“§') HOKKAIDO UNIVERSITY
~N X7
Title Graphitic Carbon Nitride Based Photocatalysts : Design, Synthesis and Properties Investigation
Author(s) 0,0
Citation 0o0o0o0o.00@0)DDoi42600
Issue Date 2020-09-25
DOI 10.14943/doctoral.k14260
Doc URL http://hdl.handle.net/2115/79439
Type theses (doctoral)
File Information Wei_LIU.pdf

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP


https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

DOCTORAL THESIS

Graphitic Carbon Nitride Based Photocatalysts:
Design, Synthesis
and Properties Investigation
Wei LIU
Materials Chemistry and Engineering Course
Graduated School of Chemical Sciences and Engineering
Hokkaido University
( Doctoral Supervisor : Toshihiro SHIMADA, Professor )



Contents

Chapter 1. General introduction............................oooiiiiin.. 1
1.1 PhotocatalySis. .. ouueett ettt e e e e e e 1
1.2 General information of @-C3Na ... 4
1.3 Electronic properties of @-CaNa.........oiuiiiiii e 6
1.4 Design strategies of g-C3sNa-based phtocatalysts...............ooooiiiiiiiiiiiii. 7
1.4.1 Atomic doping of @-CaNa. ... 7
1.4.2 Dimensional COntrol............o.oii i 9
1.4.3 Heterojunction CONSIUCTION. .. ..uueuuttite et eete et e ee e eeeeeeeeeeaaeanns 11
1.4.4 Nanocarbon 10ading..........c.cooiiiiiiii i, 12
1.5 Thesis motivations and Organization .............c.ceevueeireeiieernieaiieeieaaineaanenns 13
RefOIONCES. ..o 15

Chapter 2 Porous graphitic carbon nitride nanoplates obtained by a

combined exfoliation strategy for enhanced visible light photocatalytic

ACTIVIEY ... e 22
2.1 INErOAUCHION ...nee e e e 22
2.2 EXperimental SECHION ... ..ttt ettt e e e et e e e 24
2.2.1 Material preparation ...........oo.eeeeueeneeaee e ee et eee e e 24
2.2.2 Catalyst characterization ..............ooueiiiieiriiie et ie e eaaeennns 24
2.2.3 Photocatalytic hydrogen generation test.............ccevviiiiiiiiiiiiiiiiieeannnnn, 25
2.2.4 Photocatalytic RhB degradation test ...............coooviiiiiiiiiiiiiiii e, 25



2.3 Results and diSCUSSION ... .uneeette ettt e, 26

2.3.1 Structural characterization ..............ocoiiiiiiii e 26
2.3.2 Photocatalytic performance ............ooevviuiiiiiiiiieie i 36
2.3.3 Mechanism for photocatalysis ............ccooeiiiiiiiiiiii e 38
2.4 CONCIUSION ...ttt e e 41
REfRIENCES ...t 42

Chapter 3 Sugar-assisted mechanochemical exfoliation of graphitic

carbon nitride for enhanced visible-light photocatalytic

PErformance. ... ... ..o e 46
BT INtrOdUCTION ...eee e e e 46
3.2 Experimental details ..........c.ooiuiiiiiii e 47
3.2.1 Sample Preparation ........oo.eeeeeeente et et et 48
3.2.2 Photocatalyst characterization ...............c.ooiiiiiiiiiiiiiiiiii e 48
3.2.3 Photocatalytic hydrogen generation test..............cooiiiiiiiiiiiiiiiiniennnnn.. 49
3.2.4 Photocatalytic RhB degradationtest ..............c.coooiiiiiiiiiiiiiiiii e, 49
3.3 Results and diSCUSSION ......uutintintit e 49
3.4 CONCIUSION ...ttt e e et 66
REfRIENCES ...t 67

Chapter 4 Post-annealed Graphitic Carbon nitride nanoplates obtained
by sugar-assisted exfoliation strategy with enhanced visible-light
photocatalytic performance.........................oooiiii 73

A1 INTEOAUCTION ..ottt e e e e, 73

i



4.2 Experimental details ..........coiiiiiiiiiii e 75

4.2.1 Sample Preparation .......o..eeereeeeee et et 75
4.2.2 CharacteriZatiON .........euuentet ettt ettt et e eaaens 75
4.2.3 Photocatalytic hydrogen generation test.............ccevviiiiiiiiiiieiiiiiiennann. 76
4.2.4 Photocatalytic RhB degradationtest ..............ccooveiiiiiiiiiiiii e, 77
4.3 Results and diSCUSSION ...ttt e 77
2.4 CONCIUSION ...ttt e e 93
REfRIENCeS ... 94
Chapter 5 General Conclusion ...................cooiiiiiiiiiii ... 99
Acknowledgements. ...............ooiiiiiiiiiiiiii e 101

il



Chapter 1. General Introduction

1.1 Photocatalysis

Due to the overuse of fossil fuels, the sustainability of the human society is under
increasing threats from energy shortage and pollution. With unmatched advantages
including environmentally benign and inexhaustibility, solar energy has been viewed as
the feasible solution to address the energy dilemma and environmental issues, but its
utilization is available only at sunny days. Recently, semiconductor-based photocatalysis,
in which the powerful radiation can be utilized as a practicable technology, has attracted
numerous attention due to its promising application in the energy and environmental field
(i.e., water splitting [ 1-2], pollutants removal [3-4], CO2reduction [5-6], disinfection [7],
selective organic synthesis [8-9] and so on).

In 1972, Fujishima and Honda initially carried out photoelectrochemical (PEC) Hz
production from water splitting using TiO2 photoelectrode [ 10]. Four years later, Carey et
al. explored the photodegradation of organic pollutants using TiO2 in aqueous solution
[11]. Subsequently, considerable development emerged in the synthesis of efficient
semiconductor-based photocatalysts, such as TiO2 [12-13], CdS [14], Bi2WOe [15],
BiVOs [16], AgsPO4 [17], TaszNs [18], TaON [19]. So far, the search for a high quality
semiconductor photocatalyst to alleviating the energy crisis and environmental problems
has become a popular research topic.

Generally, photocatalysis occurs in three steps: (i) absorption of photons with energy

larger than that of band gap (Eg) to generate electrons and holes, (ii) photoinduced



electron—hole pairs separation and their transportation to the reactive sites on the surface,
and (iii) surface oxidation-reduction reaction by the photoinduced holes and electrons
[20]. There are several requirements for the semiconductor photocatalyst to achieve a
more effective photocatalysis. The photocatalyst should own a suitable band position that
matches with the required the redox potential of the reactions and a band gap with entire
visible light response. The photocatalyst should be have a fast charge separation and
transportation rate and abundant surface active sites to reduce the activation energy [21].

With the merits of cheapness, nontoxicity and chemically inertness, TiO2 has become
the highly explored ‘“golden” photocatalyst. However, its practical application in
photocatalysis suffers from its unresponsiveness in the visible solar light because of its
large band gap (3.2 eV) [22]. Various strategies, such as doping [23], co-catalyst loading
[24], defects control [25] and coupling with other semiconductors [26], have been adopted
to improve its photocatalysis under visible light. Other semiconductor photocatalysts
shown in Figure 1-1 such as BiWOe [27], BiOCI [28], BiOBr [28], Ag2S [29], Ag3PO4
[17], AgBr [30] and CdS [14] with suitable bandgaps have also been investigated for
photocatalysis. However, the high price, low efficiency, photocorrosion and toxicity
limits their wide utilization in photocatalysis. Therefore, development of novel visible-
light-active semiconductor materials and construction of effective systems for energy

production and environmental pollution remediation is highly advisable.
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Figure 1-1 Band positions of the common semiconductor photocatalysts. [31]

During the last few years, development of graphitic carbon nitride (g-C3Nas)-based
metal-free photocatalysts have aroused significant attention because of their earth
abundance, low price, and environmental benign features. Since Wang et al. initially
disclosed the photocatalytic splitting of water over Ci:Ns in 2009, g-C3Nas-based
photocatalysts have been widely used in the photocatalytic CO: reduction [32],
H:2 evolution [33], degradation of harmful dyes [34], antibiotics [35]. However, its high
charge recombination hampers its wide application. It is noteworthy that g-C3N4 could be
readily used to fabricate heterogenous photocatalysts with tailored composition,
morphology, thickness, porosity, optical and electronic properties. Therefore,
development of g-C3Na-based photocatalysts by appropriate modification have gained
much significance. Therefore, several attempts, such as nanostructure modification,
elemental doping, copolymerization, formation of heterojunction with other
semiconductors, have been made to enhance its photoactivity. In particular, the formation
of various nanostructured g-C3Nas-based photocatalysts, such as 1D tubes, 2D nanoplates

and 3D structures, leads to the optimization of chemical stability, optical feature, surface



area and charge diffusion length. Strategies, including elemental doping and
copolymerization, result in the narrowed band gap energy so as to utilize the entire solar
light [36]. The creation of heterojunction with other semiconductors can speed up the

charge separation and transfer to active sites [37].

1.2. General information of g-C3N4

There are several allotropes of carbon nitride (C3N4), which include a-C3Na, B-C3Na,
graphitic C3Ns (g-C3N4), cubic and pseudocubic C3N4 [20]. Among these phases, g-
CsNasis the most stable allotrope at ambient conditions and formed by layers of =-
conjugated polymeric structures connected through s-triazine or tri-S-triazine/heptazine
rings. The 2-D layered structure endows g-C3N4 unique physical and electronic properties,
which favors the photocatalytic performance g-CsNa. With respect to TiO2, g-C3Na
possess a proper band gap of 2.7 eV with visible light absorption of around 460 nm.
Evidences show that it is thermally stable up to 600 °C in air which is probably associated
with the aromatic C-N rings. Additionally, g-C3N4 is also chemically stable and resistant
to acid and alkali. It can be readily fabricated by thermal pyrolysis of cheap nitrogen-rich
precursors such as cyanamide, urea, dicyanamide, thiourea, and melamine. The formation
of g-C3N4 occurs followed by a range of procedures, e.g., the sublimation and thermal
condensation of melamine (297-390°C), deammonation (545 °C), as revealed by the
thermogravimetric-differential scanning calorimetry (TG-DSC) analysis of melamine.
Melem transformation into a g-C3N4 material is confirmed by temperature-dependent

XRD results above 560°C [38&]. Similar phenomenon also appears during the creation of



g-C3N4 using cyanamide as precursors, apart from the initial melamine formation via

condensing the cyanamide (Figure 1-2) [39].
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Figure 1-2 Reaction path for the formation of g-C3Ns starting from cyanamide [39].

The g-C3N4 obtained from thermal treatment of C/N/H-containing species owns low
crystallinity because of the existence of defects, which results from the incomplete
removal of intermediates. The synthesis of g-C3Na with ideal crystalline exists a kinetic
problem. The relatively low crystallinity and plentiful disorder in the g-C3N4 lead to its
composition indefinable and C/N ratio beyond stoichiometry. Because of the incomplete
thermal condensation, there exists hydrogen bonding between melon chains with
NH/NH2 groups. Thus, the photoinduced charge carriers are highly localized within
heptazine units, leading to the poor conductivity [20]. Moreover, the existence of defect
centers for charge recombination is detrimental to the photoactivity of g-C3N4. Hence, the
development of g-C3Na with high crystallinity and less defects is desirable for the
enhancement of photocatalytic performance in water splitting [40]. Above all, the
photocatalytic performance of the pristine g-C3N4 remains unfavorable due to its low
crystallinity, poor electrical conductivity, high recombination rate, and inefficient visible

light absorption.



1.3. Electronic properties of g-C3N4

The density-functional-theory (DFT) calculations has been applied to investigate the
electronic properties of g-C3Na4. Results reveal that band gap of melem molecule,
polymeric melon and fully condensed g-CsNa were calculated to be 3.5, 2.6 and 2.1 eV,
respectively [41]. Obviously, the value of polymeric melon almost approaches the
experimentally measured band gap of 2.7 eV. The valence band (VB) and conduction
band (CB) of g-C3N4are mainly governed by N 2p orbitals and C 2p orbitals, respectively.
Yan et al. calculated the band potentials of the pristine g-C3N4 through DFT and the
positions of CB and VB were located at —1.12 and + 1.57 eV, respectively [42]. They
further measured the VB position of +1.53 eV by valence band X-ray photoelectron
spectroscopy (VB-XPS), which is very close to the theoretical calculations. The location
of CB minimum (-1.12 eV) in g-C3N4 allows the photoinduced electrons to evolve H2
through water reduction. The VB position (+1.53 eV) also offers a thermodynamical
driving force to generate Oz through water oxidation. It is noteworthy that the surface
redox reactions possibly take place only when CB and VB levels are more negative and
positive than the reduction and oxidation potentials, respectively. Table 1-1 shows several
typical standard redox potentials. Hence, it is rational to modify the electronic band

energy of g-C3N4 for the enhancement of its redox power to improve its photoactivity.



