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Chapter 1 General Introduction

1.1 Air pollution

With the fast development of industrialization and human activities,
environmental pollution and energy crisis have become the two major challenges in the
world [1, 2]. Air pollution is one of the serious problems [3, 4]. There are a great deal
of air pollutants including carbon dioxide (CO3), sulfur trioxide (SOz), sulfur dioxide
(SO»), nitrogen dioxide (NO2), nitric oxide (NO) and so on (Tablel.1). Air pollution
would bring about a variety of environmental issues: it can damage and corrode the
buildings and equipment; it is harmful to humans, animals and vegetables; it can lead
to climate change. NO is especially serious among the air pollutants [5-8]. To more
specific, as shown in Fig.1.1, NO pollutants result in ground level ozone, acid rain,
global warming and so on. Moreover, it could cause damage to human health and
increase the risk of diseases such as emphysema, bronchitis, respiratory disease. If the
human beings want to realize sustainable development and have a bright future, we

must solve the air pollution as soon as possible.

Tablel.1 Summary of the atmospheric pollutants and the corresponding to the major

sources (https://www.encyclopedie-environnement.org/en/air-en/air-pollution/)

Pollutant/Pollutant category | Examples __|Physical state

Pollutant in the troposphere produced from NOx,
volatile organic compounds such as methane or

Photochemical oxidants Ozone Gas CO, stratospheric origin. In the stratosphere,
protection from UV but destroyed by chlorine or
bromine compounds (ozone hole)

. - Combustion of fossil fuels, volcanos,
Sulphur dioxide 50, Gas 3
transformation of natural sulphur compounds
5 Incomplete combustion of carbon compounds,
Carbon monoxide co Gas L) ) " o
oxidation of volatile organic compounds (VOCs)
- - Nitrogen oxidation during combustions,
Nitrogen oxides (NOx) NO, NO, Gas thunderstorms
. Benzene 1, 3-butadiene, formaldehyde, Incomplete combustion, Atmospheric chemistry,
Polycyclic hydrocarbons acids Gas use of solvents
. Combustion of carbon, ores refining, incinerators,
Mercury (Hg) HgO, mercury methyl Gas and particles natural
. Combustion of gas with lead (now removed),
LeacliEb] g RaLcles incinerators, foundries and lead transformation
PM, including PM10 & PM2.5, Inorganicions (ex. sulphate; metallic Wind erosion, marine sprays, combustion of fossil

inhalable particles, suspended oxides; carbon materials including Particles fuels or biomass, agriculture, pollens, spores,
particles, black carbon inorganic carbon & elementary carbon) viruses, bacteria, gas-particles conversion

Incomplete combustion of fossil combustibles or
[o] i bon e Gas and particles  biomass, emissions by plants, oxidation of
Lolste levoglucosanes, terpenes, isoprenes ! ) ’
gaseous organic compounds




What Are the Environmental Impacts of NOx?

RN Global Warming -
; . i g% Greenhouse gases in
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(SMOG) = from NOx \ Acid Rain — damages heat, keeping the earth \\@//

forests, buildings &

| +VOC’s damage to | warm. N20 is much VISIbil ="
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lungs, vegetation & more damaging than & NO2 block light,

crops CO2 reduces visibility

r ' Particles — NOx reacts
G Mobl|e NOx can to formic acid vapor &
be transported long )l | particles, Penetrate

distances on N OX /}i‘fﬁ_ lungs — emphysema,
prevailing winds —2 | bronchitis, respiratory
disease

Fig.1.1 The different environmental problems caused by the NOx
(https://slideplayer.com/slide/15907376/)

1.2 Photocatalysis

Much work has been done to deal with the NO pollutant [9]. Recently,
photocatalysis as a green technology has attracted a substantial amount of attention [3].
The research articles related to photocatalytic NOx removal increase significantly in the
last decades, demonstrating the hot topics of the photocatalytic NOx removal using
semiconductor materials irradiated by the solar light (Fig.1.2). Since Fujishima and
Honda reported the photoelectrochemical water splitting in 1972[10], great progress
has been made to unravel the photocatalysis mechanism [11-13]. Normally, as shown
in Fig.1.3, the typical photocatalysis process including five consecutive steps [14]: (1)
light harvesting; (2) charge excitation; (3) charge separation; (4) surface reduction (5)
surface oxidation. It should be pointed out that a large number of charge carriers
recombine during the charge separation process. Only the effective charge carriers, i.e.,
remained charge carriers, can attend the surface reduction and surface oxidation.
Therefore, if we want to improve the photocatalytic performance of the photocatalysts,

we can improve the light harvesting capability by reducing the bandgap, promote the



charge separation by constructing heterostructure, enhancing the surface reaction by

increasing the specific surface areas and active sites.
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Fig.1.2 The number of the published papers per year related to the photocatalytic NOx

removal [3]
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Fig.1.3 The typical process of photocatalytic process using the semiconductor material

irradiated by the solar light [14]



1.3 The reaction mechanism of the photocatalytic NO removal

As one of the typical photocatalytic processes, the reaction mechanism of
photocatalytic NO removal is carefully discussed about. When the photocatalyst is
irradiated by the light with equal or greater energy than the bandgap energy of the
photocatalyst, the electrons (e”) can be excited from the valence band to the conduction
band, resulting in positive holes (h™) in the valance band [3, 15, 16]. It is well-
understood that oxygen is the second most abundant gas, consisting of 21% of the
atmosphere. The oxygen molecules absorbed on the surface would be reduced, which
brought about the s superoxide radicals (O * -). At the same time, holes (h™) in the
valance band can oxide the water molecules and OH- to obtain hydroxyl radicals (OH ).
In addition, the superoxide radicals (O2 « -) can react with electrons (e”) and H* to get
hydrogen peroxide (H202). Subsequently, the hydrogen peroxide (H202) can react with
the electrons (e”) to obtain hydroxyl radicals ( OH ¢ ). It should be noted that these
radicals played significant roles during the photocatalytic NO removal process. To be
more specific, the NO absorbed on the surface of photocatalyst would be oxidized by
superoxide radicals (Oz = -) and/ or hydroxyl radicals ( OH - ) and/or positive holes to
become the final products of nitriate ion (NO%), through the formation of intermediates

related to NO> and HNO.. These series reactions are illustrated as follows:

Photocatalyst+hv—e+ h* (1.1-1)
Ozt+e—0y:- (1.1-2)

h*+H,O/OH—OH-* (1.1-3)
O +H*+e'—H20; (1.1-4)
H202+e—OH- (1.1-5)
NO+0,-"—NO3 (1.1-6)
NO+OH—NOz" (1.1-7)

NO+h*—NOs" (1.1-3)

1.4 The photocatalysts



It is universally acknowledged that the key point of photocatalysis is to develop
effective and stable photocatalysts. Since the pioneering work of Fujishima and Honda
in 1972[10], a great number of photocatalysts have developed to be used in energy
conversion and environmental remediation. The reported photocatalysts include metal
oxides such as ZnO[17], metal sulfides such as CuS [18], and many more. Among these
semiconductor photocatalysts, TiOz is considered as the most classical photocatalyst
owing to its plenty of advantages such as non-toxicity, low-cost, long-term stability and
so on[19-21]. However, the wide bandgap of TiO2 (3.0-3.2 eV) constrains the
photocatalytic response to only ultraviolet (UV) light [22, 23]. As we know, the full
solar spectrum consists of near-infrared region (52 %), visible-light region (43%) and
UV region (5%)[24]. Therefore, metal and non-metal doping are performed to reduce

the bandgap to make the best use of solar energy [24, 25].

1.5 2D materials
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Fig.1.4 The recently developed different kinds of 2D materials [26]



Very recently, the two-dimensional (2D) materials have become the hot research
topics in different fields including chemistry, physics, material science and so on [26-
29]. The research of 2D materials is inspired by the successful preparation of graphene
through mechanic exfoliation of graphite in 2004[26, 28]. The 2D materials exhibited
outstanding optical, electrical and structural properties. In addition, the 2D materials
display nanoscale thickness and high surface-to-volume ratio, which is beneficial for
improving the photocatalytic performance. What is more, the electronic structures of
the 2D materials could be modulated by controlling the thickness or doping strategy
[26]. For instance, the band gap of MoS: can be changed from 1.29 eV to 1.9 eV,
corresponding to bulk MoSz and monolayer MoS;, respectively [27]. Up to the present,
different kinds of 2D materials have been reported such as transition metal
dichalcogenides (TMDs, including MoSz, WS, MoSe; and WSe), metal hydroxides,
carbon nitride, boron nitride, graphene, phosphene, MXene (Fig.1.4).

1.6 Polymeric carbon nitride

Melamine
(C3HsNs) 500-580 °C —

Cyanamide [ 550 °C

(CH2Ny)

Dicyandiamide z ® 550 °C

(CzH4N4) Thermal
Polymerization

. 520-550 °C —

(CH4N-0O)

Graphitic carbon nitride

. (9-C3Ny)
Thiourea 450-650 °C
(CH4N.S)

Fig.1.5 Synthesis of CN by thermal polymerization via different precursors [30]




Among the 2D materials, polymeric carbon nitride (CN), i.e., graphitic carbon
nitride (g-CsNa4) as metal-free photocatalyst has attracted much attention since Wang
reported it could be used for Hz production in 2009[31]. The CN not only shows the
typical advantages of 2D materials, but also possesses visible-light response due to the
suitable bandgap (2.7 eV), facile synthesis with cheap precursor such as melamine,
dicyandiamide, urea and thiourea (Fig.1.5 and Fig.1.6), high thermal and chemical
stability and nontoxic nature [32-34]. Thanks to the excellent advantages, the CN has
been performed in different fields including energy issues and environmental
remediation. To be more specific, it has been reported in supercapacitors,
electrocatalysis, photo-electro catalytic reactions, N> fixation, pollutant degradation,
COz reduction, water splitting, organic catalysis, and sensing [35-39]. To some extent,

CN is the most promising material in the 2D material group.
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Fig.1.6 Reaction pathway of CN using cyanamide as the precursors [16]

The long history of CN can trace back to 1834, when Berzelius and Liebig
prepared it by igniting mercuric thiocyanate [40]. The CN is normally considered as
three basic structures: triazine-based CN, heptazine-based CN and triazine and
heptazine mixed CN. However, it should be noted that the heptazine-based CN is the
most stable phase at ambient conditions according to the first-principles density

functional theory (DFT) calculations carried out by Kroke et. Therefore, more and more



researchers and scientists tend to recognize the heptazine as the building block for the
formation of CN. Fig.1.6 shows the typical structures of triazine-based CN, heptazine-

based CN, respectively.
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Fig.1.7 (a) Triazine and (b) tris-s-triazine (heptazine) structures of CN [30]

1.7 Synthesis of CN with different precursors

Since Wang et reported the CN as metal-free and visible-light response
photocatalyst for Hz production in 2009[31], CN-based photocatalysis has attracted
much interest and great progress has been made to prepare CN-based photocatalyst. Up
to now, CN can be successfully synthesized by a great number of precursors such as
cyanamide, dicyandiamide, melamine, thiourea and urea [41-43]. The synthesis process
of CN is a facile high temperature solid reaction with a temperature ranging from
150 °C to 650°C. X-ray diffraction (XRD) patterns is a powerful technique to study the
phase of the samples. As shown in Fig.1.8, the CN exhibited two typical peaks at
13.0°and 27.4°, corresponding to the (100) plane and (002) plane, respectively. The
(100) plane is index as the in-plane repeat heptazine units in the CN polymeric network

while the (002) plane is ascribed to the interlayer stacking [30, 38].
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Fig.1.8 Summarized different strategies to synthesize CN [44]
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Fig.1.9 (a) XRD patterns (b) high-resolution XPS spectra of C1s, and high-resolution
XPS spectra of C1s for CN [38]

X-ray photoelectron spectroscopy (XPS) spectra can give important information
on carbon and nitrogen elements in CN. As shown in Fig.1.9, the high resolution XPS
spectra of C 1s can be resolved into two peaks with binding energies at 288.1eV and
284.6 eV, which can be attributed to sp2-bonded carbon in C-C and N-C=N,

11



respectively. As for the high resolution XPS spectra of N 1s, it is deconvolved into four
peaks centered at 404.2 eV, 401.4eV, 400.3eV and 398.7 eV, which correspond to
charging effects, amino functional groups C-NHy, nitrogen in tertiary N-(C)s groups,
the sp2-bonded nitrogen C-N=C, respectively. In addition, the band gap of CN can be
estimated by UV-vis diffuse reflectance spectra. Based on the equation E=1240/), the
band gap is calculated around 2.7 eV. The suitable band of CN indicates the visible

light response property, which is more promising than the classical TiOx.

1570
N s

UCN
—

Transmittance (a.u.)

NN 810
»
1641 14‘62\1322
3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (¢cm )

Fig.1.10. (a) FTIR spectra of CN samples using melamine, thiourea and urea [16]

The Fourier transform infrared (FTIR) spectrum is usually performed to
investigate the functional groups. As shown in Fig.1.10, all the samples displayed
similar peaks in the FTIR spectra, no matter what the precursors they are. Please note
that MCN, TCN, and UCN are synthesized by melamine, thiourea and urea,
respectively. The main characteristic peaks of CN are located in the region from 900 to
1700cm™[45, 46]. These peaks are related to the heptazine-derived repeating units. As
for the distinct peaks located at 810 cm™, it is index as a characteristic breathing mode
of heptazine cycles. At the same time, the peaks around at 883 cm™ are attributed to the

deformation mode of N-H. It should be noted that the broad peaks in the region of 3000-

12



3600 cm™ were attributed to the N-H stretching and -OH absorbed on the surface of the
samples [40, 47, 48].

e a: 500C
b: 520°C ) _
c: 550°C synthesized from melamine
,,,,,,,, d: 580°C
e: 550°C synthesized from cyanamide

: commercial l‘\l-dopu'-.-d-'l'lo2

Absorbance (a.u.)

350 400 450 500 550 600 650
Wavelength (nm)

Fig.1.11 UV-VIS absorption spectra of the obtained samples including different CN
and commercial N-doped-TiO2[48]

It is universally accepted that the precursors and reaction parameters play crucial
roles in the chemical and physical properties of CN samples. We can adjust the band
gap, specific surface area, the C/N ratio and so on by controlling the reaction
temperature, time and atmosphere and choosing different precursors. For example, Yan
demonstrated that calcining melamine with different temperatures ranging from 500 °C
to 580°C could result in the decreased band gap from 2.8 to 2.75 eV and increased C/N
ratio from 0.721 to 0.742 (Fig.1.11) [48]. Similarly, Zhang reported that the band gap
of CN can be tuned through different temperatures using thiourea as the precursor
(Fig.1.12) [49]. With the increasing the heating temperature from 450 to 600°C, the
band gap of CN samples was decreased gradually from 2.71 to 2.58 eV. It is interesting
that when the heating temperature reached 650°C, the band gap of CN was increased

to 2.76 eV. Based on the previously reported literatures, it is safe to conclude that the

13



parameter of heating temperature is very complex and we must optimize the calcination

process to obtain the efficient photocatalyst.

CN-T,_,
CN-T,,,
CN-T,..
CN-T_
CN-T

650

F(R)

I I
550 650

Al nm

|
350 450

Fig.1.12 UV-VIS absorption spectra of the obtained samples from different calcination

temperatures [49]

In addition, the different precursors bring about the different specific surface areas
of the CN samples. For example, Yan showed that the specific surface area of CN
synthesized from melamine was only 8 m?g, while the specific surface area of CN
obtained from thiourea was improved to 52 m?g* [48, 49]. Especially, the urea-derived
CN displayed a higher specific surface area and it was about 228 m?g*. Generally, the
higher specific surface area means the more active sites and higher photocatalytic
performance. As the band gaps and specific surface areas of CN samples depend on
different calcination processes and precursors, we had better take full considerations of
the effects of the precursors and reaction parameters when we prepare the CN based

photocatalysts.
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1.8 Band structure modification

The band structure of the photocatalysts plays crucial role in the photocatalysis
process. The optimized band structure can absorb more solar energy to generate more
electron-hole pairs; improve the charge carrier separation efficiency to obtain more
effective electrons and holes for the surface reactions; modify the reaction sites and
promote the adsorption of intermediates to improve the surface reactions. Up to now,
tremendous efforts have been devoted to modulate the electronic structure of CN. The
strategies of band-gap engineering can be roughly divided into three categories: metal

doping, non-metal doping and copolymerization (Fig.1.13 and 1.14)[16].

Interlayer doping
+Cation doping

; Cave doping M =
Band-gap ' : - Substituted 5
engineering Auloh doping doping i _§'
=2
' L

\ Copolymerization Dl cn

poly doping -

Fig.1.13 The strategies of band-gap engineering including metal doping, non-metal

doping and copolymerization [16]
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i aa FON sgen, PEON 0gon CECON, BARCN,
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Fig.1.14 The band-gaps of CN-based photocatalystsmodified by element doping and
copolymerization [16]
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1.8.1 Metal element-doping

A series of metal cations have been used to modulate the band structure of pristine
CN. There are two kinds of metal element-doping related to CN, which are cave doping
and interlayer doping. As shown in Fig.1.15, the metal cations can be introduced into
the triangular pores of CN between the heptazine structures. The strong coordination
interaction between the metal cations and CN matrix and negatively charged nitrogen
atoms enable to realize the cave doping [16]. According to the previously literatures,
the transition metal elements including Fe, Mn, Co, Ni, Zn have been demonstrated to
effective in optimizing the electronic structure [16, 30]. For example, Wang showed
that the band gap could be reduced to enhance the visible-light harvesting capability
through Fe and Zn doping into CN [50]. Ding also demonstrated that Fe, Mn, Co, Ni
could be incorporated into CN framework to extend the visible-light absorption range
and improve the separation efficiency of the photoinduced electrons and holes, which

resulted in the enhanced photocatalytic performance [51].

(a) Cave doping (b) Interlayer doping
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Fig.1.15 Schematic illustration of metal doping of CN framework: (a) cave doing

through the coordination interactions, (b) interlayer doping [16]

In addition, according to the first-principle DFT calculation, Pan predicted that

incorporation of Pt and Pd into the CN framework could promote the charge carrier
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transport rate to improve the charge carrier separation efficiency and reduce the band
gap to improve the light absorption, which played positive effects in improving the
photocatalytic activity [52]. Recently, Dong found that K atoms could bring about an
interlayer doping instead of caving doping in the CN matrix. It is claimed that K atoms
connected the two adjacent CN layers to facilitate the charge carrier separation [53].
Also, Zhu revealed that K doping could decrease the VB level of CN, leading to the
promoted separation and transportation of photo-induced electrons and holes under

visible light irradiation [54].

1.8.2 Non-metal element doping

Compared with metal doping, the strategy of non-metal doping may be more
popular because it not only tunes the electronic structure but also remains the metal-
free property. So far, many non-metal elements such as S, P, B, O, C and | have
demonstrated to be effective for the band-gap engineering by chemically substituting.
As shown in Fig.1.16, the C atom self-doping can substitute the bridging N atoms while
O, Sand I atoms tend to replace the N atoms in the aromatic heptazine rings. Thanks to
the no-metal doping, the delocalization of the n-conjugated electrons is enhanced to
improve the conductivity, mobility and separation of the charge carriers, which is
beneficial for improving the photocatalytic performance. As for the P and B atoms, they
are inclined to substitute the C atoms.

C-F bonding
(F doping)

Bridging N atoms
(C self-doping)

/ N atoms in the ring

C atoms in the ring & ' : (O, S and I doping)
(P and B doping) Cave doping of P atoms

Fig.1.16 Schematic illustration of non-metal doping of CN framework [16]
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1.9 Morphology control

Morphology control is considered as another promising strategy to improve the
photocatalytic performance of bulk CN. Since the bulk CN is synthesized by high-
temperature solid reaction, it suffers from low specific surface areas and few active
sites, which is detrimental to the photocatalytic performance. In order to enlarge the
specific surface areas and increase the active sites, much progress has been made such
as: exfoliation of bulk CN, template strategy including hard-template and soft-template,
and supramolecular preorganization method
1.9.1 Exfoliation of bulk CN

Inspired by the preparation of graphene sheets (Fig.1.17) [55-57], scientific
researchers want to exfoliate the bulk CN into nanosheets. Compared with the bulk CN,
CN nanosheets exhibited a great deal of distinct benefits owing to the morphology
changing. It not only enlarges the specific surface areas and increases the active sites
but also shortens the charge carriers transport distance, improves the solubility and
modified the electronic structures owing to the famous quantum confine effect. More
specifically, the photogenerated electrons and holes coming from the CN nanosheets
can easily migrate to the surface of the photocatalysts to attend the surface reactions
through the shorten paths. This phenomenon is instrumental in facilitating the charge
carrier separation efficiency to improve the photocatalytic performance. In addition, the
enlarged bandgap of CN nanosheets leads to the enhanced oxidation potential energy

and reduction potential energy, which is useful for the surface reactions.

Hummer’s

Graphite
3—:;:“’\:‘.‘;:2:::;;}-' Reduction
e r
Graphene Graphene oxide
Fig.1.17 lustration for preparation of graphene nanosheetS

(https://www.chemhui.com/16875.html)
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1.9.1.1 Liquid exfoliation of bulk CN
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Fig.1.18 Schematic illustration for the liquid-exfoliation process of bulk CN [58].

Generally, the CN nanosheet structures could be achieved by three different
strategies, i.e., liquid exfoliation of bulk CN, thermal exfoliation of bulk CN, and the
combined approach of thermal exfoliation and liquid exfoliation. Various solvents with
suitable surface energy, such as water, methanol, ethanol, N-methyl-pyrrolidone
(NMP),1-isopropanol (IPA), acetone and their mixtures, have been used to overcome
the weak van der Waals forces between the two adjacent layers of bulk CN by facile
sonification. For example, Xie reported a green liquid exfoliation strategy to obtain
ultrathin nanosheets by cheap and environmental water (Fig.1.18) [58]. The thickness
of the exfoliated nanosheet is about 2.5 nm in height (around 7 layers) with the size
distribution ranging from 70 nm to 160 nm. In addition, Zhu reported a concentrated
H2S04 (98%) assisted liquid exfoliation strategy to fabricate a single atomic layer of
CN ultrathin nanosheet [59]. The intercalation of concentrated H2SO4 (98%) into the
interplanar spacing of bulk CN resulted in the graphene-like single-layer CN structure

with a small thickness of 0.4 nm and a large size of micrometers.
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1.9.1.2 Thermal exfoliation of bulk CN

Bulk g-C;N, g-C;N, nanosheets

Thermal oxidation

Bulk g-C5N, g-C;N, nanosheets

Fig.1.19 Schematic illustration of thermal oxidation of bulk CN to obtain

nanosheets[60]

Compared with the liquid exfoliation strategy, thermal exfoliation is more facile
and more environmentally friendly because it does not involve the toxic solutions such
as aqueous ammonia, hydrochloric acid and concentrated H.SO4 (98%). The thermal
exfoliation approach is fast, low-cost and low-pollution. However, the largest drawback
of the thermal exfoliation strategy is the low-yield due to the thermal oxidation and
thermal etching. For instance, Niu obtained CN nanosheets with a thickness of 2nm
(about 6 to 7 layers) via the thermal exfoliation strategy (Fig.1.19) [60]. The
synthesized CN nanosheets exhibited enhanced photocatalytic H2 evolution under

simulated solar light irradiation. The excellent photocatalytic H2 production of the
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obtained CN nanosheets was ascribed to the large specific surface area, low sheet
thickness, enlarged band gap, increased electron-transport ability and prolonged

lifetime of the charge carriers.

1.9.2 Template strategy

Fig.1.20 Schematic illustration for advantages of hollow nanostructured photocatalyst

compared with bulk counterpart [44].

The template strategy is an effective approach to fabricate hollow or porous
nanostructured CN, which can increase the specific surface areas and active sites of
bulk CN [35, 44]. Moreover, the high porosity of nanostructured CN was beneficial for
the mass and gas transport. Also, the voluminous void space in nanostructured CN can
enhance the light absorption efficiency owing to the light trapping effect. These
plentiful advantages can bring about outstanding photocatalytic performance in
comparison with bulk counterpart [44]. In general, the template method is based on the
use of inorganic or organic nanostructures as template, i.e., hard template and soft
template (Fig.1.20). According to the individual situations, we can determine which

one is suitable.
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Fig.1.21 Schematic illustration for hard-template method (a) and soft-template method

(b)[35].

1.9.2.1 Hard template

Hard template is a controllable and precious strategy to prepare nanostructured
CN. Hard templates, in other words, solid material nano-casting, is performed as
physical structure agent control the hollow or porous nanostructured CN. Up to now, a
large number of hard templates have been studied. For example, Zhang et al. used the
HCI treated SBA-15 silica as hard template to prepare ordered mesoporous CN
(Fig.1.21) [61]. The obtained mesoporous CN displayed significantly enlarged specific
surface area and pore volume, which were 517 m?g™ and 0.49 cm®g™, respectively.
Similarly, Sun et al reported hollow nanospheres of CN used silica based hard template
(Fig.1.23) [62]. The hollow nanospheres of CN displayed excellent photocatalytic H-
evolution performance due to the hollow sphere structure. However, the biggest
drawback of the silica based hard template involves toxic reagent such as ammonium
hydrogen difluoride (NHsHF2), when we remove the silica based hard templates.
Recently, Zhang demonstrated that low-cost calcium carbonate (CaCOs) is a promising

environmentally friendly hard template (Fig.1.24) [63].
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Fig.1.22 Schematic illustration for hard-template method to prepare ordered

mesoporous CN using SBA-15 silica [61].

CY/SIO,

Pt/HCNS

Fig.1.23 Schematic illustration for hard-template method to prepare hollow CN using

Si0,[62]
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Fig.1.24 Schematic illustration for hard-template method to prepare hollow CN using

SiO[63]

1.9.2.2 Soft template

Since the hard templates involve the hazardous fluoride-containing reagents, a
tremendous amount of work has been done on soft template [64]. The key point of soft
template is the molecular self-assembly process, which can chemically tailor the
porosity and morphology of pristine CN. Wang showed that various templates, such as
non-ionic surfactants and amphiphilic block polymers, could be chosen as soft
templates. In addition, ionic liquids have demonstrated an effective soft template. The
soft templates provide a facile and more environmentally friendly strategy to prepare
nanostructured CN. It is important to point out that sulfur and NHsCL also could be
used to improve the specific surface areas of the bulk CN [65].

Very recently, the supramolecular preorganization has become an interesting topic
to prepare the nanostructured CN. Fig.1.25 and Fig.1.26 showed the formation of the
self-assembled structures to prepare the nanostructured CN. To some extent, the
supramolecular preorganization strategy is similar to the soft template strategy.
However, this strategy is based on the supramolecular interactions of CN monomers,

including hydrogen bonds, I1-IT and so on.
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Fig.1.25 Schematic illustration for the self-assembled method to prepare different

structures of CN [66].
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Fig.1.26 Schematic illustration for the self-assembled method to prepare few-layer

structures of CN [67]

1.10 Heterostructures construction
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Charge carrier transport and separation is decisive in the photocatalysis process.
There are a large number of photogenerated electrons and holes suffered from the
volume recombination and surface recombination (Fig.1.27), which result in
unsatisfactory photocatalytic performance. Constructing CN-based heterostructure is
an effective strategy to improve the photocatalytic performance. The spatial separation
of photogenerated electron—hole pairs can be achieved through efficient charge transfer
across the interface between the two semiconductors. At the same time, the CN based
heterostructures can display advantages of the counterpart. In other words, the CN
based heterostructures have both benefits of the two components. Up to present, two
types of CN-based heterostructures have attracted much attention including traditional

type-I1 heterostructure and all-solid-state Z-scheme heterostructures [2].

