pl/2 peak at 464.0 eV,
with a standard energy difference of 5.7 eV [32]. It is also shown that there were no
changes of the Ti 2p peak before and after reduction. However, a peak of the reduced
TiO, nanobelts was bumped up at 456.3 eV in Figure 3-3 (b). This small peak at lower
binding energy level was attributed to 2p status of Ti**, which proves the existence of
oxygen vacancy in TiO lattice [33]. During the XPS measurements, the argon ion gun
was not used for neutralizing surface charges, so the oxygen vacancy could not be
generated by the XPS measurement. In other words, the oxygen vacancy was produced in
the reduction procedure exclusively. Based on our XPS analysis, it could be calculated
that the Ti** content was 3.4 at. %. Accordingly, the content of oxygen vacancy was 0.85
at. %. Parallel shifting of the O 1s peak to a lower binding energy level is another direct
evidence of the oxygen vacancy [7, 34]. In the present experiments, the O 1s peak of

TiO, nanobelts was shifted from 529.6 eV to 529.1 eV after reduction treatment in Figure

33



3-4. The shift of O 1s binding energy was similar as the result in our previous
experiments of doping nitrogen into anatase [7]. The difference of binding energy shift in
these two experiments was probably due to different amount of oxygen vacancies
induced into the TiO, lattice. It was demonstrated that chemical status of the oxygen
vacancy generated in reduction process was almost the same as that from nitrogen doping.
In Figure 3-4, another two O 1s peaks were located at 531.2 eV and 531.3 eV
respectively. These two peaks with almost the same binding energy were resulted from

hydroxides of moisture adsorbed on the TiO; surface [32].

3.3.3 Light absorption of the TiO, nanobelts
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Figure 3-5 Absorbance spectra of the pristine TiO, nanobelts and the reduced TiO, nanobelts. The insets
are the optical photos of the pristine TiO, (left) and reduced TiO, (right), which shows the color change

from white to blue due to reduction in H, flow at 600 °C.
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Figure 3-5 shows the UV-Vis absorbance curves of the pristine TiO, nanobelts
and reduced TiO, nanobelts. The blue spectrum was the typical anatase TiO, absorbance
curve with optical absorption edge at 385 nm, which corresponds to an optical band gap
of 3.2 eV. The red spectrum is of the reduced anatase TiO, and had the same absorption
edge at 385 nm, which meant the band gaps of the pristine and reduced TiO, were
identical. The reduced TiO,, however, had an up trending absorption tail in the visible
light range, which means the visible-light-absorption of reduced TiO; was increased. This
is easily seen by the color change from white (inset of Figure 3-5) to blue after reduction
process in H, flow at 600 °C. Although doping nitrogen ions or other nonmetal ions can
also change the color of TiO,, the color change resulted from oxygen vacancy is
completely different [7, 35]. As nitrogen atoms were doped into TiO,, the N 2p state
could be hybridized with O 2p state, which added an absorption shoulder onto the band
edge [35, 36]. However, the valence band structures of the pristine and reduced TiO,
were identical without add-on shoulders, because there were no dopants in TiO,. Herein,
the color change was attributed to the oxygen vacancy and associated Ti** species, which

could act as color centers [37].

35



3.3.4 Photocatalytic activities of the TiO, nanobelts
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Figure 3-6 Photocatalytic activities of the pristine TiO, nanobelts (P-TiO;) and the reduced TiO, (R-TiOy)

under visible light irradiation (a), and under UV light irradiation (b).

The evaluation of photocatalytic activities of the TiO, nanobelts was conducted
by monitoring the concentration change of methyl orange (MO) aqueous solution with
TiO, nanobelts as the photocatalyst under visible light and UV light irradiation. The more
methyl orange decomposed in the fixed time interval, the higher the photocatalytic
activity. Methyl orange aqueous solution without any photocatalyst was used as a
reference under both UV and visible light irradiation to ensure no photodegradation was
present. It is clearly shown in Figure 3-6 that methyl orange was only decomposed
slightly under UV light and visible light without photocatalysts in the solutions. Figure 3-
6 (a) and (b) show the degradation curves of methyl orange with TiO, nanobelts in visible
light and UV light, respectively. When exposed in visible light, as in Figure 3-6 (a), the
reduced TiO, nanobelts had higher photocatalytic activity than the pristine TiO;
nanobelts. In Figure 3-5 (b), when exposed in UV light, the photocatalytic activity of the

reduced TiO, nanobelts was lower than the pristine TiO, nanobelts. The photocatalytic
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activities of the pristine TiO and the reduced TiO; in UV light were completely reversed
compared with that in visible light. The decomposition rates of methyl orange in UV light

were higher than that in visible light for the both pristine and reduced TiO, nanobelts.

3.4 Conclusions

These results confirm that the oxygen vacancy defects in anatase TiO, play both a
positive and a negative role for photocatalysis, and that ion doping does not always
beneficial to the photocatalytic performance. In visible light, the light absorption of the
reduced TiO, was higher than the pristine TiO,, increasing visible-light photocatalysis.
However, in UV light range, there was no increase in absorption but the photocatalysis
decreased in the reduced sample. This shows that the oxygen vacancies must be acting as
trap states and decreasing the yield of photoexcited carriers, decreasing the overall
performance. Since oxygen vacancies are almost always produced when TiO; is doped,
these results are important for guiding the selection of dopants and design of oxygen

vacancy based photocatalysts.
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Chapter 4 Visible Light Photocatalytic Activity of Nitrogen-
Doped La,Ti,O; Nanosheets Originating from Band Gap

Narrowing

4.1 Background and introduction

As we discussed above, semiconductor photocatalysts have attracted considerable
attention from scientists and engineers owing to their broad potential applications in solar
energy conversion, medical photodynamic therapy and environmental remediation [1-4].
However, significant challenges remain in developing semiconductor photocatalysts.
These challenges include the limited absorption of visible light and infrared light, low
mobility of charge carriers and high recombination rate of electron—hole pairs in
previously reported materials. As shown in section 3, anatase titanium dioxide (TiOz2) is
the most extensively used photocatalyst [5]. However, its large band gap (3.2 eV) only
allows the absorption of ultraviolet (UV) light, which accounts less than 5% of natural
solar radiation [6]. In order to develop visible light responsive photocatalysts, intense
efforts are being focused on doping ions into anatase TiOz2. Either anion [6-8] or cation [9,
10] doping induces localized states between the valence band and the conduction band, as
shown in Chapter 3. The charge carriers created in such mid-gap states exhibit poor
mobility and high recombination rate of the electron-hole pairs. Hence doping the
anatase TiOz2 lattice with ions usually leads to limited visible light photocatalytic activity

and even has an adverse effect on the UV light photocatalytic activity [10]. Therefore if
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doping is to lead to a net increase in photocatalytic activity, the dopants must form a
continuum with the valence or conduction band edge and not mid gap states.

The results of oxygen vacancies in Chapter 3 show the electronic band structure
plays a critical role when considering dopants. In this chapter, we therefore switch from
TiO, to La,Ti,O7 which is a member of a family of the perovskite-type layer-structured
photocatalysts (such as Sr3Ti,O7, K;La;TisO19 and La,TiO;7) [11-13]. La,Ti,O7 has
periodically arranged corner-shared TiOg octahedrons and La cations [14]. In such a
structure, the mobility of charge carriers is boosted by the network of octahedrons [14],
leading to high quantum yields especially for photocatalytic water splitting [4, 12, 13].
However, its large band gap is still a major technical barrier for practical applications
[15-17]. We show that by doping La,Ti,O; with nitrogen a continuum of states is formed
instead of mid-gap trap states and a net increase in overall photocatalysis is gained
without the losses seen in reduced TiO; in Chapter 3. This is achieved by using anion
instead of cation doping, since cation doping only induces donor bands (i.e., mid-gap
states) between the valence band and the conduction band [14, 18, 19].

Another technical barrier in the development of the La2Ti2O7 photocatalysts is the
lack of an effective synthesis approach. Currently solid-state reaction (SSR) is the
commonly used method for the synthesis of perovskite La2Ti2O7 photocatalysts [12, 18,
20-22]. It requires high temperatures (>1100 °C) and usually generates micron-size
particles that have a very low specific surface area [14, 23]. Here we employ a
hydrothermal method to synthesize La2Ti207 photocatalysts because such an approach is
simple, inexpensive and able to produce large quantities of nanomaterials at a low-

temperature (<260 °C) [16, 24]. Here we also demonstrate the ability to synthesize
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nitrogen-doped La2Ti207 nanosheets, a two-dimensional (2-D) nanostructure. Our
previous report has shown that one-dimensional (1-D) and 2-D nanostructures exhibit
higher mobility and lower recombination rates of charge carriers than zero-dimensional
(0-D) nanoparticles [25]. Therefore, 1-D and 2-D nanostructures show better
photocatalytic activity than 0-D counterparts.

In this chapter, an effective method is developed to synthesize nitrogen-doped
La2Ti207 nanosheets with excellent visible light photocatalytic activity. The band gap and
the light absorption properties of the nanosheets are studied. Furthermore, the
photocatalytic activity of the resulting material is evaluated under both ultraviolet and
visible light irradiation. Finally, the correlation of the band structure with the

photocatalytic performance is discussed.

4.2 Experimental section

4.2.1 Chemicals and materials

Lanthanum(lll) nitrate hexahydrate (La(NO3)3-6H20, > 99.0%, particles), sodium

hydroxide (NaOH, > 98%, pellets) and anatase titanium dioxide (TiO2, > 99.8%, powder)
were purchased from Sigma-Aldrich. Titanium sulfate nonahydrate (Ti(SO4)2:9H20) was
purchased from Chem Service, Inc.. The resistivity of deionized water was 18.2 MQ-cm

at 25 °C.
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4.2.2 Synthesis of La,Ti,O; nanosheets
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Figure 4-1 Energy-dispersive X-ray spectroscopy (EDX) spectrum obtained from the pristine La2Ti207

after hydrothermal processing

The nitrogen-doped La2Ti207 nanosheets were synthesized in several steps. First,
0.5 g of Ti(SO4)2:9H20 and 0.9 g of La(NOs)3-6H20 were added to 20 mL of 1.0 mol/L
NaOH aqueous solution. The mixture was stirred vigorously in an ultrasonic bath for 30
min and then transferred to a 30 mL Teflon-lined nickel alloy autoclave. The autoclave
was sealed and then heated at 240 °C for 24 h. After hydrothermal treatment, the
autoclave was cooled down to room temperature naturally. A white fluffy powder was
obtained. The collected product was then washed with copious amounts of deionized
water and centrifuged several times until the pH of the solution reached 7. The product
was subsequently dried in air at 80 °C overnight. The white powder contained only La, Ti
and O elements as confirmed by the energy-dispersive X-ray spectroscopy (EDX)

spectrum in shown as Figure 4-1. Next, the white sample was heated in NHs flow in a
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tubular furnace equipped with a gas flow meter to 600 °C at a ramp rate of 5 °C/min, and
then held at 600 °C in NHsat a flow rate of 20 mL/min for 8 h in order to dope nitrogen
into the La2Ti207 nanosheets. After heat treatment in NHs flow, the sample was cooled
down to room temperature in N2 flow at a rate of 5 °C/min. The sample became yellow

after NHs treatment.

4.2.3 Characterization of the La,Ti,O; nanosheets

The structure and morphology of the La2Ti207 nanosheets was characterized using
a transmission electron microscope (TEM), a high-resolution TEM (HRTEM, JEOL JEM
2100F) and X-ray diffraction (XRD, X’Pert PRO PW3040-Pro, PANalytical Inc.) with
Cu Ka radiation. For TEM sample preparation, the powders were suspended in ethanol.
A drop of suspension was deposited onto a holey carbon film supported by a copper grid.
The specimen was dried in air prior to TEM examination. The morphology was observed
with a field-emission scanning electron microscope (FE-SEM) (JEOL 7600F) equipped
with an energy-dispersive X-ray spectrometer (EDX) and an atomic force microscope
(AFM) (Pico Scan 3000). For SEM sample preparation, 1 mg of La2Ti207 nanosheets was
mixed with 2 mL of deionized water in a 5 mL sample vial and then sonicated in an
ultrasonic bath for 10 s to achieve a suspension. The suspension was then dropped onto a
smooth silicon wafer substrate (SPI Inc.) in air. For AFM sample preparation, the
suspension was prepared in a similar way except for the use of mica as the substrate. The
La2Ti207 nanosheets were also characterized by X-ray photoelectron spectroscopy (XPS)
(PHI 5000 Versa Probe system, Physical Electronics, MN). The C 1s peak at 284.8 eV

was used as a reference for calibrating the binding energy of the XPS spectra. The UV-
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visible absorption spectra were obtained in the diffuse reflectance mode with a Shimadzu
2550 UV-visible spectrometer equipped with an integrating sphere (UV 2401/2,
Shimadzu). The sample powder was pressed to form a pellet and placed on a BaSOa plate.
The specific surface area of the nanosheets was determined using the Brunauer—Emmett—

Teller (BET) method.

4.2.4 Photocatalysis testing of the La,Ti,O; nanosheets

A commercial photoreactor (LUZ-4V, Luzchem) equipped with fourteen 8 W
visible (Luzchem LZC- 420) or ultraviolet (Luzchem LZC-UVA) lamps was used for
visible and UV photocatalysis experiments, respectively. 10 mg of La2Ti207 nanosheets
were added to 10 mL of a solution of 5 mg/mL of methyl orange (MO) in a 10 mL
polyethylene tube. The MO solution was prepared by dissolving MO powder into
deionized water with a pH around 7. For each photocatalytic experiment, the tubes
containing the suspensions were sonicated in the dark for 1 min, and then kept in the dark
for 2 h to reach surface adsorption equilibrium. Then the tubes were mounted onto the
carousel inside the photoreactor to ensure the even exposure of each tube to the light. At
different time intervals of irradiation, the tubes were unloaded and centrifuged at 5000
rpm for 1 h to separate the supernatant liquid from the catalysts. The supernatant liquid
was collected and analyzed by recording the characteristic absorption of methyl orange
(464 nm) using the UV-visible spectrometer. According to the calibration plot of the UV
absorbance as a function of the remaining methyl orange concentration, the efficiency of
the methyl orange decomposition was calculated. As a reference, methyl orange solution

without any photocatalyst was used as a control sample in all photocatalysis experiments.
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4.3 Results and discussion

4.3.1 Morphology and crystal structure

<)
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Figure 4-2 Images of the pristine La2Ti2O7 nanosheets including SEM images at low (a) and high (b)

magnification, AFM images in two-dimension (c), three-dimensions (d) and height profile analysis (e)

along the green line in (c), XRD patterns obtained before and after nitrogen doping (f), and a HRTEM

image (9).
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Figure 4-2 (a) shows the accumulation of the La2Ti20O7 nanosheets deposited on a
silicon wafer substrate. Most of the nanosheets were between 100 nm and 500 nm in size.
A high-magnification SEM image (Figure 4-2 (b)) shows two pieces of La2Ti207
nanosheets stacked together. To examine the thickness of the nanosheets, AFM was used
to image individual pieces (Figures 4-2 (c) and 1(d)). The AFM image reveals that the
surface of the nanosheets was very smooth. The profile analysis in Figure 4-2 (e) shows
that the thicknesses of the top and bottom La2Ti2O7 nanosheets were 12 and 15 nm,

respectively.