Table 1-1 Standard redox potentials for some typical species [43,44].

Reaction E°(V)vs NHE at pHO
2H* +2e-—H, (g) 0
0y(g)+e” —0> (aq) -0.33
0,(g)+H* +e~ — HO,* (aq) —0.046
0,(2)+2H* +2e- — H,0, (aq) 0.695
2H,0 (aq)+4h* — O, (g)+4H * 1.229
OH-+h* —*OH 2.69
05(g)+2H* +2 e~ — 0, (g)+ Hy0 2.075
COy +e —COy~ -1.9

2 CO4(g)+2 H* +2 e~ — HOOCCOOH(aq) —0.481
CO,(g)+2H" +2e- — HCOOH(aq) ~0.199
CO,(g)+ 2 H* + 2e~ — CO(g) + H,0 —0.11
CO,(g)+4H* +4e- — (C(s) +2H,0 0.206
CO,(g)+4H* +4e- — HCHO(aq) + H,0 —0.07
CO,(g)+6H* +6e- — CH3;0H(aq)+H,0 0.03
CO,(g)+8H* +8e~ — CHy () + 2H,0 0.169
2C0,(g)+8H,0+12¢~ — CyHa(g) + 120H- 0.07
200,(g)+9H,0+12e~ — C,HsOH(aq) + 120H- 0.08
3C04(g)+13H,0+18e~ — C3H7;0H(aq) +180H- 0.09
H,0,(aq)+H* +e — H,0+ OH- 1.14
HO,* +H* +e~ — H,0,(aq) 1.44
H,0,(aq)+ 2H* + 2~ — 2H,0 1.763

1.4. Design strategies of g-C3N4-based photocatalysts
1.4.1. Atomic doping of g-C3Ny4

Generally, doping of exotic elements can enhance the visible light harvesting ability
because of the formation of localized or delocalized electronic states. Additionally, the
introduction of multiple impurities leads to disorder effects and thus form tail states
(Urbach tails) in the electronic structure [45]. In photocatalysis, the band-gap engineering
of g-C3Na4 via the atom-level (metal and non-metal atoms) play an important part in the
modification of optical absorption and redox potentials for the enhancement of
photocatalytic performance [46].

The metal ions (M™) can be introduced into the framework of g-C3Na ( Figure 1-3a)
via an ion coordination route due to the strong interactions between the cations and the

negatively charged nitrogen atoms. The incorporation of the transition metal ions, such



as Zn?>" [47], Fe*" [48], Co*" [49] and Cu?' [50] into the caves of g-C3N4 have been
reported by the previous studies to improve the optical absorption, narrow the bandgap,
and enhance the carrier mobility, which are beneficial to the photoactivity. Moreover, the
coordination of alkali-metal ions such as Li", Na*, and K" can enhance charge transfer
and separation efficiency to form the spatial charge distribution. Recently, Xiong et al.
revealed that K atoms are more likely to be incorporated in the g-C3N4 interlayer through
bridging the layers (Figure 1-3b), while Na atoms exist in the carbon nitride planes [51].
The K-doped g-CsN4 would bring about suppressed charge recombination, increased
optical absorption, and enhanced oxidation capability due to the combined effects of
positive-shifted valence band position, narrowed band gap and extended m conjugated

systems.

(a) Cave doping (b) Interlayer doping
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Figure 1-3. Two kinds of metal ion doping of g-C3N4 framework: (a) cave doping, the

incorporation of metal ions (M™") through the coordination interactions, Color scheme: C,
red; N, yellow [52]; (b) interlayer doping (the interlayer bridging pattern for K) [51].
The non-metals tended to form covalent bond by accepting electrons during the

reaction due to its high electro negativity. In most cases, the non-metal doping including



O [53],C[54], B[55], S [56], P [57], and I [58], could lead to the narrowed bandgap and
improved optical absorption of g-C3Na4. Generally, the introduction of I, O and S are
preferred to substitute N atoms in the heptazine units, while the C self-doping can replace
the bridging N atoms (Figure 1-4). It is noteworthy that introducing these foreign
elements can optimize the n-electron delocalization, which is beneficial for enhancing the
charge mobility and separation, thus improving the photoactivity significantly. P and B
atoms are more favorable to take the place of C atoms, thus leading to the formation of
P/B-N bond in g-C3Na. Specially, the interstitial incorporation of P into the framework of
g-C3N4 also appears using (NH4)2HPO4 as phosphorus precursor [59]. In situ sulfur
and boron doping of g-C3Na also occurred on the C and N atoms in the heptazine units,
respectively [60-61]. Additionally, the F doping can lead to forming C-F bonding in g-
C3N4 when NH4F served as the fluorine source [62]. However, it is noted that moderately
doping of exotic atoms is advocated in photocatalysis, because excessive doping can

create more defects centers for the charge recombination.

Bridging N atoms
(C self-doping)

C-F bonding
(F doping)

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

Figure 1-4 Possible substituted sites of non-metal doping in the single layer of g-C3N4
[63].

1.4.2. Dimensional control



With respect to the bulk counterparts, nanostructured 2D g-C3N4 nanosheets displayed
several merits in photocatalysis, such as the high surface area, short charge migration
distance, plentiful active sites, and improved redox abilities of photoinduced charge
carriers [64]. Thus, controlling the physical dimensions of g-C3;Nacan serve as a
promising candidate to adjust the intriguing surface, optical, electronic features, leading
to the enhanced catalytic activity. Generally, the ultrathin g-C3N4 nanosheets could be
prepared through the top-down delamination of layered bulk g-C3N4and bottom-up
strategies [65-66]. The two preparation strategies can be further grouped into ultrasonic
exfoliation, thermal oxidation exfoliation, chemical exfoliation and combined routines.

It is known that the enthalpy of mixing will decrease in a liquid with surface energy
well-matched to that of g-C3N4 (115 mJ m2), giving rise to the efficient exfoliation of
bulk g-C3Na4 into 2D nanosheets [67]. Thus, the ultrasonic exfoliation of the layered g-
CsNas into 2D ultrathin nanosheets have been achieved through ultrasonic treatment in
solvents with suitable surface energies, such as NMP, IPA, DMF, methanol, ethanol,
acetonitrile and water (102 mJ m™2) and their mixtures [67-69]. However, this approach
involved the use of organic solvents, long treatment time with low production, limit their
wide application. Fortunately, it was revealed that the amphoteric monolayer g-C3N4
nanosheets with ion charged groups can be obtained through chemical exfoliation in acid
or alkaline solution with significantly reduced ultrasonication time [70]. Through the
thermal oxidation etching approach, the bulk g-C3N4 could be peeled off and g-C3N4 with
2 nm-thickness can be obtained [71]. However, its drawbacks including low yield (<6%)

and plentiful interface defects hampers its further application. Thus, the scalable synthesis

10



of high-quality g-CsNa nanosheets had been achieved by the dicyandiamide-blowing
method using NH4Cl as the assistance [72]. It is noteworthy that the cost-effective and
scalable fabrication of 2D g-CsNa4 nanosheets can be achieved through the proper
combination of liquid, chemical exfoliation and thermal oxidation etching exfoliation.
1.4.3. Heterojunction construction

The construction of semiconductor heterojunctions could result in the band bending
and the generation of internal electrical field, which could remarkably speed up the
efficient spatial charge separation thus in favor of the photoactivity [1]. Generally, the
semiconductor heterojunctions can be separated into Schottky junction, Type I, II and
Type III heterojunctions (Figure 1-5). Among these types, only Schottky junction and
Type II heterojunctions can remarkably enhance the charge separation, leading to their
suppressed recombination and extended lifetime. Up to now, the combination of g-C3N4
with several semiconductors, such as TiO2 [73], CdS [74], Cu20 [75], WO3[76], BiVOs4
[77], BIOX [78], Bi2WOs [79], Fe203 [80], have been achieved for creation for the Type

IT heterojunctions and fast charge separation.
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Figure 1-5 Spatial charge-separation mechanisms for four different types of
semiconductor heterojunctions: (A) Schottky junction, (B) Type I, (C) Type II, and (D)

Type III heterojunctions [63].
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In general, for the Type II heterojunction photocatalytic systems, the photoredox
reactions largely take place on the surface of semiconductor with lower CB and VB
potentials, leading to the smaller driving forces during the photoreaction. In contrast, for
the Z-scheme system (Figure 1-6), its photocatalytic performance mainly relies on the
surface features of semiconductor with higher CB and VB potentials, thus giving rise to
the robust redox ability and improved photoactivity [81]. Inspired by the natural
photosynthesis process, the artificial Z-scheme heterojunctions have been created by the
combination of two semiconductors in the presence of mediators. In the Z-scheme, the
separated responsibility of each semiconductor for one (oxidation or reduction) reaction
results in greatly expanded optical absorption, enhanced driving forces, charge separation
rate and photoactivity [82]. It seems that the g-C3N4-based Z-scheme systems could own

many merits and great potential in practical photocatalysis application.
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Figure 1-6 Schematic illustration of spatial charge separation in the all-solid-state g-C3Na-
based Z-scheme photocatalytic systems with (a) and without (b) mediators [63].
1.4.4. Nanocarbon loading

The g-CsNa/carbon heterostructures have been synthesized by coupling g-C3N4 with
several carbonaceous materials such as Ceo [83], CNTs [84], carbon quantum dots [85],

graphene [86] and so on. Due to their excellent electrical conductivity, these carbon

12



materials can serve as reduction cocatalysts to receive electrons from g-C3N4 to retard the
charge recombination. Besides, several novel features are presented by the construction
of the hybrid materials including increased active sites, electron capacity and improved
optical absorption [87].

Among the carbon materials, graphene, a sp>-hybridized 2D nanosheet, demonstrates
exceptional mechanical, electrical and thermal features, such as high optical transmittance,
specific surface area, conductivity, and electron mobility [88]. Thus, developing the g-
CsNa/graphene nanocomposites has been considered as promising approach to speed up
the charge migration and retard the charge recombination, thereby giving rise to an
improved photocatalytic activity. The 2D/2D interaction in the g-C3N4/graphene hybrids
is beneficial to increasing the interfacial coupling areas and promoting the charge
separation. For instance, cross-linked reduced graphene oxide (rGO)/g-CsNs
nanocomposites with tunable band structures could be prepared due to the formation of
C-0O-C covalent bonding, which demonstrated reduced bandgap with increasing rGO ratio,

thus beneficial for the visible-light photoactivity [89].

1.5 Thesis motivations and organization

In this thesis, in order to increase the active sites and to improve charge separation and
migration rate in g-C3Ns, a combined fast thermal etching and gas-driven exfoliation
strategy was developed to modify g-C3Na4. Such treatment endows the of g-C3N4 with
novel features, such as 2D porous architecture, increased active sites and fast charge

mobility. Such few-layered porous g-CsNa photocatalysts demonstrated remarkably
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enhanced photocatalytic water splitting and degradation efficiency of RhB under visible-
light-driven illumination.

Subsequently, aiming at the preparation of g-C3N4 nanoplates in a sustainable and cost-
effective approach, a solid-state mechanical milling with sugars method was proposed to
fabricate the few-layered g-CsNa4 nanoplates. As a result, the water-soluble g-C3Na
nanoplates demonstrated enlarged surface area and promoted charge separation, thus
leading to enhanced visible-light-driven photocatalytic performance regarding the
hydrogen production and RhB degradation.

