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ABSTRACT

Problems with global energy and environmental pollution have led on finding the alternatives
worldwide. One of the most promising solution is considered the synthesis of photocatalysts with
outstanding photocatalytic activity. For this purpose graphitic carbon nitride as metal-free
photocatalyst is a suitable candidate material due to its excellent properties. Despite its suitable
properties, g-CsN4 suffers from some drawbacks, such as low specific surface area and high
recombination rate of the photo-induced electron-hole pairs. These factors limit its performance
on photocatalytic activity. Therefore, our objectives were focused on preparation of different
composites, like C-rich-g-C3Nas, N-rich porous carbon and F-doped-g-CzNas, based on g-CzNs
material, with possible application in photocatalysis. Then properties of such composites will be

carefully detailed in fundamental point of view.

C-rich graphitic carbonitride materials (CNx) with a large range of composition have been
prepared in different ratios thanks to the self-assembly of melamine (M) and a panel of
polycarboxylic acid (A) such as oxalic, tartaric and citric acid (Chapter 3). This route required
simple precipitation process, using water as a solvent. The thermal conversion of the formed
adducts (MAY), led to CNx phases with x ranging from 0.66 to 1.4 (x =1.33 for g-CsNa4 for
comparison). The properties of these materials were followed by different techniques (XRD,
Raman, TEM, TGA, XPS and DRIFT). It appears that the increase of the C content is associated
to a disappearance of the long-range order of heptazine units, and to an increase of the
subnanometric carbon-rich cluster size within the graphitic g-CsNa structure. This trend is followed
by a significant increase of the interlayer spacing and a lower proportion of the N=C-N bonds
compared to C=C bonds. The thermal stability in inert atmosphere of these phases and their UV-

Visible absorbance properties were also investigated.

The materials described in the Chapter 3 (calcined under inert atmosphere at 550 °C), were further
pyrolized in oxidized atmosphere (air) in order to prepare N-rich porous carbon material. Thermal
stability/reactivity with oxygen, of g-C3sNs and C-rich-g-C3N4 samples, with different C/N ratios
was investigated under different range of temperature, (470-650 °C). The C-rich-g-C3N4 materials
display a distinct thermal behavior in air (or inert atmosphere), compared to the basic g-CsNa. This

behavior is explain by lower thermal stability (and decomposition) of g-C3N4 domains compared



to C-rich phases within the composite. Controlled oxidation at different temperature, have
produced highly porous material with surface area up to 600 m? g. Structural organisation of
materials after oxidation was significantly changed. Disorder of materials is increased, evidenced
by increase of interlayer distance and D peak. The g-CsN4 features were disappeared in profit of

N-rich porous carbon, with different content of N and O according to the temperature used.

The highly doped g-C3N4 based materials were prepared via pure F» gas phase method, at room
temperature (Chapter 5). The level of fluorine doping depends on the chemical nature and structure
of materials. The C-rich-g-C3N4 sample has lower F content compared to g-CaN4, with an increase
of atomic ratio from 9 at. % up to 26 at. %. All fluorinated samples have exhibited the narrowing
band gap in comparision with pristine materials, from 2.66 eV to 2.57 eV, influencing
photocatalytic properties. Based on electron paramagnetic resonance, visible light was efficient to
produce paramagnetic species for fluorinated g-CsNs samples, in contrast to C-rich-g-C3Na.
Thereafter, materials were evaluated in photocatalytic point of view. Methyl orange solution was
used as a target pollutant to perform photodegradation experiments under visible light irradiation.
The results showed that all fluorinated g-CsNs based photocatalysts, have enhanced the
photocatalytic activites in comparision with the pristine g-CsN4 based samples. In case of CN-
F2_20 fluorinated sample, the degradation rate constant is increased 3.96 time higher over pristine
g-C3Nas. Whereas, for CNO-F,_20 and CCN-F2_20 samples the degradation rate constant was 2.29
and 2.18 time higher than corresponding CNO and CCN materials.

Key words: graphitic carbon nitride, adducts, fluorination, photocatalysis, photodegradation,

oxidation, N-rich porous carbon, methyl orange.
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INTRODUCTION

The aim of this thesis was to develope different composite materials based on graphitic carbon
nitride. Materials prepared will be investigated in terms of structural changes, with possible
application as photocatalysts for organic degradation in aqueous solution. Thesis is organized into
five chapters, according to individual objectives done during the study period.

The first part is focused on the theoretical general background about graphitic carbon nitride
and possible informations given in the literature to modify its properties via different approaches,
including composites based-g-CsNa, doping etc.

The second part describes the experimental procedure used to prepare the composites,
photocatalysis experiments and their characterizations techniques.

Syntheis of C-rich-g-C3sN4 materials by the melamine/poly-carboxylic adduct route, was
elaborated in the third chapter. Their physico-chemical characterizations including optical and
electronic properties, and possible application for Hz generation.