Surface
recombination

Fig.1.27 Schematic illustration for the volume recombination and surface

recombination of photo-generated charge carriers in bulk CN [30].
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(a) Semiconductor (D)

Semiconductor

Fig.1.28 Schematic illustration for the charge transfer in the conventional type type-II

heterostructure [2].

The traditional type-11 heterostructure is facile construction and much progress has
been made in this field (Fig.1.28). For example, Zhang reported that CdS/CN core-shell
showed outstanding photocatalytic Hz evolution performance (4152umol hg?)
(Fig.1.29), which was ascribed to the merits of well-matched type-1l heterostructure.
The obtained heterostructure could accelerate the separation of the charge carrier and
reduce CdS corrosion [68]. Interestingly, Wang demonstrated that CN/S mediated CN
exhibited a matched band gap and distinctly improved charge carrier separation
efficiency, which resulted in the significantly enhanced photocatalytic H> production

performance [69].

Fig.1.29 Schematic illustration for CdS/CN core-shell heterostructure [68]
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Even though the traditional type-I1 heterostructure can improve the charge carrier
separation efficiency to improve the photocatalytic performance, it sacrifices the
oxidation potential energy and reduction potential energy. To overcome this drawback,
the all-solid-state Z-scheme is developed inspired by the photosynthesis of plants [70].
The photosynthesis of plants consists of two isolated reactions of water oxidation and
CO2 reduction, which are linked together through the redox mediators. Thanks to the
unique structure, it keeps the strong redox ability, improve the charge carrier separation
efficiency and result in enhanced photocatalytic performance. Fig.1.30 shows the
typical all-solid-state Z-scheme heterostructure. For example, Yu made a great
contribution to the preparation of all-solid-state Z-scheme heterostructure) (Fig.1.31)
[71]. They, for the first time, reported the CN-TiO2 Z-scheme heterostructure by facile
calcination method. Moreover, they found that CN-TiO2 Z-scheme heterostructure was
largely dependent on the content of CN. To more specific, only the surface of TiO> is
partially covered by the CN, and we can obtain the CN-TiO2 Z-scheme heterostructure.
If the content of CN was too much, we tend to fabricate the traditional type-II

heterostructure.

reduction

r 4

Ohmic PS ] (CN)
contact

(a) Metal
particle

reduction

(b)

Fig.1.30 Schematic illustration for charge transfer in the all-solid-state Z-scheme

heterostructure [70].
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Z-Scheme

Fig.1.31 Schematic illustration for the charge and separation in the Z-scheme

photocatalyts under UV light irradiation [71].

1.11 Noble metal deposition

Besides the heterostructure construction, noble metal deposition is also applied to
improve the photocatalytic performance. The common noble metals are including Au,
Pd, Ptand Au. Considering the high cost of the noble metals, the noble metal deposition
method would increase the costs of CN based photocatalysts. Maye this is the largest
shortcoming of the noble metal deposition. The noble metal deposition has some unique
characteristics in comparison with other strategies. Recently, single-atom catalysts have
become hot topics since Zhang reported single-atom catalysis of CO oxidation using
Pt 1/FeOy4[72]. Single atom (Au, Pd, Pt and Au) supported on CN as efficient
photocatalysts for visible-light photocatalytic performance is promising to solve the

energy problems and environment pollutions (Fig.1.32) [73-77].
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Fig.1.32 Schematic illustration for the preparation of single atom supported on CN

photocatalyts [29]

1.12 Defect control

At the same time, defect control is also an effective strategy to improve the
photocatalytic performance of pristine CN. Defect strategy is premature to modify the
electronic structures of pristine TiO2, which may due to the fact that the TiO> is the
most classical and fully-studied photocatalyst [11, 78-80]. For example, the band
structures and optical properties of pristine TiO2 could be tuned by oxygen
vancancies[81, 82]. The oxygen vacancies mediated TiO> can extend the visible-light
range, enhance the charge carrier separation efficiency, improve the molecules to be
adsorbed on the surface of the photocatalysts, which would result in the excellent
photocatalytic performance. Inspired by the oxygen vacancies mediated TiO, defect
strategy is used to improve the photocatalytic performance of pristine CN. For example,
Wang reported the nitrogen vacancies mediated CN microtubes via a simple and green
hydrothermal process [83]. The nitrogen vacancies mediated CN microtubes displayed
significantly enhanced NO removal performance due to the enlarged specific surface
areas and the curial roles of nitrogen vacancies. As shown in Fig.1.33, the nitrogen
vacancies mediated CN was beneficial for the NO and Oz adsorption, which contributed
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to attending the surface reactions. The enhanced surface reactions resulted in the
enhanced photocatalytic NO removal performance in comparison with pristine CN

under visible-light irradiation.

(a) OO? 0% (b) ’%
o oSy
Ol

(c) (d)

Fig.1.33 Schematic illustration for the nitrogen vacancies in CN photocatalysts for the

enhanced adsorption behaviors [83]

1.13 Research objectives

As is mentioned above, photocatalysis is considering as a green technology to
solve the NO pollution problem. We use a self-made instrument to measure the
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photocatalytic performance of the CN-based photocatalysts. The self-made instrument
is showed in Fig.1.34.

The NO removal percentage (%) was defined as follows:

CO -

NO(%) = x 100

0

Where C, and C were the concentrations of NO in the feed and outlet streams after

10 minutes of photocatalytic activity.

Mercury lamp (450 W)
A

| —
\ ” Eé ==

\ (20mmx 16mmx0.5mm)

T 100 mL min.
\ \{ .
Different cutoff filters (2>400 nm or A>510nm)

2ppm was used to provide the visible-light source.

100 mL min'!.

Alr NO

Fig.1.34 The instrument for the photocatalytic NO removal test in the dissertation.

The metal-free CN is believed to the most promising photocatalyst because of its
advantages such as excellent electrical and optical properties, high surface-to-volume
ratio, facile synthesis, low-cost and so on. However, the pristine CN, i.e., bulk CN
suffers from a series if shortcomings are owing to high-temperature solid reactions. It
displays low response to visible light, rapid charge carrier recombination, small specific
surface area and few active sites, which results in deficient solar light efficiency and
unsatisfactory photocatalytic performance. Therefore, inspired by the previous research,
we propose some methods in the doctoral dissertation to improve the photocatalytic NO
removal performance. The related strategies are as follows:

(). Morphology control
Bulk CN was exfoliated into nanosheets to increase the specific surface area and

active sites via facile post-thermal treatment. At the same time, the electronic structure
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of bulk CN was optimized during the calcination process. The related research work is
entitled “High yield post-thermal treatment of bulk graphitic carbon nitride with tunable
band structure for enhanced deNOx photocatalysis™ (Chapter 2).

(11). Defect engineering

The defect engineering involves two works. The first one is about the preparation
of carbon vacancies and hydroxyls co-modified CN via the green hydrothermal method.
The related research work is entitled “Carbon vacancies and hydroxyls in graphitic
carbon nitride: promoted photocatalytic NO removal activity and mechanism” (Chapter
3.1).

The second one is about improving the crystallinity of pristine CN via a modified
molten salt method. The related research work is entitled “Synthesis of crystalline
carbon nitride with enhanced photocatalytic NO removal performance: an experimental
and DFT theoretical study” (Chapter 3.2).

(111). Carbonaceous/CN hybrid

CN/rGO nanocomposites are fabricated via alkali-assisted hydrothermal process.
The related research work is entitled “Alkali-assisted hydrothermal preparation of g-
C3N4/rGO nanocomposites with highly enhanced photocatalytic NOx decomposition
activity” (Chapter 4.1).

(1V). Heterostructure construction (oxygen vacancies mediated TiO2)

Our target is to prepare CN/TiO2 heterostructure via calcination assisted
hydrothermal process to improve the photocatalytic NO removal performance.
Interestingly, we find an intrinsic carbon-doping induced strategy to prepare oxygen
vacancies mediated TiO2. The first related research work is entitled “Intrinsic carbon-
doping induced synthesis of oxygen vacancies-mediated TiO. nanocrystals: enhanced
photocatalytic NO removal performance and mechanism” (Chapter 4.2.1). The second
related research work is entitled “Reductant-free synthesis of oxygen vacancies-
mediated TiO2 nanocrystals with enhanced photocatalytic NO removal performance:

an experimental and DFT study” (Chapter 4.2.2).
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Chapter 2 High yield post-thermal treatment of bulk
graphitic carbon nitride with tunable band structure for

enhanced deNOx photocatalysis

2.1 Introduction

Energy crisis and environmental problem are two major challenges in the word
Air pollution such as NOx, SOz and CO, has become a serious environmental problem
due to the combustion of fossil fuels and industrial processes [4, 5]. Recently,
semiconductor photocatalysis has been regarded as a green chemistry technology to
dispose of the hazardous gas [6, 7]. Graphitic carbon nitride (CN) is considered as the
most promising photocatalyst owing to its visible-light activity, the facile synthesis, low
cost, high thermal and chemical stability, and nontoxicity [8]. However, the pristine CN
suffers from high photogenerated charge carrier recombination and low specific surface
area, resulting in low photocatalytic activity [9]. With the industrial development and
social progress, the environmental pollution and energy shortage have become the most
serious issues in the world.

Even though the bulk CN exhibits a small surface area, the theoretical specific
surface area of monolayer CN is very large [10]. In 2012, Niu et al. first reported the
thermal oxidation etching of bulk CN in air to obtain CN nanosheets [11], which was
simple and environmentally friendly. However, the yield of CN nanosheets was very
low (6%), which cannot satisfy the requirements of the practical applications. Recently,
Niu et al. reported the photocatalytic activity of pristine CN could be significantly
enhanced via thermal treatment in Hz [12]. Yang et al. reported high activity CN
nanosheets were fabricated by a simple ammonia etching treatment [13]. These results
demonstrating that the high temperature may play more important role than the
atmosphere during the thermal treatment. Motivated by these developments, the
research about thermal treatment to improve the photocatalytic activity of pristine CN

could be further developed.
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In the present work, we demonstrated that bulk CN could be easily exfoliated into
nanosheets via post-thermal treatment in air. Totally different from Niu et al. reported
thermal oxidation etching of bulk CN [11], which obviously resulted in very low yield,
here we reported the very high yield of CN nanosheets could be realized, even higher
than that of reported liquid exfoliation [14]. Unexpectedly, the band structure of CN
nanosheets were also changed after post-thermal treatment. Due to the large specific
surface areas and optimal band structure, the CN nanosheets displayed excellent
photocatalytic oxidation of NOx activity compared to that of bulk CN under visible light.
Moreover, the parameters of temperature, time and dosage on the yield were
systematically investigated. This work might provide new insight into the thermal

treatment of pristine CN for improved visible-light photocatalytic activity.

2.2 Experiment

Bulk CN was synthesized by melamine pyrolysis according to previous literature
[15]. CN nanosheets were prepared as follows: 1 g of bulk CN was placed in an alumina
boat (103x 40x21mm) without a cover and heated to a certain temperature (i.e., 450,
480, 500, 520, or 550 °C) for 2 h with heating rate of 5 °C min™! in a muffle furnace in
air and cooled to room temperature naturally. The as-prepared products were designated
as CN-450, CN-480, CN-500, CN-520 and CN-550, respectively. In comparison, bulk
CN was also calcined at 500 °C for 2 h in argon atmosphere tube furnace and the
obtained sample was index as CN-500-Ar. To study the parameters of thermal treatment
time and dosage, 1g of bulk CN was calcined at 500 °C for designed time (i.e., 0.5, 1,
2, 3, or 4 h) by the similar process and a serious of bulk CN (i.e., 0.25, 0.5, 1, 2, or 3g)
was calcined at 500 °C for 2 h.

Powder X-ray diffraction (XRD) pattern was carried out over a Bruker AXS D2
Phaser diffractometer equipped with Cu Ka source. Fourier transformed infrared (FTIR)
spectra were conducted on a JASCO FTIR-660D-ATR spectrometer. UV-vis diffuse
reflectance spectra (DRS) were recorded on a JASCO UV-vis spectrophotometer.

Electron paramagnetic resonance (EPR) spectra were performed on Bruker ES80 EPR

43



spectrometer at room temperature. Photoluminescence (PL) data were measured using
a JASCO FP-8500 spectrofluorometer. X-ray photoelectron spectroscopy (XPS)
analysis was conducted on a ULVAC PHI5600 machine. The Brunauer-Emmett-Teller
(BET) specific surface areas of the samples were determined on a NOVA4200e,
Quantachrome Instruments. Scanning emission microscopy (SEM) investigation was
performed using a JSM-7800F microscope. Transmission electron microscopy (TEM)
analysis was obtained on a JEM-2000 EXII microscope. Atomic force microscopy
(AFM) was carried on a SPA-400 microscope.

The performance of the catalysts was evaluated in a flow type reactor (373 cm? of
internal volume) at room temperature [5]. A 450 W high pressure mercury lamp
equipped with a UV cut-off filter (A>400 nm) was used as the light source for
photocatalytic decomposition of NO (DeNOy). The sample was carefully spread in the
hole (20mmx16mmx0.5mm) of a glass plate which was placed on the bottom center of
the reactor. The concentration of NO was determined using a NOx analyzer (Yanaco,

ECL-88A).

2.3 Results and discussion

The post-thermal treatment of bulk CN for enhanced visible light activity is
illustrated in Fig.2.1(A). Different from previously reported thermal oxidation etching
of bulk CN in air [11], here we developed a combined strategy to increase the specific
surface area of bulk CN by thermal oxidation etching and high temperature self-
fragmentation into nanosheets simultaneously. Moreover, the high temperature self-
fragmentation into nanosheets played the most important role in the improvement of

photocatalytic activity, which was confirmed by thermal treatment of bulk CN in argon.
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Fig.2.1. (A) Schematic illustration of post-thermal treatment to form CN nanosheets
with tunable band structure. (B) The XRD patterns, (C) the amplified diffraction
profiles, (D) the FTIR spectra of post-thermal treated CN samples. (a) bulk CN, (b) CN-
450, (c) CN-480, (d) CN-500, (e) CN-520, and (f) CN-550.

The chemical structure of the samples treated at different temperatures was
investigated by XRD patterns and FTIR spectroscopy. As shown in Fig.2. 1 (B), all the
CN exhibited two characteristic diffraction peaks at 13.5°and 27.8°, which could be
index to the (100) and (002) crystal planes of CN, representing in-plane structural
packing motif and interplanar stacking of CN sheets, respectively [16]. However, it is
important to note that the intensity and position of (002) diffraction changed (Fig.2. 1
(C)), suggesting the few-layers and denser packing morphology of CN nanosheets after
thermal treatment [17]. FTIR spectra depicted in Fig.2.1 (D) showed the typical peaks
at 3000-3400,1153-1623, 887, and 807 cm™!, which could be assigned N-H stretching
indicating the partial hydrogenation of some nitrogen atoms in the samples, typical
stretching mode of CN heterocycles, N-H in amino groups, and breathing mode of tris-
s-triazine cycles, respectively [18, 19]. Notably, the FTIR spectrum of CN nanosheets
resembled that of bulk CN, meaning that the post-thermal treatment did not change

general structure of CN, which was consistent with the XRD patterns.
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Fig.2.2. The XPS spectra of (A) survey, (B) Cls, and (C) N1s, (D) Diffuse reflectance
spectra and plots of (ohv)!”? versus hv for the corresponding reflectance spectra (inset),
(E) N2 adsorption-desorption isotherms and corresponding pore size distribution curves

(inset). (a) bulk CN, (b) CN-500, and (c) CN-550.

The compositions and chemical states of the as-prepared photocatalysts were
studied by XPS. As shown in XPS survey (Fig.2.2 (A)), all the samples were mainly
composed of C and N, and trace amounts of O were detected on account of surface
adsorbed oxygen-containing species. For bulk CN and CN-550 (Fig.2.2 (B)), the Cls
contained two components centered at 288.1 and 284.8 eV, which were ascribed to N—
C=N coordination in the framework of CN and surface carbon impurities, respectively
[20]. As to CN-500, apart from these two peaks, another peak located at 286.4 eV was
observed, corresponding to C-NHx on the edges of heptazine unites and adsorbed
hydrocarbons [18]. In the Figure 2 (C), the N 1s of all the samples could be fitted into
three peaks at 398.1, 400.0, and 403.4 eV, attributing to C—N=C, N—(C)3, and C—NHy
in the heptazine framework, respectively [21].

The optical properties of the samples were measured by UV-vis DRS. As shown
in Fig.2.2 (D), all the samples could absorb visible light. Moreover, the CN-500
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nanosheet samples showed a slight blue shift of the absorption edge with respect to bulk
CN, indicating the narrower visible-light absorption range. The bandgaps of the
samples were calculated by transformed Kubelka-Munk function. The bandgaps were
2.57 eV for bulk CN, 2.63 eV for CN-500, and 2.54 eV for CN-550, respectively. The
larger band gap of CN-500 could be ascribed to the quantum confinement effect due to
the nature of ultrathin nanosheets [22], which gave indirect evidence to the successful
exfoliation of bulk CN.

The BET surface areas and pore structures of the as-obtained samples were
investigated by nitrogen adsorption-desorption measure measurement. Fig.2.2 (E)
depicted the nitrogen adsorption-desorption isotherms for the CN-500 and CN-550
samples, which were typical type IV curves, suggesting the presence of mesopores and
macropores [10]. The BET surface areas of CN-500 (68.0 m?g!) and CN-550 (113.9
m?g!) samples are much higher than that of bulk CN (13.6 m?g™!), which showed that
post-thermal treatment was a promising strategy to enlarge the specific surface of bulk
CN, compared with previously reported methods (Table S1). In addition, the total pore
volume of CN-500 and CN-550 were much higher than that of bulk CN, which were
0.24 mLg! and 0.50 mLg™!, respectively. As it shown in Fig.2.2 (E), the pore size
distribution peak of pristine CN was negligible. By contrast, the pore size distribution
curve of CN-500 had obvious peak at about 2 nm and the pore size distribution curve

of CN-550 exhibited two strong peaks at around 2 nm and 16.5 nm, separately.
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Fig.2.3. SEM images of (A) bulk CN, (B) CN-500, and (C) CN-550. TEM(D),
SAED(E), HRTEM (F) and AFM images of CN-500.

SEM, TEM, and AFM were conducted to investigate the morphology and
microstructure of the resultant samples. As shown in the Fig.2.3 (A), the pristine CN
was extensively agglomerated lamellar structure with a size of 15 micrometers. After
thermal treatment, CN-500 (Figure 3 (B)) and CN-550 Fig.2.3 (C)) became sheet-like
due to the high temperature decomposition into small fragments and the thermal
oxidation etching to exfoliate bulk CN into nanosheets. Also, the ultrathin sheets were
proved by TEM (Fig.2.3 (D)) and AFM (Fig.2.3 (G)) images. The representative AFM
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image of the CN-500 samples showed that the thickness of small ultrathin nanosheets
ranged from 0.85 nm to 4.81 nm, suggesting the nanosheets around 2-10 layers. After
thermal treatment, the CN-500 became amorphous demonstrated by HRTEM (Fig.2.3
(E)) and SAED (Fig.2.3 (F)) [15].
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Fig.2.4. The impact of (A) thermal treatment temperature, (B) thermal treatment
temperature time, and (C) dosage on the photocatalytic activity and yield of the samples,

respectively.

The photocatalytic activities of the obtained samples were evaluated by measuring
photocatalytic decomposition of NOx under visible light irradiation (A>400 nm).
Fig.2.4 (A) illustrated the impact of thermal treatment temperature on the photocatalytic
activity and yield of the samples. The deNOx activity improved along with thermal
treatment temperature increasing at first and when temperature reached 500 °C, the
photocatalytic activity slightly decreased, but the yield had a continuous decline with
temperature increasing. To study the effect of thermal treatment deeply, the parameters
of thermal treatment time and dosage were also investigated, as shown in the Fig.2.4
(B) and Fig.2.4 (C), respectively. Taking into consideration of the actual production,
the optimal thermal treatment condition was 500 °C for 2 h with 1 g dosage, resulting

the excellent catalytic performance and high yield.
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Fig.2.5. (A) DeNOxy ability of the samples under visible light irradiation (A>400nm). (a)
bulk CN, (b) CN-500, (c) CN-550, (d) P25, and (e) CN-500-Ar. (B) Cycling stability
test on CN-500 photocatalytic decomposition of NOx under visible light irradiation
(A>400nm).

The Fig.2.5 (A) showed the deNOx performance of the sample bulk CN, CN-500
nanosheets, CN-550 nanosheets and P25 under visible light irradiation (A>400 nm). By
contrast, the activity of the sample CN-500-Ar thermal treated in argon was also listed.
The CN-500 exhibited the highest activity among the samples, which was about 3.0
times higher than that of bulk CN. Interestingly, the sample CN-500-Ar showed
significantly enhanced photocatalytic activity, even higher than that of P25, indicating
that the improvement not only due to the thermal oxidation etching, but also the high
temperature self-fragmentation into nanosheets. In addition, the catalytic stability of the
sample CN-500 was evaluated by performing the recycle experiment under the same
reaction conditions. As shown in Fig.2.5 (B), after five circles, there was no obvious
deactivation, which indicated the stability of the sample for photocatalytic
decomposition of NOx. Moreover, the stability of the photocatalyst could be further
confirmed by XRD (Fig.2.6) and FTIR (Fig.2.7) characterization [24].

50



Intensity (a.u,)

Transmittence (%)

Belore reaction

After reaction

Fig.2.6. XRD patterns of CN-500

50 o) 70
2 Theta (Degree)

80

Before reaction

After reaction

4000

T T T T T
3500 3000 2300

T T T
2000 1300

Wavenumber {cm™)

T
1000

Fig.2.7. FTIR spectra of CN-500

51

300



(A) —& |(B)

(©)

Intensity (a.u.)
Intensity (a.u.)

h 1 1 1 1 L 1 1 1 1 1 1 1
3420 3440 3460 3480 3500 3520 3540 420 440 460 480 500 520 540 560 580 600

Magetic filed (G) Wavelength (nm)

(D)

©)

CB=-0.91 eV CB=-0.89 eV

1.3

/ .66 ’
. ; 10=2.63 eV =
// +0.5 - Eg=2.63¢ Eg=2.54 eV
1.74 eV

4 | |

Intensity (a.u.)

Potential (eV)
(g3}
%N
[ 5]
Wi
~
a
<

l . ‘ ‘ +1.5 — VB=1.34eV
0 3 6 9 12 o VB=166eV  yp_|74ev CN-550
indi B-CN
Binding energy (eV) CN-500

Fig.2.8. (A) EPR spectra, (B) PL spectra, (C) VB-XPS, and (D) schematic illustration
for the electronic structures of (a) bulk CN, (b) CN-500, and (c) CN-550

It is well understood that large specific surface could increase active sites for
adsorbing reactant molecules and thus facilitate mass and charge carriers transfer for
enhanced photocatalytic reactions [11]. Curiously, compared to CN-550 with the higher
specific the area of 113.9 m?/g, the sample CN-500 with lower specific surface area of
68.0 m*/g exhibited the higher photocatalytic activity. To get insight into the
photocatalytic mechanism, further study needs to be carried out. The presence of
nitrogen defect was further confirmed by EPR spectroscopy (Fig.2.8 (A)) which was
used for probing unpaired electrons in materials [25]. Taking CN-550 with rare defect
as a reference, an enhanced signal was observed in CN-500, which could be ascribed
to an unpaired electron on the carbon atoms of the tri-s-triazine units. Due to the
introduction of nitrogen vacancy, the extra electrons would redistribute to adjacent
carbon atoms by the delocalized n-conjugated networks, which means that a different
band structure achieved [26]. In addition, as shown in the PL spectra (Fig.2.8 (B)), the

blue shifts happened in the CN-500 and CN-550 were in favor of the transfer of photo-
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induced electrons, which would restrict recombination of photo-induced charge carriers
and thus improve the photocatalytic activity [27]. The phenomenon of the
photocatalytic activity of the photocatalysts increased a with stronger PL intensity was
the same with the previous literature [11].

At last, the nitrogen vacancy induced band structure change was examined by
valence band (VB) XPS [27, 28]. From the Fig.2.8 (C), the VB of bulk CN, CN-500,
and CN-550 were 1.66 eV, 1.74 eV, and 1.34 eV, respectively. The VB of CN-500
increased significantly due to the nitrogen vacancy, compared with that of CN-550,
which resulted in the higher thermodynamic driving force during the photocatalytic
decomposition of NOx. Therefore, even though the CN-550 exhibited the higher
specific surface area, it performed lower photocatalytic activity compared with CN-500,
owing to the low oxidizing power. Combined with bandgap values [27, 28], it is safe to
get a schematic illustration of band structure of bulk CN, CN-500, and CN-550,
respectively. Under different post thermal treatment temperatures, tunable band
structures of CN nanosheets were obtained (Fig.2.8 (D)). All in all, there were various
factors such as specific surface area and electronic structure affecting the activity of
photocatalysts [29]. And the defect played an important role in the photocatalytic

process, resulting the improved the photocatalytic activity [30-33].

2.4 Conclusion

In summary, our study provides a facile strategy to enhance the photocatalytic
decomposition of NOx of bulk CN via a high yield post-thermal treatment. The resultant
CN-500 nanosheets exhibited about 3.0 times higher photocatalytic activity than that of
bulk CN under visible light irradiation due to the synergic advantages of enlarged
specific surface areas and optimized band structure. The enlarged specific surface areas
are ascribed to not only thermal oxidation etching bulk CN to CN nanosheets, but also
high temperature induced bulk CN self- fragmentation into CN nanosheets, which
results in the high yield (70%) of nanosheets. The suitable band structure is attributed

to the quantum confinement effect and formation of nitrogen vacancy. The facile and
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high yield post-thermal treatment is expected to have a promising future to enhance the

photocatalytic activity of bulk CN.
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Chapter 3 Defect engineering

The defect engineering involves two works. The first one is about preparing carbon
vacancies and hydroxyls co-modified CN via the green hydrothermal method. The
related research work is entitled “Carbon vacancies and hydroxyls in graphitic
carbon nitride: promoted photocatalytic NO removal activity and mechanism”

(Chapter 3.1).