Later on, a defect engineering strategy was adopted to tailor the structural,
morphological, optical and electronic properties of the g-C3Na4. The introduction of
nitrogen defects is achieved through the delamination followed by quick thermal etching
of the pristine g-C3N4. As a result, it was revealed that nitrogen-defective g-C3Na
demonstrated enhanced optical absorption, number of active sites and the charge
separation and transfer efficiency, thus giving rise to the improvement of the
photoreaction. This work provides a practical way to improve photocatalytic efficiency

of g-C3N4 which shows promising application.
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Chapter 2. Porous Graphitic Carbon Nitride
Nanoplates Obtained by A Combined Exfoliation
Strategy for Enhanced Visible Light Photocatalytic
Activity

2.1 Introduction

The increasing global environment pollution and energy crisis have received much
concerns and numerous attempts are made to exploit the high-efficiency photocatalysts
which can achieve the solar energy conversion by a photoactivity [1-3]. Since Wang et
al. firstly exploited the g-C3N4 for photocatalytic H2 evolution [4], much attention has
been paid to g-C3N4 which demonstrates high physicochemical stability, non-metal
constituent and proper optical absorption [5-7]. However, the g-CsNa4 showed
unsatisfactory photoactivity caused by its limited surface area and rapid charge
recombination [8-10]. Up to now, several tactics have been employed to improve its
photoactivity, such as the nanostructure design, heterojunctions construction,
heteroatoms doping, defects engineering, as well as the co-catalysts loading [11-15].

Recently, the 2D g-C3Na nanoplates, a king of nanostructured materials, have become
more promising in photocatalysis because of their high surface area, plentiful active sites
and rapid electron mobility [16,17]. As a consequence, there have been developed various
approaches for the preparation of few-layered nanoplates, including the chemical
exfoliation, mechanical exfoliation and thermal etching exfoliation [17-21]. Particularly,

thermal etching method have become popular in photocatalysis due to the merits of easy
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operation, environmental benign and cost-effectiveness. Very recently, it was reported
that a well-developed porous structure could be achieved by a quick thermal treatment
[22]. It was noteworthy that g-C3N4 nanoplates with porous structures are more preferred
for photoactivity because their increased active sites and diffusion channels are favorable
for the optical absorption and the charge transfer [23,24]. Therefore, the proposal of the
fabrication of porous carbon nitride nanoplates is highly desired.

Here, the synthesis of porous g-C3N4 nanoplates was achieved through a facile two-
step process. As illustrated in Figure 2-1, the pristine g-C3N4 was warmed up to 750°C
rapidly in air. Afterwards, the high-temperature sample is instantly added into the liquid
nitrogen (I-N2). Thanks to the thermal treatment and the following gasification of 1-N2,
the pristine g-C3Na is subjected to exfoliation. Moreover, porous g-C3N4 nanoplates are
obtainable during the repeating exfoliation cycles. With respect to the pristine g-C3Na,
the as-synthesized porous g-CsN4 nanoplates demonstrated 9 times higher hydrogen
evolution and 6 folds greater RhB degradation rate under visible-light illumination,
respectively. This work opens a new horizon to develop innovative nanostructured g-

CsNas-based catalysts for efficient photoactivity.

. thick g-C;N, with few-layered porous g-C3N,
bulk g-CsN, porous structure nanosheets
10 minutes’ liquid N,
thermal treatment gasification

Figure 2-1 An illustration of the process for the fabrication of fl-P-CN.
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2.2 Experimental section
2.2.1 Material preparation

The pristine g-C3N4 was obtained by heating dicyandiamide to 550 °C for 4 h with a
ramp rate of 2.3 °C min’!. After cooled naturally and ground into powder, the sample was
denoted as CN.

To prepare the few-layered porous carbon nitride (fl-P-CN), the pristine CN in a
crucible with a lid was put in a muffle furnace which was preheated at 750 °C and held at
the high temperature for 10 minutes. Then the CN was transferred into a beaker containing
200ml of 1-N2 until the 1-N2 vaporized totally. The above steps were subjected to repeat
for 10 times and the final products were obtained with yield around 10%.

2.2.2 Catalyst Characterization

The X-ray diffraction (XRD) patterns were performed on Rigaku Miniflex 600. Raman
spectra were carried out on a Horiba Lab RAM HR800 Raman spectrometer. Fourier
transform infrared (FTIR) analysis were conducted on JASCO FT/IR-4600. Elemental
analysis (EA) results were determined by Elementar vario MACRO cube Elemental
Analyzer. Surface chemical analysis was performed on JEOL JPS-9200 X-ray
photoelectron spectroscopy (XPS). The morphology results were obtained on a JEOL
JSV-6510LA scanning electron microscopy (SEM) and FEI Titan3 G2 60-300
transmission electron microscopy (TEM). A JASCO FP-8000 spectrofluorometer was
employed to obtain the photoluminescence (PL) spectra. A Varian Cary 5000 UV-visible
spectrophotometer was exploited to record the diffuse reflectance spectra (DRS). N2

adsorption-desorption tests were performed at 77 K to determine the Brunauer-Emmett-
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Teller (BET) surface area (Autosorb-iQ2, Quantachrome). The electron spin resonance
(ESR) results were recorded on an JEOL JES-TE 200 ESR spectrometer. A 1260/1287
Solartron Analytical electrochemical workstation was wused to measure the
electrochemical impedance spectroscopy (EIS). The transient photocurrent results of the
samples loaded on an ITO sheet were analyzed on a three-electrode cell with an aqueous
electrolyte of a 0.5 M Na2SOa4 solution vs Ag/AgCl.
2.2.3 Photocatalytic Hydrogen Generation Test

The H2 generation test was conducted in a sealed glass reactor containing 28 ml of
triethanolamine (TEOA) aqueous solution (10 vol%). 30 mg of photocatalyst was
exploited for the photoactivity test. 3 wt% Pt was served as the co-catalyst via a in situ
photo-deposition process. Before the reaction, the N2 was used to purge the system for 30
minutes. A 150 W xenon lamp with a 400 nm cut-off filter was chosen as the light source.
A gas chromatography within a thermal conductivity detector was employed to measure
the produced Ho.
2.2.4 Photocatalytic RhB Degradation Test

Photodegradation of RhB was performed in a glass bottle containing 50 mL of RhB
aqueous solution (10 mg/L). 25 mg of catalyst was employed for the photocatalysis. To
achieve an adsorption-desorption equilibrium, the suspension was stirred for 30 min in
the dark. During the reaction, 3 mL of the solution was taken out at every 20 minutes, and
then centrifuged. Afterwards, the supernatant was analyzed by a UV-3600 Shimadzu

spectroscope at the absorption of 553 nm, which reflected the concentration of RhB.
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The addition of isopropanol (IPA), Benzoquinone (BQ), triethanolamine (TEOA) into
the RhB solution as the scavengers for hydroxyl radicals (*OH), superoxide radicals (¢Ox2"),
and superoxide holes (h+) was conducted to detect the reactive species in the

photoreaction, respectively.

2.3. Results and discussion
2.3.1 Structural characterization

Figure 2-2a illustrated the XRD patterns of the samples. The diffraction peaks of fl-P-
CN displayed similar positions to CN, indicating its unchanged structure. The diffraction
peaks of fI-P-CN at 27.4° (002) and 13.0° (100) were assigned to the interlayer structural
stacking and in-plane packing motif respectively [4.8]. But the (002) peak of fl-P-CN
displayed an apparent shift from 27.4° to 27.9°, indicating its interlayer distance reduction
from 0.326 nm to 0.320 nm. The decreased interlayer length indicates the exfoliation
treatment endows the fl-P-CN a denser stacking structure. Additionally, the much
weakened (002) peak intensity of fl-P-CN implying that its layered structure has been
delaminated [25]. Figure 2-2b revealed that FTIR spectra of the samples owned several
absorption bands, namely, the band at 2900-3500 cm ™' for the vibrational absorptions of
N-H bonds, the band in the 1200-1700 cm™' range for the aromatic C-N heterocyclic units
and the peak at 809 cm™! for heptazine rings [8,26]. With respect to CN, the typical peaks
of fl-P-CN appeared more evident, probably due to the elimination of the disordered or
amorphous constituents of the sample [27]. Figure 2-2¢ exhibited the Raman spectra of

the samples. As for CN, the two distinct peaks at 970 and 700 cm™ are attributed to the
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breathing modes of heptazine rings. The major band in the 1200—1700 cm™! region is
ascribed to the C—N stretching vibrations [28,29]. These properties appeared for both
samples but more obvious for fl-P-CN. The better-defined fl-P-CN suggested an

improved in-plane n-conjugated structure in favor of the photoactivity.
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Figure 2-2 The spectra of (a) XRD (b) FT-IR and (c) Raman for the as-prepared (i) CN

and (ii) fl-P-CN.

XPS results of the samples are presented in Figure 2-3, which exhibited no apparent
chemical shift of C and N elements between the two samples, suggesting their similar
bonding states. Figure 2-3a exhibited that there are three main peaks at 285.0, 286.5 and
288.4eV after separating the C 1s spectra of CN, ascribing to the C=C, sp® C and N=C-N

respectively [8,16,30]. With respect to CN, the peak area ratio of C=C for fl-P-CN
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exhibited reduction, revealing the removal of graphitic carbon species. The N 1s spectra
(Figure 2-3b) of CN can be divided into four main peaks at 398.6 eV, 399.4 ¢V, 401.0 eV
and 404.6 eV, corresponding to the N=C-N, the tertiary N—(C)3, N-H and n-excitations,
respectively [8,16,31]. The weight ratio of N=C—N and N—(C)3 between the two samples
exhibited small difference, revealing their similar N bonding states. On the basis of the
XPS results, the high temperature rendered the carbon atoms in the CN looser and a
portion even oxidized to shape the porous structure. Moreover, more exposed carbon
atoms in the CN were formed during the following 1-N: gasification which produced great
gasification energy. As a consequence, during the repeating exfoliation cycles, the novel

porous morphology could be created.

(a)

c1s |(b)

Intensity/a.u.
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Figure 2-3 High-resolution XPS spectra of the as-fabricated (i) CN and (ii)fl-P-CN: (a)

Clsand (b) N1s

The microstructures of the samples were explored by SEM and TEM analysis. Figure
2-4a exhibited that fI-P-CN owned the 2D porous structure with plentiful mesopores in
contrast to the stacked lamellar structure of the pristine CN. The pore-size were in ~10—
100 nm range revealed by the high-resolution SEM (Figure 2-4b). The TEM images also

exhibited that the sheet-like fl-P-CN nanoplates with in-plane pores (Figure 2-4¢,d). The
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selected-area electron diffraction (SAED) pattern of the fl-P-CN nanoplates exhibited two
obvious diffraction rings (inset of Figure 2-4d), corresponding to the (100) and (002)
planes [32], further revealing the undestroyed structure. Moreover, the high- resolution
TEM picture (Figure 2-5) exhibited nanoholes and disordered lattice edges, indicating the
presence of vacancies. The porous 2D structure with carbon vacancies led to the shortened
distances for charge transport to the surface active sites, which facilitated the suppression
of the charge recombination. AFM images (Figure 2-6) showed that the thickness of the
flI-P-CN nanoplates is evaluated to be around 8.5 nm, much thinner than that of CN (~55

nm, Figure 2-7).