La

Interlayer
space

—
»

Figure 4-3 Schematic of perovskite structure of La2Ti207

The XRD pattern of the pristine La2Ti207 nanosheets (Figure 4-2 (f)) confirmed
that the nanosheets had a monoclinic structure with space group P21 formed by
alternating perovskite-like blocks of nTiOs octahedron slabs (as shown in Figure 4-3).

HRTEM observation revealed that individual Laz2Ti2O7 nanosheets were single-crystals
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(Figure 4-2 (g)). This is one of the advantages of our synthesis method over the
conventional SSR method, since SSR processing usually leads to a polycrystalline
structure. A single-crystal structure is highly desirable for photocatalysis since the grain
boundaries typically act as the sites for recombination of photogenerated electron—hole
pairs [25]. The HRTEM image in Figure 4-2 (g) shows lattice fringes with a spacing of
0.29 nm, which corresponds to the (212) spacing of La2Ti207. It is also worth noting that

the two predominant surfaces of the La2Ti207 nanosheets were the (202) facets.

Figure 4-4 SEM image of the nitrogen-doped La2Ti207 nanosheets

The shape and the dimension of the nanosheets were retained after nitrogen
doping (Figure 4-4 in the ESM). The BET specific surface area of the N-doped LazTi207
nanosheets was determined to be 38 m?/g, which is much larger than that of the LazTi207
sample synthesized by the SSR method (1-2 m?/g) [26]. After heat treatment in NHz flow,
the crystal phase did not change, which was confirmed by the XRD pattern in Figure 4-2

(). No impurities or new phases were found.
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4.3.2 Chemical state and electronic structure
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Figure 4-5 XPS spectra obtained from the pristine and the nitrogendoped La2Ti207 nanosheets showing the

N 1s core level (a), and the valence band (b).

No nitrogen was detected in the pristine La2Ti207 nanosheets by XPS (Figure 4-5
(a)). XPS analysis showed that the nanosheets contained 3.3 at. % of nitrogen after NHs
treatment. The N 1s core-level XPS spectrum in Figure 4-5 (a), which was obtained from
the N-doped nanosheets, displayed three distinct peaks. The N 1s peak at 399.9 eV can be
assigned to the Ti—(N-O) bond [27]. The N 1s peak at 395.4 eV corresponds to the Ti—N
bond, indicating that some doped nitrogen atoms were directly bonded to the titanium
atoms in the TiOs octahedron [27-29]. An additional peak at 397.5 eV, located between

the above two peaks, is generally ascribed to the N-Ti—O bond [30].
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Figure 4-6 XPS spectra of the Ti 2p core-level of the pristine (a) and the nitrogen-doped (b) La2Ti207

nanosheets.

The assignment of the N 1s peaks was confirmed by the difference in the Ti 2p
peaks before and after nitrogen-doping (Figure 4-6). The Ti 2p core level spectrum of the
pristine Laz2Ti207 nanosheets exhibited a symmetric Ti 2psiz2 peak at 457.6 eV, which can
be assigned to the Ti—O bond. In contrast, the Ti 2psi2 peak of the N-doped nanosheets
was asymmetric and can be deconvoluted into four components. Because only 3.3 at. %
of nitrogen was doped into the La2Ti207 lattice, most of TiOs octahedron slabs did not
contain nitrogen atoms. Therefore, the major component can still be assigned to the Ti-O
bonds. The component at 457.3 eV can be attributed to the Ti—(N-O) bond. The peak at
456.5 eV corresponds to the N-Ti—O bond. The fourth component at 455.9 eV can be
ascribed to the Ti-N bond, on the basis of the reference literature [28]. Therefore, it is

clear that nitrogen atoms have been successfully doped into the La2Ti207 lattice.
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Figure 4-7 XPS spectra of the La 3d core-level of the pristine and nitrogen-doped Laz2Ti207

It is interesting that there was no change in the La 3d doublet peak before and
after N-doping in Figure 4-7. This strongly suggests that the doped nitrogen atoms are
preferentially positioned in the TiOs octahedron slabs, in agreement with previous studies
[15, 31]. Figure 4-5 (b) shows the valence band spectra of the pristine and the nitrogen-

doped La2Ti207 nanosheets. The valence band maximum (VBM) of the nanosheets

840 850
Binding energy (eV)

860

exhibited a red shift of 0.60 eV after nitrogen doping.
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4.3.3 Light absorption
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Figure 4-8 Diffuse reflectance spectra of the pristine and nitrogendoped La2Ti207 nanosheets. The insets
are the optical photos of the nanosheet samples, showing the change in the sample color from white (left) to

yellow (right) due to nitrogen-doping.

The color change of the La2Ti207 nanosheets from white to yellow after nitrogen
doping was visible to the naked eye (as shown in the inset in Figure 4-8). The light
absorption property of the nanosheets was further evaluated by UV-visible spectroscopy
(Figure 4-8). The optical absorption edge of the pristine La2Ti207 nanosheets, had a cut
off at 378 nm, which corresponds to an optical band gap of 3.28 eV. The optical
absorption edge of the N-doped nanosheets was extended to 495 nm, which is equivalent
to an optical band gap of 2.51 eV. This indicates that nitrogen doping resulted in band

gap shift of 0.77 eV.
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Figure 4-9 Schematic illustration of the effects of nitrogen-doping on the band structures of pristine

La2Ti207 (a), and anatase TiOz2 (b).

It is worth noting that nitrogen-doping into La2Ti2O7 nanosheets induced a
parallel shift of the whole optical absorption edge to the longer wavelength direction.
This behavior is totally different from that of the N-doped anatase TiO2 samples.
Nitrogen-doping into TiO2 imposes an add-on shoulder on the cutoff edge of the
absorption spectrum [10], which is due to the fact that nitrogen-doping results in the
localized N 2p states near the valence band edge, as schematically illustrated in Figure 4-
9 (b). However, the parallel shift of the whole optical absorption edge indicates that the

valence band was broadened after the La2Ti2O7 nanosheets were doped with nitrogen,
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leading to the upshift of the valence band edge in Figure 4-9 (a). In other words, nitrogen-
doping into TiO2 induces localized states above the valence band edge while nitrogen-
doping into the La2Ti207 nanosheets results in the narrowing of the band gap (Figure 4-9).
This conclusion was supported by the XPS spectra of the valence band shown in Figure
4-5, in which the valence band maximum showed a red shift after nitrogen doping. The
shift-up of the valence band edge could be due to the fact that that the N 2p orbitals of the
dopant become hybridized with the O 2p orbital of the valence band of perovskite. Indeed,
previous density functional theory (DFT) calculations showed that the N 2p orbital of the
dopant was hybridized with the O 2p orbital of the valence band of perovskite to form
AOxNy (A = metal cation, x + y = 6) octahedral structure slabs in the La2Ti2O7 sample

after treatment in NHs [15].

4.3.4 Photocatalytic activity
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Figure 4-10 Photocatalytic activities of the pristine and the nitrogendoped La2Ti2O7 nanosheets under

visible light irradiation (a), and under ultraviolet light irradiation (b).
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The photocatalytic activities of the nanosheets were evaluated by monitoring the
decomposition of methyl orange in aqueous solution under visible and UV light
irradiation. Figure 4-10 (a) shows the degradation curves of methyl orange induced by the
pristine and the N-doped La2Ti207 nanosheets under visible light irradiation. As a control
experiment, the blank curve represents the change in the concentration of methyl orange
in aqueous solution in the absence of any photocatalyst. After 10 h of visible light
irradiation, the decomposition of methyl orange in the absence of a photocatalyst was less
than 3 %, which was within the experimental tolerance range. Addition of the pristine
La2Ti207 nanosheets into the solution did not accelerate the decomposition of methyl
orange. In other words, no photocatalytic activity was observed for the pristine La2Ti207
nanosheets. In contrast, methyl orange was completely decomposed in the presence of the
nitrogen-doped LazTi207 nanosheets after 10 h of visible light irradiation. This clearly
shows that the N-doped La2Ti207 had an excellent visible light photocatalytic activity. In
addition, the photocatalytic activity of the nitrogen-doped La2Ti20O7 nanosheets showed
better photocatalytic activity than that of the pristine La2Ti207 nanosheets under UV light
irradiation (Figure 4-10 (b)). As described in the previous sections, the shape and the
dimensions of the La2Ti207 nanosheets did not change after nitrogen doping. In addition,
no phase transition occurred during NHs treatment. The enhancement of photocatalytic
activity can therefore be attributed to the narrowing of the band gap of LazTi207
nanosheets.

This work demonstrates that the nitrogen-doped La2Ti207 nanosheets not only
showed significant visible light photocatalytic activity but also enhanced the UV light

photocatalytic activity. In contrast, our previous studies revealed that nitrogen-doping
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into anatase TiO2 led to limited visible light photocatalytic activity but did not improve
UV light photocatalytic activity at a low levels of nitrogen-doping and even had an
adverse effect on the UV light photocatalytic activity at high levels of nitrogen-doping
[10]. The difference in the photocatalytic performance of the N-doped La2Ti2O7
nanosheets and the N-doped anatase TiOz2 can be ascribed to the different changes in the
band structure induced by nitrogen-doping. Nitrogen-doping results in the narrowing of
the band gap of La2Ti207 nanosheets (Figure 4-9 (a)) while it induces localized mid-gap
states in the band structure of anatase TiO2 (Figure 4-9 (b)). The difference in the band
structure results in differences in light absorption, the mobility of charger carriers and the
recombination rate of photogenerated electron—hole pairs.

For the N-doped La2Ti207 nanosheets under visible light irradiation, electrons are
excited to the conduction band at lowered energy from the broadened valence band,
generating holes in the valence band. The photogenerated electrons and holes are
delocalized and have high mobility in the conduction band and the valence band,
respectively. For the N-doped anatase TiO2 under visible light irradiation, electrons
cannot jump to the conduction band from the valence band due to the large band gap.
Electrons jump to the conduction band only from the localized N 2p midgap state near
the valence band, creating holes in the N 2p state, as shown in Fig. 4(b). The
photogenerated holes in the localized N 2p state have very low mobility [6]. Therefore,
nitrogen-doping significantly enhances the visible light photocatalytic activity of
La2Ti207, while bringing limited visible light photocatalytic activity to TiO2.

N-doped La2Ti207 has a narrower band gap than the pristine La2Ti207 (Figure 4-9

(a)). Hence more electrons and holes are generated in N-doped Laz2Ti207 than in pristine
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La2Ti207under UV light irradiation. Narrowing of the band gap has no adverse effect on
the photocatalyst activity. As a result, the N-doped La2Ti207 nanosheets exhibited much
better UV light photocatalytic activity than the pristine La2Ti207 nanosheets. For N-
doped TiO2 under UV light irradiation, besides the photogenerated charge carriers in the
valence band and the conduction band, some additional charge carriers are also produced
in the localized states in the mid-gap although the number is limited, which is beneficial
to the photocatalytic activity. However, the localized states in the mid-gap also act as
sites for recombination of the photogenerated charge carriers, which has an adverse effect
on the photocatalytic activity. This adverse effect cancels out or even overrides the
positive effect. Therefore, nitrogen-doping is not able to improve the UV light

photocatalytic activity of TiOz, and may even make it worse.

4.4 Conclusions

Perovskite-type layer-structured Laz2Ti207 nanosheets were successfully prepared
by a hydrothermal method. Heat treatment in NHs flow resulted in the incorporation of
the nitrogen atoms into the perovskite La2Ti20v lattice. The N-doped La2Ti207 nanosheets
exhibited a single-crystalline structure with a thickness of ~15 nm. Nitrogen-doping leads
to a narrowing of the band gap of the La2Ti2O7 nanosheets by 0.77 eV but no change in
the particle shape, the dimensions or the crystal phase. The pristine La2Ti207 nanosheets
showed no photocatalytic activity under visible light irradiation. In contrast, the nitrogen-
doped La2Ti207 nanosheets not only showed significant visible light photocatalytic
activity but also enhanced UV light photocatalytic activity. The enhancement of

photocatalytic activity originates from the narrowing of the band gap of the La2Ti207
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nanosheets. The present work has important implications for the development of new

visible light photocatalysts.
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Chapter 5 Photocatalytic Generation of Hydrogen with Visible-

light Nitrogen-doped Lanthanum Titanium Oxides

5.1 Background and introduction

As we discussed in the introduction, the energy shortage and environmental
disruption become a global concern, there is an incentive to produce clean fuels in a
sustainable fashion to replace fossil fuels. Solar fuel production recently attracted
increasing attention. Hydrogen has been generated by directly splitting water with
photocatalysts under the solar light irradiation [1-3]. TiO, is the most common
photocatalyst used for solar hydrogen generation due to its stability, low cost and
environmental benignancy [4-6]. The perovskite semiconductor photocatalyst family
including La,Ti,O7 (LTO), Sr3Ti,O7 (STO) and K;La,Ti3O19 (KLTO) were found to be
alternative photocatalysts for water splitting due to their unique perovskite layered
structure [7-10]. It has been reported that the periodically ranged corner-shared TiOg
octahedrons and La cations in the LTO phase can boost the mobility of charge carriers [3].
In Chapter 4 we showed the photocatalytic activity of LTO could be improved in the UV
and visible by the introduction of a continuum of doped states near the valence band edge.
Therefore, in this chapter we extend the study from methyl orange degradation into
hydrogen production to see if the same enhancements, and the results regarding the
harmful effects of mid gap states, extend to a practical application.

As introduced in Chapter 4, there are two major hurdles in the development of

LTO photocatalyst for water-splitting. First, the LTO synthesis is currently performed via
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a solid-state reaction (SSR). SSR requires high reaction temperature typically above
1100 °C [9,11], which results in large LTO particles on the micrometer scale, leading to a
very low catalytic surface area [3,12]. Second, similar to TiO2, the wide band gap (3.3—
3.9 eV) of LTO limits its light harvesting only in the ultraviolet (UV) light range. The
UV light comprises less than 5 % of natural solar light radiation. Many attempts have
been made to improve the photocatalytic performance of LTO. For example, ion doping
could effectively enhance the visible light absorption of LTO. However, doping at high-
temperature SSR decreases the surface area of the photocatalysts [11,13]. Furthermore,
cation doping only introduces the mid-gap states into the band gap, and cannot enhance
the visible-light-responsive photocatalytic activity effectively even though it enhances the
light absorption [3,11]. In order to obtain large specific surface area, LTO was prepared
at a lower reaction temperature [14,15]. Unfortunately, the band gap of pristine LTO
obtained was still large. Hence the photocatalytic hydrogen generation from water
splitting was conducted only in the UV light range [2].