The second one is about improving the crystallinity of pristine CN via a modified
molten salt method. The related research work is entitled “Synthesis of crystalline
carbon nitride with enhanced photocatalytic NO removal performance: an

experimental and DFT theoretical study” (Chapter 3.2).
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3.1 Carbon vacancies and hydroxyls in graphitic carbon
nitride: promoted photocatalytic NO removal activity and

mechanism

3.1.1 Introduction

Due to rapid industrial development and population growth, environmental
pollution has become an issue of worldwide concern [1-4]. Nitric oxide (NO), one of
the major air pollutants, have severe effects on the air quality such as acid rain,
photochemical smog and ozone accumulation [5-8]. Besides, they could cause
respiratory illness and heart attacks in human [9, 10]. To address the air pollution,
photocatalysis has attracted much attention because of its potential in utilizing solar
energy to remove the NO[9, 11]. It is accepted that the basic and prerequisite of
effective photocatalysis is to prepare and develop high-sensitive photocatalysts[12-17].
Since 2009[ 18], graphitic carbon nitride (CN) has attracted increasing attention due to
its low cost, easy preparation, good stability, nontoxicity, and visible-light response[ 19-
21]. However, the bulk CN still suffers from low specific surface area and rapid
recombination of photogenerated electron-hole pairs, which results in unsatisfactory of
photocatalytic activity[22]. Thus, tremendous efforts have been made to improve the
catalytic activity of bulk CN, such as metal and nonmetal doping, forming vacancies,
creating heterojunctions and constructing nanostructures[19, 23].

Among these strategies, defect design is viewed as a reliable and effective way to
enhance the photocatalytic activity of pristine CN[11, 24, 25]. It has been well
understood that constructing defects enable to optimize the electronic structure, charge
carrier separation, and active sites of semiconductor photocatalyst[26]. For example,
Wang et al. reported that the photocatalytic NO removal ratio of CN microtubes with
nitrogen vacancies was 1.8 times higher than that of pristine CN[11]. This is because
the surface nitrogen vacancies not only enhanced the light harvesting capability but also

acted as reaction sites to activate NO and O». Li et al. demonstrated CN with carbon
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vacancies showed 2.0 times higher photocatalytic NO decomposition rate than that of
pristine CN due to the negatively shifted conduction band potential[27]. Additionally,
surface hydroxylation has also been demonstrated to improve the photocatalytic
performance of CN effectively[28]. For instance, Wang et al. synthesized surface
hydroxylation modified porous CN via a hydrothermal route in the presence of
ammonium hydroxide [29]. The tailored CN showed 4.2 times higher photocatalytic
hydrogen production than that of bulk CN, which could be ascribed to the accelerated
the interfacial charge transfer and enlarged specific surface area. Yu et al. unraveled that
surface hydroxylation facilitated local spatial charge separation efficiency and proton
activation of CN, resulting in significantly increased photocatalytic hydrogen
generation [30]. However, introducing the carbon vacancies and hydroxyls
simultaneously into CN has thitherto not been reported.

Herein, we reported a green strategy to fabricate carbon vacancies and hydroxyls
co-modified CN (CH-CN) via a post hydrothermal treatment. To the best of our
knowledge, this is the first time to report the carbon vacancies and hydroxyls co-
modified CN to enhance the photocatalytic NO removal performance. During the
hydrothermal process, the water etched the unstable domains of bulk CN to introduce
the carbon vacancies and hydroxyls into CH-CN, resulting in the modulated the
electronic structure. At the same time, the small fragments formed to increase its
specific surface area. The obtained CH-CN nanosheets exhibited 2.2 times higher
photocatalytic NO removal performance than that of pristine CN. Combined
experimental investigations and density functional theory (DFT) calculations were
systematically applied to study the carbon vacancies and hydroxyls in CH-CN
nanosheets. It revealed that the improved photocatalytic NO removal performance of
CH-CN nanosheets was mainly owing to the synergistic effects of carbon vacancies and
hydroxyls. Also, the enlarged specific surface areas had some positive effects to
enhance the photocatalytic activity. This study could bring new perspectives into the
defect engineering for enhancing the photocatalytic performance of CN based

photocatalysts.
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3.1.2 Experiment

Sample preparation

The bulk CN was prepared by calcining the melamine at 550 °C for 2 h with a
heating rate 10 “C/min [5, 31]. Then the obtained bulk CN was grounded by ball-milling
for further use. The carbon vacancies and hydroxyls co-modified CH-CN was prepared
via a post hydrothermal treatment. In detail, 1.0 g of the obtained bulk CN was added
into 70 mL of deionized water and stirred for 0.5 h. Then the resultant suspension was
transferred into a Teflon-lined autoclave (100mL internal volume) and heated at 180 °C
for a certain time (i.e., 3, 6, or 9 h). After the reaction, the solid product was centrifuged,
washed with deionized water and finally dried in a vacuum at 60 °C. For abbreviation,
the CN treated by the hydrothermal process for 3 h, 6 h, and 9 h was designated CH-
CN3, CH-CNG, and CH-CNO, respectively.

Characterization

Powder X-ray diffraction (XRD) patterns were performed on a Bruker D2 Phaser
with monochromatized Cu Ka radiation. Fourier transform infrared (FTIR) spectra
were carried out on a FTIR spectrometer (JASCO, FTIR-660D-ATR). UV-vis diffuse
reflectance spectra (DRS) were obtained on a UV-vis spectrophotometer (JASCO, V-
670). X-ray photoelectron spectroscopy (XPS) analysis was conducted with a Perkin
Elmer PHI 5600 X-ray photoelectron spectrometer. N2 adsorption-desorption isotherms
and pore-size distributions were carried out using Quantachrome Instruments,
NOVA4200e. Scanning electron microscopy (SEM) investigation was identified using
a JSM-7800F. Transmission electron microscopy (TEM) images were recorded on a
JEM-2000 EXII microscope. High-resolution transmission electron microscopy
(HRTEM) analysis was carried out on a ZEISS LEO-9522 microscope. Electron
paramagnetic resonance (EPR) spectra were obtained on Bruker E580 EPR
spectrometer at room temperature. Photoluminescence (PL) data were recorded with a
spectrofluorometer (JASCO, FP-8500). Time-resolved PL spectroscopy was carried out
on a time-correlated single-photon counting system comprising a pulsed picosecond

diode laser operating at a wavelength of 375 nm (PLP-10-038, Hamamatsu Photonics,
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Japan), a monochromator (Acton SP2150, Princeton Instruments, USA), a photosensor
module equipped with a photomultiplier tube (H7422P-50, Hamamatsu Photonics,
Japan), and a photon-counting board (SPC-130, Becker and Hickl, Germany) at room
temperature.

DFT calculations

The electronic structures and adsorption energy were computed by Vienna ab initio
Simulation package (VASP) of DFT. The projector augmented wave (PAW) model with
Perdew-Burke-Ernzerhof (PBE) function was employed to describe the interactions
between core and electrons. An energy cutoff of 500 eV was used for the planewave
expansion of the electronic wave function. The Brillouin zones of all systems were
sampled with gamma-point centered Monkhorst-Pack grids. A 3x 3 x 1 Monkhorst Pack
k-point setup was used for slab geometry and self-consistent optimization. The force
and energy convergence criterion were set to 0.01 eV A'and 107 eV, respectively. A
vacuum space of 15 A was added in the z-direction to shield the periodic effects
between layers.

Photocatalytic NO removal test

The photocatalytic NO removal experiments were performed to evaluate the
photocatalytic activity of the as-obtained samples [5, 32, 33]. A mercury lamp (450 W)
with a cutoff filter (A>400 nm) was employed as the visible-light source to execute the
rection. The as-prepared sample was tightly coated on the cell (20mmx>16mmx0.5mm)
of a glass plate, which was placed at the bottom of a flow-type reactor (373cm’ of
internal volume). The initial flow of NO gas (200 ml/min) consisted of 2 ppm of NO
(N2 balanced)-air mixture. The NO concentration was measured using a NOx detector

(Yanaco, ECL-88A). The removal ratio of NO (%) was calculated as follows:

Co—C
Co

NO(%) = <<= x 100 (3.1-1)

Where €, and C were the concentration of NO in the feed and outlet streams,

respectively.

3.1.3 Results and discussion
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Crystal structure and chemical composition

Fig. 3.1.1. Schematic illustration of the formation process for the CH-CN nanosheets

Carbon vacancies and hydroxyls co-modified CH-CN was prepared via a
hydrothermal process illustrated in Fig. 3.1.1. Firstly, the bulk CN was synthesized by
solid state thermal polymerization of melamine. Then, post hydrothermal treatment was
employed to modify the bulk CN. During the hydrothermal process, the water would
induce the unstable domains of bulk CN to partially hydrolyze[34], which introduce the
carbon vacancies and hydroxyls into the resultant CH-CN. At the same time, the bulk

CN decomposed into small fragments.
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Fig. 3.1.3. (A) XRD patterns of melamine and CH-CN®6; (B) corresponding enlarged
diffraction profiles in the range 10 to 20°.

To study the crystallographic and purity of the obtained samples, XRD was

performed and displayed in Fig. 3.1.2A. All the obtained samples displayed two clear
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peaks at 13.0° and 27.3°, which were indexed to (100) in-plane structural packing motif
and (002) interlayer stacking of conjugated aromatic segments, respectively[35]. This
showed that the general structure maintained after hydrothermal treatment[36].
However, with the increasing hydrothermal reaction time, impurity peaks at around
10.6° were clearly observed in Fig. 3.1.2 B due to the partial destruction of the periodic
tri-s-triazine units of CH-CN samples[37]. Further, the impurity peaks could not be
ascribed to the depolymerization process because they were not consistent with the
peaks of pure melamine (Fig. 3.1.3 A and Fig. 3.1.3B)[38]. Fig. 3.1.2 C represented the
FTIR spectra of pristine CN and CH-CNG6. The typical peaks at 810 and 1200-1600 cm"
U of all the samples were designated to the breathing mode of tris-s-triazine units and
characteristic stretching mode of CN heterocycles, respectively [23]. Compared with
CN, CH-CNG6 displayed stronger peaks between 3000 and 3500 cm™!, which could be
ascribed to much more adsorption of surface O-H [39]. Moreover, the increased surface
O-H was demonstrated by the elemental analysis (Table 3.1.1). The CH-CN6 sample
possessed higher percentages of O and H elements than that of CN, which indicated
that more hydroxyls were introduced into HCN samples [36]. In addition, the decreased
C/N atomic ratios were observed in CH-CN6 samples, showing the presence of carbon
vacancies [19]. To further verify the formation of carbon vacancies in CH-CN6 samples,
EPR spectroscopy was performed and results were shown in Fig. 3.1.2 D. For CH-CNG6,
apparently a decreased EPR signal appeared, which could be ascribed to the fewer
unpaired electrons due to the C atom loss [26]. This result confirmed the formation of
carbon vacancies in CH-CN6. To conclude, carbon vacancies and hydroxyls were
simultaneously introduced into CH-CN6 after the hydrothermal treatment. Fig. 3.1.4
depict the optimized configuration of CN and CH-CN based on the DFT calculations,

respectively.

66



CN CH-CN

Fig. 3.1.4. The optimized pristine CN and carbon vacancies and hydroxyls co-modified

CH-CN configuration. H, C, N, and O atoms are represented by the white, dark gray,
light gray, and red balls, respectively.

Table 3.1.1. C/N and O/N atomic ratios of the samples determined by the elemental

analysis and XPS analysis

(@) Element analysis

C N O H C/N O/N
Samples
(Wt%) (Wt%) (Wt%) (Wt%) (atomic)  (atomic)
CN 31.35 56.03 10.87 1.74 0.6528 0.1698
CH-CN6 30.07 54.42 13.38 2.13 0.6446 0.2151
(b) XPS element analysis
Samples C N O H C/N O/N
(Wt%) (Wt%) (Wt%) (Wt%) (atomic)  (atomic)
CN 43.46 55.14 1.40 --- 0.9195 0.0222
CH-CN6 39.56 55.03 5.41 --- 0.8387 0.0860
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Fig. 3.1.5. XPS spectra of (A) survey, (B) Cls, (C) Nls, and (D) Ols of CN and HC-
CN6.

XPS analysis was also performed to investigate the surface chemical composition
and chemical state of the as-prepared samples. From the XPS survey spectra (Fig.
3.1.5A), it could confirm the existence of carbon, nitrogen and oxygen in CN and CN-
CNG6. In addition, the intensity of O 1s for CN-CN6 was slightly higher than that for
CN, revealing more oxygen elements in CH-CNG6. This result was also supported by the
XPS element analysis (Table 3.1.1). The C/N atomic ratio was decreased in CH-CNG6,
which was in good agreement with element analysis. As displayed in high-resolution C
Is spectra (Fig. 3.1.5B), the CN exhibited peaks located at 288.0, 280.6, and 284.8 eV,
which was related to C-C, C-N, and N=C-N, respectively. As for CH-CN6, a new peak
at 289.1eV was observed, which was attributed C-O-H band. At the same time, the high-
resolution N1s spectra was also analyzed to investigate the true location of oxygen
atoms. Both the spectrum of B-CN and CH-CNG6 could be deconvoluted into three N
species (Fig. 3.1.5C), which were centered at 398.6, 400.2, and 404.5 eV, correlated
with C-N=C, N-(C)3, C-NHa, respectively. As shown in the high-resolution O 1s (Fig.
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3.1.5D), the binding energy at 532.5 eV was ascribed to the C-O of CN caused by the
inevitable O doping during the thermal polymerization process in the air[36]. As for the
peak at 531.1 eV, it corresponded to the O-H group on the surface of CN. Based on the
XPS element analysis (Table 3.1.1), more oxygen elements were observed,
demonstrating a much O-H group absorbed on the surface of CH-CNG6. This result was
consistent with the FTIR spectra, which further confirmed the formation of hydroxyls
on the surface of CH-CNG6.

Morphology and microstructure

The morphology and microstructures of the samples were investigated by SEM,
TEM, and HRTEM. As shown in Fig. 3.1.6A, the bulk CN exhibited the lamellar
structure with smooth surface, which was unfavorable to absorb the light [40]. However,
after hydrothermal treatment for 3 h, the size of CH-CN3 (Fig. 3.1.6B) decreased to
form small fragments. Interestingly, some of CH-CN6 (Fig. 3.1.7A) had become
nanotubes to minimize the surface energy [39]. Furthermore, the distinct effect of
thermal treatment was supported by the TEM images (Fig. 3.1.6E and Fig. 3.1.6F). No
clear lattice was observed in CN (Fig. 3.1.7C) and CH-CNG6 (Fig. 3.1.6G) owing to the
low-quality crystallinity, which was consistent with the result of SAED ((Fig. 3.1.7A
and Fig. 3.1.6H)[41, 42].
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(E-F) TEM images of CN and CH-CNG6, respectively; (G) SAED and (H) HRTEM of
CH-CNe6.
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Fig. 3.1.7. (A) SEM image of CH-CNG6; (B) SAED and (C) HRTEM of CN.
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Fig. 3.1.8. (A) Nitrogen gas adsorption isotherms, and (B) corresponding pore size
distribution of CN, CH-CN3, CH-CN6 and CH-CN®9.

Fig. 3.1.8A shows the N> adsorption-desorption isotherms of the obtained samples.
All the samples exhibited the typical type-IV curves with a H3-type hysteresis loop,
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which indicated the presence of macropores and mesopores in the samples [43]. In
addition, the highly porous structure of the samples was proved by the pore size
distributions (Fig. 3.1.8B). The specific surface area of the samples was calculated
using the BET mode and summarized in Table 3.1.2. Along with increasing the
hydrothermal treatment time, the specific surface area of the samples was slightly
enlarged from 8.3(CN) to 35.0 cm® g'! (CH-CN®6). Notably, during the first 3 hours the
specific surface area of CH-CN3 remained almost unchanged (9.8 cm® g'!), suggesting
that the hydrothermal treatment only had small effects to increase the specific surface

arca.

Table 3.1.2 BET specific surface area and total pore volume of the obtained samples

Samples BET surface area  Total pore volume
(m” g™ (em’ g™
CN 83 0.023
CH-CN3 9.8 0.114
CH-CN6 333 0.675
CH-CN9 35.5 0.729
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Optical property and band structure
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Fig. 3.1.9. (A) UV-vis absorption spectra; (B) corresponding band gap energies; (C)
VB-XPS, and (D) schematic illustration for the electronic structures of CN, CH-CN3,
CH-CN6 and CH-CNO, respectively.

The optical properties of the resultant samples were analyzed by UV-vis DRS
spectra. As can be seen from Fig. 3.1.9A, all the samples absorbed visible light.
Moreover, the bandgaps of the samples treated by the hydrothermal process enlarged
gradually with prolonging the hydrothermal process time (Fig. 3.1.9B), which could be
ascribed to the hydroxyls and morphology change [29]. Concretely, the hydrothermal
treatment could exfoliate the bulk CN into small fragments to increase the bandgaps
owing the quantum confine effect [44]. Further, the valance band of the obtained
samples were measured by VB XPS. As depicted in Fig. 3.1.9C, the valance band of
the CH-CN samples decreased obviously after the thermal treatment. This resulted in
the photogenerated holes with lower oxidizing ability, which was detrimental to
improve the photocatalytic NO removal performance [5]. Therefore, appropriate
hydrothermal treatment time should be employed to enhance the photocatalytic
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performance of CH-CN samples. Together with the results of bandgaps [5, 45], a
schematic illustration of the electronic structure of the samples was displayed in Fig.
7D, which revealed that the band structures of the obtained samples were optimized
during the hydrothermal process.

In order to study the effects of carbon vacancies and hydroxyls on the electronic
structure of CN, the total density of states (TDOS) and projected density of states
(PDOS) of CN and CH-CN were calculated by DFT. The TDOS revealed that the
bandgap of CN was only 1.19 eV (Fig. 3.1.10B), which was smaller than the experiment
value owing to the well-understood limitation of GGA-PBE functional [46]. However,
it still made sense to help us to investigate the effects of carbon vacancies and hydroxyls

in CH-CN. Compared with CN, the bandgap of CH-CN (0.92 eV) was narrowed due to
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Fig. 3.1.10. (A) Calculated DOS for CN and CH-CN, (B) corresponding enlarged view
of the DOS; (C) calculated DOS for C-CN and H-CN, (D) corresponding enlarged view

of the DOS. The Fermi level is taken to be zero.
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the introduction of carbon vacancies and hydroxyls in CH-CN. The narrowed bandgap
was beneficial for light absorption and photogenerated electron-hole pairs generation,
causing promoted photocatalytic performance. It is important to note that the theoretical
results seemed contradictory to the experimental results. This was because the
experimental bandgap of CH-CN was not only related to the carbon vacancies and
hydroxyls but also to the quantum confine effect owing to the nanosheet structure of
CH-CN, which caused the enlarged bandgap of CH-CN. The valence band edge of CH-
CN was shifted upward in good agreement with the experiment results. To analyze the
roles of carbon vacancies and hydroxyls deeply, the CN with only carbon vacancies (C-
CN) and CN with only hydroxyls (H-CN) were also studied based on the DFT
calculations (Fig. 3.1.11). As can be learned from the Fig. 3.1.10C and Fig. 3.1.10D,
the carbon vacancies played a positive role in narrowing the bandgap of CN while the
hydroxyls had a damaging effect on reducing the bandgap of CN. Although the
hydroxyls tended to enlarged the bandgap of CN, giving rise to a lower solar energy
absorbing capacity, it enabled to facilitate the local charge separation, which would be

further discussed below.

Fig. 3.1.11. The optimized C-CN and H-CN configurations. H, C, N, and O atoms are
represented by the white, dark gray, light gray, and red balls, respectively.

Charge carrier separation and transport

It was well-understood that charge carrier separation played crucial roles in
determining the photocatalytic activity [20, 47, 48]. Firstly, PL spectra were recorded
to unravel the charge carrier separation process. As shown in Fig. 3.1.12A, a distinct
blue shift of the PL emission peak of CH-CN6 was observed, which was in good
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agreement with its enlarged bandgap [35]. Besides, the PL intensity of CH-CN6 was
higher than that of CN. It is important to note that this phenomenon could not be simply
attributed to the high recombination rates of charge carriers, but was due to the
increased concentration of photogenerated electrons and holes because of the enlarged
specific surface area [26]. This result was consistent with previous studies [5]. Time-
resolved PL spectroscopy was employed to reveal the charge carrier lifetime further.
Fig. 3.1.12B shows the PL lifetime decay curves of CN and CH-CNG6, respectively. The
PL lifetime of the samples were calculated by fitting exponentially using the following
equation [47, 49-51]:

Y =y,+ Ajexp (—i) + Ayexp (—é) (3.1-2)
where yo, A1, and A> were calculated after fitting the PL lifetime decay curves. As for
71 and 12, they were the values of shorter lifetime and longer lifetime, respectively [47].
In addition, the average lifetimes (1) of the CN and CH-CN6 were calculated by the

following equation [52, 53]:

_ AlT%'i'AzT% (3 1_3)

T AT +ALT,
The Table 3.1.3 summaries the average lifetime of CN and CH-CN6. Compared with
CN (1.29 ns), the CH-CN6 (3.07 ns) displayed an obviously increased lifetime, which
was indicative of promoted charge carrier separation efficiency [54]. The increased PL
lifetime means that the charge carrier had the greater possibilities of involving the

subsequent surface redox reactions [35].

Table 3.1.3 Exponential decay-fitted parameters of PL lifetime for CN and CH-CNG6.

Samples 11 (ns) Rel. (%) T2 (ns) Rel. (%) T (ns)

CN 0.86 70.0 4.02 30.0 1.29

CH-CN6 0.95 60.0 3.84 40.0 3.07
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Fig. 3.1.12. (A) steady-state PL spectra; (B) time-resolved PL spectra of CN and CH-
CN; respectively. (C) the three-dimensional charge density difference (iso values: 0.005

e/A%); and (D) electronic localization function of CH-CN6

In order to characterize the charge separation efficiency deeply, DFT calculations
were also performed. As is illustrated in Fig. 3.1.12C, the charges were inclined to
deplete from C atoms (light-blue isosurfaces) and accumulate around O atoms (yellow
isosurfaces), which revealed that the electrons tended to transport from CN lattice
skeleton to the surface hydroxyls, resulting in the three-dimensional (3D) conjugate
electron system and local spatial charge separation [36, 55-57]. This was supported by
the electronic localization function displayed in Fig. 3.1.12D. There was a stable
covalent bond (H-O-C=N) between -OH and -C=N acted as electron transport channel
among the atoms. At the same time, it must be mentioned that the charge carrier
separation efficiency largely depended on the charge transfer rate, which could be
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explained using the following equation [19]:

v = hx/m”* (3.1-4)
Where v and m* were the charge transfer rate and effective mass of the
photogenerated electrons and holes, respectively. A was the reduced Plank constant,
and k was the wave vector. Consequently, smaller m* brought about higher charge
carrier separation efficiency. Based on the band structures (Fig.S5), the effective masses
of electrons (m;) and holes (my*) were calculated by fitting parabolic function around
the conduction band minimum (CBM) and valence band maximum (VBM) according
to the following equation[58]:

82g(k)] L

= (3.1-5)

m* = h? [
Where e(k) was the band edge eigenvalues. The obtained results of the charge carrier
effective mass along different directions are summarized in Table 3.1.4. Both the
average m, and my* of CH-CN samples were smaller than those of CN, which
indicated the faster charge transfer rate and promoted charge carrier separation
efficiency[59]. Also, there were differences in the effective masses of photogenerated
electrons and holes of CH-CN, which promotes the electron-hole pairs separation
efficiency. This had been demonstrated by the steady-state and time-resolved PL
spectroscopy. Single carbon vacancies and hydroxyls were also simulated respectively
to reveal their synergistic effects on photocatalytic performance deeply. Compared with
CN, the average mgand mn*of C-CN was decreased significantly, suggesting that
carbon vacancies were beneficial for improving the charge carrier separation efficiency.
However, the average mn™ of H-CN was increased, which was harmful to enhance the
photogenerated electrons and holes separation. But as mentioned before, the surface
hydroxyls could induce the local spatial charge separation to enhance the charge carrier
separation efficiency. Now, it is reasonable to conclude that the synergistic effects of

carbon vacancies and hydroxyls caused the promoted charge carrier separation

efficiency.
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Table 3.1.4. Calculated effective masses of electrons and holes for CN, CH-CN, C-CN
and H-CN by parabolic fitting to the CBM and VBM along a specific direction in the

reciprocal space. mo was the mass of free electrons.

Species mn*/mo
me*/mo
CN Direction G—-L G—H H—-L
H-G
Calculation  3.93 3.60 0.59 8.86
Average 3.77 4.73
CH-CN Direction G—-L G—H G—-L
G—H
Calculation  1.85 2.95 0.79 2.01
Average 2.40 1.4
C-CN Direction G—-L G—H G—-L
G—H
Calculation  1.69 2.31 1.31 4.89
Average 2.0 3.1
H-CN Direction G—L G—H G—L
G—H
Calculation 121 45 2.16 5.20
Average 83 3.68

Photocatalytic performance and mechanism

The photocatalytic NO removal activities of the as-prepared samples were
evaluated under visible light irradiation (A>400 nm). As shown in Fig. 3.1.13A, the CN
displayed limited photocatalytic NO removal activity (15%), and the photocatalytic
activity of the samples were enhanced along with hydrothermal treatment time

increasing. The CH-CN6 exhibited the highest NO removal performance, which was
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2.2 times higher than that of CN. Notably, too much hydrothermal treatment time
resulted in decreased photocatalytic performance owing to the destroyed structure of
CH-CN9. In addition, photocatalytic stability test of H-CN6 indicated its excellent
stability (Fig. 3.1.13B), which could be further supported by XRD patterns (Fig.
3.1.14A) and FTIR spectra (Fig. 3.1.14B). Considering its excellent photocatalytic NO
removal performance and low-cost metal-free property, the CH-CN6 photocatalyst was
superior to our lab previously reported metal-based photocatalysts. To demonstrate the
photocatalytic performance of CH-CN6 was competitive, we also compared the
photocatalytic performance of CH-CN6 with CN based photocatalyst developed by
different strategies such as metal doping (Rb-CN) [1], nonmetal doping (B-CN) [60],
nitrogen vacancies [11], rtGO/CN [61] and heterostructure constructing (CN/BiOBr)

[62], by the enhanced ratio, i.e., modified CN/pristine CN (Fig. 3.1.13C).
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Fig. 3.1.13. (A) Photocatalytic NO removal performance of the obtained samples
(A>400nm), and (B) cycling of CH-CN6 photocatalyst for photocatalytic NO removal,

(C) comparisons of different strategies to enhance the photocatalytic NO removal
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performance of CN-based photocatalysts.
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Fig. 3.1.14. (A) XRD patterns and (B) FTIR spectra of CH-CNG6 after recycling test.

Based on the above discussions related to the properties of CH-CNG6, a possible
mechanism was proposed to explain the enhanced photocatalytic NO removal activity.
It was commonly known that there are four consecutive steps in various photocatalytic
reactions as follows: (i) light absorption; (ii) charge carrier generation; (iii) charge
carrier separation; and (iv) surface redox reactions [63]. Firstly, we admitted that the
enlarged the specific surface area of CH-CN6 was beneficial for promoting adsorption
and the improvement of photocatalytic activity. However, the enlarged specific surface
area had only a small role in enhancing the photocatalytic activity, which was supported
by the relationship between the specific surface area and the photocatalytic activity (Fig.
3.1.13D): the higher specific surface area did not mean higher photocatalytic activity.
As depicted in Fig. 3.1.15, the synergistic effect of carbon vacancies and hydroxyls
played decisive roles in enhancing the photocatalytic NO removal performance.
Specifically, the carbon vacancies could reduce the bandgap to absorb more solar
energy, resulting in more charge carrier generation [64, 65]; the hydroxyls enable to
form the stable covalent bond (H-O-C=N) acted as electron transport channels among
the atoms, causing the promoted charge carries separation. It is also important to point
out that the accelerated transfer rate of photogenerated electrons and holes of CH-CN

could promote photoinduced charge carries separation and keep more charge carriers.
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At last, the more remained charge carrier attended the surface redox reactions to
enhance the photocatalytic NO removal performance [5, 63]. All in all, the synergistic
effects of carbon vacancies and hydroxyls played the pivotal roles in enhancing the

photocatalytic NO removal performance during the whole the photocatalysis process.