Figure 2-4 Typical SEM graphs of the as-fabricated samples: (a) fl-P-CN and (b) high-
resolution SEM of fl-P-CN. TEM graphs of the samples: (c) fl-P-CN and (d) high-

resolution TEM of flI-P-CN. Inset shows the SEAD pattern of the fl-P-CN nanoplates.
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Figure 2-6 AFM image and the corresponding height profile (from left to right) of the fl-

P-CN nanosheets.
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Figure 2-7 AFM image and the corresponding height profile of CN

First-principle density functional theory (DFT) calculations were performed to
intuitively understand the mechanism of gas exfoliation of g-C3Na (Figure 2-8). The
optimized gallery height of the g-C3N4 is found to be 3.5 A. In contrast, after the Nz
insertion, the optimized structure of the g-C3N4 layer becomes expanded and the height
of the interlayer gallery is widened to 7.9 A, which outperforms that of the initial g-C3N4
by 2 times. Moreover, the morphology of the optimized g-C3N4 presents a bending and
crumpling feature, which is consistent with of the TEM graphs. The larger interlayer
distance benefits to the insertion of liquid N2 and also indicates the weaker van der Waals
forces between the layers, making it easier to be overcome during the subsequent

gasification of liquid N2 process.
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Figure 2-8 Optimized crystal structure of two-layered g-C3N4 and N»-inserted interlayer

of g-C3N4 based on density functional theory

Figure 2-9 illustrated the N2 adsorption—desorption isotherms and the relevant pore size
distribution plots of the samples and both of them exhibited the type IV isotherm [33,34].
The isotherms both show high adsorption at high-pressure part (P/Po: 0.8-1), indicating
the presence of mesoporous structure [35]. The specific surface area of fI-P-CN reached
70.2 m? g, which exceeded that of CN (=6.75 m? g'!) by around 12 folds. With respect
to CN, the total pore volume also increased obviously for fI-P-CN (0.4 cm® g'! vs. 0.068
cm® g'!)). The pore size distribution (PSD) in the inset of Figure 2-9 exhibited that the fl-
P-CN possessed wide pore sizes in the 10~200 nm range, which are ascribed to the
interlayer galleries and vacancies in the structure of fl-P-CN. Thanks to the enlarged
surface area and pore volume, more reactive sites were created for adsorbing more
reactants, which is preferred for the mass and charge transfer during the photocatalytic

reactions [36].
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Figure 2-9 N2 adsorption-desorption isotherms of the as-fabricated (i) CN and (i1) fl-P-

CN. The inset is the relevant PSD plots.

Figure 2-10a illustrated the UV—vis DRS spectra of the samples. With respect to the
pristine CN, the absorption edge of the fI-P-CN exhibited an remarkable blue shift, which
was caused by the quantum confinement effect induced by the few-layered structure
[35,37].The band gap of flI-P-CN also increased to 2.77 eV from 2.53 eV for CN. With
respect to the bulk CN, the intensity of the absorption tails in the 440~700 nm range
increased obviously for fl-P-CN, which was possibly ascribed to the increased inner
incident light reflections due to the wrinkled and porous structure [38-40]. Figure 2-10b
illustrates the PL spectra of the samples. CN owned PL emission with a broad peak in the
400~700nm range, while the fl-P-CN exhibited remarkable decreased PL intensity,
revealing a significant suppression of the charge recombination because of the faster
charge transfer at the buckled sites [8,41,42]. Furthermore, Figure 2-10c illustrated the
ESR spectra of the samples, both of which exhibited the symmetrical signals with a g

value of 2.0036, which is induced by the lone electron pair in the ® conjugated aromatic
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rings of carbon nitrides [43]. With respect to the CN, fl-P-CN exhibited much stronger

ESR intensity, proving the generation of more unpaired electrons in fl-P-CN.
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Figure 2-10 (a) UV-vis absorption spectra, (b) PL emission spectra and (c¢) ESR spectra

of the as-fabricated (i) CN and (ii) fI-P-CN.

Figure 2-11a illustrated the transient photocurrent responses of the samples. The
photocurrent of fl-P-CN exceeds around 3 times than that of CN, revealing the porous
structure of fl-P-CN favor the improvement of the charge separation and transfer [44].
Meanwhile, the Nyquist plots (Figure 2-11b) exhibited that fl-P-CN owned a smaller
radius with respect to the pristine CN, further indicating its few-layered porous
architecture facilitates the reduction of the charge transfer resistance and thus gave rise

to the more efficient charge separation and mobility.
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Figure 2-11 (a) transient photocurrent spectra and (b) Nyquist plots of EIS of the as-

fabricated (i) CN and (ii) fI-P-CN.

The band structures of the samples are analyzed by the valence-band XPS. Figure 2-12a
exhibited that the valence band maximum (VBM) of fl-P-CN is of 1.91 eV and is 0.1 eV
smaller than that of the bulk CN (2.01 eV). Figure 2-12b illustrated the schematic band
structure of the samples by the combination with the DRS result. The conduction band
minimum (CBM) of fl-P-CN exhibited 0.34 eV smaller than that of the bulk CN. It is
noted that the higher CB position is in favor of the generation and migration of the
photoinduced electrons to the reagents, thus improving the photoactivity effectively

[10,37,45].
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Figure 2-12 (a) XPS valence band spectra and (b) electronic band illustration of the as-

fabricated (i) CN and (ii) fI-P-CN.

2.3.2 Photocatalytic Performance.

Figure 2-13a-b illustrated the photoactivities of the samples in hydrogen evolution
under visible-light irradiation (A > 400 nm). As shown in Figure 2-13a, fl-P-CN exhibited
the hydrogen evolution rate around 9 times as high as CN (304 pmol h™' g”! vs. 35 pmol
h™! g™!). This significantly improved photoactivity can be explained as the following
reasons. Firstly, the removal of graphitic carbon is beneficial for the suppression of the
charge recombination in favor of the photocatalytic hydrogen production. Based on the
FTIR and Raman results, the more noticeable structure with an improved m-conjugated
system also favors the hydrogen reactions. The quantum confinement effect induced by
2D structure speeds up the electron mobility and causes the up-shifted conduction band,
giving rise to stronger reducibility during the photoreaction [46]. Secondly, the enlarged
surface area endowed the fl-P-CN more surface active sites and accommodation sites for
the photoreaction. The high porosity of the fl-P-CN also gives rise to the shorter

geometrical diffusion distance for the mass and charge transport to the surface, thus in
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favor of the hydrogen production. Figure 2-13b revealed that the fl-P-CN also exhibited

robust photostability proved by the minor hydrogen reduction after 4 reaction cycles.
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Figure 2-13 (a) Hydrogen evolution rate and (b) test for the stability of hydrogen
evolution over the as-fabricated (i) CN and (ii) fl-P-CN nanoplatests. (c)
Photodegradation of RhB for CN and fl-P-CN nanoplatests and (d) the relevant kinetic

rate constants (K) calculation.

Figure 2-13c-d illustrated RhB degradation performance of the samples under visible-
light irradication (A > 400 nm). fl-P-CN owned competitive degradation efficiency for
RhB and most of the RhB is degraded within 120 min. The degradation efficiency of fl-
P-CN exhibited about 6 times as high as that of CN, which showed 17% RhB degradation
under the same conditions. Figure 2-13d exhibited the calculated apparent degradation

rate constants (K) for the RhB degradation. As a result, the K value of fl-P-CN (0.027
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min~") reached about 24 times higher than that of CN (0.0011 min™"). The above results
evidenced that the fl-P-CN exhibited remarkably improved degradation efficiency with
respect to the pristine CN.

For reference, I prepared CN750 by thermal treatment on the pristine CN at 750 °C for
10 minutes without I-N2 immersion. Figure 2-14 exhibited that CN750 owned much lower
photocatalytic performance regarding the hydrogen evolution and RhB degradation with
respect to the fI-P-CN under visible light irradiation. Meanwhile, as displayed in Figure
2-15a, the N2 physical absorption-desorption experiment revealed that CN750 has a much
smaller surface area than that of the fI-P-CN (25.4 m? g'! vs. 70.4 m? g'!). However, Figure
2-15b exhibited that CN750 has better optical absorbance compared with fI-P-CN
probably due to the existence of N defects [24]. As mentioned above, the porous 2D
structure can generate more active sites for the photoreaction and also result in faster mass

and charge shuttling, thus playing a crucial role in the improvement of photoactivity.
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CN750. The inset is the relevant PSD plots. (b) UV-vis absorption spectra of the as-

fabricated (1)CN, (ii)fl-P-CN and (iii)CN750
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2.3.3 Mechanism for Photocatalysis

Through introducing triethanolamine (TEOA), isopropyl alcohol (IPA), p-
benzoquinone (BQ), and as the scavengers for photo-generated holes (h+), hydroxyl
radical (*OH), and superoxide radical (¢O2), the reactive specie were determined to
explain the mechanism of the photoreactions, [47,48]. Figure 2-16a exhibited that the
degradation is suppressed with the rate decrease of TEOA > BQ > IPA after adding the
scavengers, revealing that the photoinduced holes (h+) have a major role in the
photoreaction followed by *O2" and *OH, respectively. Figure 2-16b exhibited the
possible photoreaction mechanism combined with the above results. When fI-P-CN was
subjected to visible light irradiation, it was excited and generated electrons and holes at
CB and VB. During the degradation reaction, Electrons can combine with Oz to produce
*02". *O2" can accept electron and combine with H+ to produce *OH (O2 + e- — *O2, «O2”
+ e- + 2H" — H202, H202 + e- — *OH + OH) [49-51]. It is noted that RhB can be
oxidized by the *O2" and *OH directly. During the hydrogen evolution reactions, TEOA
as the sacrificial reagents can be oxidized by the holes and H> are generated with the
participation of Pt as a cocatalyst when there transferred excited electrons. Therefore, the
2D porous architecture is conducive to the photoreactions which can offer more active
sites, promote the electrons mobility and generate more photoexcited carriers due to the

expanded bandgap.
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Figure 2-16 (a) The influence of reactive species on the photodegradation of RhB solution

by fI-P-CN. (b) Schematic illustration for the photocatalytic activities by fl-P-CN.

2.4. Conclusion

In conclusion, porous g-C3Na nanoplates were successfully obtained by the introduction
of a combined fast thermal etching and gas-driven exfoliation strategy. The obtained
samples exhibited tailored specific surface area, morphological, electronical and optical
structures. With respect to the pristine CN, the fl-P-CN sample exhibited significantly
improved photoactivities regarding the hydrogen evolution and RhB degradation under
visible light irradiation, which results from its high surface area, modified band energy
and promoted charge separation and transfer. This work paves the way for the preparation

of the 2D porous g-C3N4 with high photoactivity for the solar energy conversion.
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Chapter 3 Sugar-assisted Mechanochemical Exfoliation
of Graphitic Carbon Nitride for Enhanced Visible-light

Photocatalytic Performance

3.1 Introduction

The metal-free graphitic carbon nitride (g-C3N4) has become a popular photocatalyst
since Wang and his coworkers unveiled its capability of the photocatalytic hydrogen
production in 2009 [1-5]. As revealed by the following reports, g-C3N4 owned the merits
of versatility, low price, environmental benign and high physicochemical stability.
However, its wide application in photocatalysis is curbed by its low photoactivity as a
result of high charge recombination and low surface area [6-12]. So far, numerous
attempts have been made to tune the performance of g-C3N4, such as the morphological
modification, heteroatoms introduction, copolymerization design, and the
heterostructures formation [13-22]. Particularly, the nano-sized morphological
modulation is regarded as a promising candidate to tailor its photoactivity. Due to their
appealing two-dimensional (2D) nanostructure, g-C3N4 nanoplates exhibited several
novel properties including the high surface area, abundant active sites and rapid charge
mobility, which endows them with promising future in photocatalysis [23-29].

To date, there have developed various methods to obtain the 2D g-C3N4 such as thermal
etching exfoliation, chemical exfoliation, mechanical exfoliation and ultrasonic-assisted
exfoliation [26,28,30-33]. Unfortunately, the chemical and ultrasonic-assisted exfoliation

strategies usually use corrosive acids/alkalis and/or organic chemicals (IPA and DMF) as
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the solvents [26,31-33], which is detrimental to the environment. Besides, during the
thermal etching process, large amount of hazardous gas will be released upon resolving
of the carbon nitride [28]. Furthermore, reports on the green exfoliation only remain a
few such as the ultrasonic-assisted exfoliation in water [34-36]. This sonication method
also has the shortcomings of the long-time operation and unfavorable production (~0.5
mg ml"). Recently, mechanochemistry has emerged as an efficient and sustainable
approach for the synthesis and modification of g-C3N4 nanoplates [37-39]. For example,
Ji and his coworkers adopted the mechanical method for the exfoliation and modification
of the pristine g-C3N4 with aromatic molecules via n-n stacking interactions [39]. But the
use of the harmful and/or expensive reagents is unfavorable for the scale-up and the ball-
milling method also requires high-priced laboratory machine. Therefore, the proposal for
the preparation of g-C3N4 nanoplates in a sustainable routine is in demand.