It is highly desirable to develop a synthesis approach that extends the
photocatalysis into the visible light range while creating a high specific surface area. Here
the hydrothermal process is employed to fabricate single-crystalline perovskite LTO
nanosheet photocatalysts at a low temperature. The as-synthesized LTO has showed two-
dimensional nanosheet morphology. Our previous report has shown that one-dimensional
(1-D) and 2-D nanostructures exhibit higher mobility and lower recombination rate of
charge carriers than zero-dimensional (0-D) nanoparticles [6,16]. Therefore, 1-D and 2-D
nanostructures show better photocatalytic activity than 0-D counterparts. In addition, the

nanosheets are doped with nitrogen to increase the visible light absorption. As a result,
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the N-doped LTO nanosheet exhibit good photocatalytic activity toward hydrogen

generation.

5.2 Experimental section

5.2.1 Chemicals and materials

Tetraammineplatinum(ll) chloride hydrate (Pt(NH3)4Cl,-xH20, >98.0%, powder),
lanthanum(l1l) nitrate hexahydrate (La(NO3)3-6H,0, >99.0%, particles), sodium
hydroxide (NaOH, >98%, pellets) were purchased from Sigma—Aldrich. Titanium sulfate
nonahydrate (Ti(SO4)2-9H,0) was purchased from Chem Service, Inc. The resistivity of

deionized water was 18.2 M-cm at 25 °C.

5.2.2 Photocatalyst synthesis

0.5 g of Ti(S0O4)2-9H,0 and 0.9 g of La(NO3)3-6H,0 were dissolved into 20 mL
of 1.0 M NaOH aqueous solution. The mixed solution was stirred in ultrasonic bath
vigorously for at least 30 min and then sealed into a 30 mL of Teflon-lined autoclave.
The autoclave was placed into a pre-heated oven at 240 °C for 24 h for hydrothermal
processing. After hydrothermal treatment, the autoclave was cooled down to room
temperature in air. As a result, whitish fluffy powder was obtained. The collected powder
was rinsed with deionized water and centrifuged to reduce the pH of the solution close to
7. The product was dried in air at 80 °C overnight, and then heated to 700 °C for 1 h to

obtain the pristine LTO nanosheets (P-LTO).
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The surface of the LTO nanosheets was further loaded with the platinum
nanoparticles by impregnation. Briefly, 0.5 g of the LTO powder and 0.05 g of
Pt(NHs)4Cl, powder were added into 20 mL of deionized water to form a suspension. The
suspension was then stirred for 24 h. The suspension was centrifuged at a high speed for
2 h to obtain the white powder. The powder was dried at 80 °C overnight and then heated
at 300 °C in air for 2 h. The powder was then heated in the H, flow at a flow rate of 20
cm®/min at 500 °C for 1 h. Consequently, the Pt-loaded pristine LTO nanosheets (Pt@P-
LTO) were obtained.

Finally, nitrogen doping was performed on the Pt@P-LTO to obtain the Pt-loaded
nitrogen-doped LTO nanosheets (Pt@N-LTO). The detail procedure for nitrogen doping
was described previously [7]. Additionally, the nitrogen-doped LTO nanosheets (N-LTO)

without Pt loading were synthesized by doping nitrogen directly into the LTO nanosheets.

5.2.3 Photocatalyst characterization

The morphology of the photocatalysts was observed with a field emission
scanning electron microscope (FE-SEM) (JEOL 7600F), a transmission electron
microscope (TEM) and a high-resolution TEM (HRTEM, JEOL JEM 2100F) equipped
with energy-dispersive X-ray spectroscopy (EDX). The crystal structure of the samples
were analyzed by X-ray Diffraction (XRD, Bruker D8 Discovery X-ray
Diffractometer) The chemical status of N and Pt in the LTO nanosheets was analyzed by
X-ray photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe, Physical Electronics,
MN). The C 1s peak at 284.8 eV was used as the reference for calibrating the XPS

spectra. The light-absorption properties were characterized by the diffuse-reflection mode
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with Shimadzu 2550 UV-Visible spectrometer equipped with an integrating sphere (UV
2401/2, Shimadzu). Prior to measurement, the sample powder was pressed onto a BaSO,
plate to form a pellet. The specific surface area of the pristine LTO nanosheets was

determined using the Brunauer—Emmett—Teller (BET) method.

5.2.4 Hydrogen generation by photocatalytic water splitting

A commercial photoreactor (LUZ-4V, Luzchem) equipped with fourteen 8 W of
visible (Luzchem LZC-420, centered at 420 nm) or ultraviolet (Luzchem LZC-UVA,
centered at 360 nm) light lamps were used as the visible light and the UV light sources,
respectively. The light intensity was 50-60 mW/cm?. Four samples (Pt@NLTO, Pt@P-
LTO, N-LTO and P-LTO) were used for photocatalytic hydrogen generation, respectively.
Water splitting was carried out according to the following procedure. 0.2 g of the
photocatalyst sample was suspended into 10 mL of deionized water and stirred for 30 s.
The solution was then transferred into four quartz flasks, followed by injection of high
purity N», which was sealed with a septum flask stopper. The samples were irradiated
with UV or visible light for 5, 10, 15 and 20 h, respectively. During the photocatalytic
reaction, the solution was always stirred magnetically. Finally, 5 mL of gas generated
was extracted from each flask to analyze the amount of H, produced at each reaction time

with a gas chromatography (GC) equipped with a thermal conductivity detector (TCD).
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5.3 Results and discussion

5.3.1 Microstructure of photocatalysts

500 nm

,*,f'- J
' .0.1299 nm
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Figure 5-1 (a) SEM image of the pristine La,Ti,O; nanosheets; (b) TEM image of the Pt-loaded nitrogen-
doped La,Ti,O; nanosheets; (¢) HRTEM image of the Pt-loaded nitrogendoped nanosheets and (d) XRD

patterns of the pristine and the Pt-loaded nitrogen-doped nanosheets.
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Figure 5-2 EDX spectrum obtained from the nitrogen doped La,Ti,O; nanosheets loaded with the Pt

nanoparticles.
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Figure 5-3 SEM image of the nitrogen-doped La, Ti,O; nanosheets.

Figure 5-1 (a) shows the SEM image of the pristine LTO. The nanosheets were
around 500 nm in size. The LTO nanosheets had a specific surface area of 37.20 m?/g,
which was measured by the BET method. After impregnation in the Pt-containing
precursor, 5 nm sized nanoparticles were distributed on the surface of the LTO

nanosheets homogeneously as shown in the TEM image (Figure 5-1 (b)). EDX analysis
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further confirmed that these dark nanoparticles were Pt nanoparticles as shown in Figure
5-2. Furthermore, the HRTEM image in Figure 5-1 (c) showed one of the Pt
nanoparticles on the LTO nanosheet surface. The lattice fringe with a spacing of 0.195
nm in the dark area corresponded to Pt (2 0 0). The lattice fringe with a spacing of 0.299
nm was attributed to LTO (=2 1 2). Therefore, it was concluded that metallic Pt
nanoparticles was successfully deposited on the LTO nanosheet surface. After nitrogen
doping, the nanosheets structure of LTO was preserved as shown in Figure 5-3, which
retained high specific surface area and active catalytic sites. Figure 5-1 (d) shows the
XRD patterns of P-LTO and Pt@N-LTO. It can be seen that nitrogen doping did not
change the crystal phase of LTO nanosheets. After loading with Pt, a small peak at 46.24°
on the left of the LTO (-1 0 4) peak was attributed to Plane (2 0 0) of metallic Pt. The
diffraction intensity of the Pt peak was weak due to the small amount and the small size

of the Pt nanoparticles.
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Figure 5-4 XPS spectra of N 1s (a) and Pt 4f (b) of the nitrogen-doped La,Ti,O; nanosheets loaded with Pt.
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XPS was used to determine the chemical status of doped nitrogen and loaded Pt in
the Pt@N-LTO sample. The nitrogen content was estimated to be 2.0 at. %. A broad and
symmetric N 1s peak was observed between 395 eV and 400 eV (Figure 5-4 (a)). The N
1s peak consisted of several components due to different chemical statuses of the N
atoms, which were analyzed in our previous study [7]. The XPS peak in Figure 5-4 (b)
was characteristic of the Pt 4f core-level with a gap of 3.3 eV between Pt 4f5/2 and Pt
417/2. The Pt 4f7/2 peak was located at 74.2 eV, which confirmed metallic Pt on the N-

LTO nanosheets [17].

5.3.2 Light absorption of photocatalysts

The light absorption property of the nanosheets was evaluated by UV-Vis
spectroscopy (Figure 3). For P-LTO, the optical absorption edge was cut off at around
330 nm, corresponding to a band gap of 3.76 eV. The optical absorption edge shifted to
around 560 nm after nitrogen doping. The band gap of N-LTO was estimated to be 2.20
eV based on the optical absorption edge. Nitrogen doping led to a red shift of the band
gap up to 1.56 eV. It is worth noting that the red shift of light absorption of the N-LTO
nanosheets was completely different from that of the nitrogen-doped TiO2. In N-doped
TiO2, an add-on shoulder closely followed the cutoff edge of the absorption due to the
localized N 2p orbitals near the valence band maximum [5]. However, the N-LTO
exhibited a parallel shift of the optical absorption edge rather than the add-on shoulder,
which was attributed to band gap narrowing [7]. Loading Pt on the N-LTO did not cause
any significant change in the absorption spectrum. The P-LTO power was white while the

N-LTO became yellow, which also suggested the enhanced visible light absorption after
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nitrogen doping. There was no evident difference in the color between N-LTO and

Pt@N-LTO.

5.3.3 Photocatalytic hydrogen generation

a—P-LTO
b-N-LTO
c—HPt@N-LTO

Absorbance (a.u.)
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Figure 5-5 UV-vis absorption spectra of the pristine La,Ti,O; nanosheets (a), the nitrogen-doped

nanosheets (b), and the Pt-loaded nitrogen-doped nanosheets (c).

The photocatalytic water-splitting activity was monitored by measuring the
amount of H2 produced under the visible light and the UV irradiation, respectively.
Figure 5-5 (a) shows the H2 production under visible light irradiation after different time
intervals (5, 10, 15 and 20 h). Neither P-LTO nor Pt@P-LTO displayed the
photocatalytic activity toward water splitting. The photon energy of the incident visible
light centered at 420 nm was insufficient to overcome the energy barrier of charge

separation due to the large band gap of pristine LTO (3.76 eV). Since nitrogen doping
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narrowed the band gap down to 2.2 eV, the incident visible light can excite electrons and

holes in N-LTO, leading to significant photocatalytic activity toward water-splitting.
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Figure 5-6 Hydrogen production by four samples under the visible light (a) and the ultraviolet (b)

irradiation.

Figure 5-7 Schematic of photocatalytic hydrogen generation.

Pt-loading enhanced the photocatalytic activity under both the visible light

(Figure 5-6 (a)) and the UV light (Figure 5-6 (b)) irradiation. In order to understand the
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underlying mechanism, a scheme was drawn to illustrate the process of photocatalytic
water-splitting (Figure 5-7). Electrons in LTO are excited to the conduction band (CB) by
the incident photons, leaving holes in the valence band (VB). Electrons migrate to the
photocatalyst surface and to react with H*, producing H,. In the meanwhile, the
accumulated holes transport to the photocatalyst surface to form O, If the
photogenerated electrons do not move out quickly, some of them will recombine with
holes. When Pt is present on LTO surface, the Fermi levels of metal Pt and the LTO are
aligned. This Fermi level alignment would facilitate the electron transfer from the LTO
to the reaction site, and thus suppress the recombination between the photogenerated
electrons and holes. Therefore, Pt-loading can enhance the photocatalytic activity toward
water splitting for both P-LTO and N-LTO. Under the UV light irradiation, all four
samples exhibited the photocatalytic activity toward water splitting as shown in Figure 5-
6 (b). The N-doped samples showed much better photocatalytic activity than that of the
undoped samples because the N-doped samples had much narrower band gap. Therefore,

the efficiency of the charge separation was much higher.

5.4 Conclusions

The pristine LTO nanosheets were synthesized by a hydrothermal method. 5 nm
sized Pt nanoparticles were homogeneously dispersed on the surface of LTO. Nitrogen
was doped into the lattice of LTO nanosheets while preserving the nanosheet morphology.
Nitrogen doping extended the light absorption up to 560 nm, enabling the photocatalytic

activity toward water splitting under visible light irradiation. Loading the Pt nanoparticles
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on the LTO surface further improved the photocatalytic activity due to the enhanced

separation of charge carriers.
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Chapter 6 Photocatalytic Water Oxidation by

Hematite/Reduced Graphene Oxide Composite

6.1 Background and introduction

Energy challenges have inspired the development of inexpensive and active
materials for solar fuel production by photocatalytic water splitting [1-3]. In Chapters 3-5
the performance of large band gap metal oxide photocatalysts was enhanced by doping
without the introduction of mid-gap states. However, another class of materials exists for
photocatalysis. These small band gap materials do not suffer from poor spectral coverage,
but instead suffer from high charge recombination and poor charge migration. Therefore
a different enhancement strategy must be developed opposite of that for large band gap
materials where the opposite situation exists.

Hematite (o-Fe,O3) stands out among many promising candidate materials
because of its low cost and favorable band gap (2.1-2.2 e¢V) to absorb photons in the
visible light range [4,5]. However, its photocatalytic efficiency is hindered by the short
lifetime of the photogenerated charge carriers (<10 ps), short hole diffusion length (2—4
nm), and poor mobility of charge carriers (<0.2 cm?-V *.s %) [5,6]. To address these
limitations, a-Fe,O3zshould be created as nanostructures to ensure that the charge carriers
produced deep inside the a-Fe,Ozare able to diffuse to the hematite/electrolyte interface
[6,7]. Many methods have been developed to engineer various morphologies of a-Fe,O3
[8,9]. Nevertheless, a-Fe,Oj3 still suffers from a high charge recombination rate because

of boundaries between the particles. a-Fe,Oz; nanowires have shown the enhanced
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photoelectrochemical cell (PEC) performance [10,11] because one- or two-dimensional
nanostructures generally have higher mobility and lower charge recombination rates than
zero dimensional nanoparticles [12,13]. However, the short hole diffusion length still
limits the efficiency of charge carrier transport along the axial direction of the nanowires.
Alternatively, a-Fe;O3 has been combined with charge extraction layers to improve the
charge separation by providing a more mobile hole pathway; the typical example being
cobalt/phosphate catalyst or IrO; deposited onto a-Fe,O3 photoanodes [4,14]. Also, a p-n
junction could effectively extract holes from a-Fe;O3;and improves the PEC performance
[2].