Fig. 3.1.15. Proposed mechanism of the synergistic effects of carbon vacancies and

hydroxyls in CH-CN6

3.1.4 Conclusion

In summary, this work demonstrated that carbon vacancies and hydroxyls could
be simultaneously introduced into CH-CN samples using a facile hydrothermal method.
During the hydrothermal process, the water would induce the unstable domains of bulk
CN to hydrolyze partially, which introduced the carbon vacancies and hydroxyls into
the resultant CH-CN. The obtained CH-CNG6 samples exhibited 2.2 times photocatalytic
NO removal performance than that of pristine CN, which could be primarily attributed
to the synergistic effects of carbon vacancies and hydroxyls. More specifically, the

carbon vacancies could reduce the bandgap of HC-CN to improve the light-absorption;
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the hydroxyls enabled to form stable covalent bonds acted as electron transport
channels to facilitate the charge carrier separation. Also, the accelerated transfer rate of
photogenerated electrons and holes of CH-CN could promote photoinduced charge
carries separation and keep more charge carriers. Consequently, the more remained
charge carrier attended the surface redox reactions to enhance the photocatalytic NO
removal performance. This study may open a new window to prepare CN-based

photocatalysts for the enhanced photocatalytic performance.
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3.2 Synthesis of crystalline carbon nitride with enhanced
photocatalytic NO removal performance: an experimental

and DFT theoretical study

3.2.1 Introduction

Nowadays, tremendous attention is focused on air pollution due to the increasing
utilization of conventional fossil fuels [1-3]. Nitric oxide (NO) is one of the primary
components of air pollutants, which is harmful to the environment, human and animal
health [3, 4]. For example, it could bring about environmental problems including acid
rain, urban photochemical smog, ozone depletion, greenhouse effect and so on. To make
matters worse, it would raise the chance of getting disease such as emphysema,
bronchitis and cardiopathy [5, 6]. Photocatalysis is considered as an innovative and
promising technique to remove the NO by using solar energy [7, 8]. It is accepted that
the core challenge of photocatalysis lies in the development of highly-efficient
photocatalysts [9, 10]. Since 1972 [11], a variety of photocatalysts have been explored
for the energy and environment applications [12-14], following in the pioneering work
of Fujishima and Honda. Carbon nitride (CN), as a metal-free semiconductor
photocatalyst, has attracted considerable attention since 2009 owing to its excellent
physical and chemical properties, good stability, visible-light response and low-cost
[15-18]. However, the pristine CN suffers from the marginal visible light absorption
and low charge carrier separation efficiency, which results in unsatisfactory
photocatalytic activity and limits its further application [19, 20].

To date, different strategies have adopted to improve the photocatalytic
performance of pristine CN, including metal and no-metal doping, surface sensitization,
dimensionality tuning, heterojunction construction and so on [14, 21]. Recently, Wang
et al. has revealed that crystallinity is an important factor in enhancing the
photocatalytic hydrogen of CN [22, 23]. Normally, the pristine CN derived from the

thermally-induced polymerization of nitrogen-containing precursors (e.g. cyanamide,
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dicyanamide, melamine and urea) displays low crystallinity because of the
predominantly kinetic hindrance [24]. To address this issue, molten-salts (i.e. KCI and
LiCl) were used as high-temperature solvent to guide the polymerization process and
tailor the electronic structure of CN [22, 23, 25-27]. However, previously reported
molten-salts methods were performed under nitrogen atmosphere, which was complex
and expensive in comparison with under ambient atmosphere. Can we extend the
molten-salts methods from nitrogen atmosphere to ambient atmosphere? More
importantly, the effects of crystallinity on the photocatalytic NO removal performance
of CN has not been studied thus far.

In this work, we reported a modified molten-salts method to fabricate the
crystalline CN under air atmosphere instead of nitrogen atmosphere. To the best of our
knowledge, this is the first time to report preparation of crystalline CN via the modified
molten-salts method operated under ambient atmosphere. The modified molten-salts
method was facile and had the potential for large-scale application. The photocatalytic
performance of the obtained crystalline CN was tested by photocatalytic NO removal
irradiated under visible light (A>400nm). Compared with pristine CN, the resultant
crystalline CN exhibited outstanding photocatalytic NO removal performance.
Experimental characterizations and theoretical calculations were employed to probe the
mechanism of highly enhanced photocatalytic NO removal performance of crystalline
CN. This research not only extend the molten-salts methods operated under ambient
atmosphere, but also revealed the crucial effects of crystallinity on the photocatalytic

NO removal performance of CN.

3.2.2 Experiment

Synthesis of pristine CN

Pristine CN was synthesized by calcining dicyanamide (DCDA) (10 g) in a
crucible with a cover at 550 ° C for 4h with a heating rate of 2.2 ° C/min in a muftle
furnace. After cooling to room temperature, the resultant yellow product was collected

and ground into powder for further use.

92



Synthesis of crystalline CN

The obtained pristine CN (2 g) and molten-salts (11g of KCl and 9 g of LiCl) was
mixed and ground to make them homogeneously. Then the mixture was calcined in a
crucible with cover at 550 ° C for 4 h at a heating rate of 5 © C/min in a muffle furnace.
(It is important to note that the mixture was calcined under ambient atmosphere
different previously reported under nitrogen atmosphere.) After cooling to room
temperature, the product was washed with large amount of hot water (85° C) to remove
the molten-salts and collected by vacuum filtration, followed by vacuum drying at 60°
C. For abbreviation, the pristine CN and crystalline CN were designated as PCN and
CCN, respectively. In comparison, the crystalline CN prepared by the molten salts
method with a closed nitrogen system. For abbreviation, the crystalline CN prepared by
the molten salts method with a closed nitrogen system is index as CCN-Na. The yield
of CCN-N; prepared in nitrogen atmosphere was around 70%, which was almost the
same with CCN prepared ambient atmosphere (68%).

Characterizations

The phase and crystallinity of PCN and CCN was determined by the X-ray
diffraction analysis (XRD, Bruker D2 Phaser) using monochromatized Cu Ka radiation.
Fourier transform infrared spectroscopy (FTIR) analysis of the samples was performed
FTIR-660D-ATR (JASCO). The UV-visible absorption spectroscopy was measured
using UV-vis-NIR V-670 spectrophotometer (JASCO). The morphology and
microstructure of PCN and CCN were observed by transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) with ZEISS LEO-9522
microscope. The binding energy of the contained elements were confirmed via x-ray
photoelectron spectroscopy (XPS, ULVAC PHI 5600). Photoluminescence (PL) spectra
of PCN and CCN was obtained using a FP-8500 fluorescence spectrometer ((JASCO).
The fluorescence lifetimes of PCN and CCN were detected on a single photon counting
spectrometer using a microsecond pulse lamp as the excitation source (375 nm).
Electron Spin resonance (ESR) measurements were collected using Bruker E580
spectrometer. The specific surface area was calculated according to the Brunauer-
Emmett-Teller (BET) mode using a Quantachrome Instruments (NOVA4200e) at liquid

93



nitrogen temperature (-196 ° C).
Photocatalytic experiment.

The catalytic performance of PCN and CCN was tested by photocatalytic NO
removal at ambient temperature. The 450 W mercury lamp with a cut filter (A>400 nm)
was used as the visible-light source [2, 8]. The samples were spread in the hollow (20
mm x 16 mm x 0.5 mm) of a glass plate and then set at the bottom center of the flow
type reactor (373 cm® of internal volume). The experimental NO (2ppm) gas was
obtained by diluting the compressed NO gas with air stream. The real-time
concentration of NO was recorded by NOx detector (Yanaco, ECL-88A), which
controlled the gas flow rate of 200 mL/min. The photocatalytic NO removal efficiency

(n) was defined according to the following equation:

n(%) =

L= % 100 (3.2-1)
Co

Where C, and C were the initial and final concentrations of NO, respectively.

DFT calculations.

All of the calculations were performed using Vienna ab initio simulation package
(VASP) based on density functional theory (DFT). The ion-electron interactions were
described by the projected augmented wave (PAW) method. The generalized gradient
approximation (GGA) with Perdew-Burke-Emzerhof (PBE) was used to describe the
exchange-correction functional. The 2x2x1CCN supercell and 2x2x1 PCN were
chosen to carry out first-principles calculations, with a 15 A vacuum region between
the layers in z direction to avoid effects of periodic interlayer interaction. For CCN, the
I'-centered 5x5x1 (geometry optimization) and 7x7x1 (self-consistent) Monkhorst-
Pack grids for the Brillouin zone sampling (for PCN, geometry optimization 4x3x1;
self-consistent: 8x6x1) and cutoff energy of 500eV for plane wave expansion were used.
For geometry optimizations, all atoms were relaxed until the force acting on each atom
was less than 0.02 eV/A and the total energy was converged to 1.0x10™*eV. The long-
range van der Walls (vdW) interaction was of great significance in describing the
geometry optimization of 2D materials. In this work, the Grimme’s scheme (D3) was

used to modify the long-range dispersion interactions.
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The adsorption energy (Eqqs) of molecules adsorption on CCN and PCN (substrate)
were calculated by the following equations:

Eqas = Em@substrate — Esubstrate — Em (3.2-2)
where E,aesubstrates Esubstrate and Ey, were the total self-consistent energy of the
adsorbed system, substrate and the adsorbate (NO and O.), respectively. In general, as
the first step of the catalytic reaction, the adsorption characteristics of the reactants on
the catalyst played a vital role. Usually, the reactant molecules need to be chemically
adsorbed on the catalyst surface, because the subsequent steps are closely linked with
the adsorption process. The electron density difference was an effective method to study
the change of electron density in the adsorption process of small molecule, which was
calculated by the following equations:

Apaps = Pm@substrate — Psubstrate ~ Pm (3.2-3)
where p@substrate Was the total electron density of the adsorption system, psupstrate
and p,, are the electron density of the CCN and PCN (substrate) surface and the
isolated NO and O, respectively. To focus on the roles of crystallinity and simplify the
calculation process, the amino groups of the CCN was not considered in DFT

calculation.

3.2.3 Results and discussion

Crystal structure and chemical composition
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Fig. 3.2.1. Schematic illustration for the preparation of CCN via a modified molten-

salts method.
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The conventional synthesis of CCN was performed by heating a mixture of PCN
and eutectic salts (i.e. KCI and LiCl) under a closed nitrogen system, which was a
bottleneck for the scale-up of CCN [22, 23, 25, 28]. To solve the drawback, a modified
molten-salts method was developed as depicted in Fig. 3.2.1. Firstly, we used DCDA
as precursor to prepare PCN. Then the resultant PCN was mixed with eutectic salts (i.e.
KCl and LiCl) uniformly as a precursor of CCN. After that, the obtained mixtures were
calcined to obtain CCN under ambient atmosphere instead of nitrogen atmosphere.
During the calcination process, the eutectic salts (i.e. KCI and LiCl) could increase
mobility of PCN [29, 30], which enabled to tailor the electronic structure and
crystallinity of PCN [24, 31]. It is important to note that the ambient atmosphere in an
open system allows one to prepare CCN in less specialized labs and holds the potential

for the scalable production of CCN.
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Fig. 3.2.2. (a) Normalized patterns of PCN and CCN, (b) corresponding enlarged XRD
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patterns in the range of 24°-32°; SAED images of PCN (c¢) and CCN(d).

Table 3.2.1. C/N ratios of PCN and CCN determined by the elemental analysis and XPS analysis

(c) Element analysis

C N C/N
Samples
(Wt%) (Wt%) (atomic)
PCN 34.18 60.62 0.6578
CCN 29.19 49.61 0.6865
(d) XPS element analysis
Samples C N C/N
(atomic)  (atomic) (atomic)
PCN 42.49 56.01 0.7586
CCN 41.36 51.77 0.7989

The crystal structures of PCN and CCN were investigated using XRD as displayed
in Fig. 3.2.2a and Fig. 3.2.2b. The PCN exhibited two characteristic peaks at 13.0 and
27.4 °, corresponding to the (100) and (002) crystal planes of carbon nitride, which
could be attributed to the in-plane packing and interfacial stacking of carbon nitride
nanosheets, respectively. As for CCN, the peak of (100) was shifted to approximately
8.0 ° consistent with previous literatures, which demonstrated the enlarged in-plane
periodicity. In other words, the highly crystalline structure of CCN was confirmed.
Moreover, the (002) peak of CCN was slightly shifted to a higher angle in comparison
with PCN Fig. 3.2.2b), which brought about decreased interlayer distance. This result
suggested enhanced interaction between layers of CCN after modified molten-salts

treatment. It should be noted that no peaks corresponded the KCl and LiCl crystals,
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indicating the removal of the molten-salts by washing with water. Also, the enhanced
crystallinity of CCN was strongly demonstrated by the SAED images (Fig. 3.2.2¢c and
Fig. 3.2.2d). Compared with PCN, the diffraction ring of CCN was more clear owing
to the high level of crystallization, which was in good agreement with results of XRD
patterns. Based on the XRD patterns and SAED images, it is reasonable to conclude
that the crystallinity of CCN wad distinctly improved via the modified molten-salts

method.
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Fig. 3.2.3. (a)XPS spectra of survey for PCN and CCN, (b) XPS spectra of K 2p for
CCN, (c) Nls and (c) Cls of spectra for PCN and CCN, respectively.

The composition of PCN and CCN were determined by XPS analysis. There are three
elements (C, N, and O) in the survey spectrum of PCN (Fig. 3.2.3a). As for CCN,
additional K element was observed in the survey spectrum. Fig. 3.2.3b exhibited the
high-resolution K2p XPS spectrum of CCN. It had been studied that the K ions could

not affect the electronic structure of CCN, but enhanced the conductivity, which was
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beneficial for the charge carrier separation [16, 32, 33]. It is important to note that no
signals corresponding to Cl and Li, which was consistent with previous literatures [23].
For the C 1s spectrum of PCN and CCN (Fig. 3.2.3c), three main peaks were observed
at the binding energies of 284.8, 286.4, and 288.2 eV. The C 1s peak at 284.8 eV was
ascribed to the impurity carbon, which was used as the standard reference carbon. The
peaks at 286.4 and 288.2 eV were attributed to bridge functions (C-N) and sp>-bonded
carbon (N-C=N), respectively [16]. For the Nls spectrum of PCN and CCN (Fig.
3.2.3d), it could be fitted to four peaks centered at 398.7, 400. 5, 401.5 and 404.3 eV,
respectively. The peak at 398.7 eV was attributed to the sp>-hybridized nitrogen
corresponding to the tris-s-triazine rings (C-N=C). The peak centered at 400. 5 eV was
assigned to the tertiary nitrogen N-(C)s groups. The peak at 401.5 eV was index as
bridge functions (C-N) or the terminal amino groups on the surface. The weakest peak

located at 404.3 eV was related to the charging effects in the heterocycles [22, 34].
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Fig. 3.2.4. (a) FTIR spectra of PCN and CCN; (b) ESR spectra of PCN and CCN.

The FT-IR spectra of PCN and CCN were shown in Fig. 3.2.4a. The broad peak
between 3000 and 3500 cm™! was ascribed to the terminal amino groups and hydroxyls.
The set of peaks in the region from1200 to1700 cm™' were assigned to the tris-s-triazine
derivatives[31]. A new peak located at 982 cm™! was observed in CCN due to the
symmetric vibration of C-N-C bonds, which was consistent with previous reports [35,

36]. As for the two peaks centered approximately at 805 and 890 cm’!, they were index
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as the characteristic breathing mode of tris-s-triazine cycles and deformation mode of
N-H in amino groups, respectively [21]. The FTIR spectrum of CCN was similar to that
of PCN, which indicated that the modified molten-salts method could retain the basic
chemical structure of carbon nitride.

ESR spectra of PCN and CCN were collected at room-temperature to elucidate the
electronic nature [37]. As displayed in Fig. 3.2.4b, both PCN and CCN showed a single
Lorentzian line centered at a g value of 2.0034 owing to the presence of unpaired
electrons in the aromatic rings of carbon atoms, which was in good consistent with
previous reports [38, 39]. The CCN exhibited the similar ESR signal with that of PCN,
suggesting that the basic graphitic heptazine skeleton remains intact in CCN after the
modified molten-salts treatment [31, 37]. In addition, CCN showed a much higher EPR
signal intensity in comparison with PCN, which was ascribed to the larger number of
unpaired electrons in CCN. This result in turn could give an indirect evidence of the
increased C/N ratio in CCN [16, 40]. Indeed, according to the element analysis (Table
S1), the C/N atomic ratio was increased from 0.6578 (PCN) to 0.6865 (CCN) owing to
the removal of amino group in CCN, which brought about the enhanced crystallinity of
CCN in comparison with PCN. Similar results were also observed in the XPS element
analysis. Considering the XRD patterns, SAED images and element analysis, it is
reasonable to conclude that the crystallinity of CCN was significantly improved via the
modified molten-salts method.

Morphology and microstructure

The morphology and microstructure of PCN and CCN was characterized using
TEM (Fig. 3.2.5). The PCN exhibited bulk nanosheet structures, while the CCN
displayed plentiful of regular nanorods after the modified molten-salts method, which
was beneficial for increasing the specific surface area and pore structure. In addition,
the nitrogen adsorption-desorption isotherms for PCN and CCN were carried out to
evaluate the specific surface area and porosity (Fig. 3.2.6). The CCN exhibited
reversible type IV isotherm with a typical H3-type hysteresis loop, which was one of
the main characteristics of mesoporous structure. According to the Brunauer-Emmett-
Teller (BET) mode, the specific surface areas of PCN and CCN were calculated to be
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9.85 and 76.68 m’g’!, respectively. The pore size distribution curve of CCN disclosed
the mesoporous structure, as shown in Fig. 3.2.6b. As expected, the pore volume of
CCN (0.589 cm’g™!) was much larger than that of PCN (0.051 cm’g™!). The enlarged
specific surface area could provide more active sites and highly porous structure
enabled to shorten the diffusion path of molecular reactants, which was of advantage to

enhance the photocatalytic performance of CCN.

Fig. 3.2.5. TEM images of PCN (a) and CCN (b), respectively. The areas circled by red
lines was used for SAED.

The molten salts could simultaneously increase the crystallinity and the surface of
CCN. The reasons were as follows: the PCN prepared by thermal-induced
polymerization displayed low crystallinity owing to the predominantly kinetic
hindrance. The molten-salts acted as high-temperature solution to address this issue,
which resulted in the enhanced crystallinity of CCN. At the same time, during the
molten-salts process, the deamination would happen in the PCN to obtain large CCN
nanosheets, which increased the specific surface areas. For minimizing the surface
energy, these formed nanosheets tended to become nanorods, which was consistent with

previous reports [22, 23].
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Table 3.2.2 BET specific surface area and total pore volume of the obtained samples

Samples BET surface area  Total pore volume
PCN 9.85 0.051
CCN 76.68 0.589
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Fig. 3.2.6. (a) Nitrogen gas adsorption isotherms, and (b) corresponding pore size distribution of

PCN and CCN

Optical property and band structure

The optical and electronic properties of PCN and CCN were tested by UV-vis DRS
(Fig. 3.2.7a). The CCN showed significantly enhanced light-harvesting capability
above 450 nm in the optical spectrum in comparison with PCN, which was beneficial
for improving the photocatalytic performance [41]. The results were also reflected by
the smaller bandgap energy of CCN (2.28 eV) than that of PCN (2.50 eV) (Fig. 3.2.7b).
It was reported that the light-harvesting capability of the polymeric carbon nitride was
related to its structural rigidity [29, 35]. Therefore, the enhanced optical property of
CCN was ascribed to the increased chain stiffness and interaction between the subunits.
In addition, the valence band (VB) of PCN and CCN was calculated by the VB-XPS.
As shown in Fig. 3.2.7c, the VB of PCN and CCN were nearly identical (1.13eV). This
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meant that improving the crystallinity of CCN did not change its VB [24]. Combing
with the bandgap values, a schematic diagram of the electronic structure of PCN and

CCN was illustrated in Fig. 3.2.7d.
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Fig. 3.2.7. (a) UV-vis DRS; (b) Tauc plots for the band gap calculation; (c) VB-XPS

spectra, and (d) Energy band structures of PCN and CCN, respectively.

DFT calculation was carried out to study the electronic structure of PCN and CCN
deeply (Fig. 3.2.8). Considering that the K ions did not change the band structure of
CCN significantly, the structural mode of CCN was built without the K ions [16, 42,
43]. Fig. 3.2.8a and Fig. 3.2.8b displayed the optimized structure mode of CCN and
PCN, respectively. Obviously, the major differences between CCN and PCN lied in the
removal of amino group in CCN, resulting in the increased C/N ratio in CCN, which
was in good agreement with the results of element analysis and XPS element analysis.
The bandgap energies of PCN and CCN were 2.50 eV and 1.24 eV, respectively.

Moreover, the calculated UV-vis DRS spectra showed the enhanced light-harvesting
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capability of CCN in comparison with PCN (Fig. 3.2.9). The theoretical results were
good consistent with experimental results, qualitatively. It is important to note that both
the bandgap of PCN and CCN were underestimated owing to the drawbacks of PBE
method.[44] To reveal the contributions of each related orbital to the band structure, the
total density of states (TDOS) and partial density of states (PDOS) of PCN and CCN
were also obtained. The conduction band minimum (CBM) of PCN mainly consisted
of C 2p and N 2p orbitals, while the valance band maximum (VBM) was dominated by
the N 2p orbital, which was in agreement with previous reports [45, 46]. Similar results
were also observed for CCN. Both experimental characterization and theoretical
calculations demonstrated the CCN exhibited a narrower bandgap, which was

beneficial for light absorption to enhance the photocatalytic performance.
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Fig. 3.2.8. The optimized configuration of CCN (a) and PCN (b). C, N and H atoms

were represented by the dark, blue and red balls, respectively. The energy band
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structures and corresponding calculated DOS of (a) CCN and (b) PCN. The Fermi level

is taken as zero.
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Fig. 3.2.9. Calculated UV-vis DRS spectra of CCN and PCN
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Fig.3.2.10. (a) Steady-state photoluminescence spectra;(b) time-resolved

photoluminescence spectra PCN and CCN; respectively.

It is universally acknowledged that the effective separation of photogenerated
carriers would be favorable for improving the photocatalytic activity [17, 18, 47, 48].
Steady state and time-resolved photoluminescence (PL) spectroscopy were performed
to investigate the migration, transfer and separation efficiency of the photogenerated

electron-holes. In general, the PL emission of photocatalysts originated from the charge
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carrier recombination [49]. As shown in Fig.3.2.10a, there was a distinct decrease in
the PL intensity of CCN, compared with that of the PCN, which indicated the enhanced
charge carrier separation efficiency of CCN. In addition, Fig.3.2.10b showed the time-
resolved PL decay spectra of PCN and CCN. The PL lifetimes of PCN and CCN were

calculated according the exponential equation [40, 41].
t t
Y =y, + Aiexp (— Z) + Ajexp (— ;) (3.2-4)
where yo was the baseline correction. A and A, were the preexponential factors. The 11
and 12 were the excited-state luminescence decay time, corresponding to Aj, and Ao,

respectively (Fig.3.2.11). In addition, the average lifetimes of PCN and CCN could be

calculated by the following equation [40, 41].

_ AlT%'i'AzT%_ (3 2_5)

T AT +AT,

The average lifetimes of PCN and CCN were 1.46 ns and 0.75 ns, respectively. The
decreased lifetime of CCN in comparison to PCN coupled with weak PL of CCN was
indicative of fast quenching of the CCN luminescence [37]. This could be ascribed to
increased charge migration rate owing to the extended m conjugated system and
delocalized electrons, which would be beneficial for the separation of charge carrier

[22, 25, 29].
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Fig.3.2.12 (a-b) HOMO and LUMO of CCN and PCN, respectively.

In addition, the DFT calculation was performed to investigate the charge carrier
separation deeply. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of PCN and CCN were shown in Fig.3.2.12.
Compared with PCN, the photogenerated electrons (corresponding to the LUMO) and
holes (corresponding to the HOMO) were located around different atoms of CCN,
which reduced the possibility of recombination of photogenerated electrons and holes
[42]. In other words, the CCN exhibited better charge carrier separation efficiency than
PCN. These results were in good agreement with the experimental results, which

indicated the enhanced photocatalytic performance of CCN.
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Photocatalytic performance and mechanism
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Fig.3.2.13. (a) Photocatalytic performance of PCN and CCN under visible light
irradiation(A>400nm), (b) cycling stability test of CCN photocatalyst.

The photocatalytic performance of PCN and CCN were evaluated under visible-
light irradiation (A>400nm) at room temperature (Fig.3.2.13a). The PCN displayed
limited photocatalytic activity owing to its low crystallinity. In contrast, the CCN
exhibited significantly enhanced photocatalytic NO removal performance after the
modified molten-salts thermal treatment, which was 3.0 times higher than that of PCN.
Moreover, there was no noticeable decrease in photocatalytic NO removal performance
after three cycles (Fig.3.2.13b), which indicated the high stability of CCN. The
photocatalytic stability of CCN was further demonstrated by the XRD patterns
Fig.3.2.14a) and FT-IR spectra (Fig.3.2.14b). Due to the good catalytic performance
and stability, the metal-free CCN held the potential in practical application compared

with the reported photocatalysts.

109



(a) ——Fresh (b) Fresh

- Used Used
3
3 g
8 g
B =
Z E
=

10 20 30 40 50 60 4000 3200 2400 1600 800

2 Theta (degree) Wavenumbers (cm™)

Fig.3.2.14. (a) XRD patterns and (b) FTIR spectra of CCN before and after recycling test.

In addition, the photocatalytic NO removal performance of CCN-N; was about 46%
(Fig.3.2.15), which was nearly the same with CCN (45%). The reasons were as follows:
in the present modified molten-salts method, the mass ratio of PCN/molten-salts was
1/10. During the post-calcination process, the molten-salts not only acted as high-
temperature solution to optimized the crystallinity of PCN, but also protected the PCN
from contacting with air. As shown in Fig.3.2.16, the PCN was immersed in the molten-
salts-solution, which was isolated from the air atmosphere. That is to say, thanks to the
large amount of molten-salts-solution, the air nearly could not affect the PCN or CCN.

That was why CCN-N»> and CCN displayed the almost the same photocatalytic activity.
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E, .= 0.945 eV AQ(NO)=-0.004¢ E,,=0.956 eV, AQ(0O,)=0.009¢

Fig.3.2.17(a-b) The optimized configurations of NO and O molecules adsorbed on
CCN; (c-d) the optimized configurations of NO and O, molecules adsorbed on PCN
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isovalues: 0.0025 ¢/A3

Fig.3.2.18. The charge density difference iso-surface of CCN resulting from adsorption
of (a) NO and (b) O»; the charge density difference iso-surface of PCN resulting from
adsorption of (¢) NO and (d) O».