In this work, a co-grinding strategy was raised for the preparation of ultrathin g-C3Nas
nanoplates in a sustainable way. With the assistance of fructose, the efficient exfoliation
of the pristine g-C3N4 can be achieved with the ultrathin g-C3N4 nanoplates concentration
of 2.3 mg mL!. In comparation of the bulk g-C3N4, the g-C3N4 nanoplates exhibited
several novel features such as 2D structure, high surface area, abundant exposed active
sites and promoted charge transfer rate. As a result, the water-soluble g-C3N4 nanoplates
exhibited a remarkably improved photoactivity and exceeds that of the bulk g-C3N4 3

times toward the hydrogen evolution and 6 times toward RhB degradation, respectively.

3.2. Experimental details
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3.2.1 Sample preparation

The pristine g-C3N4 was obtained after the melamine was subjected to heating to 550
°C for 4 h with a heating rate of 2.3 °C min’!. Followed by cooled naturally and ground
into powder, the resultant products was denoted as GCN.

Afterwards, the bulk GCN were mixed with fructose at the mass ratio of 1:5 and ground
for 2.5h at about 160 rpm with a mortar and pestle. The mixture was then dissolved and
sonicated in water for lh. After removing the thick sheets via centrifugation, the
supernatant was collected and washed with 200 ml water, then followed by filtration
through a polytetrafluoroethylene (PTFE) membrane. After dried in a freeze-dryer, the
final products were gained with the production rate of 37.5% and labeled as f~-CNNP. The
sample synthesized under the assistance of sucrose were named as s-CNNP with the
production of 40%.

3.2.2 Photocatalyst characterization

XRD was performed on an X-ray diffractometer (Rigaku Miniflex 600). Raman was
conducted on a Raman microscope (Renishaw inVia reflex). FTIR spectra were recorded
by JASCO FT/IR-4600 spectrometer. XPS spectra were recorded by a JEOL JPS-9200.
The morphologies were explored by SEM (JEOL JSV-6510LA) and TEM (JEOL JEM-
2010 TEM). The PL spectra were recorded on a JASCO FP-8000. The DRS were carried
out on a UV-visible spectrometer (JASCO V-750). BET N2-adsorption measurement were
performed on a Quantachrome Autosorb-iQ2. ESR spectra were recorded by an ESR
spectrometer (JEOL JES-FA 200). EIS were measured using solartron 1260/1287. The

transient photocurrent of the samples loaded on an ITO sheet were measured using a
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three-electrode cell with Ag/AgCl vs. an aqueous electrolyte of a 0.5 M NaxSOs4 solution.
3.2.3 Photocatalytic Hydrogen Production Test

The Photocatalytic hydrogen evolution from water was performed in a closed glass
container under visible light excitation using TEOA as electron donor. First, 30 mg
photocatalyst was dissolved in a 28ml of 10% TEOA aqueous solution. 3 wt% Pt was
served as the co-catalyst and loaded via the in situ photodeposition method. Before
illumination, N2 was introduced for 30 minutes to expel the air followed. The light source
is provided by a 150 W xenon lamp with an optical cut-off filter (A > 400 nm). The
evolved Hz was detected using a gas chromatograph within a thermal conductivity
detector.
3.2.4 Photocatalytic RhB Degradation Test

In a typical evaluation of the RhB degradation performance, 25 mg of the sample was
added to 50 mL RhB solution (10 mg/L). The suspension was then ultrasonicated for 10
min followed by stirring for 20 min in the dark to achieve the adsorption equilibrium. 3
mL of the solution was sampled every 20 minutes and analyzed using a UV-visible
spectrometer. The reactive oxidation species were investigated by additionally adding
benzoquinone (BQ), isopropanol (IPA), and triethanolamine (TEOA) to the RhB
dispersion to trap the superoxide radicals (*O2"), hydroxyl radicals (*OH) and superoxide

holes (h+), respectively.

3.3. Results and discussion

Figure 3-1 displayed the major exfoliation process. When the mixture of the g-C3N4
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and sugar crystals were subjected to grinding, there produced shearing and compressive
forces between them, giving rise to the small-sized g-C3N4 with fewer layers. Meanwhile,
more sugar crystals with abundant hydroxyl groups (—OH) are able to attach on the more
exposed surfaces of the g-C3Na, thus giving rise to the enhanced interactions between
them. As g-C3N4 analogous to graphite, it is imaged that the —OH groups play an
important role in the interactions between the sugars and g-C3Na, also a similar role in the
exfoliation of the graphite [40]. The obtained f-CNNP via a freeze-drying treatment could
be easily dispersed in water and remained stable up to 3 days. For reference, NaCl is used
as the assistance in the co-grinding process under the same conditions, which could
efficiently disintegrate the nanodiamond aggregates [41]. However, CNNP with very low
concentration (Figure 3-2) was gained. Furthermore, similar results were obtained when
melamine and boric acid acted as the exfoliation agent under the identical conditions
(Figure 3-2). Additionally, raffinose crystals also served as the exfoliation assistance and
the obtained g-C3N4 nanoplates concentration reached as high as 2mg ml'. The above
results proved the existence of interactions between sugar molecules and g-C3Na, leading

to the g-C3N4 nanoplates highly soluble in water.
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Figure 3-1 Illustration of the exfoliation procedure
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Boric acid

Figure 3-2 Photographs of f-CNNP dispersed solutions in water after co-grinding with
fructose, NaCl, melamine, and boric acid

Figure 3-3A illustrated the XRD patterns of the samples. The XRD pattern of GCN
exhibited two main diffraction peaks at 27.4° (002) and 13.1° (100), ascribed to the
interlayer packing and the in-plane stacking structure, respectively [42,43]. The
diffraction peaks of f~-CNNP and s-CNNP exhibited locations close to those of the GCN,
revealing their retained carbon nitride framework upon the grinding process. However,
the peak intensities of f~-CNNP and s-CNNP become smaller in comparison with GCN,
suggesting the their highly reducd planar size as well as lessened thickness as a result of
the milling-induced delamination [23,28]. Figure 3-3B illustrated the Raman spectra of
the samples. For GCN sample, the wide peak in the 1200—1700 cm™' range is attributable
to the C—N stretching vibrations and the two obvious peaks at 708 and 978 cm™ are due
to the breathing modes of the heptazine rings [44.,45]. The Raman spectra of f-CNNP and
s-CNNP exhibited similar profiles with weakened peak intensities compared to the GCN,
indicating their unaltered structure upon the milling treatment.

Figure. 3-3C illustrated the FTIR spectra of GCN, fructose and f~-CNNP. The FTIR
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spectra of the bulk GCN and f~-CNNP exhibited similar absorption profiles, indicating the
maintained chemical structure of the f-CNNP. The peaks in the 1200-1650 cm™' range are
caused by the stretching vibrations of the C-N heterocycles. The broad peaks around 3300
cm ! are typical stretching vibration modes of the N-H and O-H stretches and the peaks
at 811 cm™! originate from the breathing modes of the heptazine rings [46-48]. The extra
peaks at 1073 cm™ and in the 2800~3000 cm™' range for f-CNNP (Figure 3-3C) originate
from the C-O and C—H vibrations of fructose, confirming the absorption of fructose on
the surface of f~-CNNP [49]. Additionally, a blue-shift of the absorption peaks for f~-CNNP
were observed, probably caused by the quantum confinement effect (Figure 3-3D) [37].
Figure 3-4 illustrated the FTIR spectrum of GCN, sucrose and s-CNNP. The appearance

of C—OH stretching vibration for s-CNNP revealed the absorption of sucrose.
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Figure 3-3 (A) XRD patterns (B) Raman spectra, (C,D) FT-IR spectra of the as-prepared
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Figure 3-4 FTIR spectra of GCN, sucrose and s-CNNP

XPS was conducted to probe the chemical details of the samples. The XPS quantitative
analysis exhibited that the C/N atomic ratio of f~-CNNP (0.78) slightly raised with respect
to that of GCN (0.76), indicating the existence of fructose absorbed on the f~-CNNP. Figure
3-5A illustrated that two typical peaks at 287.9 eV and 285.0 eV are obtained after
resolving the high resolution Cls XPS spectrum of the bulk GCN, originating from the
C=N—-C and sp? C=C bonds in the aromatic rings, respectively. In addition, an extra peak
at 286.1 eV can be obtained for f-CNNP, corresponding to the sp> C (C-(N)3) in the carbon
nitride structure [9,23,50]. What’s more, the peak of C=C for f-CNNP exhibited small
shift to a smaller binding energy with respect to that of GCN, indicating the slightly
changed distribution of carbon atoms. Figure 3-5B illustrated that separating the high
resolution N 1s spectra can obtain four typical peaks at 404.2 eV, 400.8 eV, 399.4 eV and
398.4 eV, stemming from the © excitation, N-H, N—(C)3, and C=N-C bonds, respectively
[9,23,51]. The f~-CNNP and GCN shared the same nitrogen species, while the peak area

ratio of the C-N=C/N—(C)3 of f-CNNP raised from 2.83 (GCN) to 3.30. The smaller N—
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3 ratio for f- is probably caused by breaking the sp” N—(C)3; bonds during the
C io for f~-CNNP i babl d by breaking the sp®> N—(C)3 bonds during th

grinding exfoliation. The XPS of s-CNNP was also performed, which is presented in

Figure 3-6.
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Figure 3-5 High-resolution (A) Cls and (B) N1s XPS spectra of the as-synthesized (a)

GCN and (b)f-CNNP
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Figure 3-6 High-resolution (A) Cls and (B) N1s XPS spectra of the as-synthesized (a)
GCN and (b)s-CNNP

SEM and TEM were carried out to explore the morphologies of the samples. Compared
with the bulk GCN with aggregated layers, Figure 3-7A exhibited that the f-CNNP sample

was broken and peeled with remarkably reduced lateral size (~200 nm) and thickness (<3
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nm) after the grinding exfoliation. The similar phenomenon was also observed for s-
CNNP, the size of which even became smaller (~100 nm) upon the milling process (Figure
3-7B). TEM images in Figure 3-7C-D further confirmed the effect of the milling
exfoliation and exhibited the laminar morphology of f-CNNP, which are almost
transparent due to their ultrathin thickness [52]. AFM images also revealed that the f-
CNNP was around 3 nm thick (Figure 3-8). For reference, sonication treatment of the
bulk GCN in the fructose solution was performed. Compared with the milky-like CNNP
solution, the obtained dispersion after centrifugation in Figure 3-9A was clear and
transparent, indicating the importance of grinding for the exfoliation process. Meanwhile,
the grinding treatment of GCN without adding fructose was also conducted. The solution
after centrifugation is also transparent (Figure 3-9B), reflecting that the fructose as the

exfoliation agent plays a key role in the efficient delamination of carbon nitride.
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Figure 3-7 Typical SEM of the as-synthesized (A) f~-CNNP and (B) s-CNNP. TEM images

of as-synthesized (C) f-CNNP and (D) s-CNNP.
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Figure 3-8 (A) AFM image of f~-CNNP on the Si substrate (B) Height profile along the

line in (A)
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Figure 3-9 Images of (A) sonicated g-C3N4 in fructose solution for 1h after concentration
and (B) suspensions of milled g-C3Ns in water followed by sonication for 1h without
fructose after concentration.