In contrast, coupling a-Fe,O3 with an electron acceptor is rare [15]. Graphene or
reduced graphene oxide (rGO) are good candidates because of the high electron mobility
(>15000 cm*V *.sY) and the flexible sheet nature that is beneficial to support
photocatalysts [16]. The previous studies have shown that the incorporation of graphene
(or rGO) with metal oxide can enhance the photocatalytic activity [15,16]. It is claimed
that photocatalysis enhancement by graphene is due to the fact that graphene provides a
pathway for transport of charge carriers. However, no direct experimental evidence has
yet been provided to prove this point. The graphene-enhanced photocatalysis mechanism
remains poorly understood.

Herein, a-Fe,O3/rGO composites in which hematite nanoparticles are supported
on the rGO nanosheets are synthesized by a hydrothermal process. The a-Fe,03/rGO
composite shows the enhanced photocatalytic activity toward water oxidation compared
with the pristine a-Fe,O3 nanoparticles. Transient absorption and time-domain terahertz

spectroscopy provide the direct evidence for the first time that electrons can transfer as
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the mobile carriers from a-Fe,O3 into the rGO, which can diffuse and become trapped,

thus reducing the charge recombination rate.

6.2 Experimental section

6.2.1 Material synthesis

Graphene oxide (GO) was synthesized by the established Hummer method [17].
The a-Fe;Os/reduced graphene oxide (rGO) was prepared by the hydrothermal method in
a previous report [18]. Briefly, a proper amount of FeCls-6H20 (97 %, Alfa Aesar) was
mixed with 44 mg of GO, and then the mixture was dissolved into 200 mL of deionized
water (DI water, 18.2 MQ-cm at 25 °C) and sonicated for 30 min. Then, 200 mL of
ethanol (9496 %, Alfa Aesar) was mixed with the prepared solution and placed in a
boiling aqueous bath for 2 h for thermal hydrolysis. Consequently, the a-Fe203/rGO
sample was collected by centrifuging at a rate of 4000 rpm. Finally, the sample was
heated in air at 350 °C for 2 h and then in pure nitrogen at 800 °C for 15 min. The a-
Fe203/rGO ratio was adjusted by varying the amount of hematite precursor added during
the hydrothermal process. Three ratios (1, 2, and 3 g of FeCls-6H20) were employed in
this study. According to the content of the rGO, the resulting samples were denoted as a-
Fe203/rGO(h) with a high rGO content, a-Fe203/rGO with a medium rGO content, and a-
Fe203/rGO(I) with a low rGO content, respectively. For preparation of monolithic a-
Fe20s, no GO was added into the solution, and the heating process was directly

conducted in air at 800 °C for 15 min. A physical mixture of a-Fe203 and rGO (a-
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Fe203+rGO) was also prepared as a control sample to measure the photocatalytic water

oxidation performance.

6.2.2 Characterizations and light absorption measurement

The morphologies of a-Fe203 and a-Fe203/rGO were observed by a field-
emission scanning electron microscope (SEM, JEOL 7600F) and a transmission electron
microscope (TEM, JEOL JEM 2100F) respectively. For SEM sample preparation, 2 mg
of powder sample was mixed in 1 mL of deionized water, which was then placed in an
ultrasonic bath for 30 s to obtain a homogeneous suspension. Consequently, the
suspension was deposited onto a precleaned silicon wafer substrate (1 cm x 1 cm, SPI
Inc.), and then dried in air at 50 °C. For TEM sample preparation, the powder was
suspended in ethanol and dropped onto a TEM grid (Ted Pella Inc.), and then dried at
room temperature overnight. The crystal structures of o-Fe20s and a-Fe203/rGO were
characterized by a high-resolution TEM (HRTEM) and X-ray diffraction (XRD, X' Pert
Pro PW3040-Pro, Panalytical Inc.) with Cu Ka radiation. X-ray photoelectron
spectroscopy (XPS, PHI 5000 Versa Probe System, Physical Electronics, MN) was used
for determining the chemical status of Fe and C. The C 1s peak at 284.6 eV worked as a
reference to calibrate the binding energies in XPS spectra. Shimadzu 2550 UV-visible
spectrometer equipped with an integrating sphere (UV 2401/2, Shimadzu) was used to
obtain the UV—visible absorption spectra under the diffuse reflection mode. The typical
sample preparation for the UV-visible spectrometer was pressing the sample powder
(0.3-0.5 g) onto a pre-pressed BaSOa4 paste to form a solid pellet. The Fourier transform

infrared spectra (FTIR) were obtained from the KBr pellet containing the a-Fe20zand the
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a-Fe203/rGO samples under transmission mode with a Nicolet 6700 spectrometer
(Thermo Scientific, Waltham, MA). The surface areas of all the samples were measured
by the Brunauer—-Emmett—Teller (BET) method with the instrument of Micromeritics
ASAP 2020. The content of rGO was measured by Thermogravimetric Analysis (TGA,

TA Instrument Q50).

6.2.3 Photocatalytic water oxidation testing

The simulated sunlight (light intensity: 80 mW/cm?) was generated by a
commercial xenon lamp solar simulator (300 W, Newport) equipped with an AM 1.5G
filter. The o-Fe20s and a-Fe203/rGO samples were used for oxygen generation by
photocatalytic water splitting as follows. First, DI water was boiled on a hot plate for 10
min to ensure all oxygen dissolved into the water was bubbled out. Second, the oxygen-
free DI water and a magnetic stirring bar were added in a 100 mL quartz flask, which was
then sealed with a septum stopper. Third, pure nitrogen was injected into the flask to
squeeze out 85 mL of DI water. Fourth, 6 mg of the a-Fe203 or a-Fe203/rGO samples and
68 mg of AgNOs (>99%, Sigma-Aldrich) were mixed with 5 mL of the oxygen-free DI
water and ultrasonicated for 30 s and then injected into the flask, so the total liquid in the
flask was 20 mL. Fifth, the flask was then placed in an ultrasonic bath for another 10 min
to form a homogeneous suspension. Sixth, the flask was exposed to the light for 4, 8, 12,
16, and 20 h, respectively. Finally, 5 mL of gas sample was extracted from the flask to
measure the gas composition at each reaction time with a gas chromatograph (GC)

equipped with a thermal conductivity detector (TCD).
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The stability of the photocatalytic water oxidation was evaluated by measuring
the rate of photocatalytic Oz evolution in four cycles of the re-collected samples. Between
each cycle, the photocatalyst was collected by centrifuging the suspension and then re-
dissolved into 0.02 M AgNOs solution and sealed into a quartz flask. The detail

procedure was identical as that described above.

6.2.4 Photoelectrochemical measurement

First, 0.1 g of a-Fe203 or a-Fe203/rGO samples were mixed with 0.5 mL of
terpineol (~95%, Sigma-Aldrich) and stirred on a magnetic stirrer for 24 h. Second, the
terpineol suspension was coated onto fluorine-doped tin oxide (FTO) glass substrates
(Hartford, TEC 15) with the doctor blading technique to prepare a series of
photoelectrodes under the similar conditions to ensure the same thickness of each
photoelectrode. Third, the a-Fe20s or a-Fe203/rGO photoelectrodes were dried on a hot
plate and then transferred to a quartz tubular furnace to sinter in nitrogen at 550 °C for 2
h. Fourth, a silver wire was linked on the FTO with silver paste and then the epoxy was
solidified onto the sample-uncovered areas on FTO substrate to avoid short current in the
following electrochemical measurement. Photoelectrochemical measurement was
conducted with a three-electrode cell using the prepared photoanodes as the working
electrode, Pt wire as the counter electrode, and Ag|AgCl as the reference electrode. As
the electrolyte, 1 mol/L NaOH (>98.0%, Sigma-Aldrich) aqueous solution (pH = 13.6)
was bubbled for 30 min with N2 prior to measurement. The identical light source used in
the photocatalysis experiments was applied to illuminate the samples. The J-V curve was

acquired with a Gamry electrochemical station (Reference 3000). The obtained potentials
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vs Ag|AgCl can be converted to the reversible hydrogen electrode (RHE) according to

the following Nernst equation 6-1:
E.e = E+0.05916 pH + E, (6-1)

where Erne Is the potential vs RHE, Eo = 0.1976 V at 25 °C, and E is the measured

potential vs Ag|AgCI.

6.3 Results and discussion

6.3.1 Morphology and crystal structure

Figure 6-1. SEM image of the a-Fe,0s/rGO(h) composite containing 6.1 wt% of reduced graphene oxide

(rGO) after heat treatment at 800 °C.
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Figure 6-3. SEM image of the a-Fe,Os/rGO(I) composite containing 2.9 wt% of reduced graphene oxide

(rGO) after heat treatment at 800 °C.
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Figure 6-4. SEM image of pristine a-Fe,Os; () after, and (b) before heat treatment at 800 °C.

Four types of samples were prepared by the hydrothermal processing and the
follow-up heat treatment: (a) the a-Fe203/ rGO(h) composites containing 6.1 wt % of
reduced graphene oxide (rGO) as shown in Figure 6-1, (b) the a-Fe203/rGO composites
containing 3.8 wt % of rGO as shown in Figure 6-2, (c) the a-Fe203/rGO(I) composites
containing 2.9 wt % of rGO as shown in Figure 6-3, and (d) pristine a-Fe203 as shown in
Figure 6-4. The rGO contents in the a-Fe203/rGO composites were calculated from the

TGA data in Figure 6-5.
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Figure 6-5. TGA plots; (a) a-Fe,0s, (b) a-Fe,0s/rGO(I) containing 2.9 wt% of rGO, (¢) a-Fe,O:/rGO

containing 3.8 wt% of rGO, and (d) a-Fe,0s/rGO(h) containing 6.1wt% of rGO.

It can be seen that the a-Fe20s sample showed a little loss in mass from room
temperature to 200 °C, which was apparently due to the loss of adsorbed water. The a-
Fe203/rGO composites containing different rGO contents demonstrated weight losses in
the temperature ranges of 20—100 °C, 150220 °C, and 420-550 °C, respectively, which
corresponded to the losses of the adsorbed water, the residual groups on the rGO, and the

burnout of rGO, respectively.
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Figure 6-6. SEM image of the a-Fe,O3/rGO before heat treatment.

SEM and TEM images in Figures 6-2 (a) and (b) show the morphology of the a-
Fe203/rGO composite. The particle sizes of a-Fe203 and a-Fe203/rGO increased after

heating in N2 as shown in Figure 6-4, Figure 6-2 (a) and Figure 6-6.

Figure 6-7 HRTEM image of one of a-Fe,O3 nanoparticles on the rGO sheet after heat treatment at 800 °C;
The lattice spacing is 3.74 A, which corresponded to the (012) plane of hematite (JCPDS: 33-0664)
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The TEM image of an a-Fe203 particle on the rGO sheet in Figure 6-7 shows

single crystalline structure with a lattice spacing of 3.74 A, corresponding to the (012)

plane (JCPDS: 33-0664).

6.3.2 Crystal structure
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Figure 6-8. XRD patterns of the a-Fe,O; and a-Fe,04/rGO

From the XRD patterns in Figure 6-8, iron oxide in both samples was indexed as
hematite. The crystalline sizes were calculated based on the strong diffraction peak (104)
by using the Scherrer equation. The crystalline size of monolithic a-Fe203 (63.8 nm) was

larger than that of a-Fe203 (41.4 nm) grown on the rGO sheets. The broad peak located at

about 27° in a-Fe203/rGO was assigned to be rGO [19].
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6.3.3 Light absorption
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Figure 6-9. UV-visible absorption spectra of a-Fe203 and a-Fe203/rGO

The UV-visible absorption spectra in Figure 6-9 shows an absorption edge at 600
nm, corresponding to the band gap of a-Fe203 at 2.07 eV. Absorption at wavelengths

longer than 600 nm was much stronger in the composite structure because of the presence

of rGO.

88



6.3.4 FTIR and XPS results of the a-Fe,O3/rGO composite
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Figure 6-10. (a) FTIR spectra and (b) XPS spectra of the a-Fe,O3/rGO before and after heating in N, at

800 °C.

Figure 6-10 (a) shows the FTIR spectra of the a-Fe203/rGO composite. Signatures
from the typical functional groups in the GO [20], such as C=0 (1736 cm ) [20-22]
benzene ring skeletal vibration (1623 cm ™) [20], aromatic C=C (1573 cm %) [20], COO—
(1404 cm™) [20,21], C-OH (1221 cm %) [20], C-O (1119 cm %) [20], and C—O—C (1035
cm %) [20], were observed before heating. After heating, the intensities of C=0, COO,
C—OH, C-0, and C—O—C band were reduced, but the benzene ring skeletal vibration
signature remained, indicating that the GO was reduced. The XPS spectra of the C 1s
core level in Figure 6-10 (b) were deconvoluted into the sp2 carbon (284.6 eV), C-O-C
(285.6 eV), C—OH or o-C in ~C—COOH (286.7 eV), C=0 (288.0 eV) and COOH (289.1
eV), respectively [20,23,24]. The significant drops of the peaks at 285.6, 286.7, 288.0,

and 289.1 eV indicated the reduction of GO.
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Figure 6-11. XPS spectra of the Fe 2p peaks of (a) a-Fe,O3 and (b) a-Fe,0s/rGO after heating at 800 °C

for activation.