Fourth part is related to the thermal oxidation of C-rich-g-CsN4 composites, in order to prepare
N-rich porous carbon material. Here is described the thermal behavior and reactivity of materials
with oxygen (in air) with different C/N ratios under different heating, and the approach used to
improve the porosity.

Chemical reactivity /stability of g-CsN4 and C-rich-C3Na4 materials towards the F2 pure gas, was
detailed in chapter five. Informations and explanations were given, to achieve controlled
fluorination over a wide range of F content and significant improvement of many properties (e.g.

electronic and photocatalytic).
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SUMMARY IN FRENCH

Le carbonitrure de structure graphitique (g-C3Ng4) est un matériau prometteur pour la
photocatalyse. En jouant sur I'ingénierie d'hétérojonction par un couplage avec un autre matériau
de type métal ou semi-conducteur, ses propriétés peuvent étre améliorées. Dans cette thése,
I'objectif est de concevoir des nanocomposites a base de g-C3Na4 et de carbone par un procédé
original permettant de controler les caractéristiques de ces matériaux. Ces dernieres seront
évaluées grace a des méthodes physico-chimiques et photocatalytiques.

Afin d'atteindre ces objectifs, trois voies ont été choisies.
Dans la premiere voie, nous avons synthétisé des nanocomposites g-CsNa4 / C avec des teneurs
variables en C a partir de précurseurs originaux ayant I’avantage de présenter une distribution a
I’échelle moléculaire des atomes C et N. Ces précurseurs, basés sur 1’association de la mélamine
et d’un acide polycarboxylique sont appelées adduits. La mélamine est la source traditionnelle de
g-CsN4 alors que I’acide est ici la source additionnelle de C a la structure de g-CsN4. La
carbonisation des adduits conduit a des matériaux ou le C supplémentaire est distribué sous la
forme de nanodomaines (ou cluster) de type graphitique au sein des plans de la structure de g-
C3N4. Ces nanodomaines pourraient agir comme un conducteur électronique étendant la
conjugaison ©t du carbonitrure afin d’améliorer ses propriétés photocatalytiques, par analogie avec
I'nétérojonction g-CaNa/métal.

Dans la deuxiéme voie, nous avons étudié la réactivité chimique de ces nanocomposites g-CsNa
/ C avec I’oxygene a haute température (450-650°C) et le F2 pur a température ambiante afin de
mieux comprendre leur structuration et obtenir de nouveaux matériaux aux propriétés
photocatalytiques potentiellement intéressantes.

Dans la troisieme voie, la stabilité thermique de ces nanocomposites g-C3N4 / C et des matériaux

dérivés obtenus par réaction avec F» a été etudiée.

En paralléle, les applications photocatalytiques possibles de ces différents matériaux ont été

explorées. La these est divisee en cing chapitres.
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CHAPTER 1

State of the art on g-CsN4



1.1. Introduction

Due to consumption of fossil fuels and increase of challenges in energy demands, the
environmental concerns have gain attention. The concern is not just global warming but also
pollution of water which leads growing awareness in the past decades. When we talk for water
pollution, several categories of pollution can be highlighted. Pollution from heavy metals ions, like
Pb?*, Cd?*, Cr®*, Cu?*, Co?" etc. are considered with a high toxicity, and mainly discharged from
industrial activities, such as, mining, metallurgy, steel industries, battery manufacturing etc. [1,
2]. On the other hand, organics (persistent) pollutants like, dyes, pharmaceuticals, herbicides,
pesticides, personal care products etc. [3, 4], which are released in the environment by the
processing of industry of textile, leather, paper, petroleum, pharmaceutical, agriculture etc. Last
but not least, pollution from inorganic wastes, like nitrates, chlorides, phosphates are also
threatens for the environment [5, 6]. Among the solutions to face these problems, photocatalysts
have proven to be quite a successful, economical sustainable, non-harmful, safe and renewable
technology [7, 8, 9, 10]. The principle of photocatalysis is very convenient, because solar
irradiation can be used as an inexhaustible energy source. The design and synthesis of high
performance photocatalysts has become an important topic. Various photocatalysts have been
tested. For instance, TiO is being one of the most studied photocatalyst, and it uses ultraviolet
irradiation to excite its electronic structure [11]. Since ultraviolet radiation accounts for a very
small fraction of the whole solar spectrum energy circa 4 % compare to visible light 43 %. Hence
in this regard optimization of the properties of photocatalyst has to be performed in order to
improve their performance. Efforts have then been focused on optimization of light harvesting in
the visible region, electron-hole pair recombination, band gap, surface area, heterostructuration
etc. [12, 13]. In non-optimized photocatalyst, the photogenerated electrons/holes pairs suffer from
the high recombination rate, which may deteriorates its photocatalytic performance [14].
If a photocatalyst exhibit high surface area, it may favours the efficient photogenerated of charge
separation and transfer, and also enhance the light-harvesting efficiency [15]. The photogenerated
charge separation could also be improved with formation of composite-based heterojunction
materials or other composites [16]. Up to date, various semiconductor were discovered and studied
in the field of photocatalysis such as Fe203, SnO2, BiVO4, CdS, ZnS, Cu20, g-C3sNsetc. [17, 18,
19, 20, 21, 22 ,23].
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Among organic semiconductors, graphitic carbonitride g-CsN4 appears as a promising candidate
material. A large number of studies were carried out on its synthesis and applications. Since it is a
metal-free catalyst with favourable band gap around 2.7eV [24, 25], compare to traditional
catalysts like ZnO (3.37 eV) [26], TiO2 (3.2 eV) [27]. It has got the most stable allotropic structure
among carbon nitrides under normal conditions, of temperature and pressure. It is considered with
high thermal and chemical stability due to the high degree of condensation of tri-s-triazine rings
structure [28, 29, 30] as shown in Fig.1. Nevertheless, g-C3N4 has also some disadvantages. It
suffers from high recombination rate of holes/electrons and low electrical conductivity [14, 31].
In order to improve these shortcomings, various strategies have been developed such as: defective
engineering, doping, engineering heterojunction based on g-CsN4 composites etc, [32, 33]. These
topics and strategies related to g-CsNa4 will be developed in general point of view in this chapter:
routes of synthesis, electronic properties of g-CsNa, defective engineering, non-metal doping,
heterojunction engineering of g-C3aN4 based materials, pore texture tailoring, adsorption properties