Figure 3-10 illustrated the nitrogen adsorption-desorption isotherms of the samples and
their pore size distribution curves. All the samples exhibited the type 1V isotherms with
H3 hysteresis, especially for f~CNNP and s-CNNP, which mostly originated from the
mesopores [53-55]. The surface area of the f-CNNP and s-CNNP were estimated around
57.4m? g ' and 81.3 m? g!, which exceeds that of GCN (10.1 m? g'!) by 6 and 8 times,
respectively. A wide pore size distribution in the 10-200 nm range for f~-CNNP were
observed based on the Barret-Joyner—Halenda (BJH) analysis, which probably arose
from the slit-like pores existed between the nanoplates. The pore volumes of f~-CNNP
(0.2676 cm?® g!) and s-CNNP (0.3020 cm® g!) were also much higher than that of the
bulk GCN (0.064 cm® g!). The enlarged surface area of the photocatalysts is beneficial
to create more active sites for accommodating more reactant molecules, while the novel
2D structure facilitated the mass and charge transfer to the surface reaction sites in favor

of the photocatalysis.
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Figure 3-10 N2 adsorption/desorption isotherms of the as-synthesized GCN, f-CNNP and
s-CNNP. The inset is the corresponding pore size distribution plots

UV-vis diffuse reflectance and photoluminescence (PL) spectra were analyzed to
explore the optical information of the samples in details. Figure 3-11A illustrated that
there is an obvious blue shift of the absorption edge from 480 nm for GCN to 450 nm for
f-CNNP and s-CNNP. Accordingly, the bandgaps for the GCN, f~-CNNP and s-CNNP
were estimated around 2.75, 3.0 and 3.0 eV, respectively, by inferring the linear region of
the Tauc plots in Figure 3-11A. The expanded bandgaps of f~-CNNP and s-CNNP are
caused by the quantum confinement effect induced by the reduced size and thickness
[55,56]. Figure 3-11B illustrated the PL spectra of the samples, the wide emission peak
of which is caused by the charge radiative recombination [57]. The PL peak of the f-
CNNP and s-CNNP also exhibited an obvious blue-shift from 474 nm for GCN to 455
nm, which is in consistent with the UV-Vis absorption edge alteration. ESR spectroscopy
was further carried out to identify unpaired electrons existed in the photocatalysts. Figure
3-11C illustrated that one single Lorentzian line with a g value around 2.0035 can be the

observed for all the samples, which is associated with the unpaired electrons in the
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conduction band [58]. The stronger signal for f-CNNP and s-CNNP revealed the existence
of more unpaired electrons than GCN, which can act as the active radical pairs during the

photoreactions [51].
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Figure 3-11 (A) UV-vis absorption spectra, (B) PL emission spectra and (C) ESR spectra
of the as-synthesized GCN, f-CNNP and s-CNNP

Figure 3-12A illustrated the transient photocurrent of the samples for three one-off
cycles. The higher photocurrent value means the more efficient charge generation and
transfer, indicating the suppressed charge recombination. A prompt and reproducible
photocurrent signal was observed for every illumination. Similar photocurrents but larger
than GCN are revealed for f~-CNNP and s-CNNP upon illumination, suggesting that the
2D structure gives rise to inhibited charge recombination and improved charge carrier

separation. EIS was further carried out to explore the interfacial charge transfer of the
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catalysts. Figure 3-12B illustrated that the EIS semicircle arc radius of f-CNNP is the
smallest followed by s-CNNP and GCN, implying its smallest charge transfer resistance

thus best charge mobility rate due to its 2D structure in favor of the charge transfer.
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Figure 3-12 (A) transient photocurrent results and (B) Nyquist plots of EIS of the as-
synthesized GCN, f-CNNP and s-CNNP

Valence-band (VB) XPS was carried out to identify the impact of delamination on the
VBM and CBM of the samples. Figure 3-13A exhibited that GCN, f-CNNP and s-CNNP
has the VBM of 1.99, 1.94 and 1.99 eV, respectively. Based on the the bandgap energies
derived from the DRS results, the CBM were calculated around -0.76, -1.06 and -1.01 eV
for GCN, f-CNNP and s-CNNP, respectively, implying that f~CNNP and s-CNNP have a
negative shift of 0.3 and 0.25 eV compared to GCN, respectively. Figure 3-13B illustrated
the electronic structures of photocatalysts on the basis of their VB, CB potential and band
gap. The CBM of f~-CNNP and s-CNNP exhibited upshift compared to that of GCN,

implying their better reducibility in the photoreactions [56,59].
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Figure 3-13 (A) XPS valence band spectra and (B) electronic band structures of the as-
synthesized GCN, f-CNNP and s-CNNP

Figure 3-14A illustrated the photoactivities of the samples for H2 production under
visible light illumination (>400 nm). Among the three samples, f~-CNNP exhibited the
best Hz production efficiency and its evolution rate reached 103.7 umol h™! g”!, compared
to that of 66.7 pmol h™! ¢! for s-CNNP and 37.7 umol h'! g"! for GCN, respectively. The
Haz-evolution efficiency of f~-CNNP exceeds that of GCN by three times, and s-CNNP also
exhibited the evolution rate about two-fold higher than that of GCN, revealing their
unique 2D structures are favorable for the water splitting reactions. Moreover, the stability
test of f~-CNNP reveals a continuous H2 evolution after reacting for three cycles, proving
its excellent stability (Figure 3-14B). The XRD pattern of the f~-CNNP after three cycles
of photocatalytic H2 production was also collected, which further verified its impressive
stability (Figure 3-15). In addition, f~-CNNP also exhibited a superior H2 evolution rate of
690 pumol h'! g'! than that of 309 pmol h'! g for s-CNNP and 181 pmol h'! g”! for GCN
under the full spectrum irradiation of the Xe lamp (Figure 3-14C). The effect of variations
in weight ratio (1:3, 1:4, 1:5, 1:6 and 1:7) of GCN:fructose on the photocatalytic

performance were also explored with a mechanochemical treatment time of 2.5 h. In this
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study, the weight ratio of GCN:fructose was fixed at 1:5 to obtain f-CNNP with suitable
hydrogen production rate at low cost. The much higher photoactivity of f~-CNNP for H2
generation can be explained by its modified textural, structural and electronic properties.
First, this water-soluble 2D f-CNNP endows a largest exposure of the catalytic species
with the photocatalysts due to its good dispersibility and abundant active sites due to the
enlarged surface area. Furthermore, because of the quantum confinement induced by the
small-sized and thinner f-CNNP, the charge migration and separation are enhanced for
better redox reactions [60]. It is noted that s-CNNP exhibited obviously larger surface
area but lower photoactivity than the f~-CNNP, because, the crystallinity influences more
for uphill reaction of water splitting than the surface area which plays an important role

in the organic pollutants degradation [61].
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Figure 3-14 (A) Visible-light hydrogen evolution rate, (B) stability test of hydrogen
production and (C) hydrogen production rate under full spectrum illumination over the

as-synthesized (a) GCN, (b) f~-CNNP and (c) s-CNNP.
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Figure 3-15 (A) XRD spectra of f~-CNNP sample before and after photocatalytic Ha
evolution. (B) Hydrogen evolution rate for f~-CNNP prepared with different fructose ratios
Figure 3-16A illustrated the photoactivities of the samples for RhB degradation under

visible light irradiation (A > 400 nm). The f~-CNNP and s-CNNP exhibited similar
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degradation efficiency but superior than that of GCN. f~-CNNP could degrade around 98%
of RhB after 120 min irradiation, while about 17% of RhB was removed for GCN under
the same conditions. The stability test of RhB degradation for f~-CNNP after four cycles
confirmed its the good photocatalytic stability (Figure 3-17). Figure 3-16B illustrated the
curves for the calculated the apparent reaction constants (K), which was obtained by fitting
the experimental data with the pseudo-first-order correlation. Accordingly, f~-CNNP
exhibited the largest k value of 0.0182 min™' for the RhB degradation. The k value of s-

CNNP was 0.0171 min™', exceeding that of the GCN (0.00113 min™') around 16-fold.
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Figure 3-16 (A) Photocatalytic oxidation of RhB for GCN, f~-CNNP and s-CNNP and (B)
the corresponding apparent reaction constants (K) calculation plots under the visible light
irradiation. (C) The effect of reactive species on the photocatalytic degradation of RhB

solution by f~-CNNP.
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Figure 3-17 RhB photodegradation cycle runs of the f~-CNNP

The photocatalytic mechanism was explored by performing the active species trapping
experiments for the RhB degradation over the photocatalysts [62,63]. Figure 3-16C
illustrated the degradation efficiency is inhibited with the rate decrease of BQ >TEOA >
IPA after introducing the scavengers, implying that «O2" makes the major contributions to
the photodegradation and *OH makes little contribution to enhancing the degradation. As
illustrated in Figure 3-18, the e /h" pairs are formed in CB and VB after the excitation of
the photocatalyst by the visible light illumination. Afterwards, the electrons can react with
the dissolved Oz to generate *O2~ (E°(02/*027) =—0.33 V vs NHE) [64], combine the
produced *O2~ and H' to produce H202 (E%(O2/H202) = +0.695 eV vs NHE), or react with
the generated H20: to create *OH radicals (O2+¢ — <027, *O2 +e +2H" — H20:,
H>02+e” — «OH + OH"). However, *OH radicals can’t be generated effectively in the
holes by oxidizing OH™ (E°(OH/*OH) =+1.90 eV vs NHE) [64]. The holes afford to
directly oxidize the RhB molecules. For the hydrogen evolution, the sacrificial reagents
(TEOA) were firstly subjected to oxidation by holes. The generated electrons then

transferred to the cocatalyst Pt on the surface and react with water to evolve Hz. Obviously,
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the 2D ultrathin structure play an important part in the photoactivity.
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Figure 3-18 The mechanism for photocatalytic activity over f-CNNP photocatalyst.

3.4. Conclusion

In conclusion, a simple, sustainable and efficient method was proposed to prepare the
ultrathin g-C3N4 nanoplates by the sugar-assisted mechanical milling. The ultrathin g-
C3Na4 nanoplates mainly remained the basic structure and photoelectrical features of the
carbon nitride. Furthermore, this ultrathin g-CsN4 nanoplates exhibited improved
dispersion, enlarged surface area and promoted charge separation and transfer. This
ultrathin g-C3N4 nanoplates exhibited a superior visible-light-driven photoactivity
towards Hz evolution and RhB degradation than GCN. I envision that this work can
inspire the fabrication of ultrathin g-C3N4 nanoplates with an enhanced visible-light-

driven photoactivity through a sustainable way.
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Chapter 4 Post-annealed graphite carbon nitride
nanoplates obtained by sugar-assisted exfoliation with

improved visible-light photocatalytic performance

4.1 Introduction

Since the graphitic carbon nitride (g-C3N4) as a metal-free photocatalyst is firstly
applied to photocatalysis in 2009, it has attracted intense concern because of its appealing
electronic band gap, inexpensiveness and high physicochemical stability [1,2]. In virtue
of these outstanding merits, the g-C3N4 has exhibited promising potential in
electrocatalysis, carbon dioxides reduction, photocatalysis, smart assemblies and organic
synthesis [2-8]. Nevertheless, the bulk g-C3N4 suffers from easy charge recombination
and small surface area because of its highly aggregated layers, which hinders its
application in photocatalysis [9-14]. To date, several tactics have been applied to enhance
the photoactivity of g-C3Na, including exotic atoms doping, nanostructure design, organic
dyes sensitization, and surface heterojunctions creation [15-29]. Among these
modification methods, it is highly challenging but constructive to design and prepare
novel nanostructure of g-C3Na.

Recently, the two-dimensional (2D) g-C3N4 nanoplates has emerged as promising
candidate in photocatalysts owing to their abundant active sites, large surface area, and
small charge diffusion length. Generally, 2D g-C3N4 nanoplates can be fabricated through
various methods, including mechanical exfoliation, ultrasonic exfoliation, chemical

exfoliation and thermal etching exfoliation [ 18,30-32]. However, the electronic bandgap
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of 2D g-CsN4 nanoplates is unavoidably expanded as a result of the strong quantum
confinement effect, thus limiting their practical application. Therefore, enhancing its
optical harvesting with the 2D structure maintained is highly recommended. Until now,
the electronic band gap can be engineered through atomic doping (O, P, S, I, etc),
introduction of nitrogen vacancies and cyano groups [33-38]. For example, Niu et al.
explored the different effects of N defects on the optical absorption, which turned out to
give rise to narrowed band gaps in favor of the photoactivity [39]. Currently, nitrogen
defective g-C3N4 can be fabricated by various tactics including polymerization, hydrogen
reduction, and hydrothermal method [37,40,41]. However, these approaches inevitably
generate byproducts with safety issues or/and require tedious procedures, which limited
their further applications. Therefore, the development of a sustainable and effective
method to create N defects in the g-C3N4 nanoplates is highly desirable. Furthermore, the
construction of the porous structure on the surface of g-C3Ns is also favorable for the
photocatalysis because of the enhanced optical absorption by inner reflections together
with the enlarged surface area and the decrescent charge transfer length [42,43]. So far,
the porous g-C3N4 can be synthesized through several methods including thermal reaction
in NH3, lyophilization assisted treatment, template synthesis, and acid treatment [9,44-
46].