It is accepted that the adsorption of reactant molecules on photocatalysts played a
pivotal role in the photocatalytic performance [38, 50-54]. Therefore, the adsorption of
NO and Oz on PCN and CCN were investigated by DFT calculations. As shown in
Fig.3.2.17, the stable adsorption configurations of PCN and CCN were obtained after
optimizing the initial structures. It is obvious that the molecules (NO and O2) were
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much easier to be adsorbed on the surface of CCN than that of PCN because the distance
between the molecules (NO and O») and CCN was shorter than that of PCN. Concretely,
the distance between the NO and CCN was 2.682 A, while the distance between the
NO and PCN was 2.989A. Similar results were also observed for 02 (2.863A for CCN
and 2.970 A for PCN). Based on the calculation results, the CCN displayed lower
adsorption energies of NO (-1.57 eV) and O> (0.80 eV) than that of PCN, whose
adsorption energies were 0.945 eV and 0.956 eV for NO and O, respectively. Moreover,
the total charge (AQ) of NO increased from -0.004 e for PCN and -0.200 e¢ for CCN
according to the Bader charge analysis, which revealed that the NO molecules are prone
to effortless adsorption and easy activation [51]. Similar results were observed related
to the absorption of O on PCN and CCN. Charge density difference could reflect the
change in electron density during the small molecule adsorption [52]. Fig.3.2.18
displayed the charge density difference of CCN and PCN resulting from adsorption of
molecules (NO and O;). Charge accumulation was in red and depletion in green. As
shown in Fig.3.2.18a and Fig.3.2.18, the charges are mainly depleted from NO and
accumulated around CCN and PCN. That is to say, the electrons were more likely to
transfer from NO to CCN and PCN. It is important to note that the CCN exhibited a
larger electron cluster than that of PCN due to the more electrons transfer between NO
and substrate, which was in good consistent with the Bader charge analysis. Similar
results were observed related to the absorption of O on PCN and CCN. Therefore, it is
safe to conclude that the CCN exhibited relatively stronger reactant molecules
adsorption and activation ability, which was beneficial for enhancing the photocatalytic
NO.

On the basis of the discussions above, a plausible mechanism was proposed to
reveal the excellent photocatalytic performance of CCN. It is common knowledge that
the typical photocatalytic reactions could be divided into three basic process as follows:
() light absorption and charge generation; (II) charge separation and migration; (III)
surface redox reaction.[55, 56] As illustrated in Fig.3.2.19, the CCN exhibited the
narrowed bandgap to extend the light absorption and produce much more charge carrier
owing to the improved crystallinity. In addition, the improved crystallinity of CCN
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brought about the increased charge migration rate due to the extended conjugated
system, resulting in facilitated charge separation and migration. Moreover, CCN
showed smaller surface adsorption energy of NO and O, which was beneficial for
reactants activation to improve the photocatalytic activity. Last but not least, the
specific surface area of CCN was enlarged to improve the photocatalytic activity. All in
all, thanks to the high crystallinity and enlarged specific surface area, the CCN
displayed 3.0 times higher photocatalytic NO removal performance than PCN under

visible-light irradiation (A>400nm).
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Fig.3.2.19. Proposed mechanism for the crucial role of crystallinity in the

photocatalytic NO removal process

3.2.4 Conclusion

In summary, we demonstrated a facile route to synthesize highly crystalline CCN
via a modified salts-molten method. The modified salts-molten method was carried out
in a scalable and ambient pressure, which is expected to the large-scale production of
CCN. The photocatalytic NO removal performance of the resultant CCN was
significantly enhanced, which was 3.0 times higher than that of PCN. Detailed
experimental characterization and theoretical calculation revealed the crucial role of
crystallinity in CCN for the enhanced photocatalytic NO removal performance. The
advantages of high crystallinity in CCN were as follows: (1) it would narrow the
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bandgap to enhance the light absorption; (2) it could increase the conductivity to
facilitate the charge carrier separation; (3) it enabled to decrease the adsorption energy
of molecules (i.e. NO and O) to activate them for photocatalytic reactions. Our results
provided deep insights into the crucial role of crystallinity in CCN for the enhanced
photocatalytic NO removal performance. More importantly, the approach used in
present work could be extended to improve the crystallinity of other polymeric carbon
nitride-based materials (for example C3N5s) for photocatalytic, photovoltaic and sensor

applications.
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Chapter 4 Heterostructure construction

The Heterostructure construction involves two large works, i.e., carbonaceous/CN

hybrid (Chapter 4.1) and CN/TiO2 heterostructure (Chapter 4.2).

To be more specific, CN/rGO nanocomposites are fabricated via an alkali-assisted
hydrothermal process. The related research work is entitled “Alkali-assisted
hydrothermal preparation of g-C3N4/rGO nanocomposites with highly enhanced

photocatalytic NOx decomposition activity” (Chapter 4.1).

Our target is to prepare CN/TiO2 heterostructure (Chapter 4.2) via calcination assisted
hydrothermal process. Interestingly, we prepared oxygen vacancies mediated TiO2 with
excellent photocatalytic performance, which include two parts.

The first related research work is entitled “Intrinsic carbon-doping induced synthesis
of oxygen vacancies-mediated TiO2 nanocrystals: enhanced photocatalytic NO
removal performance and mechanism” (Chapter 4.2.1)

The second related research work is entitled “Reductant-free synthesis of oxygen
vacancies-mediated TiO2 nanocrystals with enhanced photocatalytic NO removal

performance: an experimental and DFT study” (Chapter 4.2.2).
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4.1 Alkali-assisted hydrothermal preparation of g-CsN4/rGO
nanocomposites with highly enhanced photocatalytic NOx

decomposition activity

4.1.1 Introduction

Air pollution such as NOx, SO, and CO is increasingly serious, due to the fossil
fuel utilization and industrial activities [1, 2]. Photocatalysis as a green chemistry
technology is regarded as a promising method for environmental remediation [3, 4].
Clearly, the major focus in photocatalysis is to develop highly efficient catalyst [5-10].
Since Wang et al. first reported a metal-free polymeric photocatalyst for hydrogen
production in 2009 [11], graphitic carbon nitride (g-C3N4) has drawn considerable
attention because of its visible-light responsive activity, facile preparation process
using low-cost precursors, physicochemical stability and very unique two-dimensional
(2D) structure [12-14]. Nevertheless, the pristine g-C3N4 photocatalyst still faces
several drawbacks, such as limited absorption range, small specific surface area, rapid
recombination of photogenerated carriers and weak redox ability, which hampers its
practical applications [15, 16]. Therefore, enormous efforts have been made to
improve the photocatalytic activity of g-C3N4 including constructing heterostructures,
metal and nonmetal doping, and morphology control [17, 18].

Particularly, g-CsNa/graphene composites have attracted much attention due to the
promoted charge carrier separation efficiency and also enhanced photocatalytic activity
[19, 20]. For instance, Xiang et al. reported that g-C3N4/graphene composites exhibited
about 3.0 times higher hydrogen production rate than that of pure g-C3N4[21]. Zhang
et al. reported that cross-linked g-CsNa/graphene nanocomposites showed 2.7 times
photocatalytic degradation of 4-nitrophenol activity, compared with pure g-C3N4 [22].
The conventional thermal polymerization of g-C3;N4 precursor (such as melamine,
dicyandiamide, and cyanamide) with graphene oxide (GO) has proved to be an effective

strategy to prepare g-C3Ns/reduced GO (rGO) nanocomposites [21-23]. However, g-
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C3Ny in the g-C3N4/rGO nanocomposites obtained from high temperature solid state
reaction is still bulk and suffers from low surface area and few active sites [15, 24],
which is disadvantageous to the improvement of their photocatalytic activity [25, 26].
Moreover, the thermal reduction of GO could result in inevitable structural damage of
rGO owing to the released gas during thermal polymerization [27], thus weakening the
electronic conductivity of rGO and decreasing the electron-hole separation efficiency
[28]. Therefore, it remains challenging to prepare g-C3N4/rGO nanocomposites for the
enhanced photocatalytic activity.

Herein, we developed a facile process to prepare g-C3N4/rGO nanocomposites via
an alkali-assisted hydrothermal process. Interestingly, the alkali involved two roles for
preparation of g-C3N4/rGO nanocomposites, simultaneously. The NaOH not only
played an important role in etching the bulk g-C3Nj4 to increase specific the surface area
[25, 26], but also significantly promoted the deoxygenation of GO to obtain rGO [29].
To our best knowledge, this was the first time to report preparation of g-C3Na/rGO
nanocomposites via a one-pot alkali-assisted hydrothermal process. The morphologies,
structures, and optical properties of bulk g-C3N4, g-C3N4 nanosheets, and g-C3N4/rGO
nanocomposites were characterized in detail. The photocatalytic activity of g-
C3N4/rGO nanocomposites was evaluated by photocatalytic decomposition NOx under
visible-light irradiation (A>400nm). The results indicated that the obtained g-C3N4/rGO
nanocomposites exhibited significantly enhanced photocatalytic activity, compared
with that of bulk g-C3N4. Furthermore, a possible mechanism related the charge transfer
and separation was proposed to clarify the excellent photocatalytic performance of g-
C3N4/rGO nanocomposites. This work demonstrated a novel and facile strategy to
prepare g-C3N4/rGO nanocomposites, which may provide fresh insights for preparation

of photocatalyst with high efficient.

4.1.2 Experiment

Sample preparation

Melamine and NaOH were purchased from Wako. GO was bought from Sigma-
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Aldrich. All the chemical reagents were used as received without further purification.
Pristine g-C3N4 was prepared by thermal polymerization of melamine according to
previous literature [30]. In detail, melamine (10 g) was introduced into a crucible and
heated to 520 °C for 2 h with heating rate 5 °C/min. After cooling down to room
temperature, the obtained bulk g-C3N4 was ground by an agate mortar for further use.
The g-C3N4/rGO nanocomposites were prepared by a facile alkali-assisted
hydrothermal process. In a typical synthesis, g-C3N4 (1.0 g) and NaOH (0.36 g) was
put into 85 mL of water, and then different amounts of GO were added in (Supporting
Information). The resultant solution was stirred for 0.5 h followed by ultrasound
treatment for 0.5 h. Subsequently, the obtained suspension was introduced into a Teflon-
lined autoclave (100 mL) and heated at 120 °C for 18 h. After reaction, the obtained
products were centrifuged and washed by deionized water and ethanol for several times,
and finally vacuum dried at 60 °C overnight. For abbreviation, the bulk g-C3N4 and g-
C3N4/rGO nanocomposites was denoted as BCN and CNG, respectively. In comparison,
no GO was added and kept the other parameters constant, and the g-C3N4 nanosheet
product was designated as CNN.

Characterization

X-ray diffraction (XRD) measurement was carried out using a Bruker AXS D2
Phaser unit equipped with Cu Ka source. Diffuse reflectance spectrum (DRS) was
recorded using a UV-vis spectrophotometer (JASCO, V-670). Fourier transform
infrared (FTIR) spectrum was determined on a FTIR spectrometer (JASCO, FTIR-
660D-ATR). X-ray photoelectron spectroscopy (XPS) measurement was performed on
a PerkinElmer PHI 5600. The morphology and microstructure of samples were
observed by transmission electron microscopy (TEM, JEM-2000EXII), high-resolution
transmission electron microscopy (HRTEM, ZEISS LEO 9522) and field emission
scanning electron microscopy (FESEM, JSM-7800F). Nitrogen gas adsorption-
desorption isotherms and pore-size distributions were obtained using Quantachrome
Instruments, NOVA4200e. The specific surface areas of the samples were determined
using the BET method. Thermogravimetry analysis (TGA) was performed on RIGAKU
Thermoplus TG8120. Photoluminescence (PL) data was measured by a
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spectrofluorometer (JASCO, FP-8500) with a laser (A=400 nm) at room temperature.
Time-resolved PL emission decay was recorded by a time-correlated single-photon
counting system at 375 nm (PLP-10-038, Hamamatsu Photonics), equipped with a
monochromator (Acton SP2150, Princeton Instruments, USA), a photon-counting
board (SPC-130, Becker and Hickl) and a photosensor module with a photomultiplier
tube (H7422P-50, Hamamatsu Photonics) at room temperature. Electrochemical
impedance spectroscopy (EIS) curves were tested on with electrochemical workstation
(Bio-logic, France) in a three electrode, utilizing a Pt pieces as the counter electrode
and an Ag/AgCl electrode as the reference electrode. 0.1 mol. L sodium sulfate purged
with nitrogen was used as electrolyte solution.

Photocatalytic decomposition NOx

The catalytic performances of as-obtained samples were evaluated by the
decomposition of NOx (deNOy) in a flow type reactor (373cm® of internal volume)
under 450 W mercury lamp irradiation with a cutoff filter (A>400nm) [1]. The
photocatalyst was spread in the cell (20mmx>16mmx0.5mm) of a glass substrate, which
was set at the bottom center of the photocatalytic reactor. The NOx concentration was
determined by a NOx detector (Yanaco, ECL-88A). The initial flowed 200 ml/min of
NOx gas consisted of 2 ppm of NO (N2 balanced)-air mixture, and its concentration was
determined using NOx detector (Yanaco, ECL-88A). It is important to note that the
measured NOx concentration included NO; which could be ascribed to the oxidation of

NO. The NOy removal percentage (%) was defined as follows:

Co—C
Co

DeNO, (%) = === x 100 4.1-1)

Where C, was the initial NOx concentration and C was the final NOx
concentration after 10 minutes photocatalytic decomposition of NOyx at room

temperature.

4.1.3 Results and discussion

The CNG nanocomposites were prepared as illustrated schematically in Fig. 4.1.1.

The details were elaborated in the experimental section. The alkaline etching could
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break the bulk BCN into small fragments to increase the specific surface area and active
sites [25, 26]. Simultaneously, the GO experienced deoxygenation to become rGO
under alkaline conditions [28, 29]. Therefore, the CNG nanocomposites were

successfully fabricated via an alkali-assisted hydrothermal process.

Alkali-assisted
Hydrothermal process

BCN &—>N GO CNG nanocomposites

Fig. 4.1.1. Illustration for the preparation of CNG nanocomposites via an alkali-assisted

hydrothermal process.

The crystal structures of as-obtained samples were studied by XRD patterns. As
shown in Fig. 4.1.2A, all the samples possessed two distinct diffraction peaks around
13.5° and 27.8°, which were related to the (100) and (002) crystal planes of g-C3Na,
respectively[31, 32]. Fig. 4.1.2B displayed the enlarged diffraction region between 8§°
and 16°. Compared with BCN, the XRD patterns of CNN and CNG nanocomposites
exhibited peaks around 10.6°, which was ascribed to the partial destroy of the periodic
tri-s-triazine units of graphitic carbon nitride owing to the alkali-assisted hydrothermal
treatment. This was similar to previously reported results [33]. It is important to note
that no apparent peaks of rGO appeared owing to the trace amount of rGO, which was
difficult to be resolved by XRD [34]. However, the rtGO sheets in the CNG
nanocomposites could be easily detected by the HRTEM and SAED. From the Fig.
4.1.2C and Fig. 4.1.3, it was safe to conclude that no obvious fringe could be found in
BCN due to the low crystallinity of BCN [35]. But in Fig. 4.1.2D, clear lattice fringes
with d-spacing of 0.34 nm were observed in the CNG nanocomposites, which could be
attributed to the (002) lattice plane of rGO sheets [36]. Also, the existence of graphene

in the CNG nanocomposites could be demonstrated by the SAED image (Fig. 4.1.3B).
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Fig. 4.1.2. (A) XRD patterns of BCN, CNN and CNG; (B) the enlarged diffraction

profiles in the range between 5 and 15°; (C) the HRTEM image of BCN; (D) the
HRTEM image of CNG. The inset in (D) is the profile plots of the calibration for

measuring the spacings in panel.

Fig. 4.1. 3. (A) SAED image of BCN; (B) SAED image of CNG (graphene part)
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FTIR analysis was further carried out to identify the resultant samples. As shown
in Fig. 4.1.4A, the main characteristic peaks for BCN in the region between 1200 cm’!
and 1700 cm™! could be assigned to the typical stretching mode of g-C3N4 heterocycles
[37], while the sharp peak at 808 cm™ resulted from the characteristic breathing mode
of tris-s-triazine cycles [14]. In addition, the deformation mode of N-H in amino groups
at 887 cm™! were observed [17], and the broad bands between 3000 and 3500 cm! were
related to the N-H stretching vibration in the bridging C-NH-C units [13]. Notably, the
FTIR spectrum of CNN and CNG nanocomposites resembled that of bulk BCN,
indicating that the alkali-assisted hydrothermal treatment did not change the basic
structure of g-CsNg4, agreed with the XRD patterns. Similar results were also

demonstrated by Raman spectra (Fig. 4.1.5).
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Fig. 4.1.4. (A) FTIR spectra of BCN, CNN and CNG; (B) the XPS survey spectra and
(C), (D) high-resolution Cls, N1s XPS spectra of BCN, CNN and CNG, respectively.

XPS spectra were collected to reveal the chemical configurations of the samples
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and interfacial interactions between CNN and rGO. Based on the survey spectra (F Fig.
4.1.4B), all the samples mainly consisted of C and N elements, and very small amounts
of O were observed, which could be attributed to the Oz or H2O absorbed on the surface
of the samples [16]. For the high-resolution C 1s of BCN (Fig. 4.1.4C), two peaks at
284.6 and 287.5 eV could be observed, which were index as carbon-containing
contaminants and sp>-bonded carbon (N—-C=N), respectively [38]. Interestingly, for
CNN, the binding energies of C 1s shifted to high binding energy by ca. 0.3eV due to
the hydrothermal treatment [39]. When it comes to CNG nanocomposites, the binding
energies of C 1s possessed the highest binding energy shift owing to the interfacial
interaction between CNN and rGO sheets, which was similar with previously reported
results [5]. Meanwhile, the N 1s spectrum of all the samples could be deconvoluted into
three peaks (Fig. 3D), assign to N (sp?) in tri-s-triazine units bonded to N-C=N, N—(C)3,
and C—N-H, respectively [38]. It was important to note that the N 1s spectrum of CNN
and CNG nanocomposites shifted to high binding energies, compared with BCN, which
was consistent with the results of C 1s. Based on the binding energy shifts of C 1s and
N 1s, it might be concluded that the hydrothermal treatment and rGO had a great effect
on bulk BCN [33, 39]. Also, it demonstrated indirectly the existence of GO sheets due

to the interfacial interactions between CNN and rGO [5].
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Fig. 4.1.5. Raman spectra of BCN and CNG.
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adsorption isotherms, and (E) corresponding pore size distribution of BCN, CNN and

CNG.

Table 4.1.1 BET specific surface area, total pore volume and average size of BCN,

(E) 035

0.30

—=—BCN

—4—CNG

| 1 1 | 1 !

0 10 20 30 40 50

Pore diameter (nm)

CNN, and CNG
Samples Abbreviation BET surface area  Total pore volume
(m* g (em® g™
Bulk g-C3N4 6.9 0.699
g-C3N4 nanosheets 74.2 7.578
g-C3N4 /GO 27.0 1.930
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Fig. 4.1.7. SEM images of (A) BCN, (B) CNN and (C) CNG.

The morphology of bulk BCN, CNN nanosheets, and CNG nanocomposites were
identified with SEM and TEM (Fig.4.1.6 (A-C) and Fig. 4.1.7). The pristine BCN
exhibited a lamellar structure with a size of 10 um and had a smooth surface, which
was detrimental to light absorption and charge carrier transport [40]. After alkali-
assisted hydrothermal treatment, the CNN and CNG nanocomposites were broken into
small fragment to increase the specific surface areas and edge active sites. Moreover,
the CNN nanosheets and CNG nanocomposites displayed a short migration distance of
charge carriers, which could enhance the charge transfer and reduce the recombination
of electrons and holes [18]. Also, CNN nanosheets and CNG nanocomposites could be
accumulated into porous structure to increase the multiple reflections of incident light
[41], resulting improved light harvesting ability.

The nitrogen adsorption was conducted to evaluate the BET specific surface areas

and porous structures of bulk BCN, CNN nanosheets and CNG nanocomposites.
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Fig.4.1.6A illustrated that the nitrogen adsorption-desorption isotherms of all the
obtained samples were representative type-1V with H3-type hysteresis loop, which
demonstrated the existence of mesopores and macropores [16]. Compared with bulk
BCN, CNN nanosheets exhibited a distinct hysteresis loop, which was in good
consistent with the pore size distribution plotted in Fig.4.1.6B. The pore volumes of
bulk BCN and CNN nanosheets were 0.699 and 7.578 cm® g’!, respectively (Table
4.1.1). Moreover, the CNN nanosheets showed specific surface area of 74.2 m? g,
which was around 10.8 times higher than that of bulk BCN (6.9 m? g!). Unexpectedly,
the specific surface area of CNG nanocomposites was found to be only 27.0 m? g’!,
which was much less than that of CNN nanosheets. However, it was still almost 4.0
times higher than that of bulk BCN. Also, the similar porous structure of CNN
nanosheets and CNG nanocomposites could be demonstrated by TG curves (Fig. 4.1.8),
as they displayed almost the same weight loss before 200 °C owing to the evaporation
of much absorbed H>O [42]. The enlarged specific surface area of CNN nanosheets and
CNG nanocomposites could increase the active sites to enhance their photocatalytic

activity [43].
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Fig. 4.1.8. TG curves of BCN, CNN, and CNG heated in the air.
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Fig. 4.1.9. (A) UV-vis absorption spectra of BCN, CNN and CNG respectively; and (B)

corresponding band gap energies of BCN and CNN.

The optical properties of BCN, CNN, and CNG nanocomposites were
characterized by UV-vis DRS. All the samples displayed a wide absorbance range from
the UV region to the visible region (Fig. 4.1.9A). In comparison with BCN, CNN
exhibited distinctly enhanced light harvesting ability due to the multiple reflections of
incident light within the porous structure of packed CNN nanosheets [44]. Moreover,
the bandgap of CNN was enlarged from 2.73eV to 2.83 eV due to the well-known
quantum effect (Fig. 4.1.9B) [24], which gave indirect evidence to the nanosheets
structure CNN [45]. Clearly, CNG nanocomposites exhibited the highest light
harvesting ability with an obvious red-shift absorption edge, which could be ascribed
to the strong light absorption ability of rGO [21, 22]. The enhanced light absorption
could facilitate more electron-hole pairs production to improve the catalytic activity

[17].
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Fig. 4.1.10. (A) Visible light induced photocatalytic decomposition NOx activity
(A>400nm), and (B) Cycling stability characterization of CNG photocatalyst.
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Fig. 4.1.11. Comparison of the photoactivities of CNG nanocomposites with different
rGO content under visible-light irradiation (>400 nm)
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Fig. 4.1.12 (A) XRD patterns of CNG after recycling test; (B) FTIR spectra of CNG

after recycling test

The photocatalytic activity of the prepared samples was evaluated by
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decomposition NOyx under visible light irradiation (A>400 nm). As shown in Fig.
4.1.10A, the photocatalytic activity of CNG nanocomposites showed the highest
DeNOxy activity (40%) among the three samples. It was about 2.7 times higher than that
of bulk BCN (15%) and 1.7 times higher than that of CNN (23%), respectively. To
determine the optimal rGO in the CNG nanocomposites, a series of rGO was added into
CNG nanocomposites to confirm the photocatalytic decomposition of NOx activity (Fig.
4.1.11). It must be mentioned that excessive rGO nanosheet resulted in rapid reduction
in the photocatalytic performance because much incident visible light would be
absorbed by rGO nanosheet [22]. Moreover, the photocatalytic activity of CNG
nanocomposites did not decrease too much after five cycling tests, suggesting the high
stability of CNG nanocomposites. This was also supported by the XRD patterns (Fig.
4.1.12 A) and FTIR spectra (Fig. 4.1.12 B) since there was no obvious difference
between the used sample and fresh sample. Considering the excellent photocatalytic
activity, high stability and low cost, this metal-free photocatalyst was more promising
than previously our group reported traditional-metal-based semiconductor
photocatalysts (Table 4.1.2). It is well known that many factors such as (1) the amount
of catalyst used, (2) the gas flow rate, (3) the concentration of NOx, (4) the intensity of
light could affect the photocatalytic activity of photocatalysts. Therefore, we just
compared the photocatalytic activity of CNG with those of traditional metal
semiconductor photocatalysts, which are all developed and characterized by our group.
In the table 1, all the experimental conditions were the same because they were carried
out in the lab of ourselves. Moreover, to demonstrate the photocatalytic activity of CNG
was competitive. We also compared the photocatalytic activity of CN based
photocatalysts developed by different groups such as Rb doped CN [46], defective CN
[47], Ca doped CN [48], and rGO/CN [49], by the enhanced ratio, i.e., modified

CN/pristine CN. The results were summarized in Fig. 4.1.14.
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Fig. 4.1.13. (A)XRD pattern of BiVOs; (B) XRD pattern of BizWOe,

Table 4.1.2. Comparisons of different photocatalysts for decomposition NOx under

visible light irradiation (A>400 nm).

Photocatalysts DeNOxy activity (%) Reference
GaON 10 [50]
GaN:ZnO 12 [51]
BiVO4 15 Fig.4.1.13.
(A)
Ca-siloxene 20 [52]
P25 20
C-TiO2 29 [53, 54]
N-TiO2 30 [3, 54]
BiOX (X=Cl, Br, I) 25,30,2 [54]
C-NaTaOs 30 [55]
Bi2WOs 30 Fig. 4.1.13.
(B)
SrTiO; 33 [56]
(Zn1+xGe) (N20x) 35 [4]
2-C3N4/rGO (CNG) 40 This work
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Modified CN/Pristine CN

Fig. 4.1.14. Comparisons of CN based photocatalysts developed by different groups for

decomposition NOy, by the enhanced ratio, i.e., modified CN/pristine CN.

It is accepted that photocatalytic activity is largely dependent on the charge carrier
separation and transport efficiency [15, 57-60]. Therefore, steady state PL spectroscopy
was employed to reveal the charge separation and transfer behavior of the obtained
samples. Compared with bulk BCN, the intensity for CNN nanosheets was significantly
decreased (Fig. 4.1.15A), demonstrating that the recombination of photogenerated
charge carrier was suppressed [13, 16]. This was because after alkali-assisted
hydrothermal process, the bulk BCN was etched into small fragments and the volume
recombination of charge carrier was reduced due to the short charge migration distance
[17, 18, 61]. The CNG displayed the lowest PL peak intensity among all the samples,
suggesting the smallest charge recombination rate, which could be ascribed to the
synergistic effect of morphology control and heterostructure. More concretely, CNG

nanocomposites not only showed the nanosheets structure to reduce the volume
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recombination of charge carrier, but also possessed rGO to suppressed the surface
recombination of charge carrier since the graphene could act as an excellent electron
acceptor and transfer channel, which enabled to promote the charge carrier separation

on the surface of CNG nanocomposites [15, 21, 22].
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Fig. 4.1.15. (A) steady state PL spectra, (A) time-resolved PL spectra, and EIS Nyquist
plots of BCN, CNN and CNG respectively

The time-resolved PL spectroscopy was also carried out to investigate the lifetime
of charge carrier and charge separation process. Fig. 4.1.15B displayed the PL lifetime

decay curves of BCN, CNN, and CNG nanocomposites. The PL decay curves were

fitted with the following exponential equation [37, 57]:

t t

Y =y,+Aexp (— ;) + Ajexp (— Z) (4.1-2)
where yo, A1, and Az are constants and obtained after fitting each PL lifetime decay
curve. The 1 and 12 were the values of fast lifetime component and slow lifetime

component, respectively. Based on the fitting data, the average lifetimes of the samples
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were calculated from the two lifetime components with the following equation [62, 63]:

_ A1T%+A2T%

T AT +AT, (4.1-3)
The resultant PL lifetimes of the samples were summarized and listed in Table 4.1.3.
Compared with bulk BCN, both the fast lifetime 11 and slow lifetime 12 of CNN
nanosheets decreased from 1.2 to 1.1 ns and 4.5 to 4.3 ns, respectively. Consequently,
the average lifetime decreased from 3.5 (BCN) to 3.3 ns (CNN). The reduced average
lifetime of CNN nanosheets indicated the fast quenching of luminescence, which was
consistent with results of steady state PL spectra [64]. The fast quenching could be
attributed to the enhanced charge carrier separation of CNN nanosheets due to the short
transfer distance of electron-hole pairs [37, 64, 65]. Notably, the slightly decreased
lifetime of CNG nanocomposites (3.1 ns) was related to the efficient interfacial charge
transfer from CNN nanosheets to rGO [60], suggesting the positive effect of graphene

in promoting the photoinduced electron-hole pairs separation owing to its extraordinary

electrical property [18].