However, there was no change in the XPS spectra of Fe 2p of the a-Fe203and the
a-Fe203/rGO in Supporting Information, Figure 6-11. The characterization data
demonstrated that the a-Fe203/rGO composite was successfully formed. The specific

surface areas were 19.3 m%/g and 24.9 m?/g for the pure a-Fe203sample and the rGO/a-

Fe20s composite, respectively.
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6.3.5 Photocatalytic oxygen generation
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Figure 6-12. Normalized O, evolution plots of the a-Fe,O3 and a-Fe,03/rGO

Both the a-Fe,O3 and the a-Fe,O3/rGO were irradiated under simulated solar light
to evaluate the photocatalytic activity toward oxygen evolution from water. As shown in
Figure 6-12, the O, generation rate was measured to be 387 uM/g/h for the a-Fe,O3 and
752 uM/g/h for the a-Fe,O3/rGO composite, respectively. Normalized with surface areas,
the O, generation rates were 20.1 uM/g/h and 30.2 uM/g/h for the a-Fe,O; and a-
Fe,O3/rGO composite, respectively. Coupling a semiconductor with rGO is one of the
effective routes to improve the photocatalytic activity of semiconductors [25,26]. In the
present work, the a-Fe,O3/rGO composites with different rGO contents exhibited

difference in the photocatalytic activity toward oxygen evolution.
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Figure 6-13. Photocatalytic stability measurement (a) a-Fe,Os/rGO containing 3.8wt% of rGO, (b) a-
Fe,O3 /rGO(I) containing 2.9 wt% of rGO, (c) a-Fe,O3/rGO(h) containing 6.1 wt% of rGO, (d) a-Fe,0s,

and (e) physical mixture of a-Fe,05+rGO containing 3.8wt% of rGO

A too high rGO content resulted in relatively scarce a-Fe,O3 particles on the rGO
sheets (Figure 6-1). A too low rGO content led to the heavily agglomerated a-Fe,O3

particles on the rGO sheets (Figure 6-3); even some of o-Fe,Os; particles were not
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supported on the rGO sheets. Consequently, both the a-Fe,Os/rGO(h) (Figure 6-13 (c))
and the a-Fe,O3/rGO(I) (Figure 6-13 (b)) exhibited worse photocatalytic activity than the
a-Fe;O3/rGO with an optimal rGO content (Figure 6-13 (a)). In addition, a physical
mixture of a-Fe,O3 with rGO was prepared as a control sample. This physical mixture (a-
Fe,O3+rGO) in Figure 6-13 (e) showed much worse photocatalytic activity than the
hydrothermally prepared o-Fe,O3/rGO composite (Figure 6-13 (a)) although both the
samples had the same rGO content (3.8 wt%). According to the average photocatalytic O,
evolution rate measured with four cycles, the five samples showed the order: a-
Fe,03/rGO>a-Fe,03/rGO(h)>a-Fe,03>a-Fe,03/rGO(l)>a-Fe,O3+rGO.  This indicated
that the interaction of a-Fe,O3 with rGO played an important role in the photocatalytic

activity.

6.3.6 Photoelectrochemical measurements
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Figure 6-14. Photocurrent densities (J) as a function of the applied voltage (V vs RHE) of the a-Fe,O3 and

a-Fe,03/rGO with and without irradiation under AM 1.5G simulated solar light.
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To further understand why the a-Fe;Os/rGO composite showed better
photocatalytic activity than a-Fe,O3; alone, both the powder samples were immobilized
on the FTO electrodes. Figure 6-14 shows the PEC behavior of both the samples. The
photocurrent observed in a-Fe,Os started at 1.05 V vs RHE, raised to 0.80 mA cm? at
1.23 V vs RHE, and finally reached 1.30 mA cm before the dark current onset. For the
a-Fe;03/rGO, the photocurrent onset shifted to lower potential (0.8 V vs RHE) and the
photocurrent density increased continuously up to 6 mA cm™ before the dark current
onset. Small oscillation of photocurrent was observed at around 1.4 eV. Similar
phenomenon was also shown in the previous literature [27,28]. The dark current for the
a-Fe;03/rGO indicated that some electrons were transferred from rGO to the electrode
[29]. Two conclusions were drawn from the J-V curves. First, the lower onset potential of
the a-Fe,O3/rGO indicates a smaller Kinetic energy barrier for charge transfer across the
interface of rGO and a-Fe;O3 [4,5]. In other words, rGO can lower the overpotential
required for water oxidation of a-Fe;O3. Second, the photocurrent of the a-Fe,O3/rGO
composite (6 mA-cm™) was higher than the pristine a-Fe,O3 (1.0-3.0 mA-cm™), which
was in agreement with the previous literature [4,5]. The higher photocurrent of the a-
Fe,03/rGO must be due to more electrons being transferred to the photo-electrode, which
is only possible if rGO acted as an electron transfer channel, transferring the

photogenerated electrons from a-Fe,03[29,30].
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Figure 6-15. (a) Photocurrent decay curves of the a-Fe,O3 and a-Fe,O:/rGO at the bias of 1.23 V vs RHE;

(b) Normalized plots of the photocurrent-time dependence for the a-Fe,O3 and a-Fe,Os/rGO.

Electron transfer to the rGO could increase the charge separation and suppress the
charge recombination, leaving long lived holes in the a-Fe,O; to oxidize water,
increasing the photocatalytic water splitting rate. Transient photocurrent plots for a-Fe;O3
and a-Fe,03/rGO photo-electrodes at a constant potential (1.23 V vs RHE) confirmed this
scenario. After the potential was removed, the o-Fe,O3 revealed a sharper photocurrent
drop off than the a-Fe,O3/rGO. The photocurrent of the rGO/a-Fe,O3 decayed to the dark
current level slower than a-Fe,O3. To quantitatively determine the charge recombination

behavior, a normalized parameter D is introduced in Equation 6-2:[31]

D= (|t— |st) / (Iin_ |st) (6-2)

where |;, lg, and I, are the time-dependent, steady-state and initial photocurrents,
respectively. Figure 6-15 (b) shows the normalized plots of InD—t. The transient time
constant (z) is defined as the time when InD=-1 [31], which reflects the general behavior

of charge recombination. From Figure 6-15 (b), r was estimated to be 4.8 s for a-Fe;Os3
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and 10.6 s for a-Fe,Os/rGO. The larger transient time constant for the composite structure

indicates that it has a lower charge recombination rate than the a-Fe,O3 alone.
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Figure 6-16. Schematic of charge transfer in the a-Fe,04/rGO composite.

Transient absorption measurements proved the photocatalysis enhancement
mechanism in the a-Fe,O3/rGO composite as illustrated in Figure 6-16. In this scheme,
mobile electrons are initially created in a-Fe,Os, quickly transfer to the rGO sheet, where
they diffuse into trap states in the rGO on a time scale of picoseconds. These long-lived
trapped electrons then react with the Ag*, while the accumulated holes in the a-Fe,Os3
lead to water oxidation, generating O,. Alternatively, in a PEC, the trapped electrons can
hop between successive layers of rGO to reach the photoelectrode, leading to an increase
in the photocurrent and the recombination time. The interface of rGO and a-Fe;O3

enhances the charge separation rate, increasing the photocurrent.

6.4 Conclusions

In summary, an a-Fe,O3/rGO composite was synthesized for photocatalytic water
oxidation. The suppressed charge recombination and enhanced charge separation in a-
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Fe,O5; was realized due to the extraction of photogenerated electrons from a-Fe,Os to
rGO, which resulted in the enhanced photocatalytic activity toward oxygen evolution.
This mechanistic study has paved a way for improving the photocatalytic activity of
semiconductors with the poor charge mobility and the short charge carrier diffusion

length.
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Chapter 7 Solar H, Generation of Au/La,Ti,0;/rGO

Heterostructure Enhancement by Plasmonic Energy Transfer

7.1 Background and introduction

Hydrogen generation by photocatalytic water splitting is a promising technique to
provide clean solar fuel to meet the sustainable development needs of the world [1-4].
For single material devices a trade off exists between large band gap oxides with good
carrier recombination and surface kinetics but poor solar utilization, and small band gap
materials with good spectral utilization but poor charge recombination and stability [5-
15]. Doping is one successful approach to increasing spectral utilization in large band gap
oxides [12,16-18]. Unfortunately, the mid gap states created by the dopants increase
charge recombination, decreasing the overall photocatalytic performance. This loss can
be avoided if the dopant forms a continuum with the valence or conduction band edge,
preventing localized states mid gap as shown in Chapters 3-5. Unfortunately, the
requirement for a connected density of states ultimately limits the extent to which the
band gap can be narrowed [16,18]. As well, in Chapter 6 we have shown the effects of
using rGO as a charge extraction layer. Although LTO has good carrier mobility
compared to Fe,Os, a large enhancement in performance can still be seen by improving
carrier recombination lifetimes.

Therefore, in this chapter we combine the results of the enhancements found in
Chapters 3-6 with a different avenue to increasing the photocatalytic performance,

plasmonics. Plasmonics can lead to enhancements in both charge separation [19-21] and
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carrier lifetime [22-24]. First, plasmonics can increase spectral utilization at energies
below the band edge through plasmon induced resonant energy transfer (PIRET) and
direct electron transfer (DET), or increase absorption at wavelengths above the band edge
by increased scattering [19-21]. PIRET is a nonradiative energy transfer process, so its
strength depends on the spectral overlap between the plasmon and semiconductor. The
strength of DET depends on the ability of photo excited plasmonic electrons to overcome
the Schottky barrier present at the metal/semiconductor interface [20].

Also, the plasmonic metal nanoparticle can increase carrier lifetime and the
reduction potential by the Fermi level shift at the semiconductor/metal/electrolyte
interface [22-24]. Au nanoparticles have also been shown to act as an electron relay in
heterostructures, further increasing charge separation [25]. Plasmonics can therefore
further increase the spectral utilization of a doped semiconductor while also decreasing
the negative effect on carrier lifetimes. Despite this possibility, little research has
investigated the interaction of dopants with plasmonics.

Our previous work has shown that Pt-loaded La,Ti,O; (Pt-LTO) can be doped
with nitrogen to form a continuum of states above the band edge, extending the
absorption into the visible without negatively effecting carrier lifetimes [16]. However,
the N-doped LTO still has a band gap below the ideal 2 eV value and LTO is primarily an
ionic conductor, limiting charge migration [7,16,32-35].

We have shown that by combining the individual enhancement avenues of doping
and plasmonics, the hydrogen generation efficiency of nitrogen doped LTO can be

increased from 65.3 to 163.4 uM-g™-h™, beyond the sum of each individual enhancement.
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7.2 Experimental section

7.2.1 Materials synthesis

Pt-loaded La,Ti;O; nanosheets were synthesized as a precursor material. The
detail synthesis process was described as follows. First, La,Ti;O; nanosheets were
synthesized as the procedures in chapter 4 and 5. Second, 0.05 g of Pt(NH3)4Cl, (Sigma—
Aldrich) and 0.5 g powder of La,Ti,O; nanosheets were mixed in 20 mL of deionized
water (DI) to form a homogenous suspension. Third, the suspension was stirred
rigorously for 24 hrs at room temperature. Fourth, the suspension was centrifuged to
obtain a fluffy white powder, which was then dried at 80 °C overnight. Fifth, the dried
white powder was heated in air at 400 °C for 3 hrs to become a grey powder. Sixth, the
grey powder was reduced at 500 °C in a H, flow for 1 hr. Consequently, four samples

were synthesized based the precursor of Pt-loaded La, Ti,O7 nanosheets:

1.1 Au,Pt-loaded La,Ti,O; nanosheets coupled with rGO was synthesized as follows:
first, mixed 0.5 g powder of Pt-loaded La,Ti,O; nanosheets with 0.05 g of HAuCl, (Alfa.
Inc) in 10 mL DI water to form a suspension; second, centrifuged the suspension to get a
fluffy powder and then dry the powder at 80 °C overnight; third, heated the powder in air
at 400 °C for 3 hrs; fourth, reduced the powder in a H, flow at 500 °C for 1 hr; fifth,
synthesized graphene oxide (GO) as the Hummer method; sixth, mixed 0.5 g powder of
the Au,Pt-loaded La,Ti,O; nanosheets with 0.0125 g of GO (2.5 wt.%) in 15 g of DI
water to make a suspension; seventh, stirred the suspension rigorously for 20 sec in

ultrasonic bath; eighth, added 15 ml of ethanol in the suspension and then stirred it for 1
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min; ninth, sealed the suspension in a teflon-lined pressure vessel, which was then placed
in a pre-heated oven (200 °C) for 24 hrs; tenth, cooled the pressure vessel to room
temperature and washed the sample 5-6 times with DI water; eleventh, dried the sample

at 80 °C on a hotplate overnight.

1.2 Pt-loaded, N-doped La,Ti,O; nanosheets was synthesized as follows: heated 0.5 g
powder of Pt-loaded La,Ti,O7 nanosheets in a NH3 flow at 600 °C for 3hrs with a ramp

rate of .5 °C/min in a tubular furnace.

1.3 Au,Pt-loaded, N-doped La,Ti,O; nanosheets was synthesized as follows: heated 0.5 g
powder of Au,Pt-loaded La,Ti,O; nanosheets in a NH3 flow at 600 °C for 3hrs with a

ramp rate of .5 °C/min in a tubular furnace.

1.4 Au,Pt-loaded, N-doped La,TiO; nanosheets coupled with rGO was synthesized with
hydrothermal method by mixing 0.5 g powder of Au,Pt-loaded, N-doped La,Ti,O;

nanosheets and GO as described in 1.1.

Finally, the four samples of Au,Pt-loaded La,Ti,O; nanosheets coupled with rGO,
Pt-loaded, N-doped La,Ti,O; nanosheets, Au,Pt-loaded, N-doped La,Ti,O; nanosheets
and Au,Pt-loaded, N-doped La,Ti,O; nanosheets coupled with rGO were collected and
named shortly as Au@Pt-LTO/rGO, Pt-NLTO, Au@Pt-NLTO and Au@Pt-NLTO/rGO

respectively.
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7.2.2 Materials characterization

The detail materials characterization methods were reported in chapter 4 and 5.
Briefly, the morphology was characterized with a scanning electron microscope (SEM,
JEOL 7600F) and a transmission electron microscope (TEM, JEOL, JEM 2100). The
crystal structures of the materials were characterized by a high-resolution TEM (HRTEM)
and X-ray diffraction (XRD, X’ Pert Pro PW3040-Pro, Panalytical Inc.) with Cu Ka
radiation. X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe system,
Physical Electronics) was used for element (N, Au and Pt) composition analysis with a
reference to the C 1s peak at 284.8 eV. The light absorption performance of the samples
were characterized by an ultraviolet-visible spectrometer (UV-Vis, Lambda 750,
PerkinElmer Inc.). The surface areas of the samples were measured by Brunauer, Emmett

and Teller (BET, Micromeritics ASAP 2020).

7.2.3 Photocatalysis

The light source used for photocatalytic H, generation was a commercial solar
light simulator (300 W, Newport, Intensity: 40-50 mW/cm?), which was equipped with
monochromic shutter and an AM 1.5G filter. Briefly, 10 mg powder of the sample was
dissolved in 20 mL of solution (10 mL of DI and 10 mL of ethanol); then the solution
was transferred into a 100 mL of quart flask and bubbled with N, (99.9 %, Air Gas Inc.)
for 10 min; after bubbling, the flask was sealed and irradiated under the simulated solar
light with a light window of 2.0 cm? for different times; finally, 5 mL of the gas sample

was collected from the flask for chromatography (GC, Shimadzu 2014) measurement.
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7.2.4 Photoelectrochemical measurements

(1) Preparation of photoeletrodes

Typically, 0.1 g of the powder sample was stirred with 0.5 mL of terpineol (~95%,
Sigma-Aldrich) with a magnetic stirrer overnight to form a homogenous sticky
suspension; then the sticky suspension was coated onto a piece of fluorine-doped tin
oxide (FTO) substrate (Hartford, TEC 15) with doctor blading method to make sure the
sample suspension was homogenously coated; after drying the sample-coated FTO
photoelectrodes on a hot plate in air, the electrodes were heated in N, at 550 °C for 2 hr
to ensure strong connection between the sample and the FTO glass substrate; finally, a
copper wire was connected with the FTO substrate with silver colloid paste and the

sealed with epoxy glue.