In this work, a facile strategy was proposed to synthesis porous ultrathin g-C3N4 with
N defects through mechanical exfoliation followed by rapid thermal treatment. The
porous g-C3N4 nanoplates was obtained through a glucose-assisted grinding exfoliation

followed by the quick thermal heating at 700 °C for 2 minutes. This two-step process
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exhibited the advantages of a low price, environment benignness and easy handling. As a
consequence, the porous g-C3N4nanoplates with repolymerized heptazine units exhibited
remarkably improved visible-light photoactivities towards hydrogen (H2) generation and

rhodamine B (RhB) degradation.

4.2. Experimental details
4.2.1. Sample preparation

The pristine g-C3N4 was obtained by the pyrolysis of dicyandiamide at 550 °C for 4 h
under the heating rate of 2.3 °C/min. The yellow aggregates were ground after cooled
naturally and labelled as GCN.

To synthesize the ultrathin g-C3N4 nanoplates, GCN was mixed with glucose with the
mass ration of 1:5 and ground for 2.5 h with a mortar and pestle at rate of 150 rpm. The
ground mixture was then put into 40ml of water and sonicated for 1h. After centrifugated
at 3000 rpm for 10 minutes, the resultant powder was filtered followed by washing with
200 ml deionized water. The resulting sample was dried in a freeze-dryer and denoted as
m-CNNP.

The porous g-C3N4 nanoplates was synthesized by a quick annealing of the as-obtained
m-CNNP. In detail, m-CNNP in a crucible was transferred to a furnace preheated at 700
°C and held at 700 °C for 2 minutes in air. The final product after cooling naturally was
named as m-CNNP700 with the whole yield of 20%.

4.2.2. Characterization

Crystal structures were obtained by XRD on a Rigaku Miniflex diffractometer. XPS
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was carried out using a JEOL JPS-9200. FTIR spectra were recorded by using a JASCO
FT/IR-4600 spectrometer. Solid-state 'H and '3C cross-polarisation magic angle spinning
nuclear magnetic resonance (CP-MAS-NMR) spectra were recorded on an Avance III HD
NMR spectrometer. SEM images were taken with a JEOL JSV-6510LA. TEM was
conducted on FEI Titan3 G2 60-300. The PL emission spectra were collected using a
JASCO FP-8000 fluorescence spectrophotometer. N2> adsorption was measured on a
Quantachrome Autosorb-iQ2. UV—vis DRS were collected on a JASCO V-750 UV-
visible spectrometer. EIS results were collected on a 1260/1287, Solartron Analytical
electrochemical workstation. The Mott-Schottky plots were carried out in 0.5 M Na2SO4
solution at the frequency of 1000 Hz. The transient photocurrent of the catalysts deposited
on an ITO slice were peromed in a three-electrode cell with an aqueous electrolyte of a
0.5 M Na2SO4 solution vs Ag/AgCl.
4.2.3. Photocatalytic Hydrogen Generation Test

The photocatalytic H2 production reactions were conducted in a closed glass reactor.
30 mg samples were suspended in 28 ml of an aqueous solution containing TEOA (10
vol%) as sacrificial agent the and 3 wt% Pt as cocatalyst which was loaded through in
situ photodeposition using H2PtCle:6H20. Before the reaction, air was removed by
introducing nitrogen into the reactor for 30 min. The photocatalytic reaction is triggered
by a 150-W Xe lamp with a 400-nm cutoff filter. A gas chromatograph within a thermal
conductivity detector (TCD) was used to analyze the generated Hz. The apparent quantum
efficiency (AQE) during the irradiation of monochromatic light (425, 475, 500, 550 and

600 nm) was measured using five different band-pass filters as the light source. The AQE
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was calculated as follows:

number of reacted electrons
X

QE (%) =

number of incident photons
number of evolved H, moleculesx2

= %100

number of incident photons

4.2.4. Photocatalytic RhB Degradation Test

The photoactivity was further evaluated by Rhodamine B (RhB) degradation. A 25mg
of samples was added into 50 mL RhB solution (10 mg/L). Prior to photoreaction, the
suspension was sonicated for 15 min and stirred for 15 min in the dark to reach the
adsorption equilibrium. 3 mL of the solution was sampled every 20-minute and then
centrifuged to remove the photocatalysts. The concentration of RhB was identified by

detecting the variations of the absorbance at 554 nm.

4.3. Results and discussion

Figure 4-1 illustrated the preparation of m-CNNP700 through the rapid thermal
treatment of the g-C3N4 nanoplates obtained by mechanochemistry exfoliation approach.
First, the pristine g-C3N4 was peeled off through the glucose-assisted co-grinding method
followed by sonication and gave rise to the breaking and delamination of the pristine
GCN aggregations into size-reduced ultrathin m-CNNP as confirmed by SEM (Figure 4-
2A) and TEM images (Figure 4-2C). Then porous m-CNNP700 can be achieved after the
quick thermal annealing of m-CNNP, which brought about fragments repolymerization
and the porosity creation on the surface (Figure 4-2B). Figure 4-2D illustrated that m-
CNNP700 owned a porous few-layered architecture with pores of 50-200 nm on the

surface. The SAED pattern of m-CNNP700 with two obvious diffraction rings,
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corresponding to the (100) and (002) planes, indicated its highly crystallized nature. As
displayed in Figure 4-3, the thickness of m-CNNP700 was estimated to be about ~5 nm
versus that of ~3nm for m-CNNP (Figure 4-4). The porous few-layered network of m-
CNNP700 afforded to create more active sites for accommodating more reactant
molecules and gave rise to a more rapid charge diffusion to the surface for a better

photoreaction.

ocC
ON
o0

m-CNNP m-CNNP700

Figure 4-1 Illustration of the exfoliation procedure
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Figure 4-2 Typical SEM of the as-synthesized (A) m-CNNP and (B) m-CNNP700. TEM
images of as-synthesized (C) m-CNNP and (D) m-CNNP700. Inset shows the SEAD

pattern of m-CNNP700.
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Figure 4-3 (A) AFM image of m-CNNP700 on the Si substrate (B) Height profile along

the line in (A)
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Figure 4-4 (A) AFM image of m-CNNP on the Si substrate (B) Height profile along the
line in (A)

Figure 4-5A displayed the XRD spectra of the samples. For the bulk GCN, two typical
diffraction peaks could be observed at 13.1° (100) and 27.4° (002), which are indications of
the in-planar structural packing and interlayer-stacking of the heptazine motif, respectively
[2]. The XRD patterns of m-CNNP and m-CNNP700 exhibited resemblance to that of GCN,
indicating their basically maintained crystal structures. With respect to GCN, the decreased
intensity peaks of m-CNNP were caused by the efficient exfoliation and decreased particle
size [47]. While the slightly increased intensity of m-CNNP700 in comparison with m-CNNP
reflected its enhanced conjugated aromatic system due to the quick annealing treatment. Figure
4-5B illustrated the FT-IR spectra of the samples. For all the samples, one can observe the
existence of the typical breathing modes of the CN motif at 810 cm™!, the stretching modes of
the heptazine rings between 1200 and 1700 cm™ and the O-H or N-H groups between 3000
and 3700 cm™' [48]. The similar diffraction peaks reflected that the hexagonal framework of
the three samples are mostly unchanged in accordance with the XRD results. Moreover, an

extra absorption band at 2178 cm™! for the m-CNNP700, arising from the stretching vibration
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of the cyano groups, probably resulted from destroying the in-plane C-N bonds [38]. In
addition, the reduced intensity of the N—H peak for m-CNNP700 between 3000 and 3300

cm™! can be found in other publications [38,48].
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Figure 4-5 (A) XRD patterns and (B) FT-IR of the as-prepared GCN, m-CNNP and m-
CNNP700

Figure 4-6 illustrated the XPS spectra of the samples to which were used to explore
their surface chemical states. The high-resolution C1s spectrum in Figure 4-6A confirmed
the presence of three different peaks at 285.1, 288.2 eV, and 286.2 eV, assigned to the
graphitic C=C, N=C(-N)2, and the C-NH>, respectively [38,39]. In comparison, the
bonding energies for m-CNNP700 exhibited a small shift due to the electron
redistribution. The high-resolution N1s spectrum in Figure 4-6B can be separated into
four peaks at 398.4, 399.4, 400.7 eV and 404.2 eV, originating from the sp> C-N=C, N—
(C)3, N-H groups and the charging effects (m excitation), respectively [38,49]. The peak
area percentage of the C—N=C to N—(C)3 for m-CNNP increased from 3.18 (GCN) to 3.75
(m-CNNP), possibly owing to the destroy of the sp> N—(C)3 bonds during the grinding
treatment (Table 4-1) [50]. Comparatively, the peak area ratio of C—N=C to N—(C)3 for

m-CNNP700 exhibited reduction from 3.75 (m-CNNP) to 2.86 (m-CNNP700), indicating
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the increased two-coordinated N vacancies in m-CNNP700 [39]. EA also identified the
presence of N vacancy and the C/N atomic percentage for m-CNNP700 increase to 0.685
from 0.684 for m-CNNP (Table 4-2). As displayed in the high-resolution Ols spectra
(Figure 4-7), two main peaks at 533.6 eV and 531.9 eV are observed for the samples,
ascribed to the surface adsorbed Oz and the C-O species, respectively [40]. With respect
to the bulk g-C3N4, m-CNNP700 showed slightly increased intensity of the C—O peak,
which is probably originates from the thermal oxidation in air. The introduction of O
atoms in the framework of g-C3Nu4 is beneficial to the extension of light absorption range

and the suppression of the charge recombination, thus in favor of the enhancement of

photoactivity [51].
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Figure 4-6 High-resolution (A) Cls and (B) N1s XPS spectra of the as-synthesized GCN,

m-CNNP and m-CNNP700

82



Table 4-1. Binding energies of C 1s, N Is and O 1s for GCN and m-CNNP and m-

CNNP700
Sample GCN m-CNNP m-CNNP700
Cls Cc=C 284.5 284.4 284.8
C-NH2 286 - 286.2
N=C-N 2879 2879 287.9
Content | C=C/C-NH2/ 26.9/5.8/67.3 31.6/0/68.4 15.9/13.2/70.9
percent* N=C-N
N 1s C-N=C 398.4 398.4 398.4
N-(C)3 399.4 3994 399.4
N-H 400.8 400.9 400.8
T excitation 404.3 404.3 404.3
Content | C-N=C/N-(C)3/ | 0.668/0.210/0.122 | 0.702/0.187/0.111 | 0.661/0.231/0.108
percent® | N-H/z excitation
Ols C-0 531.9 531.9 531.9
02 533.6 533.6 533.6
Content C-0/02 84.6/15.4 71.2/28.8 73.4/26.6
percent®

a)(content percent% among C species; b)(content percent% among N species; ¢)(content percent% among

O species.
Table 4-2. Elemental analysis of CN samples
Sample (Wfo/} NWt%) | HWt%) | O (wt%) | C/N (wt%) | C/N(atom%)
0
GCN 34.24 59.86 1.57 4.33 0.572 0.667
m-CNNP 33.10 56.48 2.27 8.15 0.586 0.684
m-CNNP700 33.66 57.34 1.63 7.37 0.587 0.685
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Figure 4-7 High-resolution Ols XPS spectra of the as-synthesized GCN, m-CNNP and
m-CNNP700

Figure 4-8 illustrated the solid-state '*C and 'H CP-MAS-NMR of the samples which
disclosed their molecular-level structures. The '*C NMR spectra in Figure 4-8A exhibited
two major peaks at 156.7 and 164.6 ppm, arising from the N=C—N2 and N=C-N(NHx) in
the heptazine rings, respectively [52]. The '"H NMR spectra of m-CNNP in Figure 4-8B
exhibited two peaks at 0.97 and 4.30 ppm, originating from the C-NH/-NH2 and HC=N,
respectively [53,54]. The presence of C-NH/-NHz in m-CNNP reflected its less
crystalized property, caused by the destroying the sp> N—C bonds during the grinding
treatment. While the C-NH/-NH2 peak disappeared for m-CNNP700, indicating the
occurrence of repolymerizing the broken portion upon the quick annealing treatment.
Moreover, the content of HC=N for m-CNNP700 increased obviously compared to that
of m-CNNP, arising from breaking the in-plane C-N bonds. These results reflected the
more disordered structure of m-CNNP700 with increased two-coordinated N vacancies

in accordance with the XPS analysis.
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Figure 4-8 Solid-state (A) *C and (B) 'H cross-polarization nuclear magnetic resonance
of GCN, m-CNNP and m-CNNP700