Table 4.1.3 Exponential decay-fitted parameters of PL lifetime for BCN, CNN, and
CNG.

Samples T1 (ns) Rel. (%) T2 (ns) Rel. (%) T (ns)

BCN 1.2 62.1 4.5 37.9 3.5
CNN 1.1 64.7 4.3 35.3 33
CNG 0.9 64.8 4.0 35.2 3.1

Table 4.1.4 Simulation results of the EIS plots

Samples R1(Q) R2(Q)
BCN 12.24 5967
CNN 12.22 6168
CNG 11.99 7350
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To get insight into the charge transport behaviors of the samples, EIS
measurements were performed under dark conditions. Fig. 4.1.15C showed the EIS
Nyquist plots of BCN, CNN, and CNG nanocomposites. The EIS Nyquist plots could
be fitted based on the equivalent circuit illustrated in Fig. 7C inset, where R; and R»
were series resistance and electron transport resistance, respectively [57, 66]. The
simulation results of the EIS Nyquist plots were presented in Table 4.1.4. Clearly, CNG
nanocomposites exhibited the smallest resistances for the interfacial charge transfer,
which was correlated with excellent charge separation of photogenerated electron-hole
pairs of CNG nanocomposites [66]. The results of EIS measurements were in good
consistent with steady state and time resolved PL spectra. Meanwhile, it should be
pointed out BCN and CNN displayed almost the same resistance, which could be
attributed to the fact that alkali-assisted hydrothermal treatment did not change the

electronic structure too much, supported by the XRD patterns and the FTIR spectra.
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Fig. 4.1.16. Proposed reaction mechanism of CNG nanocomposites with enhanced

photocatalytic decomposition NOx activity

Based on the above discussions, a charge transfer and separation mechanism could

be proposed and presented in Fig. 4.1.16. Compared with bulk BCN, the CNG
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nanocomposites possessed a variety of merits to improve their photocatalytic activity.
Firstly, the CNG nanocomposites exhibited large specific surface areas and plentiful
edge active sites due to the alkali-assisted hydrothermal treatment. Therefore, it enabled
to generate more electron-hole pairs under the visible light irradiation, which was
beneficial for the improvement of photocatalytic performance. Secondly, the
nanosheets structure of CNG nanocomposites displayed a short migration distance of
charge carriers from the interior to the surface for reduction and oxidation reactions,
thus reducing the volume recombination of charge carries and promote the
photocatalytic activity. More importantly, due to the unique optical and electronic
properties of rGO nanosheets, it not only enabled the CNG nanocomposites to have
excellent light harvesting ability, but also acted as an extraordinary electron acceptor
and transfer channel, which could greatly suppress the surface recombination of charge
carries and enhance the photocatalytic activity. Therefore, the CNG nanocomposites in
comparison with bulk BNC had much more photoinduced electrons and holes to initiate
the surface reduction and oxidation processes for the photocatalytic decomposition NOy.
According to previously reported literatures [46-48, 67, 68], during the surface
reduction and oxidation processes, some reactive oxygen species such as €0? and e OH
formed. The photoinduced holes and reactive oxygen species could decompose the NOy
into NOs3". Also, as an evidence, in 2004, a Japanese Industrial Standard (JIS R 1701-
1:2004(J) [69] on the removal of nitric oxide had been established. It is accepted that
the environmental pollutant nitrogen monoxide reacts with some reactive oxygen
radicals to mainly produce nitrate nitrous acid or nitric acid (80%), and 20% of the NO

could be decomposed directly to nitrogen and oxygen, (see Eqns (1) (2)) [70]
NO +{-OH, -OOH, and/or O2} > HNO> and/or HNO; (80%) (4.1-4)

2> N2+ 02 (20%) (4.1-5)
All in all, owing to the nanosheets structure and rGO nanosheets, the CNG
nanocomposites exhibited the outstanding photocatalytic performance. It displayed 2.7
times higher photocatalytic decomposition NOy than that of bulk BCN, even higher

than those of most previously reported traditional-metal-based semiconductor
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photocatalysts.

4.1.4 Conclusion

In summary, we had successfully developed a novel strategy to prepare CNG
nanocomposites via one-pot alkali-assisted hydrothermal process, in which the NaOH
acted as two crucial roles. On one hand, it could etch the bulk BCN into small
nanosheets to increase the specific surface areas and edge actives; on the other hand, it
promoted the reduction of GO to enhance the electronic conductivity of rGO nanosheets.
Moreover, the CNG nanocomposites exhibited 2.7 times higher photocatalytic
decomposition NOx activity than that of bulk BCN, which could be ascribed to the
synergistic effect of nanosheets structure and rGO nanosheets. The nanosheets structure
allowed the CNG nanocomposites to exhibit large specific surface areas and plentiful
edge active sites to generate more electron-hole pairs under the light irradiation. The
rGO nanosheets acted as an extraordinary electron acceptor and transfer channel, which
could greatly suppress the surface recombination of charge carries and enhance the
photocatalytic performance. This work demonstrated that a combined strategy, i.e.
morphology control and heterojunction construction, is promising for the synthesis of
photocatalysts with high activity in energy conversion and environmental rpurification

applications.
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4.2 CN/TiO2 heterostructure

Our target is to prepare CN/TiO; heterostructure (Chapter 4.2) via calcination assisted
hydrothermal process. Interestingly, we prepared oxygen vacancies mediated TiO2 with

excellent photocatalytic performance, which include two parts.

The first related research work is entitled “Intrinsic carbon-doping induced synthesis
of oxygen vacancies-mediated TiO2 nanocrystals: enhanced photocatalytic NO
removal performance and mechanism” (Chapter 4.2.1)

The second related research work is entitled “Reductant-free synthesis of oxygen
vacancies-mediated TiOz nanocrystals with enhanced photocatalytic NO removal

performance: an experimental and DFT study” (Chapter 4.2.2).
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4.2.1 Intrinsic carbon-doping induced synthesis of oxygen
vacancies-mediated TiO2 nanocrystals: enhanced

photocatalytic NO removal performance and mechanism

4.2.1.1 Introduction

Environmental pollution and energy crisis are the two major challenges in the
world on account of the consumption of fossil fuels and industrial activities [1, 2].
Photocatalysis has been recognized as a promising technology for energy conversion
and environmental remediation [3-6]. It is well-understood that the fabrication and
development of photocatalysts is the key point of photocatalytic technology [7-11].
Since the pioneering work in 1972 when Fujishima and Honda firstly reported the
photocatalytic water splitting using TiO; electrodes[12], abundant of photocatalysts
were developed such as ZnO [6, 13], BiOCI [14], BioWOs [15], BiVO4 [16], CdS [17]
and g-C3N4 [18]. Even so, TiO; is still one of the most effective, low-cost and
fascinating photocatalyst due to its outstanding properties such as high chemical and
thermal stability, environmental benignity and excellent electronic property [19, 20].
However, the relatively large band gap (3.0-3.2eV) of TiO> makes it only sensitive to
ultraviolet (UV) light, which makes up less than 5% of the natural solar light [21]. Also,
pristine TiO; suffers from the high recombination of photogenerated charge carriers [22,
23]. These intrinsic shortcomings of TiO» seriously hamper its further practical
applications. Therefore, much effort has been devoted to solve the problem including
metal and non-metal doping, noble metal deposition, sensitization, defect engineering,
heterostructure construction and so on [24, 25].

Recently, oxygen vacancies (OVs) have emerged as a promising strategy to
modulate the large band gap of TiO since Chen et al. synthesized black TiO> with rich
OVs by high-pressure hydrogen treatment in 2011 [26]. The OVs have significant
effects on the band structure and properties of TiO>. Concretely, the OVs induced

localized states that could narrow the band gap and extend the light response to visible
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light, which would promote to generate more charge carriers [27]. Also, the OVs might
improve the electronic conductivity to enhance the charge carrier efficiency [28]. In
turn, the resultant much more charge carriers are beneficial for surface redox reactions.
Moreover, the OVs enable to modify the electronic structure around the reaction sites
to facilitate the adsorption of intermediates and realize the improvement of the
photocatalytic activity [28]. Up to the present, great progress has been made to
synthesize the OVs-mediated TiO> (OVs-TiO2), to meet its requirements for energy and
environment [29, 30]. The main methods of preparing OVs-TiO; are thermal treatment
of TiO2 in reducing atmospheres (i.e., vacuum atmosphere, pure H> or Hz/Ar), chemical
reduction (i.e., Al, Li, or NaBH4), and electrochemical reduction. However, these
reported strategies have their inevitable drawbacks, such as the requirement of high
temperature or high pressure, involvement of toxic reductive agents, and time and cost
consuming [27, 29, 31]. Therefore, it is still a great challenge to develop a facile and
low-cost route for the preparation OVs-TiOx.

In this study, we developed a facile strategy to fabricate OVs-TiO; anatase TiO:
nanoparticles by a low-temperature calcination in the N> atmosphere assisted water-
controlled-releasing solvothermal (WCRS) process using the ethanol, acetic acid and
titanium tetraisopropoxide (TTIP) as precursors. The photocatalytic NO removal test
was employed to evaluate the photocatalytic performance of the obtained samples. The
obtained OVs-TiO2 nanoparticles displayed outstanding photocatalytic NO removal
performance under visible light irradiation (A>510 nm), in comparison with the
commercial P25. In addition, the obtained OVs-TiO; displayed about 4.0 times higher
catalytic activity than that of carbon-doped TiO>. With the aid of DFT calculations, we
revealed that the carbon-doping was beneficial for the formation of OVs in carbon-
doped TiO>. Moreover, the combination of experimental investigation and theoretical
calculation was performed to probe the crucial roles of OVs in OVs-TiO; during the

photocatalytic NO removal process.

4.2.1.2 Experiment
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Sample preparation

Anatase carbon-doped TiO» nanoparticles were synthesized by a WCRS process
using ethanol, acetic acid and TTIP as precursors. In detail, as the optimized synthesis
condition, the ethanol (60 mL), acetic acid (10 mL) and TTIP (5 mL) were introduced
into a 100 mL Teflon-lined autoclave followed by heating at 200 °C for 18 hours (Table
S1). The optimal ratios of the precursors were based on the XRD patterns (Fig. 4.2.1.1)
and photocatalytic activity (Fig. 4.2.1.2). After cooling to room temperature naturally,
the product was centrifuged, washed and finally dried under vacuum at 60 °C.

To demonstrated that the WCRS process was versatile and to find the optimal ratio
of acetic acid/ethanol, a series of TiO2 samples were synthesized based on the different
ratios of acetic acid/ethanol, which were summarized in Table 4.2.1.1, Fig. 4.2.1.1 and
Fig. 4.2.1.2. As shown in Fig. 4.2.1.1, all the as-obtained samples displayed the anatase
phase, which was in good agreement with the standard pattern of anatase TiO2 (JCPDS
no. 21-1272) and no other impurities were observed. These results demonstrated that
the WCRS process was versatile to synthesize anatase TiO2. From Fig. 4.2.1.2, it can
be seen that 10/60-TiO> exhibited the highest photocatalytic NO removal performance
among all the samples under visible-light irradiation (A>400 nm). Therefore, the 10/60-
TiO2 was chosen as the pristine TiO2 to prepare the OVs-mediated TiO; in the main

body.

Table 4.2.1.1. The different ratios of acetic acid/ethanol

Abbr. 5/65- 10/60-  15/55- 20/50- 25/45-  30/40-
TiO, TiO, TiO, TiO, TiO; TiO;
Acetic acid (mL) 5 10 15 20 25 30
Ethanol (mL) 65 60 55 50 45 40
TTIP (mL) 5 5 5 5 5 5
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Fig. 4.2.1.1. XRD patterns of the as-obtained samples synthesized via a WCRS process

with different solvents ratio
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Fig. 4.2.1.2. Photocatalytic NO removal performance of the as-obtained samples synthesized via

a WCRS process with different solvent ratio under visible-light irradiation (A>400 nm)

Synthesis of OVs-TiO2

To introduce the OVs into anatase carbon-doped TiO2 nanoparticles, a facile post
low-temperature calcination in the N> atmosphere was employed. In a typical procedure,
g of anatase carbon-doped TiO2 nanoparticles was calcined at a certain temperature
(i.e., 250, 325 and 400 °C) for 2 h in a tube furnace under a nitrogen atmosphere. For

abbreviation, the OVs-TiO; nanoparticles calcined under different temperatures (i.e.,
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250, 325 and 400 °C) were designated as OVs-Ti02-250, OVs-TiOz-325, and OVs-
Ti02-400, respectively.

Characterization

X-ray diffraction with Cu Ka line (XRD, Bruker D2 Phaser) was carried out to
determine the crystalline structures of the samples. Fourier transform infrared (FTIR)
spectra were recorded on an FTIR spectrometer (JASCO, FTIR-660D-ATR). The
optical properties of the samples were measured on a near-infrared spectrophotometer
(JASCO, V-670). The morphology and microstructure of the products were
characterized by transmission electron microscopy (TEM, JEOL JEM-2000EXII)),
high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2010), and
selected area electron diffraction (SAED) using ZEISS LEO-9522 microscope.
Electron paramagnetic resonance (EPR) spectra were collected on Bruker E580 EPR
spectrometer at room temperature. Photoluminescence (PL) data were tested using a
spectrofluorometer (JASCO, FP-8500) under excitation of a wavelength of 325 nm.
The binding energy of the contained elements was confirmed via x-ray photoelectron
spectroscopy (XPS, ULVAC PHI 5600, ULVAC PHI Co., Ltd). Raman spectra were
measured by a Raman spectrometer (JASCO, RAM-500DSEIN)

Density functional theory calculations

To further understand the electronic structure of OVs-TiOz, density functional
theory (DFT) calculation was carried out by using the Vienna Ab Initio Simulation
Package (VASP)[32, 33] based on the projected augmented wave (PAW) method. The
generalized gradient approximation with the Perdew—Burke—Ernzerhof (GGA/PBE)[34]
was employed as the exchange-correlation functional. In addition, an effective U value
of 8.0 eV was applied to the 3d orbitals of Ti to well reproduce electronic structures for
anatase TiO[35]. Duplicating the primitive cell of anatase TiO> to a 2 x 2 x 1 supercell
(pure bulk TiO> model), the (001)-(2*2) surface model was slabbed from the supercell,
with a vacuum space of 15 A in the z-direction to avoid the influence of the inter-layer
interaction caused by the periodicity. The slab thickness was 9.91 A. The (001) surface
slab model of TiO2 consisting of 48 atoms: 16 Ti atoms and 32 O atoms. 1 O atom was
removed and the concentration of O vacancies was about 2%. Moreover, the formation
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energies were calculated based on bulk TiO2> mode. The bulk TiO2 mode consisting of
48 atoms: 16 Ti atoms and 32 O atoms. 1 O atom was removed on the surface of bulk
TiO2 mode and the concentration of O vacancies was about 2%. And 1 C atom was
doped atom into the surface bulk TiO> mode and concentration of C atoms was about
2%, too. After introducing O vacancies and the C atom, we fixed the lattice constant
and let the atoms fully relax in the unit cell to reach the convergence standards of force
and energy in order to determine the formation energy of O vacancies and C doping.
The O chemical potential obtained for O-rich and O-poor conditions was determined
by the value of -4.98eV. If the O chemical potential was lower than -4.98eV, it meant
O-poor conditions. If the O chemical potential was lower than -4.98eV, it meant O-rich
conditions. In current work, we assumed that carbon formed during calcination was
graphitic not in the form of CO; gas because the atmosphere was N: during the
calcination process. A I'-centered 6 x 6 x 5 (bulk) and 6 x 6 x 1 (layer) Monkhorst-
Pack grids for the Brillouin zone sampling and a plane wave basis set with a cutoff
energy of 400 eV were used to calculate self-consistent field (SCF) energies and charge
densities. For energy and geometry optimizations, their convergence criteria for the
SCF energy and maximum force were set to be 1.0 x10* eV/atom and 0.01 eV/A,
respectively.

Photocatalytic NO removal characterization

The performance of the resultant samples was evaluated by photocatalytic NO
removal test in a continuous flow reactor system, using a mercury lamp (450 W) with
a cutoff filter (A>400 nm or A>510nm) as the visible-light source. Also, the
photocatalytic NO removal activity of OVs-TiO> samples were measured under
irradiation of full spectrum (without the filter), i.e., the light source including the
visible-light and UV light [2, 36, 37]. The as-prepared samples were placed in the cell
(20mmx16mmx0.5mm) of glass plate and the glass plate containing the photocatalyst
was transferred into the continuous flow reactor with the internal volume of 373cm?.
NOx detector (Yanaco, ECL-88A) was equipped to determine the concentration of NO.
1 ppm NO gas, prepared by mixing compressed air and N2 balanced 2 ppm NO with a
ratio of 1:1, was introduced continuously into the photocatalysis reactor by the flow
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rate of 200 mL min™'. The NO removal percentage (%) was defined as follows:

Co—
Co

NO(%) = <=5 x 100 (4.2.1-1)

Where €, and C were the concentrations of NO in the feed and outlet streams after

10 minutes of photocatalytic NO removal at room temperature.

4.2.1.3 Results and discussion
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Fig. 4.2.1.3. Schematic illustration for the synthesis of OVs-TiOz via intrinsic carbon-

doping induced strategy

Formation mechanism of OVs-TiO2

The OVs-TiO> was synthesized via a low-temperature calcination in nitrogen
atmosphere after the WCRS process using ethanol, acetic acid and TTIP as precursors,
as shown in Fig. 4.2.1.3. During the solvothermal process, the esterification reaction
between ethanol and acetic acid would generate water gradually, which was employed
to induce the hydrolysis of TTIP, resulting in the intrinsic carbon-doped TiO:
nanocrystals [38]. Then the obtained carbon-doped TiO; nanocrystals were calcined at
different low temperatures under N> atmosphere to introduce the OVs into them and

remove the carbon dopant.

160



(A)

Transmittance (a.u.)

OVs-TiO,-325

/|

3153 1655

S

1523 1442

4000

3200 2400 1600 800

Wavenumber (cm'])

(B)

Intensity (a.u.)

T T T T T T g T T
300 296 292 288 284 280
Binding energy (eV)

T T T
i
(C) 6 f — Dircct formation /202
— C-substitutional
% —— C-interstitial
b :
> :
20 5
] H
o H
: *
2 :
g 5
g 5
p—1 .
& i
g ;
s 5
=-2F 5
O-poor =i O-rich
4F :
1 ! H
-8 -7 -6 -5 -4

Oxygen chemical potential(eV)
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Fig. 4.2.1.5. UV-vis DRS spectra of as-synthesized TiO; and commercial anatase

Considering the synthesis process of OVs-TiO, samples was facile and
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unconventional, experimental and theoretical investigation was adopted to unravel the
mechanism. It is easy to understand that the carbon elements were inevitably doped into
anatase TiO; nanoparticles via substituting oxygen sites or getting into the interstitial
of TiO2, which was due to the involvement of organic materials such as ethanol, acetic
acid, and TTIP during the WCRS process [38]. The intrinsic carbon-doping was
revealed by the FTIR spectra depicted in Fig. 4.2.1.4.A. The TiO; exhibited distinct
peaks at 1442 and 1523 cm™, which could be ascribed to the carbon-related substrates
including ethanol, acetic acid and ethyl acetate. However, after calcination in Ny, both
of them disappeared. The peaks at 1655 and 3153 cm™! was related to the hydroxyls and
adsorbed water[36]. Moreover, the XPS spectra provide direct evidence of carbon
doping in TiO2. As shown in Fig. 4.2.1.4 B, the carbide-related trace could be observed
at around 281.3 eV in the TiO: after Ar" etching, which was ascribed to the Ti-C bond
[39, 40].In addition, the intrinsic carbon-doping was demonstrated UV-Vis DRS spectra
(Fig.4.2.1.5). Compared with commercial anatase, the synthesized anatase TiO2 showed
enhanced visible-light absorption due to the intrinsic carbon-doping. Also, the inherent
carbon-doping of TiO2 was supported by its photocatalytic performance under visible-
light irradiation (A>510 nm)[36].

The effects of carbon doping on the formation energies (AE) of OVs are illustrated
in Fig. 4.2.1.4C. The formation energies of OVs related to different carbon doping was
follows:

Direct formation:

TiO2 — TiO2x (O vacancy) + O (AE=5.073 eV) (4.2.1-2)
C-substitutional TiO»:

TiO2xCx — TiO2x (O vacancy) + C+ O (AE =-3.7857 V) (4.2.1-3)
C-interstitial TiOx:

TiO2Cx — TiO2x (O vacancy) + C + O (AE =2.0543 eV) (4.2.1-4)
From the DFT calculation results, it is easy to conclude that no matter what the form of
carbon doping was, i.e., substitutional carbon or interstitial carbon, the carbon
impurities favored the formation of OVs in anatase TiO2[41]. In other words, thanks to
the WCRS process to introduce the carbon-related organic impurities into TiO2, the
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formation of OVs in anatase TiO> could be realized by low-temperature calcination in
N> atmosphere.

Phase structures, OVs analysis and morphologies
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Fig. 4.2.1.6. (A) XRD patterns of the as-obtained samples (TiO2, OVs-Ti02-250, OVs-
Ti0,-325, and OVs-Ti02-400), (B) corresponding enlarged XRD patterns in the range

between 20°-30°;(C) Raman spectra, (D) corresponding enlarged Raman spectra.

The XRD patterns of carbon-doped TiO>, OVs-TiO2-250, OVs-Ti02-325, and
OVs-Ti02-400 were recorded in Fig. 4.2.1.6 A to reveal their phase structures. The XRD
patterns of all the obtained samples were all good consistent with the standard pattern
of anatase TiO2 (JCPDS no. 21-1272) and no other impurities were observed [42]. Fig.
4.2.1.6B displayed the enlarged view of (101) peaks from 23.0 to 27.0°, showing that
the diffractions peaks of all OVs-TiO2 samples distinctly shift to higher diffraction
angles in comparison with carbon-doped TiO.. These results demonstrated the
reduction of the interplanar distance of the crystalline phase, which was indicative of
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the existence of OVs [43]. These results were consistent with previous results [24].
Moreover, Raman spectroscopy was carried out to further detect the structures of the
as-resultant samples. As shown in Fig. 4.2.1.6C, six characteristic Raman peaks
(3Est2B141tA1¢) emerged for all the samples, which were index to the Raman modes of
the anatase [42]. These results were in good agreement with XRD patterns. In addition,
compared with carbon-doped TiO», the scattering peaks of OVs-TiO, samples shifted
to higher wavenumbers (Fig. 4.2.1.6D), which was attributed to the presence of the
OVs in anatase crystal. This phenomenon was consistent with previously reported[24,

43].
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Fig. 4.2.1.7. (A) EPR spectra of the as-obtained samples (TiO2, OVs-TiO2-250, OVs-
Ti02-325, OVs-Ti02-400); XPS spectra of (B) survey spectrum, (C) Ols and (D) Ti 2p
for TiO2 and OVs-Ti02-325.

EPR was a sensitive and direct technique to confirm the presence of OVs in TiO»

[19]. Fig. 4.2.1.7A shows the EPR spectra of the obtained samples. There was
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negligible paramagnetic signal in carbon-doped TiO», which suggested no existence of
Ti** or OVs in the synthesized TiO2[44]. No obvious peak could be found in the OVs-
Ti0,-250 sample, which suggested few OVs formed in in the OVs-TiO2-250 sample.
This is because too low calcination temperature hardly introduces the OVs into carbon-
doped TiO». For OVs-Ti0;-325, a response was clearly observed, suggesting the OVs
with trapped electrons. Among the samples, the OVs-TiO2-400 exhibited the strongest
signal intensity, which indicated the highest concentrations of OVs in it. XPS was also
performed to study the surface chemistry of the carbon-doped TiO> and OVs-TiO»-
325.The XPS survey spectrum indicated the presence of Ti, O, and C (Fig. 4.2.1.7B).
The trace amount of C element could be ascribed to the organic precursors and
adventitious carbon species. It is important to note that the survey XPS spectrum was
carried out without Ar" etching to remove the adventitious carbon species, therefore, in
the survey spectra, both samples showed the Cls spectra coming from the adsorbed
carbon species. For high-resolution O 1s of carbon-doped TiO: (Fig. 4.2.1.7C), two
peaks at 531.60 and 529.64 eV could be observed, which were index as surface OH
groups and lattice oxygen in TiO», respectively. As shown in Fig. 4.2.1.7D, the Ti 2p
spectra of carbon-doped TiO> and OVs-TiO»-325 were almost identical. All Ti 2p
signals were symmetric with no shoulders at the lower energy sides, which
demonstrated no Ti** existed on the surface of OVs-Ti0»-325. These results were due
to the electronic interactions between the Ti atoms and OVs are too weak under current
conditions to forms stable Ti*" [44]. The phenomenon was consistent previous reports
[24]. The XPS spectra were in good agreement with the results of EPR spectra. To be
more specific, both the XPS spectra and EPR spectra did not show the existence of Ti>".
In other words, the disordered surface layer could be attributed to the formation of OVs
[24], which we would discuss later.

Fig. 4.2.1.8A and Fig. 4.2.1.8B show the typical TEM images of carbon-doped
TiO2 and OVs-Ti0O2-325, respectively. Both of carbon-doped TiO; and OVs-TiO-325
were nanoparticles and post-calcination did not change the size of nanoparticles
significantly. Moreover, the low-temperature calcination did not affect the specific
surface areas of the samples too much. The specific surface areas of carbon-doped TiO»
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and OVs-Ti0»-325 were 136.9 m?/g and120.5 m?/g (Fig. 4.2.1.9), respectively. HR-
TEM was commonly performed to identify the disordered structures in OVs-TiO:
samples. As shown in Fig.5C, the carbon-doped TiO; exhibited clearly-resolved lattice
fringes with a d-spacing of 0.35nm typical for anatase, which indicated the high level
of crystallization. In contrast, the lattice fringes of OVs-TiO;-325 became blur after
calcination under N> atmosphere, which demonstrated the structural deviation from the
crystalline anatase[26]. In addition, Fig. 4.2.1.8 (E-F) and Fig. 4.2.1.10 (A-B) depicted
the optimized configuration of pristine TiO, and OVs-TiO2, based on the DFT
calculations, respectively. Compared with TiO., the disordered structure was formed in
the OVs-TiO: lattice owing to the existence of OVs, which was demonstrated by the
HR-TEM images. These DFT results were in good consistent with shifts in the XRD
peaks, which indicated the lattice distortions, i.e., the presence of the OVs in the OVs-

TiO; samples.