(2) Electrochemical measurement

A Photoelectrochemical cell (PEC) was constructed as a three-electrode system
and measured with a Gamry electrochemical station (Reference 3000™). The Pt plate,
Ag/AgCl and sample electrodes were acted as counter electrode, reference electrode and
working electrode respectively. The three electrodes were immersed into a 1 M NaOH
(>98.0%, Sigma-Aldrich) aqueous electrolyte (pH=13.6, bubbled in pure N, for 30 min)
simultaneously for electrochemical testing. The light source for the PEC was the same as

that used in photocatalytic water splitting.

105



The relationship between current density (J) and potential (V) was obtained. The
potential (vs. Ag/AgCl) was converted to the reversible hydrogen electrode (RHE)

according to the Nernst equation:
Enue = E +0.05916 pH + E, (7-1)

In the equation 7-1, the Erye is the potential vs. RHE, Eq=0.1976 V at 25 °C, and E is the
measured potential vs. Ag|AgCI. The on-off J-V curves were obtained under a bias of -
0.25 V vs. RHE.

The incident photo-to-electron conversion efficiency (IPCE) plots were calculated
based on the photocurrents at different incident light wavelengths under a bias of -0.25 V

vs. RHE. The IPCE equation was as follows:

IPCE =1240 J/2 Iy, 7-2)

In equation 7-2, the J and Lign are measured as the photocurrent and light intensity

respectively at a wavelength A. A was varied from 250 nm to 700 nm with an interval of

25 nm.
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7.3 Results and discussion

Au@Pt-NLTO/rGO

Au@Pt-NLTO

Au@Pt-LTO/rGO

‘ Pt-NLTO
- s 300 400 500 600 700 800
Wavelength (nm)

Figure 7-1 Characterization of N-LTO plasmonic and heterostructured samples. The TEM (a) and HR-
TEM (b) confirmed the presence of Pt and Au nanoparticles on the NLTO/rGO heterostructure, as
represented in (c). (d) The band gap of the LTO increased to 550 nm after doping, with the LSPR of the Au
nanoparticles being centered at 550 nm. The addition of rGO led to an increase in absorption across the

spectrum.

The NLTO nanosheets with size 200-300 nm were first synthesized with Au or Pt
nanoparticles decorating the surface, then combined with rGO in Figure 7-1 (c) [7, 16].
The TEM and HRTEM images of the Au@Pt-NLTO/rGO are shown in Figure 7-1 (a)

and (b). The HRTEM image in Figure 7-1 (b), taken from the red box area in Figure 7-1
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(a), clearly showed that both Pt and Au nanoparticle were loaded onto the NLTO
nanosheet. The NLTO nanosheet showed a crystal lattice fringe of 0.297 nm, which is
attributed to the LTO (-212) facet (JCPDS:28-0517). The left nanoparticle in Figure 7-1
(b) is a Pt (200) facet with a crystal lattice fringe of 0.196 nm (JCPDS: 04-0802). The
right nanoparticle in Figure 1b has a lattice fringe of 0.232 nm, which is the Au (111)

facet (JCPDS: 04-0784).

(a) o Pt4'f (b) O Auss (c) N1s
1 M 1 M 1

W’/ My 2 MW\M* :
WNmla iy 3

m4 A LW

64 68 72 76 80 81 84 87 90 93 392 396 400 404
Binding Energy (eV)

Intensity (a.u.)

Figure 7-2. XPS of the (a) Pt, (b) Au, and (c) N peaks for Au@Pt-NLTO/rGO (curve 1), Au@Pt-NLTO

(curve 2), Pt-NLTO (curve 3), and Au@Pt-LTO/rGO (curve 4).
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Table 7-1. The contents of the loaded Pt and Au and doped N in the four samples.

Sample Pt (at. %) Au (at. %) N (at. %)
Au@NLTO/rGO 1.55 2.12 1.99
Au@NLTO 1.71 2.21 2.08
NLTO 1.65 0 2.13
Au@LTO/rGO 1.61 2.05 0

.LTO +Au  °Pt }rGO
1 Au@Pt-NLTO/fGO

0

II | 3 Pt-NLTO

Intensity (a.u.)

4 Au@Pt-LTO/rGO

*

'

20 30 40 50 60
Two Theta (deg.)

Figure 7-3 XRD and peak classification for Au@Pt-NLTO/rGO (curve 1), Au@Pt-NLTO (curve 2), Pt-

NLTO (curve 3), and Au@Pt-LTO/rGO (curve 4).

The XPS results are in Figure 7-2. Each of the four samples showed a Pt4f peak
with two typical sub-peaks of Pt 4f 5, and Pt 4f 7, at 74.1 eV and 71.0 eV respectively.
Except for the Pt-NLTO, the other three samples showed clear Au 4f peaks, which were
split into Au 4f 5, and Au 4f 7, at 87.8 and 83.9 eV, respectively. For the three samples
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doped with nitrogen, the N 1s peak at 398 eV showed a broad peak, which resulted from
three typical N status in the LTO nanosheets [16, 36]. According to XPS data, the
contents of the N, Pt and Au in the samples were calculated (table 7-1). The XRD
patterns of the four samples in Figure 7-3 are consistent with the standard XRD data
(JCPDS:28-0517) of LTO, which means that the crystal structure of the LTO nanosheets
were not changed after nitrogen doping, the Pt or Au loading, or the coupling with GO.
Only the Au@Pt-NLTO/rGO and Au@Pt-LTO/rGO showed clear rGO peaks at 27° [9,
37]. A small XRD peak for Au (111) existed at 38.2° in the XRD patterns of the samples
which were loaded with Au nanoparticles. The Pt (111) peak was consistent in all four
samples. From the TEM, XPS and XRD data, both the Au and Pt in the samples existed
in metallic status instead of oxides on the LTO nanosheets, which indicated the Au and Pt
nanoparticles were successfully maintained after nitrogen doping and hydrothermal
synthesis.

The absorption data for the four samples is shown in Figure 7-1 (d). The Au@Pt-
LTO/rGO shows the 350 nm, or 3.54 eV, band gap of LTO as well as the absorption due
to the localized surface plasmon resonance (LSPR) of the Au nanoparticle centered at
550 nm. After nitrogen doping the band gap of LTO decreases to 550 nm, or 2.25 eV
[7,16]. It should be noted that in LTO the nitrogen doping does not form localized states
but instead forms a continuum with the band edge, as discussed in detail in our previous
literature [16]. All three samples with Au nanoparticles showed an absorption peak
centered at 550 nm due to the LSPR [20,38,39]. The rGO absorption adds a decreasing
offset with wavelength [9,12]. The LSPR peak overlaps with the doped N-LTO but not
the undoped LTO. Since plasmon induced resonant energy transfer (PIRET) depends on
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the spectral overlap between the semiconductor and plasmon, this spectral enhancement
mechanism should only be present in the Au@Pt-NLTO samples [20,21]. Direct electron

transfer depends only on the band alignment at the interface, and can potentially exist in

both the Au@Pt-NLTO and Au@Pt-LTO [20,21].

(a) 1800 — . ; ; ; (b) . ; ;
1 423 T
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E:!. 900 - i _é- 1 Au@Pt-N\LTO/rGO_dark
= 7] y BENLTO liaht
= | s e S
Z 600- i ) Au@Pt-NLTO dark
o | 9 -2001 3* Pt-NLTO_light :
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| £ 17 4* Au@Pt-LTOIrGO_light
04 1 &3, 4 Au@Pt-LTO/rGO_dark |
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Figure 7-4. Hydrogen generation rate and photocurrent. (a) The interaction of plasmonics and the doped
Pt-NLTO with and without heterostructuring with rGO is seen to outperform the undoped Au@Pt-
LTO/rGO. (b) Similarly, the largest photocurrent is seen for the Au@Pt-NLTO/rGO sample, with the
Au@Pt-NLTO and Pt-NLTO both outperforming the doped Au@Pt-LTO/FGO samples. The hydrogen

generation and photocurrent show the strong enhancement of combined doping and plasmonics.

The photocatalytic production of hydrogen under simulated solar irradiation is
shown in Figure 7-4 (a). Ethanol was used as the hole scavenger in all photocatalysis
experiments. The undoped sample Au@Pt-LTO/rGO showed the lowest hydrogen
production rate, despite the possibility of plasmonic enhancement by DET and a charge
extraction enhancement by the rGO. After nitrogen doping, the Pt-NLTO showed a

greater hydrogen production rate than the Au@Pt-LTO/rGO due to the increased spectral
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utilization. When the Au nanoparticles are deposited on the Au@Pt-NLTO the hydrogen
production rate is increased by ~150% when compared to the Pt-NLTO alone. Since a
large plasmonic enhancement was present only when the NLTO and LSPR overlapped
spectrally, but not in the Au@Pt-LTO sample without spectral overlap, the enhancement
is most likely due to PIRET. However, it is also possible that the Fermi level

equilibration is increasing the carrier lifetime and increasing the reductive potential [22-

24].
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Figure 7-5. Photoelectrochemical performance of the four sample: IPCE curves.

In Figure 7-5, the PEC activity of the photoelectrode against the wavelength of
the irradiation light was evaluated according to the incident photon-to-electron
conversion efficiency (IPCE), which was measured at a bias of -0.25 V vs. RHE from
250 nm to 700 nm with an interval of 25 nm. Compared with the nitrogen doped samples,
the onset point of the IPCE of the sample Au@Pt-LTO/rGO initiated from 325 nm.

However, for the nitrogen doped samples, the onset points of the IPCE curves were
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extended to visible light range. The onset points of the IPCEs reflected the difference of

band gaps due to nitrogen doping. Moreover, both of the IPCE of the Au@Pt-NLTO/rGO

and the Au@Pt-NLTO started to rise from zero at 600 nm, however, the IPCE was

dropped to zero at 525 nm for the Pt-NLTO, which was in agreement of light absorption

curves in Figure 1 (d).
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Figure 7-6 Hydrogen generation rate over three cycles for Au@Pt-NLTO/fGO, Au@Pt-NLTO, Pt-NLTO,

and Au@Pt-LTO/rGO.
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four samples.

Table 7-2 The photocatalytic hydrogen generation rates and BET surface areas of the

Sample H, (uM-gt-h?) Surz‘r%czt?ge}lr)eas H, (@M m2-h™)
Au@Pt-NLTO/rGO 163.4 44.65 3.66
Au@Pt-NLTO 101.1 38.54 2.62
Pt-NLTO 65.3 40.25 1.62
Au@Pt-LTO/rGO 44.2 43.53 1.02

After addition of rGO to the Au@Pt-NLTO sample the hydrogen production rate
again increased by 250 % compared to the Pt-NLTO alone because of the increased
charge extraction. [40-42] The hydrogen production rate showed that the doping and
plasmonic enhancements act synergistically, enhancing the performance beyond that of
the undoped Au@Pt-LTO/rGO sample. All four samples showed stable and recyclable
photocatalytic properties in three continuous experiments of photocatalytic hydrogen
generation (Figure 7-6). The average rates of photocatalytic hydrogen generation and
BET surface areas of the four samples were collected in Table 7-2, showing the
difference in photocatalytic activity between samples was not caused by differences in
surface area. The photocurrent (Figure 7-4 (b)) is seen to follow the same increasing
trend as the hydrogen production rate with doping, addition of the plasmon, and addition
of the rGO synergistically increasing the photocurrent beyond that of the Au@Pt-

LTO/rGO before doping.
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7.4 Conclusions

In conclusion, it has been shown that doping and plasmonics act synergistically to
increase photocatalytic hydrogen generation and photocurrent beyond that of an undoped
sample combined treated by the same enhancement techniques. The Fermi level
equilibration of the Au NP both with and without the charge extraction of the rGO acts to
increase carrier lifetime and increase the reductive potential. The plasmon overlaps with
the doped NLTO spectrally, leading to PIRET and an increase in spectral utilization.
These effects combine to increase the hydrogen generation rate from 44.2 to 163.4 uM-g’
L.h™. The reported results can be used to guide the optimization of the plasmonic effect
with doping in other nanomaterial photocatalysts for enhancement of hydrogen

generation.
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Chapter 8 Solar Hydrogen Generation by Nanoscale p-n
Junction of p-type Molybdenum Disulfide/n-type Nitrogen-

Doped Reduced Graphene Oxide

8.1 Background and introduction

It is of great interest to utilize solar energy to produce hydrogen from renewable
resources such as water [1-5]. In Chapters 3-7 we have shown how doping, charge
extraction, and plasmonics can all lead to enhancements in hydrogen generation for both
large and small band gap metal oxide photocatalysts. However all of these materials have
relied on precious metals such as Pt, Rh and Pd are essential components in the catalysts
for hydrogen evolution reaction (HER). The high cost and scarcity of these precious
metals counters the benefits gained from an otherwise environmentally sustainable
energy source [1,6,7]. It is vital to find inexpensive, earth-abundant materials to replace
precious metal catalysts for sustainable development. Molybdenum disulfide (MoS,) is a
nontoxic, environmentally friendly, abundant semiconductor with the potential to fill this
void. MoS; is widely used as an electrocatalyst for HER [1,8,9]. MoS; alone has
negligible photocatalytic activity despite the fact that bulk MoS, has an indirect
absorbance edge at ~1040 nm [10], which seems ideal for solar light harvesting. It
remains unclear why MoS, is effective as an electrocatalyst but inactive as a
photocatalyst. However, when MoS; is combined with other co-catalysts it does exhibit

photocatalytic activity toward HER [11-16]. For example, MoS, has shown
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photocatalytic activity when it was coupled with Ru(bpy)**

—based photosensitizer
molecules [14], indicating that insufficient charge separation in MoS; may limits its
photoactivity. Similarly, MoS, has been used as a co-catalyst with CdS [11].
Unfortunately CdS is toxic and instable under photochemical reaction.