Figure 4-9 illustrated N2 adsorption—desorption isotherms of the samples which revealed
their textural properties. The isotherm of the GCN is identified as a type IV isotherm with
largest N2 adsorption at high pressure regions (P/Po), implying its mesoporous features [55].
m-CNNP exhibited a much larger surface area (68 m? g”') than the pristine GCN (6.25
m? g ). While the surface area of m-CNNP700 exhibited a small decrease to 59 m* g™
after the annealing treatment, implying its mostly maintained mesoporous structure. For
m-CNNP, a wide distribution between 10 and 200 nm can be observed from the pore size
distribution curves obtained by the Barrett-Joyner-Halenda (BJH) method. These pores
possibly arose from the lamellar structure. Additionally, m-CNNP700 exhibited higher
porosity than that of m-CNNP between 70 and 200 nm in accordance with the SEM results.
The porous few-layered structure of m-CNNP700 is conductive to the photoreactions,

because of its increased accommodating sites and shortened charge diffusion length.
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Figure 4-9 N2 adsorption/desorption isotherms of the as-synthesized GCN, m-CNNP and
m-CNNP700. The inset is the corresponding pore size distribution plots

Figure 4-10 illustrated the DRS and PL spectra of the samples which uncovered their
optical properties. There appears to be an apparent blue shift of the absorption edge from
450 nm for GCN to 420 nm for m-CNNP (Figure 4-10A). While the fast annealing
treatment of the m-CNNP adjusted the optical properties the sample moderately and an
obvious red shift in the absorption edge can be observed for m-CNNP700. The bandgap
of m-CNNP deduced from the transformed Kubelka—Munk function is widened from 2.77
eV for GCN to 2.97 eV, which arose from the quantum confinement effect [49]. The blue-
shifted m-CNNP gives rise to a smaller optical absorbance, which is unfavorable for the
photoreactions. In contrast, the bandgap energy of m-CNNP700 is reduced to 2.80 eV,
which is caused by the increased cyano groups in its framework [38,39]. Furthermore, its
optical absorbance between 450 and 700 nm obviously increased, probably arising from
introducing the interband defect states caused by the N vacancy [16]. Therefore, the
introduction of N defects (cyano groups and N vacancy) endowed m-CNNP700 with

better optical harvesting capability and reduced band energy. Figure 4-10B illustrated the
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PL spectra of the samples which reveal their charge separation efficiency. There appears
to be a distinct blue shift of the emission PL peak of m-CNNP from 475 nm for GCN to
450 nm in accordance with the absorption spectra. While the emission PL peak of m-
CNNP700 exhibited a remarkably decreased intensity with a red shift, implying its
significantly suppressed charge recombination. The reduced intensity of the PL peak
arose from the electron relocalization on the surface terminal sites in favor of the
photoperformance [56].

Figure 4-10C exhibited the photoelectrochemical results of the samples which
indirectly reflected their charge separation and migration rate. There appears to be rapid
and continuous photocurrent signals during four on—off illumination tests. Upon the
illumination, m-CNNP700 exhibits the highest intensity among the three samples,
implying its efficient charge separation. Furthermore, Figure 4-10D exhibited the Nyquist
plot of the samples. The semicircle diameter of m-CNNP700 is smaller than the other two
samples, which indicated its lowest charge transfer resistance and thus fastest charge
transfer rate at the solid/liquid interface [57]. The superior charge behavior of m-
CNNP700 between the three samples evidenced the important effects of N defects and

the porous few-layered structure on its charge separation and transfer.
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Figure 4-10 (A) UV-vis absorption spectra, (B) PL emission spectra, (C) transient
photocurrent spectra and (D) Nyquist plots of EIS of the as-synthesized GCN, m-CNNP
and m-CNNP700

Figure 4-11 exhibited the valence band (VB) XPS spectra and Mott—Schottky plots of
the samples. All the samples are identified as n-type semiconductors as disclosed by the
Mott—Schottky curves in Figure 4-12. The flat-band potentials of the GCN, m-CNNP and
m-CNNP700 are -0.75, -0.99 and -0.90 eV (vs. NHE, pH = 7), respectively. The VBM are
estimated to be 1.99, 1.99 and 1.90 eV for GCN, m-CNNP and m-CNNP750, respectively
(Figure 4-11A). There appears to be a vacancy-related state (—0.11 eV) below the CBM
of the m-CNNP700. Because the presence of N vacancies, the extra electrons were

subjected to redistribution to their nearest carbon atoms and redelocalization within their

7 bonds [16,38]. The band structures among the GCN, m-CNNP and m-CNNP700 were
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illustrated in Figure 4-11B illustrated on the basis of the above-mentioned analysis.
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Figure 4-11 (A) XPS valence band spectra and (B) electronic band illustration of the as-

fabricated GCN, m-CNNP and m-CNNP700.
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Figure 4-12 Mott-Schottky curves of GCN, m-CNNP and m-CNNP700

The photoperformances of the samples were explored for water splitting by visible-

light excitation (>400 nm). Figure 4-13A illustrated the GCN owned the smallest Ha-

generation rate of 37.7 umol h'! g'!, while the Hz-evolution rate of m-CNNP and m-

CNNP700 achieved 96.7 and 264.3 umol h™' g!. The H-generation efficiency of m-

CNNP700 exceeded that of the GCN and m-CNNP by about 7-fold and 3-fold,

respectively, evidencing the exfoliation and the following post annealing as an impactful

tactic to improve the photoactivity. Furthermore, the stability tests of m-CNNP700 in
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Figure 4-13B exhibited a persistent H2 evolution without obvious decrease upon four
cycles, confirming its good photostability. Figure 4-13C illustrated the AQE of m-
CNNP which were employed to investigate the wavelength dependence of the
photoactivity in the visible region. The AQE of m-CNNP700 exhibited a shape similar to
the optical absorbance between 400 and 600 nm and the value of AQE at 425 nm reached
1.0%. The results disclosed that the water splitting reaction is driven by photon absorption.
The XRD pattern and FTIR spectra further showed that the structure of m-CNNP700 was

largely preserved after several reaction cycles (Figure 4-14).
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Figure 4-13 (A) Hydrogen evolution rate, (B) test for the stability of hydrogen evolution
over the as-fabricated (a) GCN, (b) m-CNNP and (c) m-CNNP700. (C) AQE of m-

CNNP700 at 425 nm, 475 nm, 500 nm, 550 nm and 600 nm.

90



&
——
o

A&
M“J \‘ aﬂer
Mo after
before
\\_...s‘ before \//\\/\W

10 20 30 40 560 60 70 80 3500 3000 2500 2000 1500 1000
26 (degree) Wavenumber (cm™)

Intensity (a.u.}
Transmittance (a.u.)

Figure 4-14 (A) XRD patterns and (B) FTIR spectra of m-CNNP700 sample before and
after photocatalytic H2 evolution.

The photoperformance of the samples was further assessed by RhB degradation under
visible light excitation (>400 nm). Figure 4-15A exhibited that only 17% of the RhB can
be removed by GCN after a 120-minute irradiation. While the few-layered m-CNNP
exhibited an impressively increased degradation rate and 92% of the RhB can be degraded
under the similar conditions. The porous few-layered m-CNNP700 perserved a good
degradation rate and 82% of the RhB was removed. Furthermore, the photocatalytic data
was fitted using the pseudo-first-order mode to investigate the photodegradation kinetics.
Figure 4-15B exhibited that the m-CNNP700 owned the rate constant of
0.0120 min!, which exceeded that of GCN (0.0011 min') by 11 folds and was of the
same order with m-CNNP (0.0185 min™).

The significantly enhancement in the photoactivities of m-CNNP700 can be explained
by several rationales. As illustrated in Figure 4-15C, first, the porous few-layered
structure endowed m-CNNP700 an enlarged specific surface area to create more active
sites for the H/TEOA reactants and accelerated transport of photoinduced charge carriers

and H'/TEOA through the porous architecture. Second, introducing the N defects into m-
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CNNP700 brought about the red-shift of the absorbance and thus enhanced photons
trapping capacity in favor of the photoactivity according to the DRS results (Figure 4-
10A). Moreover, the inner optical reflection in the porous structure of m-CNNP gave rise
to an improved optical harvesting capacity, thus beneficial to the photoactivities. Third,
the separation of photoinduced charge carriers is accelerated because the defect states
served as separation centers to harvest more electrons. Furthermore, a higher degree of
crystallinity for m-CNNP700 results in fewer recombination centers and thus facilitated
the uphill reactions of water splitting [58]. While the high surface area turns the major
factors during the organic degradation because the critical process is the organic
adsorption. Therefore, m-CNNP possessed the superior degradation efficiency among the
three samples [59,60]. Consequently, because of the tailored crystal, textural, optical and
electronic structures, m-CNNP700 exhibited a remarkably improved photoperformance

especially towards Hz production than the bulk GCN and m-CNNP.
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Figure 4-15 (A) Photodegradation of RhB and (B) the relevant kinetic rate constants (K)
calculation for GCN, m-CNNP and m-CNNP700. (C) Schematic illustration for the

photocatalytic activities by m-CNNP700.

4.4. Conclusion

In conclusion, a facile and scalable method was developed to fabricate the porous few-
layered g-C3Na4 with N defects after the mechanical delamination followed by fast
annealing treatment of the pristine GCN. The porous few-layered m-CNNP700 exhibited
an enhanced visible-light absorbance, enlarged surface area, shortened charge migration
length and accelerated charge mobility. As a consequence, the m-CNNP700 materials
exhibited a 7-fold enhancement in the water splitting than the pristine g-C3Na4 and 3-fold

higher than that of m-CNNP under visible light irradiation. Considering the relative
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sustainable and scalable fabrication without tedious process, our work is believed to be

more promising for efficient solar conversion application.
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Chapter S General Conclusions

In this thesis, the main purpose is to explore the effect of structure modulations of g-
C3N4 on photocatalysis and to improve the surface area, carrier separation and transfer as
well as to facilitate the proton reduction kinetic towards high photocatalytic activity. The
detailed results could be concluded in the following parts:

In Chapter 2, few-layered porous g-CsNa (fl-P-CN) has been prepared by a novel
combination of thermal etching and gas driven exfoliation of bulk g-CsN4. The high
temperature treatment has an etching effect on g-CsNa, leading to the thermal exfoliation
of g-CsNa. Later on, after immersing into 1-Na2, the g-C3Na is further peeled off with the
immediate drastic gasification of 1-N2. As a result, due to the optimized aromatic m-
conjugated system, the enlarged surface area, the increased porosity as well as the
quantum confinement effect induced by nanoplates, fl-P-CN exhibited impressively
improved photocatalytic performance. The findings deepen the understanding on the
dimensional-related issues of g-C3Ns-based materials.

In Chapter 3, using fructose as the assistance, few-layered g-C3N4 nanoplates were
prepared via sugar-assisted mechanical exfoliation method. The few-layered structure
rendered the as-prepared g-C3Na much increased surface area and also accelerated charge
separation and transfer efficiency. As a result, such material possessed hydrogen
evolution rate of 103.7 umol/h/g, which was about 3 times higher than that of the bulk g-
C3N4. These findings emphasized the significance of 2D structure of g-C3N4 for the

efficient carrier separation and transfer and subsequent photocatalysis, and also suggested
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that the modulation of nanostructure in g-CsNas-related organic semiconductors in a
sustainable way might open new avenues towards improved photocatalysis.

In Chapter 4, I demonstrated that post-annealing treatment of g-C3N4 nanoplates could
lead to a significant enhancement in photocatalytic H2 production over the bulk g-C3Na
under visible light irradiation. Upon the fast thermal etch on g-C3Na nanoplates, a H2
evolution rate as high as 264.3 umol/ h/g was achieved for the N-deficient g-C3N4
nanoplates, which was about 7 times higher over that of bulk g-C3N4 and 3-fold greater
than that of g-C3sNa nanoplates by visible light irradiation. It was confirmed that such
improvement in activity relied on the tailored crystal, textural, optical and electronic
structures. These discoveries would provide a facial approach for the designing of organic

semiconductors with porous few-layered structure for efficient photocatalysis.
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