15 e

el

£l

Fig. 4.2.1.8. (A-B) TEM images and (C-D) HR-TEM images of TiO (left) and OVs-
Ti02-325(right), respectively. (E-F) Top view of the optimized configuration for bulk
TiO2 and OVs-TiO», respectively. Ti and O atoms were index as the red and light blue
balls, respectively.
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Fig. 4.2.1.10 (A-B) Side view of the optimized configuration for bulk TiO, and OVs-
TiOy, respectively. Ti and O atoms are represented by the red and light blue balls,

respectively.
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Optical and electronic properties

A s B !
( ) Tio, ( ) OVs-TiO 400 I
—— OV5s-Ti0,-250 1 2.05eV I
-~ —— OVs-Ti0,-325 |
= ) -TiO -
& ——OVs-TiO,- 400 5 Al 2.05 eV
g = I
g E’ OVs-Ti0,-250
2 £ 2.05 eV
=] =
2 = |
< TiO, 1
| 2.05eV
T
T 1 L . T
200 400 600 800 1000 12 8 4 0 -4
Wavelength (nm) Binding energy (eV)
OVs states z
E
<
Z
TiO, 0Vs-TiO,-325

Fig. 4.2.1.11. (A) UV-vis DRS spectra, and (B) VB-XPS spectra of as-obtained samples.

(C) schematic illustration for the energy band structures of TiO2 and OVs-Ti02-325

(A) (B) ©) D)
Fig. 4.2.1.12. The digital photograph of the as-synthesized samples with different

concentrations of OVs. (A), (B), (C), and (D) were TiO2, OVs-TiO2-250, OVs-TiO»-
325, and OVs-TiO2-400, respectively.
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The optical properties of the samples were studied by UV-Vis DRS, as shown in
Fig. 4.2.1.11A. Compared with carbon-doped TiO2 OVs-TiO> samples showed
gradually enhanced light harvesting capability with the increasing concentration of OVs
in TiO2, which clarified the dramatic color change from white to dark grey (Fig.
4.2.1.12)[44]. The OVs-TiO2-400 exhibited the best light absorption ability among all
the samples, extending in the near-infrared (NIR) region of the spectrum. It is important
to note that both OVs-Ti0,-325 and OVs-Ti02-400 exhibited distinct tail absorption
(Urbach tail) from the visible to the NIR region, which indicated the additional
electronic states (well-known as mid-gap states) located within the intrinsic band gap
owing to the lattice disorders [45]. The valence band (VB) of the samples was measured
by VB XPS (Fig. 4.2.1.11B). All the samples showed nearly the same VB edges, which
indicated OVs had a negligible influence on the position of VB [44, 46]. In addition, a
schematic illustration of the density of states (DOS) distribution in TiO2 and OVs-TiO»-

325 was depicted in Fig. 4.2.1.11C.
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Fig. 4.2.1.13. (A and B) the band structures of TiO; and OVs-TiO», respectively. (C)
Calculated DOS for TiO2 and OVs-TiO», respectively. The Fermi level was taken to be

Z€10.

To understand the crucial roles of OVs in the electronic and optical properties of
OVs-TiOz deeply, the band structures and DOS were investigated by DFT calculations.
As presented in Fig. 4.2.1.13A and Fig. 4.2.1.13B, OVs-TiOz displayed a narrower
bandgap of 2.70 eV compared with pristine TiO> (3.20 eV), which indicated the higher
light absorption property. These theoretical results were qualitatively consistent with
the bandgaps unraveled by the UV-vis DRS spectra. Moreover, as indicated in Fig.

4.2.1.13C, the valence band maximum (VBM) mainly consisted of O-2p orbitals, and
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the conduction band maximum (CBM) was mainly composed of Ti-3d orbitals[47].
Compared with pristine TiO, the OVs-TiO> displayed two groups of OV-induced states:
one overlapped with CB derived from Ti-3d orbitals to narrow the bandgap of OVs-
TiO»; another one was considered as mid-gap state derived from the Ti-3d orbitals to
enhance the tail absorption[26, 31, 45, 48]. The obtained the VB and CB potentials
relative to the Fermi level, that is to say, the VB potentials of pure TiO2 and OVs-TiO»
obtained was relative value not absolute value. Therefore, the shift in the VB of OVs-
TiO> did not contradict the experiment results. In other words, these theoretical
calculations were in good agreement with the experimental results, revealing the
mechanism of OVs in the optical property and band structure.

Charge carrier transfer and separation
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Fig. 4.2.1.14. PL spectra of the obtained samples (TiO2, OVs-Ti02-250, OVs-Ti0,-325,

and OVs-Ti02-400)

To study the charge carriers transfer and separation modulated by the OVs, PL
analyses were carried out at room temperature (Fig. 4.2.1.14). The intensity of PL peaks
could be indicative of the recombination of photogenerated electrons and holes.
Compared with the carbon doped TiO», the intensity of OVs-TiO> samples decreased
gradually along with increasing the concentration of OVs, suggesting the enhanced

charge carrier separation efficiency. It should be noted that the PL intensity of OVs-
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Ti0,-250 sample hardly decreased owing to few OVs formed in it, which was in good
agreement with the EPR spectra results. Among all the samples, the OVs-Ti02-400
exhibited the lowest intensity of PL peaks owing to the highest concentration of OVs.
This was because the OVs-induced localized states could trap the photogenerated
electrons or holes to suppress the recombination of the charge carriers [27, 31].
Moreover, the OVs enabled to enhance the electrical conductivity by downward shift
the conduction band bottom to shorten the migration length for electrons arrival [29].
The enhanced electrical conductivity of OVs-TiO, samples was beneficial for charge
carrier transfer and separation.

It is well-understood that the photocatalytic activity is also affected by the charge
transfer rate [49]. The high mobility of photogenerated electrons and holes meant the
fast transport speed from bulk to surface, which could promote the charge carrier
separation efficiency. Theoretically, the mobility of photogenerated electrons and holes
was calculated according to the following equation [2, 50]:

v = hx/m”* (4.2.1-5)
Where m* was the effective mass of electrons or holes, k was the wave vector, A
was the reduced Planck constant, and v was transfer rate of the photogenerated
electrons and holes. On the basis of band structure, the effective masses of
photogenerated electrons (mj;) and holes (my,) along the designated directions were
calculated by fitting parabolic functions around the CB minimum (CBM) and VB
maximum (VBM) according to the following equation [51]:

a2kt

= (4.2.1-6)

m* = h? [
Where e(k) was the band edge energy as a function of wave vector k. In order to analyze
the charge separation efficiency deeply, the relative effective mass (D) of the
photogenerated hole to electron was defined according to the following equation:
me

}max (421-7)

— (M
b= {mz "' mj,
In general, (I) the smaller effective mass of charge carrier corresponded to the higher

mobility, resulting in lower recombination probability of photogenerated electrons and

holes; (I) a larger value of D indicated a bigger difference in the mobility of
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photogenerated electrons and holes (D>1), leading to promoted charge separation
efficiency [17, 51]. As shown in Table 4.2.1.2, OVs-TiO, exhibited the smallest
electron effective mass (1.326) and hole effective mass (4.031) along the M—I
direction. In comparison, TiO> displayed much higher electron effective mass (2.496)
and hole effective mass (8.937) along the I'—>Z direction than those of OVs-TiO> along
the M—T direction. It should be noted that both effective mass of charge carrier of TiO>
along the I'—>M direction and effective mass of charge carrier of OVs-TiO; along the
I'—A direction were too heavy and they could not be taken into consideration [17].
Moreover, the relative effective mass D (3.040) of charge carriers of OVs-TiO; long the
M—T direction was nearly the same with that of TiOz (3.580) along the '—=Z direction,
which meant that relative effective mass D could be ignored in the current work. In
other words, only the effective mass of charge carrier played a significant role in
determining the charge carrier separation efficiency. Therefore, smaller effective mass
of charge carrier of OVs-TiOz indicates enhanced charge separation efficiency [53].
These theoretical results fall in line with PL spectra. The enhanced charge carrier
separation efficiency of OVs-TiO; suggested much more effective photoinduced
electrons and holes involved in the subsequent surface reactions, which would be

conductive to promoting the photocatalytic performance.
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Table 4.2.1.2. Calculated effective masses of photogenerated electrons and holes of
TiO2 and OVs-TiO2 by parabolic fitting to the CBM and VBM along a specific direction

in the reciprocal space. mo was designated as the mass of free electrons.

Direction me*/ mo my/mo D
TiO2 r-m 263.555 47.925 5.499
-z 2.496 8.937 3.580
OVs-TiO2 M—A 527.109 527.109 1.000
M-I 1.326 4.031 3.040

Photocatalytic NO removal performance

The catalytic activity of the obtained samples was tested under the visible-light
irradiation (A>510 nm and A>400). In comparison, commercial P25 was used as a
standard for showing the excellent photocatalytic activities of OVs-TiO> samples. As
displayed in Fig. 4.2.1.15A, the P25 could not exhibit photocatalytic NO removal
performance under the visible-light irradiation (A>510 nm) due to its wide bandgap.
However, the carbon-doped TiO> showed limited photocatalytic NO removal
performance, which was ascribed to the inevitable carbon doping originated from the
organic precursors during the WCRS process. After the calcination in N2, the OVs-
Ti0,-250 showed enhanced photocatalytic NO removal performance owing to the
introduction of OVs. The OVs-TiO2-325 exhibited the highest visible-light catalytic
activity among the samples, which was about 4.0 times higher than that of carbon-doped
TiOs.

It should be noted that too much OVs resulted in decreased photocatalytic NO
removal performances of OV-Ti0,-400. Also, the OV-Ti0-325 displayed the highest
photocatalytic NO removal performance among all the samples under the irradiation of
visible-light (A>400 nm) (Fig. 4.2.1.15B). In addition, under the full spectrum light
irradiation, OVs-TiO> samples still displayed higher photocatalytic activity than the

commercial P25, which demonstrated that OVs played significant roles in enhancing

174



the photocatalytic NO removal performance (Fig.4.2.1.16). Moreover, the
photocatalytic stability of OV-TiO2-325 was investigated as shown in Fig. 8C, which
confirmed the excellent stability of OVs-Ti0,-325 after five cycles. The stability of
OVs-TiO2-325 was also supported by the XRD patterns because no crystal phase
changed for used OV-Ti0,-325 (Fig. 4.2.1.17), in comparison with fresh OVs-TiO;-
325.
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Fig. 4.2.1.15. Catalytic activity of the resultant samples under irradiation of light with
wavelength of (A)A>510 nm, (B)A>400 nm; and (C) cycling test of OVs-TiO2-325
photocatalyst under visible-irradiation (A>510 nm). The carbon dopedTiO2 was as used

as a standard, whose color was black line
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Fig. 4.2.1.17. XRD patterns of OVs-Ti02.325 before and after recycling test.
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Fig. 4.2.1.18. The adsorption energies of O and NO on TiO, and OVs-TiO, respectively.
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Fig.4.2.1.19. Models of O adsorbed on: (A-B) TiO> and (D-E) OVs-TiO after

geometry optimization. The corresponding charge density difference of O absorbed on:

(C) TiOz and (d) OVs-TiO.. (isovalues: 0.005 e/A%)
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Fig.4.2.1.20. Models of NO adsorbed on: (A-B) TiO, and (D-E) OVs-TiO; after geometry
optimization. The corresponding charge density difference of NO absorbed on: (C) TiO; and (d)

OVs-TiO,. (isovalues: 0.005 e/A%))

Crucial roles of OVs in the photocatalytic NO removal
It is well-understood that the photocatalysis reaction happens at surface active sites[ 14].
To unravel the crucial roles of OVs in the electronic structure of the surface active sites,
theoretical calculations were performed. The mode of Oz absorbed on the surface of
pristine TiO> and OVs-TiO; following geometry optimization was depicted in Fig.
4.2.1.19 (A-B and D-E). DFT calculations revealed that O> could not be absorbed on
the surface of pristine TiO», whereas it could be easily absorbed on the surface of OVs-
TiO, around OVs. According to the data in Fig. 4.2.1.18, the adsorption energy for
pristine TiO, and OVs-TiO2 were +0.400 eV and —4.951 eV, respectively. The
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chemisorption was always accompanied by electrons transfer between the absorbed O-
and TiO», resulting in O activation[54]. To clarify the O» activation in pristine TiO>
and OVs-TiO> deeply, the charge density difference of O absorbed mode was studied
Fig.4.2.1.19 (C and F), which indicated +1.1995 electrons according to Bader charge

analysis (Table 4.2.1.3)[55], suggesting the molecular activation[56].

Table 4.2.1.3. The q (in e) was the number of transferred electrons from the absorbed
molecules to the substrate via Bader charge analysis (the “+” or “~” denoted gaining or

losing electrons)

molecule  atoms q q at TiO> q at OVs-TiO2
NO N -0.4973  —0.4260 +0.1780
O +0.4973  +0.4270 +0.8210

Total 0.0000 +0.0010 +0.9990

02 O1 +0.0571  —0.0349 +0.7160

0)) -0.0571  +0.0326 +0.4835

Total 0.0000 —0.0023 +1.1995

In contrast, the electrons gain and loss of pristine TiO2 was close to 0, and it could
be considered that there was basically no activation. To go a step further, the activated
O: finally dissociated into two active O atoms at the OVs sites[14, 31]. The resultant
active O atoms were more easily reduced to become reactive oxygen species such
as ‘O, H2O2, and -OH than that of molecular O, by photogenerated electrons
reduction[54, 57]. The obtained reactive oxygen species was beneficial for the

enhanced photocatalytic NO removal performances. Based on the DFT calculations, we
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also found that the OVs could increase the NO adsorption capacities to participate in
the surface reactions[30] (Fig.4.2.1.20). Therefore, the OVs were vital to capture and
activate the reactants (O2 and NO) to improve the visible-light photocatalytic NO

removal activity.
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Fig. 4.2.1.21. Proposed mechanism of OVs during photocatalytic NO removal process

Based on the aforementioned optical and electronic properties, charge carrier
transfer and separation, and DFT calculations for O2 and NO adsorption, the crucial
role of OVs in improving the photocatalytic activity was proposed illustrated in Fig.
4.2.1.21. In general, photocatalytic NO removal by photocatalyst utilizing the solar
energy involved the following three steps: (I) light-harvesting by photocatalyst; (II)
excited charge carrier transfer and separation; (III) redox reaction between
photogenerated charges and reactants absorbed on the surface of photocatalyst [58]. As
shown in Fig.10, the OVs could modulate the electronic structure of OVs-TiO,,
narrowing the bandgap and thus extending the light absorption. The enhanced light
absorption brought about more charge carriers. Moreover, the OVs-TiO> exhibited a
smaller effective mass of charge carrier and thus promoted the charge carrier separation
efficiency. At the same time, the OVs could increase the conductivity to promote the
charge carrier separation efficiency because of narrowed bandgap. Also, the surface

OVs tended to serve as the reactive sites and trap the photogenerated electrons,
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facilitating the interfacial charge transfer for the subsequent surface redox reaction. Last
but not least, OVs were beneficial for molecular O, and NO activation to participate in
the surface reaction. The OVs not only decreased the chemisorption energy but also
strengthened the interaction between O, and TiO» surface owing to the abundant
localized electrons. The activated molecular O> and NO promoted the photocatalytic
NO removal performance of OVs-enriched TiO,. All in all, the OVs played a decisive
role in improving the NO removal photocatalytic performance during the whole
photocatalytic process, i.e., extending light absorption, facilitating charge separation,

and activating the surface reaction.

4.2.1.4 Conclusions

In summary, we developed an intrinsic carbon-doping induced synthesis of OVs-
TiOz nanocrystals. The intrinsic carbon-doping TiOz nanocrystals were synthesized by
WCRS process using ethanol, acetic acid and TTIP as precursors. Thanks to the organic
precursor, the resultant TiO2 nanocrystals were carbon-doped inherently. Low
temperature calcination at 325 °C under N2 atmosphere could introduce the OVs into
TiO2 nanocrystals. Compared with commercial P25, the obtained OVs-TiO; displayed
outstanding visible-light-response property and excellent photocatalytic NO removal
activity. Experimental investigation and theoretical calculation revealed the crucial
roles of OVs during the whole photocatalytic NO removal process: extending light
absorption, facilitating charge separation, and activating surface reactions. Also, DFT
calculation unraveled why N> atmosphere could introduce OVs into TiO> nanocrystals
easily. This work not only offered new perspectives for the design of OVs-TiO2, but

also contributed to understanding the critical roles of OVs in the photocatalytic process.
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4.2.2 Reductant-free synthesis of oxygen vacancies-mediated
TiO2 nanocrystals with enhanced photocatalytic NO removal

performance: an experimental and DFT study

4.2.2.1 Introduction

With the development of industrialization and modernization, the environmental
pollution, especially air pollution, has become one of the most serious problems in the
world [1-3]. Nitrogen oxide (NO) is a significant atmospheric pollutant, which could
cause environmental problems such as acid rain, photochemical smog, ozone layer
depletion and global warming [4-7]. Besides, NO is harmful to human heath by
increasing the risks of respiratory and heart disease [4, 5, 8]. Recently, photocatalysis
is considered to be a green technology to remove the air pollutant using the abundant
and environmentally friendly solar energy [9-11]. The key to photocatalysis is to
develop effective, stable and low-cost semiconductor photocatalysts [12, 13]. Up to
present, extensive research has been performed for the development of efficient
photocatalyst[14], such as metal oxides[15], metal sulfides[16], and polymer carbon
nitrides[17]. Among the semiconductor photocatalysts, titanium dioxide (TiO2) has
received much attention owing to its numerous excellent properties including chemical
and thermal stability, low cost, nontoxicity, plentiful polymorphs and so on [18].
However, the photocatalytic process of TiO2 is only activated by irradiation under UV
light because of its relatively wide bandgap (>3.0 eV), which greatly limits its
efficiency for solar energy harvesting [19]. Also, the pristine TiO: suffers from the rapid
photogenerated charge carrier recombination and poor charge transport property, which
result in unsatisfactory photocatalytic performance [20]. Therefore, development of
visible-light responsive and active TiO2 is one of the key challenges in the field of
semiconductor photocatalysis.

Various strategies have been employed to improve the optical and electronic

properties of pristine TiO», including meatal and non-meatal doping, dye sensitization,
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constructing heterojunction and so on[20, 21]. Recently, oxygen vacancies (OVs)
engineering has attracted much attention as it is an effective strategy to tune the
electronic structure of TiO2[22]. For example, Zhang et. reported that the OVs-mediated
blue TiO, showed significantly promoted photocatalytic NO removal performance in
comparison with pristine TiO2[23]. In addition, Fan demonstrated that BiWOs with
gradient OVs with highly photocatalytic NO oxidation under visible light irradiation
[24]. It is universally accepted that OVs played significant roles in the photocatalytic
removal process [22]. Since Chen et al. first reported black TiO, by heating white TiO»
at 200°C under 20.0 bar hydrogen pressure in 2011[25], diverse methodologies have
been performed to synthesize the OVs-mediated TiO> such as (1) high-temperature
treatment under reducing gas atmosphere (i.e. H2, Ar, Ho/ N2, Ho/ Ar, and vacuum); (2)
chemical reduction (i.e. NaBH4 reduction, and active metal reduction including Li, Mg,
Al and Zn); and (3) electrochemical reduction [15, 22]. However, these reported
methods suffer from some inevitable drawbacks including high temperature or pressure
condition, involvement of toxic reagent, complex operation process, and time and cost
consuming. Therefore, it is still a tough task to develop a facile and low-cost strategy
to synthesize OVs-mediated TiO; for enhanced photocatalytic performance.

Here, we reported a reductant-free synthesis of OVs-mediated TiO2 nanocrystals
via a low-temperature calcination in nitrogen atmosphere assisted solvothermal process.
Firstly, the pristine TiO2 was synthesized by solvothermal process using the tetra-n-
butyl titanate (TBT) as the precursor and ethanol as the solvent. Because of the organic
precursor and solvent, the obtained pristine TiO2 was inevitably carbon-doped during
the solvothermal process. In order to introduce the OVs into the pristine TiO2, low-
temperature calcination in nitrogen atmosphere instead of reducing gas atmosphere was
carried out, which was different from the conventional reduction process. Experimental
characterization and theoretical calculation revealed that the intrinsic carbon-doping
was conducive to the formation of OVs. Moreover, the photocatalytic performance of
the resultant samples was evaluated by photocatalytic NO removal under visible light
irradiation (A>510nm). The obtained OVs-mediated TiO» exhibited outstanding
photocatalytic performance in comparison with the commercial P25, which was

189



attributed to the crucial roles of OVs. This work not only provided a novel synthesis of

OVs-mediated TiO», but also contributed to understanding the crucial roles of OVs.

4.2.2.2 Experiment

Preparation of OVs-mediated TiO2

OVs-mediated TiO, was synthesized by a low-temperature calcination assisted
solvothermal method. Typically, SmL TBT was added into 30 mL ethanol under a
magnetic stirring for 30 min. The obtained solution was designed as solution A. 2 mL
deionized water was added into 10 mL ethanol under a magnetic stirring for 30 min.
The obtained solution was designed as solution B. Then the solution B was added
dropwise into solution A under a magnetic stirring for 60 min. Subsequently, the mixed
solution was transferred into a 100 mL Teflon-lined autoclave and heated at 190 °C for
3h. Then the product was collected, washed with ethanol and dried in vacuum at 60 °C
overnight. To introduce the OVs into TiO2, the obtained product was calcined in N at
325 °C for 2h with a heating rate of 5 °C/min. For comparison, the TiO2 was also
calcined in air with other parameters remaining the same [26]. For abbreviation, the
obtained TiO; calcined in N2 was index as OVs-TiO2-N2, while the sample calcined in
Air was labeled as TiO»-Air. At the same time, the commercial anatase TiO> was treated
under the same treatment conditions, i.e., under 325 ° C in nitrogen atmosphere (Fig.S5),
which was used as a controlled experiment

Characterization

UV-vis diffuse reflectance spectroscopy (DRS) was carried out on UV-vis
spectrophotometer (JASCO, V-670). The crystalline phases of the as-prepared samples
were characterized by X-ray diffraction (XRD) on Bruker D2 Phaser with
monochromatized Cu Ko radiation. FElectron paramagnetic resonance (EPR)
measurement was performed on Bruker E580 EPR spectrometer at room temperature.
The transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM)
were operated at ZEISS LEO-9522 microscope. Photoluminescence (PL) spectra were

measured on a Fluorescence Spectrometer (JASCO, FP-8500). X-ray photoelectron
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spectroscopy (XPS) data were obtained on an X-ray photoelectron spectrometer (Perkin
Elmer PHI 5600).

Computational method

To further understand the electronic structure of OVs-TiO», density functional
theory (DFT) calculations were carried out using the Vienna Ab Initio Simulation Package
(VASP) based on plane-wave basis sets. The generalized gradient approximation with
the Perdew—Burke—Ernzerhof (GGA/PBE) was employed to describe the exchange-
correlation interactions[27-29]. The primitive anatase cell was expandedto a2 x 2 x 1
supercell as pure bulk TiO> model. The (001)-(2*2) surface model was slabbed from
the 2 x 2 x 1 bulk TiO, model, with a vacuum space of 15 A in the z-direction to avoid
the influence of the inter-layer interaction caused by the periodicity. A I'-centered 6 X
6 x 5 (bulk) and 6 x 6 x 1 (layer) Monkhorst-Pack grids for the Brillouin zone sampling
and a plane wave basis set with a cutoff energy of 400 eV were used to calculate self-
consistent energy and charge information. Then the geometry optimizations were
performed until the forces and energy for each atom was reduced below 0.01 eV/A and
1.0 x10* eV/atom. In addition, an effective U value of 6.0 eV was applied to the 3d
orbitals of Ti to obtain a band gap value close to the experimental value.

Photocatalytic NO removal evaluation

The photocatalytic activities of the as-obtained samples were tested by
photocatalytic NO removal under visible light irradiation. The visible light source was
obtained from a mercury lamp (450 W) with a cutoff filter (A>510 nm or A>400 nm). A

3 was used as

continuous rectangular flow reactor with internal volume of 373cm
chamber for NO removal. The as-synthesized sample was carefully coated onto the cell
(20mmx16mmx0.5mm) of a glass dish. Then the glass dish was transferred to the
bottom of rectangular flow reactor. The experimental NO gas (2ppm) was obtained by
diluting the compressed NO gas cylinder with air stream. The real-time concentration
of NO was analyzed online by NOx detector (Yanaco, ECL-88A), which controlled the
gas flow rate of 200 ml/min. The photocatalytic NO removal reacted for 10 minutes at
room temperature after the light turned on. The photocatalytic NO removal efficiency

(%) was defined as follows:
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Co

NO(%) = <=5 x 100 (4.2.2-1)

Where C, and C were the concentrations of NO in the feeding and outlet

streams, respectively.

4.2.2.3 Results and discussion

Formation mechanism of OVs
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Fig. 4.2.2.1 (a) Schematic synthesis process of the intrinsic carbon-doping induced
OVs-TiO2-N2 nanocrystals. (b) High-resolution XPS spectra of Cls for pristine TiO».
(c) Comparison of OVs formation energies for direct formation, carbon-substitutional

induced formation, carbon-interstitial induced formation in TiO»

OVs-TiO2-N> was synthesized as depicted schematically in Fig. 4.2.2.1a. Firstly,
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the amorphous TiO; particles were prepared by controlled hydrolysis TBT in ethanol
with the mixture of ethanol and water (The ratio of ethanol/water is 10:2) dropwise.
Then the solvothermal process was performed to make the amorphous TiO; into
crystallization. To introduce the OVs into pristine TiO», the as-synthesized TiO> was
calcined at 325 °C in Ny. After the OVs was successfully introduced into the pristine
TiO,, the grey OVs-TiO2-N> was synthesized. It should be noted that calcination at

325 °C in air could not introduce the OVs into pristine TiO,.

N

Commercial anatase
Pristine TiO2

Intensity (a.u.)

240 300 360 420 480
Wavelenth (nm)

Fig. 4.2.2.2. UV-vis DRS spectra of as-synthesized TiO2 and commercial anatase.