Graphene and reduced graphene oxide (rGO) have been incorporated with
semiconductors to form heterostructures to improve the catalytic activity in either
photocatalysis [17-26] or electrocatalysis8. For example, MoS, nanoparticles (NPs)
supported on rGO have been proven to be active HER electrocatalysts8. Recently, Eosin
Y dye and the MoS, NPs have been co-deposited on the rGO nanosheets to form a
photocatalyst [26]. However, the MoS,-rGO system shows no photocatalytic activity in
the absence of a photosensitizer (Eosin Y dye), which indicates that MoS, provides
reaction sites for HER but it does not harvest solar energy. In the semiconductor-rGO
composite photocatalysts reported previously, rGO was treated as a metallic support to
allow conduction. It was always considered as a passive component that provided a
channel for charge transport, not help with the charge generation.

MoS; has a layered S-Mo-S structure, which has extremely low conductivity
between adjacent S-Mo-S layersl, leading to poor charge mobility. Bulk MoS, has poor
catalytic activity toward HER. For nano-sized MoS;, the edges of the S-Mo-S layers are
the active sites for HER activity [27,28]. Two strategies have been proposed to improve
the HER catalytic activity of MoS; [29,30]: (i) increase the number of active sites, and
(ii) promote the charge transport. In this paper, a thin nanoplatelet structure of MoS, will
be fabricated to create a large percentage of edge sites. This nanoplatelet structure will

also shorten the distance that photo-generated charge carriers diffuse to the reaction sites,
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lowering the charge recombination loss that usually occurs during volume diffusion. The
nanoplatelet geometry will also increase the contact area with the rGO sheets as
compared to the spherical particles that are only in point contact with rGO. The increased
contact area will promote the charge transfer at the MoS,/rGO interface. In addition, the
rGO nanosheets will be doped with nitrogen to form a n-type semiconductor as a support
to grow the p-type MoS, nanoplatelets, forming many nanoscale p-n junctions on each
rGO nanosheet. The space charge layer created by the nanoscale p-n junctions will not
only suppress the charge recombination but also enhance the photo-generation of
electron-hole pairs. In this photocatalyst system, MoS; not only acts as a catalytic center
but also as a photocenter for absorbing solar light to generate charge carriers. As a result,
the nanoscale p-n junction increases the photocatalytic activity toward HER.
Furthermore, no noble metals or toxic materials are used in the p-MoSy/n-rGO
photocatalyst. This work presents an effective method to improve the HER photocatalysis
of semiconductors without sacrificing environmental sustainability by incorporating

precious metals or toxic co-catalysts.

8.2 Experimental section

8.2.1 Material synthesis

Graphene oxide (GO) was synthesized by the established Hummer method [25].
The MoS,/reduced graphene oxide (rGO) was synthesized by the hydrothermal method
[8,9]. Briefly, 132 mg of (NH,).MoS, (>99%, Sigma-Aldrich), 60 mg of GO and 0.6 g of

L-Ascorbic acid (L-AA, >99%, Sigma-Aldrich) was dissolved into 60 mL of N, N-
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Dimethylformamide (DMF, anhydrous, 99.8%, Alfa-Aesar) and then sonicated for 20
minutes to form a homogenous solution. The solution was then transferred to a 75 mL of
Teflon-lined autoclave, and heated at 200 °C for 10 h. After hydrothermal treatment, the
autoclave was cooled down to room temperature and the product was collected.
Subsequently, the product was washed with DI water and then re-collected by
centrifugation at 13000 rpm for 10 min. The washing-centrifuging step was repeated
seven times to remove DMF. Finally the wet product was dried at 50 °C overnight to
obtain the MoS,/rGO powder sample. The solitary MoS, sample was obtained with a
similar hydrothermal method except that the GO and L-AA was added into the solution.
Nitrogen-doping was performed on the as-prepared MoS,/fGO sample. The
MoS,/rGO was heated in a NH3 flow (100 mL/min) to 500 °C at a ramp rate of 5 °C/min,
and then held at 500 °C in NH3 for 30 min in order to dope nitrogen into rGO. It should
be pointed out that GO was simultaneously reduced to rGO during the nitrogen-doping
process. Finally, the p-MoS,/n-rGO sample with the nanoscale p-n junctions was

obtained.

8.2.2 Material characterization

The shape and dimension of samples were characterized with a field-emission
scanning electron microscope (SEM, JEOL 7600F) and a transmission electron
microscope (TEM, JEOL JEM 2100F). For preparation of SEM samples, 1 mg of powder
sample was mixed with 1 mL of de-ionized water to form a suspension, which was then
ultrasonated for 30 seconds. The suspension was then deposited onto a pre-cleaned

silicon wafer substrate (SPI Inc.), and dried in air. For preparation of TEM samples, the
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powder was mixed with ethanol and deposited onto a TEM grid (Ted Pella, Inc.), and
then dried at room temperature overnight. The crystal structures of the samples were
characterized by a high-resolution TEM (HRTEM) and X-ray diffraction (XRD, X’ Pert
Pro PW3040-Pro, Panalytical Inc.) with Cu Ka radiation. The element composition of
samples and the chemical status of N, C, S and Mo were analyzed with X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versa Probe system, Physical Electronics)
was used. The binding energies in all XPS spectra were calibrated with a reference to the
C 1s peak at 284.8 eV. The light absorption properties of samples were evaluated by an
ultraviolet-visible spectrometer (UV-Vis, Lambda 750, PerkinElmer Inc.). The surface
areas of the samples were measured by the Brunauer, Emmett and Teller (BET) method

with the instrument of Micromeritics ASAP 2020.

8.2.3 Photocatalytic H, generation

A commercial solar simulator (300 W, Newport) equipped with a Xenon lamp
and an AM 1.5G filter was employed as the light source for photocatalytic H, generation.
At First, 10 mg of photocatalyst sample was mixed with 10 mL of de-ionized water and
10 mL of ethanol to form a homogenous solution. The solution was then transferred to a
100 mL of quartz flask, and bubbled with pure N, for 2 min. Subsequently, the quartz
flask was sealed with a septum stopper. The quartz flask was placed in front of the
simulated solar light with the intensity of 40-50 mW/cm? with the irradiation area of
about 1.8 cm®. The flask was exposed to the light for 4, 8, 12, 16 and 20 h, respectively.
Finally, the gas composition was measured with a gas chromatography (GC) equipped

with a thermal conductivity detector (TCD) from 5 mL of gas sample extracted from the
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flask.

Photocatalytic H, generation under natural sun light irradiation was performed on
the Evansdale campus of West Virginia University, Morgantown, WV, USA. (39°38'1"N
79°572"W). The experiments were run from 12:00 pm to 2:00 pm on September 21th,
2012. Sunlight incident angle was about 45.2° at noon. The intensity of the sun light was
recorded. Three batches of p-MoS,/n-rGO samples were used for photocatalytic H,

generation simultaneously.

8.2.4 Photoelectrode fabrication and photoelectrochemical measurement

Photoelectrode fabrication: 0.1 g of photocatalyst sample was mixed with 0.5 mL
of terpineol (~95%, Sigma-Aldrich) and stirred with a magnetic stirrer for 24 h. The
suspension was dip-coated onto the fluorine-doped tin oxide (FTO) glass substrate
(Hartford, TEC 15). A doctor blading technique was employed to ensure the same
thickness for each photoelectrode. The photoelectrode was then dried on a hot plate at
80 °C, and then heated in a quartz tubular furnace in nitrogen at 550 °C for 2 h. A silver
wire was then connected to the FTO substrate with the silver colloid paste. Finally epoxy
was solidified to cover the FTO substrate, the silver paste and wire to avoid short current
in the measurement.

Photoelectrochemical measurement: A Photoelectrochemical cell (PEC) with a
three-electrode configuration was constructed. In the PEC, the Pt wire and Ag|AgCl were
used as the counter electrode and the reference electrode, respectively.
Photoelectrochemical performance of the photoelectrode was measure in 1 M NaOH

(>98.0%, Sigma-Aldrich) aqueous electrolyte (pH=13.6). The electrolyte was bubbled
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with N2 for 30 min prior to PEC measurement. The light source used in the PEC
measurements was identical with the simulated light used in the photocatalytic H,
generation testing.

The J-V curves were obtained with a Gamry electrochemical station (Reference
3000™), The obtained potentials versus Ag|AgCl was converted to the reversible

hydrogen electrode (RHE) according to the Nernst Equation 8-1

E. =E+0.05916 pH + E, (8-1)

where Egpe IS the potential vs. RHE, Eq= 0.1976 V at 25 °C, and E is the measured
potential vs. Ag|AgCIl. The on-off J-V curves were obtained under a bias of -0.1 V vs.
RHE.

To acquire the Mott-Schottky (M-S) plots, impedance spectroscopy was
performed at a AC frequency of 10 kHz in the dark and under simulated light irradiation,

respectively. The capacitances was derived from the Equation 8-2

Zig =112AC (8-2)

where Zing IS the imaginary component of the impedance, f is the frequency and C is the
capacitance [2]. The densities of charge carriers was obtained from the slope of M-S plot,

according to the Equation 8-3 [2]:

o dha) |
Nd—(eoégo)[ V) ] (8-3)

where Ny is the charge carrier density, C is the capacitance of the space charge region, &
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is the dielectric constant of the semiconductor, and &, is the permittivity of free space.

The incident photo-to-electron conversion efficiency (IPCE) curve was obtained

at a bias of -0.1 V vs. RHE for all the samples according to the Equation 8-4 [2]:

IPCE =1240 J/ 2 1, (8-4)

where the J and I, are the measured photocurrent and light intensity at the wavelength

A. A was varied from 400 nm to 900 nm with an interval of 25 nm.

126



8.3 Results and discussion

8.3.1 Morphology and crystal structure

Figure 8-1. SEM images obtained from (a) the rGO sheets, (b) the p-Mo0S,/n-rGO; (c) TEM image of the

p-MoS,/n-rGO, and (d) HRTEM image of the p-MoS,/n-rGO from the area marked in red square in (c).

Three types of photocatalysts were synthesized in this study, that is, (i) the free-
standing solitary MoS, nanoparticles, (ii) the MoS,/rGO composite where the MoS,
nanoplatelets were supported on the undoped rGO sheets and (iii) the p-MoS,/n-rGO
junction composite where the p-type MoS, nanoplatelets were deposited on the n-type
nitrogen-doped rGO semiconductor sheets. All three types of photocatalysts were

synthesized with a hydrothermal method. The bare rGO had a smooth flat surface before
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deposition (Figure 8-1 (a)). Figure 8-1 (b) shows that the MoS, nanoparticles were
successfully grown on the nitrogen-doped rGO sheets. The MoS, nanoparticles were

uniformly distributed on the n-rGO with a size of 5~20 nm.

Figure 8-2 TEM image of the MoS,/rGO composite in which rGO was undoped.

Before doping with nitrogen, the MoS,/rGO composite in Figure 8-2 showed
similar morphology as the p-MoS,/n-rGO junction composite in Figure 8-1 (c) and (d),

which indicated the MoS, was not damaged in the nitrogen-doping process.
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Figure 8-3 SEM images of solitary MoS,.

In contrast, the bare MoS, without rGO had a “nanoball” structure composed of
MoS; nanoplatelets with a lateral size of ~80 nm (Figure 8-3). The results show that the

rGO effectively restrained the aggregation of the MoS; nanoplatelets.

l002)

Intensity (a.u.)

2 Theta (deg.)

Figure 8-4. XRD pattern of the p-MoS,/n-rGO junctioned photocatalyst

The p-type MoS; had a hexagonal structure, as confirmed by the XRD pattern in

Figure 8-4. The broad peaks for the (002), (100) and (110) crystal planes at 14.4°, 32.7°
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and 58.4° indicated that the nanostructured MoS; was crystalline. A broad peak at 24°
resulted from the rGO [26]. Figure 8-1 (c) shows a TEM image of the p-MoS,/n-rGO.
The marked area was enlarged for a HRTEM image in Figure 8-1 (d). The single-
crystalline MoS; nanoparticles synthesized on the n-rGO sheet had a lattice spacing of
6.12 A and 2.74 A, corresponding to the (002) and (100) facets, respectively (JCPDS: 77-

1716).

8.3.2 Elements compostion
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Figure 8-5. XPS spectrum of the p-MoS,/n-rGO.
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Figure 8-6 XPS spectra of N1s (a), C1s (b), S2p (c) and Mo3d (d). The XPS spectra of the C 1s in (b) was
deconvoluted into the sp? carbon (284.6 eV), C-O-C (285.6 eV), C-OH or a-C in —-C-COOH (286.7 eV),

C=0 (288.0 eV) and COOH (289.1 V), respectively [17]

The XPS spectra in Figure 8-5 and Figure 8-6 confirmed the formation of rGO
[31-33] and the successful nitrogen doping in the rGO sheets. The doping concentration
of N was estimated to be 6.4 at% in the n-rGO sheets. The molar ratio of rGO to MoS;

was 10.5:1 in the p-MoS,/n-rGO.
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8.3.3 Light absorption
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Figure 8-7. UV-Visible absorption spectra of the solitary MoS,, the MoS,/rGO and the p-MoS,/n-rGO.

The UV-Visible spectrum in Figure 8-7 shows that solitary MoS, had an
absorbance tail that stretched to 1020 nm, corresponding to the indirect band gap between
I and the middle of the Brillouin zone between 7/ and K [34,35]. For bulk MoS,, the
absorbance edge is typically cut off at 1040 nm [10]. In addition, solitary MoS, exhibited
weak absorption at around 962 nm. And the MoS,/rGO and p-MoS,/n-rGO samples had
the weak absorption at 781 nm and 786 nm, respectively. Similar phenomenon was also
found in the nano-sized MoS; particles reported previously [10,36]. The weak absorption
peaks were due to the direct transition at the K point or to the contributions of excitonic

transitions [34,35].
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8.3.4 Photocatalytic H; generation
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Figure 8-8. Hydrogen generated by the MoS,, the MoS,/rGO and the p-MoS,/n-rGO photocatalysts.

For comparative studies, three types of particulate photocatalysts, including the
solitary MoS,, the MoS,/rGO composite and the p-MoS,/n-rGO junction, were tested in
the water/ethanol mixture solution under simulated solar light irradiation (Figure 8-8).
Ethanol was a sacrificial reagent that acted as a hole-scavenger. MoS, alone showed
negligible photocatalytic activity toward H, generation. Although the conduction band
alignment of the bulk MoS, particles is not suitable for water reduction [10,35], the
guantum confinement of the nano-sized MoS, makes it thermodynamically possible to
reduce water to hydrogen. The solitary MoS; has the HER-active edges and absorption
properties necessary for HER. However, the lack of activity indicates that either charge
separation is extremely inefficient or the photo-generated charges cannot migrate to the
HER-active edges. In contrast, the composite MoS,/rGO, in which the MoS;

nanoparticles were supported on the undoped rGO, showed evident photocatalytic
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activity with a hydrogen generation rate of 7.4 uM-g™-h™. Doping nitrogen into the rGO
nanosheets led to the formation of hundreds of p-n junctions on each n-rGO sheets. As a
result, the H, generation rate further increased to 24.8 pM-g™-h™. The surface area of the
solitary MoS; was 134.3 m?/g, which was even larger than that of the MoS,/rGO (112.3
m?/g) and the p-MoS,/n-rGO (106.6 m%g), negating the surface area effects from
explaining the difference in photoactivity. The improvement in photoactivity was solely

due to the existence of the MoS,/rGO heterostructure.

Table 8-1. The intensity of sun light during photocatalysis tests

Time Intensity (W/m2)
12:00 PM 882.5
12:15 PM 903.7
12:30 PM 884.7
12:45 PM 878.1
1:00 PM 910.7
1:15 PM 897.1
1:30 PM 910.4
1:45 PM 924.7
2:00 PM 917.1
Average 901

Location: Morgantown, WV, US (39°38'1"N 79°57"2"W) [S4]; Date: September 21, 2012; Weather: Sunny;

Sunlight incident angle: 45.2°.
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Table 8-2. Normalized H, generation rates of the p-MoS,/n-rGO under sunlight

irradiation
Measurement No. 1 No. 2 No. 3 Average
H, generation rate 160.7 161.8 152.9 160.6
( Ll, M h- g- ) . . . .

The photocatalytic H, generation rate of the p-MoS,/n-rGO relatively lower than
the other materials reported previously [11,26] was due to much lower intensity of
irradiation used in the present work. In order to measure the practical performance, the p-
MoS,/n-rGO sample was exposed to the natural sun light on our campus for H;

generation (Table 8-1 and 8-2). The average hydrogen generation rate was measured to

be 160.6 pM-g*-h™.

8.3.5 Photoelectrochemical measurements
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Figure 8-9 Mott-Schottky plots of MoS,/rGO (a) and MoS, (b) in the dark (d) and upon light (I)

illumination.
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The three types of particulate photocatalysts were immobilized on fluorine tin
oxide (FTO) substrates to form nanoparticle film photoelectrodes. The
photoelectrochemical performance of the films was measured in a 1.0 M NaOH
electrolyte solution using a three-electrode photoelectrochemical cell (PEC). To acquire
the Mott-Schottky (M-S) plots, impedance spectroscopy was performed at an AC
frequency of 10 kHz in the dark and under the simulated solar irradiation, respectively.
Both the MoS; and the MoS,/rGO photoelectrodes showed a negative slope for the M-S
plots both in the dark and under light irradiation (Figure 8-9), which indicated a p-type
behavior [37]. The charge carrier densities in the solitary MoS; were measured to be
3.59x10™ cm™ and 4.67x10" cm™ in the dark and light irradiation, respectively. While,
the charge carrier densities in MoS,/rGO were measured to be 9.14x10'® cm?® and
1.82x10% ¢cm™ in the dark and light irradiation, respectively. It is well known that the
MoS; is a p-type semiconductor and the nitrogen-doped rGO is a n-type semiconductor
[1,38,39]. When they were coupled to each other to form a heterostructure, a p-n junction
characteristic was observed in the M-S plot where an inverted “V-shape” was present
(Figure 8-11). The donor densities in the p-MoS,/n-rGO were 4.22x10" cm™ in the dark
and 7.14x10™ cm™ under light irradiation, respectively. The increased donor density in
the p-MoS,/n-rGO indicated that the nanoscale p-n junction created a sufficient space

charge layer to enhance the charge carrier creation under light irradiation.
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Figure 8-10. (a) Mott-Schottky plots of the p-MoS,/n-rGO in dark (d) and under light (1) irradiation; (b) J-
V curves of the various catalysts and the bare rGO in dark (d) and under light (I) irradiation; (c) On-off J-t
curves of the MoS,/rGO and the p-MoS,/n-rGO under light (On) in dark (Off) at -0.1 V vs. RHE; (d)

normalized plots of the photocurrent-time dependence for the MoS,/rGO and the p-MoS,/n-rGO.

The PEC performance was evaluated as shown in the current density (J)-potential
(V) curve (Figure 8-10). For independent MoS, or rGO, only a very small photocurrent
was observed even at a potential of -0.5 V vs. RHE. Under light irradiation, the onset
potential for photocurrent generation for the MoS,/rGO was -0.10 V vs. RHE; and the
onset potential for the p-MoS,/n-rGO shifted to 0.05 V vs. RHE. The onset potential for

photocurrent generation typically reflects the catalytic activity of the photoelectrode
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[40,41]. The shift of onset potential indicated that the formation of p-n junction improved
the catalytic activity toward HER. At a high potential, the photocurrent density reflects
the HER rate, which is controlled by the delivery rate of electrons to the
electrode/electrolyte interface. Figure 8-10 shows that the photocurrent density was
greatly enhanced after MoS, was coupled to the undoped rGO; and the p-MoS,/n-rGO
junction further increased the photocurrent density. This indicates that the p-n junction
facilitated the charge generation and migration, as well as suppressed the charge

recombination [42,43].
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Figure 8-11. IPCE of the MaS,, the MoS,/rGO and the p-MoS,/n-rGO at a bias of -0.1 V vs. RHE.

The photoelectrochemical activity of the photoelectrode as a function of
wavelength was quantitatively investigated by the incident photon-to-electron conversion
efficiency (IPCE) curve (Figure 8-11), which was measured at a bias of -0.1 V vs. RHE.
It is noted that the p-MoS,/n-rGO junction showed photocatalytic activity toward H,

generation in a wide spectral range from the ultraviolet light through the near-infrared
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light region. Above 780 nm, the photo-response of both the MoS,/rGO composite and the
p-MoS,/n-rGO junction dropped to zero, which was in agreement with the light
absorption behavior. At 400 nm, the solitary MoS, showed negligible photo-response
while the IPCE values of the MoS,/rGO and the p-MoS,/n-rGO were 2.8 % and 13.6 %,
respectively. In the MoS,/rGO composite, the rGO increases the energy conversion
efficiency as a passive charge extraction layer. When a nanoscale p-n junction is formed,
the space charge layer creates a built-in electric field and separates the electrons and
holes upon light illumination. Hence the p-n junction changes the role of rGO from

passive to active, further enhancing the charge separation.
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Figure 8-12. On-off J-t curve of MoS, under a bias of -0.1 V vs. RHE.

The hydrogen evolution rate is strongly dependent on the charge recombination
rate. The transient photocurrent (chronoamperometric) curve was acquired to investigate
the charge recombination behavior (Figure 8-10 (c)). However, no photocurrent was

detected for solitary MoS, in Figure 8-12. The transient photocurrent was measured to
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study the charge recombination behavior. The charge recombination behavior was

reflected by a normalized parameter, D [43, 44]:

D= (|t - |st) / (Iin - |st) (8-5)

where I, Is, and li, are the time-dependent, the steady-state and the initial photocurrents
respectively. The normalized curve of InD-t can be plotted. The transient time constant (z)
is defined as the time when InD=-1. Figure 8-10 (d) shows the normalized plots of InD-t.
The transient time constant (z) is defined as the time when InD=-1 [43]. t was estimated
to be 4.4 s for the MoS,/rGO and 16.2 s for the p-MoS,/n-rGO, which confirmed the
suppression of charge recombination due to the space charge layer of the nanoscale p-n

junction.

8.4 Conclusions

In summary, three types of photocatalysts, including solitary MoS,, the p-
MoS,/undoped-rGO composite and the p-MoS,/n-rGO junction were tested. The solitary
MoS; nanoparticles showed little photocatalytic activity toward HER. The p-MoS,/n-rGO
junction photocatalyst exhibited much better photocatalytic activity than the p-
MoS,/undoped-rGO composite. The rGO was transformed from a passive support to an
active component of the heterostructure through doping, which was capable of improving
all three vital steps in photocatalysis: charge separation, migration and recombination.
The nanoscale p-n junction positively shifted the onset potential, increased both the

photocurrent and the hydrogen evolution rate. The p-MoS,/n-rGO heterostructure is a
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promising photocatalyst, allowing efficient hydrogen production in a wide spectral range
from the ultraviolet light through the near- infrared light region. The p-MoS,/n-rGO
heterostructure contains only earth-abundant, non-toxic and inexpensive materials. The
design principles outlined in this paper can be extended beyond MoS; and rGO to
enhance the nanoscale heterostructures undergoing development for solar energy

conversion.
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Charpter 9 Conclusions and Outlook

9.1 Conclusions

The following conclusions are drawn from the investigation:

First, oxygen vacancies play an important role in anatase TiO; photocatalysis, and
more generally in doped photocatalysts. In this study, the anatase TiO, nanobelts were
synthesized by hydrothermal method and followed by reduction in H, flow at 600 °C for
3 h to form oxygen vacancies (0.85 at. %) and associated Ti** species (3.4 at. %). Under
visible light irradiation, the 3d status of Ti*" acted as a sub-band in TiO, band gap, which
benefited the separation of electrons and holes and enhanced the light absorption. Thus,
the reduced anatase TiO, nanobelts owned higher photocatalytic activity than that of the
pristine anatase TiO, nanobelts. On the contrary, in UV light, the oxygen vacancies were
more apt to act as recombination centers for electrons and holes, which led to less
electrons and holes moving to the TiO, surface. Accordingly, the reduced TiO; exhibited
lower photocatalytic activity than the pristine TiO,. These results showed that if the
dopant or reduction process introduces mid-gap or localized states the overall
photocatalysis will not improve. Although the visible light performance and absorption

will increase, the UV performance will suffer due to increased charge recombination.

Second, perovskite-type layer-structured La,Ti,O7 nanosheets were successfully
prepared by the hydrothermal method. Nitrogen was doped into perovskite La,Ti,O;

lattice by heating La,Ti,O; nanosheets in NH3, which resulted to 0.77 eV of band gap
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narrowing of the La,Ti,O; nanosheets but no change in the particle shape, the dimension
and the crystal phase. The nitrogen-doped La,Ti,O7 nanosheets showed both enhanced
photocatalytic methyl orange degradation in either UV light or visible light. Therefore,
the enhancement of photocatalytic activity was originated from the narrowing of the band
gap of La,Ti,O; nanosheets. To further increase the photocatalytic water splitting activity
for hydrogen generation, Pt nanoparticles (size less than 5 nm) were homogeneously
dispersed onto the surface of the nitogen-doped La,Ti,O; nanosheets. As a result, the
photocatalytic activity of hydrogen generation from water was significantly increased by
nitrogen doping and Pt nanoparticles loading together. These results showed that when
the dopant narrows the band gap by introducing a continuum of states by the valence
band edge, doping increases performance across the entire spectrum. These provide
guidelines to introduce dopants without seeing the decrease in performance measured in

Chapter 1.

Third, the a-Fe,O3/rGO composite was synthesized for photocatalytic water
splitting to generate oxygen. Our work has proved that rGO can improve performance of

the a-Fe,O3 for photocatalytic water oxidation, which was due to the following reasons.

The suppressed charge recombination and enhanced charge separation in a-Fe,O3 was
realized due to the extraction of photogenerated electrons from a-Fe,O3 to rGO, which
resulted in the enhanced photocatalytic activity toward oxygen evolution. Just as in
chapters 3-5 where increased the performance of a large band gap metal oxide
photocatalyst was shown by narrowing the band gap, this work showed an equally
justified approach is to start with a small band gap metal oxide and increase the charge

separation to lead to large enhancements in hydrogen production.
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Fourth, plasmonic Au nanoparticles loaded onto the LTO nanosheets benefit the
light absorption efficiency. The plasmonic peak of the Au nanoparticles ranges from 400
to 650 nm. In the plasmon overlaps with the doped NLTO spectrally, leading to a
plasmon-induced increase in spectral utilization. Besides, the rGO can improve the
charges separation and migration. These combined effects of the surface plasmon of Au
nanoparticles and excellent conductivity of rGO increase the hydrogen generation rate
from 44.2 to 163.4 uM-g™-h™. The reported results can be used to guide the optimization

of the plasmonic effect for photocatalytic H, generation.

Fifth, we used abundant, low-cost MoS, and GO to synthesize p-MoS,/n-rGO
nanocomposite with nanoscale p-n junctions. GO acted as an efficient substrate to
support and inhibit the growth of the MoS; nanoparticles. By comparing Mott—Schottky
results of the MoS,/rGO and p-MoS,/n-rGO, p-n junction was successfully formed. The
nanoscale p-n junction can effectively decrease the kinetic energy barrier of the catalytic
reaction, facilitate the charge separation and extend the life time of the photo-generated
charge carriers. Therefore, the rate of photocatalytic HER of the MoS,/rGO
nanocomposite in simulated solar light was sgnificantly increased from 8.4 uM g* h™ to
22.5 uM g* h* by doping nitrogen into rGO. The results of these section further improve
upon the enhancements of the previous chapters by replacing the expensive Pt co-catalyst
with an earth abundant material. This is important, otherwise the effects of manufacturing
renewable energy materials would offset the clean energy the produce. This chapter
showed that MoS; is not only a earth-friendly alternative to Pt, but that the performance

of the device can actually be further improved by this technique.
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Overall this thesis has developed strategies for the enhancement of hydrogen
generation in both large and small band gap metal oxide photocatalysts, as well as
showing an earth-friendly co-catalyst to replace noble metals. The information gained
through these studies allows a large flexibility in materials selection when designing

hydrogen generation devices without any sacrifice in performance or eco-friendliness.

9.2 QOutlook

Following this thesis, | recommend future research should be focused on the following

areas:

First, deeper investigations should be conducted on the mechanisms of the effect
of the oxygen vacancies to the anatase TiO,. What is the exact position of the Ti** orbital?
How does the Ti** affect the charge recombination? Does the crystal distortion affect the
charge mobility and charge separation in the anatase TiO,? In particular, does the oxygen

vacancy effect the other metal oxide semiconductors the same as TiO,?

Second, since nitrogen doping can significantly increase the light absorption of
the La,Ti,O; nanosheets, what is the relationship between the doped nitrogen and other
elements in the La,Ti,O7 nanosheets? Does the position of Pt loading onto the La,Ti,O;
nanosheets (plate surfaces or the edges of the La,Ti,O; nanosheets) affect the

photocatalytic H, generation performance?

Third, the MoS; has a layered structure. In the composite of MoS,/rGO, the MoS,

shown in the HRTEM had several layers, so how does the number of the MoS; layers
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affect the photocatalytic H, generation? Will a one-layer MoS,/rGO composite have the

best photocatalytic performance?

Fourth, targeting to solve the global energy consumption, the photocatalytic H,
generation must be improved at an industrial scale. Therefore, all the nanostructure
materials studied in this thesis should be studied for their long-term catalytic stability,
scaleup tests etc.. The photocatalytic instruments should also be re-designed to be

favorable industrially.
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