It is accepted that the common strategy to introduce OVs into metal oxides was
thermal treatment at high temperatures under reducing gas atmosphere (i.e. Hz, CO,
NH; and CH4)[15]. However, in the present work, the calcination process was carried
out at low temperature and nitrogen atmosphere. Considering it was facile and novel,
combination of experimental characterization and theoretical calculation was adopted
to reveal the formation mechanism of OVs in OVs-TiO2-N». It is easy to understand
that carbon impurities were inevitably doped into the pristine TiO> due to the organic
precursors, i.e., TBT and ethanol. Moreover, the high-resolution XSP Cls spectra of
pristine TiO> gave a direct evidence of carbon-doping because the C-Ti band was

clearly observed in pristine TiO> (Fig. 4.2.2.11b)[30, 31]. And the DRS results of
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pristine TiO2 and commercial anatase provided an indirect evidence of intrinsic carbon-
doping since the pristine TiO> displayed better light-harvesting capability than that of

commercial anatase owing to the carbon impurities (Fig. 4.2.2.2) [32].
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Fig. 4.2.2.3. The supercell modes of perfect anatase TiO» (A1), C-substitutional anatase
TiO> (B1) and C-interstitial anatase TiO2 (C1). The corresponding supercell modes with
OVs (A2-C2) derived from the perfect anatase TiO», C-substitutional anatase TiO», and
C-interstitial anatase TiO», respectively. The grey balls represented Ti atoms. The red
balls represented O atoms. The blue ball represented C atoms. The removal of O atoms
in the supercell modes indicated the OVs. Please note that the carbon element was

removed after the calcination in the supercell modes (B2 and C2)

The effect of carbon-doping on the formation energy of OVs was further
investigated based on the density functional theory (DFT) calculations (Fig. 4.2.2.2¢c
and Fig.4.2.2.4) and illustrated as the following reactions:

Direct formation

TiO2 — TiO2-x (O vacancy) + O (AE=3.417¢V) (4.2.2-2)
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C-interstitial TiO»:
TiO2Cy — TiO2« (O vacancy) + C+0O  (AE=0.642¢V, C-removed) (4.2.2-3)
C-substitutional TiO»:

TiO2-yCy — TiO2« (O vacancy) + C + O (AE=-3.778¢V, C-removed) (4.2.2-4)

Fig.4.2.2.4. The supercell modes of C-substitutional anatase TiO» (Al) and C-
interstitial anatase TiO> (B1). The corresponding supercell modes with OVs (A2-B2)
derived from the perfect anatase TiO2, C-substitutional anatase TiO2, and C-interstitial
anatase TiO», respectively. The grey balls represented Ti atoms. The red balls
represented O atoms. The blue ball represented C atoms. The removal of O atoms in
the supercell modes indicated the OVs. Please note that the carbon element was

remained after the calcination in the supercell modes (B2 and C2)
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These reactions represented the formation energy of OVs in undoped TiO2,
interstitial carbon-doping TiO,, substitutional carbon-doping TiO», respectively.
Compared with undoped TiO, the formation energy of OVs in interstitial carbon-
doping TiO; and substitutional carbon-doping TiO> both decreased distinctly, which
indicated that carbon-doping was beneficial for the formation of OVs in TiO2[33]. In
the current work, it was difficult to determine the type of carbon-doping clearly.
However, based on the DFT calculations, no matter what type of carbon-doping it was,
i.e. interstitial carbon-doping or substitutional carbon-doping, the carbon doping
benefited the formation of OVs in TiO[33]. In addition, the modes with both OVs and
carbon-doping after the calcination process were taken into consideration (Fig.4.2.2.5)
and illustrated as the following reactions:

C-interstitial TiO;:

TiO2Cy — Ti024Cy (O vacancy) + O (AE=7.113 eV, C-remained ) (4.2.2-5)
C-substitutional TiOx:

TiO2yCy — TiO2yxCy (O vacancy) + O (A E=6.081eV, C-remained ) (4.2.2-6)

According to the DFT calculations, carbon elements could not remain after the
calcination process because the formation energies of OVs were increased. Therefore,
thanks to intrinsic carbon-doping in pristine TiO2, the OVs could be easily introduced
into OVs-TiO>-N; at low temperature under N> atmosphere instead of reducing gas
atmosphere (i.e. H2, CO, NH3 and CHa).

Phase and structure

XRD was performed to investigate the crystal structure of the samples
(Fig.4.2.2.5a). All the samples showed the same diffraction peaks, which were well
consistent with the standard pattern of anatase TiO> (JCPDS No.21-1272)[34]. These
results indicated that the calcination process did not damage crystal structure of the
samples. Moreover, the EPR spectra were collected to determine the OVs in the samples
(Fig.4.2.2.5b). No EPR signal was observed for pristine TiO2 while OVs-TiO>-N> gave
rise to a strong EPR signal, which confirm the existence of OVs in the OVs-TiO2-N:

samples[35]. These results were in good agreement with previous reports[19, 36]. It
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must be pointed out that TiO»-air did not exhibit EPR signal, which demonstrated that

OVs could not be introduced into TiO> under air atmosphere.
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Fig.4.2.2.5 (a)XRD patterns, (b) EPR spectra, (c) Raman spectra and (d) corresponding

enlarged Raman spectra of the samples.

The formation of OVs in OVs-TiO2-N; could be further confirmed by Raman
spectra (Fig.4.2.2.5c and Fig.4.2.2.5d). All the samples displayed five bands located at
144,197,397,515 and 638 cm™! (Fig.4.2.2.5¢), in accordance with the six Raman active
modes of anatase (3Eg+2B1g+Alg), respectively[37]. The similar Raman spectra of
the as-synthesized samples indicated that the calcination process did not distinctly
affect the chemical structure of TiO», which was in good consistent with the results of
XRD patterns. However, a slight red shift at approximately 144 cm™ band was observed
in OVs-TiO2-N; (Fig.4.2.2.5d), which could be ascribed to the lattice distortion and low

crystallinity [18, 19]. In other words, the formation of OVs in OVs-TiO>-N; was again
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confirmed by Raman spectra.

To analyze the chemical state of the samples, XPS spectra was obtained and
showed in Fig.4.2.2.6. The pristine TiO; displayed the characteristic Ti 2p peaks located
at 464.6 eV and 458.8 eV, corresponding to Ti 2pi» and Ti 2ps3p, respectively
(Fig.4.2.2.6a). With respect to OVs-TiO2-N», the peak of Ti 2p3. displayed a distinct
shift to lower binding energy owing to the formation of OVs, which was similar to
previous literature [36]. In addition, the high-resolution XPS spectra of O 1s of TiO>
and OVs-TiO2-N; could be deconvolved into two peaks (Fig.4.2.2.6b), which were
ascribed to lattice oxygen and surface-adsorbed oxygen species, respectively. Similar
to Ti 2p, the O 1s of OVs-TiO2-N2 showed an obvious shift to lower binding energy due
to formation of OVs. Therefore, it is safe to conclude that the XPS spectra demonstrated

the existence of OVs in OVs-TiO2-N; again.
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Fig.4.2.2.6 (a) High-resolution XPS spectra of Ti 2p, (b) High-resolution XPS spectra

of Ols

Morphological analysis

The morphology and microstructure of the pristine TiO> and OVs-TiO2-N»
investigated by transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM). Both the pristine TiO2 and OVs-TiO2-N2
showed morphologies of nanoparticles (Fig. 4.2.2.7al and Fig. 4.2.2.7a2). In addition,

the sizes of pristine TiO2 and OVs-TiO2-N2 were nearly identical. These results
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suggested that the low-temperature did not have much effect on the morphology of the
samples. In addition, the pristine TiO; exhibited ordered lattice fringes with interplanar
spacing of 0.35 nm (Fig. 4.2.2.7b1) while the OVs-TiO>-N» displayed the lattice
disorder owing to the unsaturated Ti atoms derived from the OVs (Fig. 4.2.2.7b2)[25].
Also, the decreased crystallinity of OVs-TiO2-N2 was supported by its less clear
diffraction rings in comparison with pristine TiO, (Fig. 4.2.2.8a and Fig. 4.2.2.86b).
Fig. 4.2.2.7c1 and Fig. 4.2.2.7c2 illustrated the geometrically optimized structures of
perfect TiO2 and OVs-TiO2-N», respectively. Compared with TiO,, the OVs-TiO2-N»

showed distinct lattice distortion, which was in good consistent the images of HRTEM.

Fig. 4.2.2.7. The TEM images of pristine TiO2 (al) and OVs-TiO2-Nz (a2); the HRTEM

images of pristine TiO2 (b1) and OVs-TiO2-N: (b2); the optimized configurations (top
view) of pristine TiOx(c1) and OVs-TiO: (c2) based on the DFT calculations.
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Fig. 4.2.2.8 SAED images of pristine TiO> (a) and OVs-TiO2-N; (b).
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As expected (Fig. 4.2.2.9) , the OVs cannot be introduced into commercial anatase

TiO». The Raman spectra of commercial TiO; treated in nitrogen atmosphere did not
shift. The color of commercial TiO> treated in nitrogen atmosphere did not change. The
photocatalytic performance of commercial TiO; treated in nitrogen atmosphere almost
did not change. That is to say, the OVs can only be introduced carbon-doped anatase

TiO; at the current condition, which demonstrated the novelty of our research work

Optical and electronic properties

UV-vis DRS spectra was measured to study the optical and electronic properties
of the samples. As shown in Fig. 4.2.2.10a, the pristine TiO> displayed limited light
edge at round 400 nm, which slightly exceeded the UV-light absorption edge (380nm)
due to the intrinsic carbon-doping from the organic precursors [32], i.e., TBT and
ethanol. After the calcination in N> atmosphere, the OVs-TiO-N» exhibited a distinct
red shift of absorption edge in accordance with the narrowed bandgap (Fig. 4.2.2.10b).
In addition, the OVs-TiO2-N; displayed a distinct tail absorption (Urbach tail) in the
visible and near infrared zone, which was regarded as the electronic states located
within the bandgap (well known as mid-gap states, originating from introducing OVs
into photocatalyst) [18, 19]. Fig. 4.2.2.10c showed the XPS spectra of the valence band
and there was no significant difference in the VB of the samples, which indicated that
the OVs had no influence on the VB [36]. Based on the bandgap and VB, the electronic

band structures of the samples were summarized in Fig. 4.2.2.10d.
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Fig. 4.2.2.10. (a)The UV-vis absorption spectra of the samples and (b) corresponding
Tauc plot of pristine TiO2 and OVs-TiO2-Nz. (¢) Valance band spectra of the samples.

(d) Schematic electronic structure of pristine TiO> and OVs-TiO2-N»

Fig. 4.2.2.11. The digital photograph of the as-synthesized pristine TiO2 (left), TiOz-air
(middle) and OVs-TiO>-N; (right), respectively.
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Theoretical calculation was used to study the roles of OVs in the optical property
and electronic structure of the samples deeply. Compared with the perfect TiO», the
bandgap of the OVs-TiO; decreased from 3.03 to 2.03 eV (Fig. 4.2.2.12a and Fig.
4.2.2.12b), which was in good agreement with the experimental results. The density of
states (DOS) for the samples was examined in Fig. 4.2.2.12c. The valence band
maximum (VBM) was mainly composed of O-2p orbitals, and the conduction band
maximum (CBM) was mainly composed of Ti-3d orbitals. Two kinds of OVs-induced
states were observed in the DOS of OVs-TiO». One state overlapped with the CB was
originated from the Ti-3d orbitals. Another mid-gap state was derived from the
hybridization of Ti-3d orbitals and O-2p orbitals, respectively [22]. The states
overlapped with the CB brought about the narrowed bandgap while the mid-gap states
resulted in the tail absorption (Urbach tail) [22, 36], which was in good agreement with
the experimental results. It should be note that the theoretical calculation also revealed
the enhanced light-harvesting capability of OVs-TiO2 owing to crucial roles of OVs
(Fig. 4.2.2.12d).
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Fig. 4.2.2.12. The calculated band structure of pristine TiO: (a) and OVs-TiO: (b);
(c)the DOS and (d) light absorption of the samples.

Charge carrier separation and transfer

It is universally acknowledged that the charge carrier separation and transfer
played a significant role in determining the photocatalytic performance [38-41].
Therefore, the photoluminescence spectra of the samples were carried out at room
temperature. Typically, the lower intensity of PL spectra indicated the lower
recombination rate of photogenerated charge carrier, which would result in the higher
photocatalytic performance [42]. As shown in Fig.4.2.2.13, the OVs-TiO»-N> exhibited
distinct decreased emission intensity of PL spectra in comparison with TiO2, which was

in favor of improving the photocatalytic performance.
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Fig.4.2.2.13. PL spectra of pristine TiO2 (a) and OVs-TiO2 -N2 room temperature

Table4.2.2.1 Calculated effective masses of electrons and holes for TiO2 and OVs-TiO:
by parabolic fitting to the CBM and VBM along a specific direction in the reciprocal

space. mo was the mass of free electrons.

Direction me*/ mo my,/mo D
TiO: G—-X 4513 1.815 2.487
G—Z 0.865 1.864 2.155
OVs-TiO, G—X 4.766 1.873 2.545
G—Z 0.414 1.557 3.761

In addition, theoretical calculations were performed to investigate the charge
carrier separation and transfer. The transfer rates of the photoinduced electrons and

holes were inversely proportional to their effective masses according to the following

equation [43, 44]:

v = hx/m* (4.2.2-7)
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Where the m* was the effective mass of electrons and holes, k was the wave vector,
h was the reduced Planck constant, and v was transfer rate of the photogenerated
electrons and holes. On the basis of the band structures, the effective masses of the
photogenerated electrons (m.*) and holes (m;,) along the designated directions were
calculated by fitting parabolic functions around the CBM and VBM according to the
following equation[45, 46]:

a2e(k)] !

m" = n? |22 (4.2.2-8)

where e(k) was the band edge energy as a function of wave vector k. In order to
analyze the charge separation efficiency deeply, the relative effective mass (D) of the
photogenerated hole to electron was defined according to the following equation (3)

[45, 47]:

* *
my me

D ={ ymax

me
(4.2.2-9)

It was accepted that the higher value of D meant higher separation efficiency of
charge carrier. The Table4.2.2.1 summarized the calculated effective masses of charge
carriers for TiO2 and OVs-TiOz. Compared with the perfect TiOz, the OVs-TiO:
displayed smallest effective masses of the photogenerated electrons (0.414) and holes
(1.557) and largest relative effective mass (3.761) along the G—Z directions, which
indicated enhanced charge carrier separation efficiency. These results were consistent
with experimental results, unveiling the crucial roles of OVs in improving the charge

carrier separation.

Photocatalytic performance
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Fig.4.2.2.14. (a) Photocatalytic removal efficiency of the resultant samples under
visible-light irradiation (A>510m). (b) Cycling test for OVs-TiO; -N»
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Fig.4.2.2.15. XRD patterns of OVs-TiO2-325 before and after recycling test.

The photocatalytic performance of the obtained samples was evaluated by
photocatalytic NO removal under visible-light irradiation (A>510 nm). Thanks to the
intrinsic carbon-doping, the pristine TiO2 showed limited photocatalytic NO removal
performance while the commercial P25 almost had no catalytic performance due to its
too large bandgap (Fig.4.2.2.14a). However, the OVs-TiO>-N» exhibited outstanding
catalytic performance owing to the existence of intrinsic carbon-doping induced OVs.
It exhibited 4.0 times higher photocatalytic activity than that of pristine TiO,. In
addition, the OVs-TiO>-N; displayed good photocatalytic stability because there was
no apparent decreased photocatalytic activity in OVs-TiO2-N; after three cycles
photocatalytic NO removal tests (Fig.4.2.2.14b). The photocatalytic stability of OVs-
TiO2-Nz was further confirmed by the XRD results since the used and fresh OVs-TiO»-
N showed similar XRD patterns (Fig.4.2.2.15).

Crucial roles of OVs

To study the effect of OVs on the photocatalytic NO removal process deeply, DFT

calculations were performed to compare the O2 and NO adsorption on the surface of
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TiO2 and OVs-TiO», respectively. As shown in Fig.4.2.2.16 (al-d1), the NO and O»
molecules were difficult to be absorbed on the surface of pristine TiO» while they were
easy to be absorbed on the surface of OVs-TiO». Specifically, the distances between
NO and O> molecules and the surface of pristine TiO> were 1.525 and 2.417 A,
respectively (Table 4.2.2.2). In comparison, the distances between NO and O
molecules and the surface of OVs-TiO> both decreased to 0 A. In addition, the
adsorption energies of NO and O; were decreased from 0.836 and 1.020 eV on the
surface of TiO; to -1.941 and -3.776 eV on the surface of OVs-TiO», respectively. As
shown in Table 4.2.2.2, both the band lengths of NO and Oz were lengthened from
1.165 and 1.236 A (absorbed on the surface of TiO2) to 1.301 and 1.395 A (absorbed
on the surface of OVs-TiO3), respectively. Therefore, it is safe to conclude that OVs
could capture the NO molecules and activate the N-O band [37], which was in favor of
improving the photocatalytic NO removal performance. It is important to note that the
OVs would activate the O, molecules to create reactive oxygen species (ROS)[48],
which played crucial roles in photocatalytic NO removal process.

The charge density difference of O and NO adsorption on the surface of TiO2
and OVs-TiO> was showed in Fig.4.2.2.16 (a2-d2), respectively. The light blue
represented charge loss and yellow stood for the charge accumulation. According to the
Bade charge analysis, there was nearly no electrons could transfer from the surface of
perfect TiO to free NO molecule and O> molecule. However, the electrons could
transfer from the surface of OVs-TiO> to adsorbed NO molecule (1.008¢) and O
molecule (1.045e), suggesting the chemical adsorption[49]. Therefore, OVs was
beneficial for the surface adsorption and catalytic reaction, which would result in the

enhanced photocatalytic activity of OVs-TiO2-No.
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Table 4.2.2.2. The distance between the molecules and the surface of TiO2 and OVs-
TiO; based on the DFT calculation. And the corresponding band length of molecules

adsorbed on the surface of TiO2 and OVs-TiO», respectively.

Distance (A) Band length (A)
Molecule NO 0)) NO 02
TiO, 1.525 2.417 1.165 1.236
OVs-TiO> 0.0 0.0 1.301 1.395

(al)

AQ =+0.019¢

E,q=0.836 ¢V IE, 0= 1.020 eV

Isovalue = 0.002 ¢/A3

Fig.4.2.2.16. Optimized structures for NO and O absorption on pristine TiO> (al-b1)
and OVs-TiO; (c1-d1). Charge density difference of optimized NO and O; absorbed on
pristine TiO(a2-b2) and OVs-TiO; (c2-d2).
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Proposed mechanism

Based on the above discussions, a possible photocatalytic schematic diagram of
OVs-TiOz-N> was illustrated in Fig.4.2.2.17. In general, the photocatalytic process
involved three consecutive steps, i.e. light absorption and charge generation, charge
transfer and separation, and surface catalytic reactions., the OVs could modulate the
bandgap of OVs-TiO2-N> to extend the range of light absorption, which was beneficial
for the generation of photoinduced electron-hole pairs. Moreover, the OVs played
positive roles in charge transfer and separation. On one hand, constructing OVs
increased the conductivity of OVs-TiO2-N2 owing to the narrowed bandgap, resulting
in promoting charge carrier separation efficiency. One the other hand, the surface OVs
would serve as the reactive sites to trap the separated charge carrier, which was not only
advantage of the charge carrier separation but also the subsequent surface catalytic
reactions. It also should be note that OVs tended to accelerate the transfer rate of the
photoinduced electrons and holes to enhance the charge carrier separation efficiency.
Last but not least, the OVs affected the adsorption and activation of molecules (NO and
0>) because of the increased local electron density. Compared with pristine TiO», the
OVs-TiO2-N2 was much easier to absorb and activate the molecules (NO and O») to
participate in the surface catalytic reactions. All in all, the OVs could increase the
absorption of visible-light, reduce the charge carrier recombination and enhanced the
surface catalytic reactions, which brought about the significantly improved catalytic

activity of OVs-TiO2-Na.
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Fig.4.2.2.17. Proposed mechanism for the enhanced photocatalytic removal

performance of OVs-TiO2 -N»

4.2.2.4. Conclusion

In summary, we successfully synthesized the OVs-TiO2-N; nanocrystals via a low-
temperature calcination in nitrogen atmosphere assisted solvothermal process using the
TBT as precursor and the ethanol as the solvent. Because of the organic reagent of TBT
and ethanol, the pristine TiO> would be natively carbon-doped without additional
carbon source during the solvothermal process. The obtained pristine TiO> could be
easily introduced into OVs under nitrogen atmosphere, which was not limited under the
reduction atmosphere. This process was different from the conventional reduction
process. Based on the DFT calculations, the facile formation of OVs was due to the
intrinsic carbon-doping effect. The OVs-TiO2-N2 exhibited significantly improved
catalytic activity, which was 4.0 times higher than that of pristine TiO>. Experimental

and theoretical results demonstrated that the improved the photocatalytic NO removal
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performance was due to curial roles of OVs. This work provided a new idea for
synthesizing OVs-TiO> nanocrystals, which had great potential in the field of

photocatalysis.
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Chapter 5 Summary and outlook

The doctoral dissertation focuses on the modification of polymeric carbon nitride
(CN) based photocatalysts for enhanced photocatalytic NO removal performance. Since
the CN displays poor response to visible light, rapid charge carrier recombination, small
specific surface area and few active sites, which results in deficient solar light efficiency
and unsatisfactory photocatalytic performance. To solve the intrinsic drawbacks of
pristine CN, effective strategies are developed to improve the photocatalytic NO
removal performance. The related work presents in four chapters with the three
experimental chapters.

Chapter 1 introduces the general concepts of photocatalysis, which is a green and
promising technology for the environmental remediation. The key point of
photocatalysis is to develop efficient and stable photocatalyts. Pristine CN suffers from
low specific surface area and rapid charge carrier recombination. Therefore, much work
has been to overcome the drawbacks of pristine CN. A brief review is presented to
summarize the previously reported strategies for enhancing the photocatalytic
performance of pristine CN. Inspired by a flood of literatures, the research objectives
in the doctoral dissertation is obtained.

Chapter 2 presents the morphology control strategy to enhance the photocatalytic
NO removal performance of bulk CN. Bulk CN was exfoliated into nanosheets to
increase the specific surface area and active sites via facile post-thermal treatment. At
the same time, the electronic structure of bulk CN was optimized during the calcination
process. The specific surface area of bulk CN was increased from13.6 m?/g to 68.0 m?/g.
The yield of CN nanosheets reached up to 67%, and its photocatalytic decomposition
of NOx activity was about 3.0 times higher than that of bulk CN. Moreover, the CN
nanosheets obtained at 550°C with a higher specific surface area (113.9 m?/g) displayed
lower photocatalytic activity than that obtained at 500°C with a lower specific surface
area (68.0 m%/g), which was attributed to its lower valence band.

Chapter 3 introduces the defect engineering strategy to enhance the photocatalytic

NO removal performance of pristine CN. The chapter 3 includes two works i.e., chapter
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3.1 and chapter 3.2.

The chapter 3.1 presents the carbon vacancies and hydroxyls co-modified CN
(CH-CN) via green hydrothermal method. The carbon vacancies and hydroxyls co-
modified CH-CN displayed 2.2 times higher photocatalytic NO removal performance
than that of pristine CN. Detailed experimental characterizations and density functional
theory calculations revealed that the enhanced photocatalytic NO removal performance
of CH-CN nanosheet was largely ascribed to the synergistic effects of carbon vacancies
and hydroxyls. The carbon vacancies could narrow the bandgap of modified CH-CN
nanosheet to improve the light-absorbing capability; the hydroxyls enabled to form
stable covalent bonds acted as electron transport channels to facilitate the charge carrier
separation.

The chapter 3.2 presents crystalline carbon nitride (CCN) via modified molten-
salts method under ambient pressure, which is expected to the large-scale production of
crystalline carbon nitride. The obtained crystalline carbon nitride displayed about 3.0
times higher photocatalytic NO removal performance than that of pristine carbon nitride
under visible light irradiation (A>400 nm). Detailed experimental characterization and
theoretical calculation revealed the crucial roles of crystallinity in crystalline carbon
nitride for the enhanced photocatalytic NO removal performance.

Chapter 4 introduces the heterostructure construction strategy to enhance the
photocatalytic NO removal performance of pristine CN. We successfully prepared g-
C3N4/rGO nanocomposites (Chapter 4.1). When we plan to prepare CN/TiO>
heterostructure via calcination assisted hydrothermal process. Interestingly, we
prepared oxygen vacancies mediated TiO2 with excellent photocatalytic performance
(Chapter 4.2.1 and Chapter 4.2.2).

The chapter 4.1 presents g-C3N4/rGO nanocomposites via alkali-assisted
hydrothermal process. n the hydrothermal process, the NaOH not only played an
important role in etching the bulk g-C3N4 into nanosheets to increase its specific surface
area and active sites, but also promoted the reduction of GO to enhance the conductivity
of rGO. The rGO sheets could act as an excellent electron acceptor and electronic
conductive channels to improve the separation efficiency of photogenerated electron-
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hole pairs. The resultant g-C3N4/rGO nanocomposites exhibited 2.7 times higher
photocatalytic NOx removal activity than that of bulk g-C3Ns due to the enlarged
specific surface area and their enhanced separation efficiency of photogenerated
carriers.

The chapter 4.2.1 presents facile approach to fabricate oxygen vacancies-
mediated TiO2 (OVs-TiO2) nanocrystals via an intrinsic carbon-doping induced
strategy. The intrinsic carbon-doped TiO2 nanocrystals were firstly synthesized by
water-controlled-releasing solvothermal (WCRS) process using ethanol, acetic acid and
titanium tetraisopropoxide (TTIP) as precursors. The carbon-doped TiO, was calcined
at 325 °C under a N2 atmosphere to introduce the OVs. The obtained OVs-TiO:
displayed outstanding photocatalytic NO removal performance under visible light
irradiation (A>510 nm). With the aid of DFT calculations, we revealed that the intrinsic
carbon-doping was beneficial for OVs' formations in carbon-doped TiO,. Moreover,
the OVs played crucial roles in improving light absorption, facilitating charge
separation, and activating surface reactions to enhance the photocatalytic NO removal
performance.

The chapter 4.2.2 presents a reductant-free strategy to fabricate oxygen
vacancies-mediated (OVs-mediated) TiO2 nanocrystals. Firstly, the pristine TiO> was
synthesized by a solvothermal process using the tetra-n-butyl titanate as precursor and
ethanol as solvent. Because of the organic precursor and solvent, the obtained pristine
TiO. was inevitably carbon-doped. Then, low-temperature calcination in nitrogen
atmosphere instead of reducing gas atmosphere was carried out to introduce the OVs
into the pristine TiO2. Experimental and theoretical results revealed that the intrinsic
carbon-doping was conducive to the formation of OVs. Moreover, the obtained OVs-
mediated TiO2 exhibited outstanding photocatalytic performance compared to the
commercial P25, which was attributed to the crucial roles of OVs. This work not only
provided a novel synthesis of OVs-mediated TiO., but also contributed to
understanding the crucial roles of OVs.

In summary, we developed effective strategies to modified the CN-based
photocatalysts for the enhanced photocatalytic NO removal performance. Considering
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the good photocatalytic performance and low-cost of CN-based photocatalysts, they are
promising to be used for the environmental remediation.

At the same time, it should be point out that there is much room for improvement
related to the CN based photocatalysts. For example, rational design of CN/TiO»
heterostructure could be developed for the enhanced photocatalytic NO removal
performance. Also, as a metal-free semiconductor material, it holds the potential in
other application fields, such as porous covalent organic framework for the absorption

of molecules, room-temperature gas sensors and so on.
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