and applications of g-CaNa.
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Figure 1. The two possible structures of g-CsNa, (a) triazine and (b) tri-s-triazine (heptazine)
[34].

1.2. Routes of synthesis of g-CsN4

Various strategies have been used for the synthesis of g-CsN4, each one influencing the final
properties of the material. Usually g-CsN4 is prepared with pyrolysis of N-rich precursors, like
melamine, urea [35], thiourea [36], dicyandiamide, cyanamide [37] etc. Studies have shown that
many properties of g-CaN4 are influenced by the precursor type as well as the preparation conditions
[38]. Other routes were developed, such as solvothermal methods, Chemical Vapor Deposition
(CVD), solid state reaction and so on [39, 24]. Thermal condensation of N-rich precursors is
considered as the easiest route to obtain g-CsN4, because it requires only a furnace with or without
controlled atmosphere and moderate temperature (around 550 °C). Reaction thermal pathway of g-
CsN4 synthesis is represented in Fig. 2, starting from cyanamide precursor. This thermal process is
followed by successive step. Formation of dicyanamide takes place firstly at 137 °C, then melamine
or triamino-s-triazine C3aN3(NH>)3 as a six-member ring which undergoes self-condensation by a
deamination process at 350 °C, where NHz gaseous species are released [40, 41]. At this step, the

condensation of two molecules of melamine yield to a dimer form of melamine called melam or (1,
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3, b-triazine-2, 4, 6-triamine) which takes place (Fig. 3), moreover this product is highly reactive.
Within the temperature range 350-390 °C, on the closed ampoule in the gas phase is formed
melamine-melem adduct, followed by a rapid formation of melem or (triamino-tri-s-triazine
CsN7(NH>)3) which is presumed to be stable up to 500 °C during condensation process [42, 43]. The
last product of condensation, before formation of polymeric g-CsNs is melon compound
[(CseN7(NH2)(NH)]n , containing infinite (n) units [44, 45, 46, 47, 48]. Formation of g-C3N4 takes
place at 520 °C, exhibiting thermal instability at 600 °C which undergoes complete decomposition
at 750 °C [49, 50].

2
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Figure 2. Reaction path of the formation of g-CsNs, starting from cyanimide (reproduced with permission
from reference) [51].
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Figure 3. Structures of melam, melem, melon (reproduced with permission from reference) [52].

1.3. Electronic properties of g-C3Na

Benefiting from its unique tectonic structure motif, g-CaN4 possess special electronic properties.
The lone-pair electrons from N atoms contribute to the electronic properties and particulary to the
valence band. Graphitic carbon nitride exhibits the most negative conduction band (CB) edge
potentials around (-1.15 eV) refered to neutral hydrogen electrode (NHE) and VB around (+1.61
eV), compared to the classical TiO2 with a VB and CB edge potentials (+2.87 eV) and (- 0.26 eV)
Fig.4 [53, 54, 55, 56, 57, 58]. g-C3N4 possess a medium valence band gap around (2.7 eV)
compared to TiO2 with 3.20 eV, BiVOs (2.4 eV) [59] and WO3 (2.7 eV) [60, 51]. The g-C3N4
electronic structure could be tailored with the addition of chemical/structural defects, doping,

heterojunction etc.
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Figure 4. Schematic illustration of the band structures of typical samples of g-CsN4 in comparison with

TiO2 (reproduced with permission from reference) [50].

1.3.1. Defective engineering

Defective engineering has been considered with a high impact in modifying the electronic structure
and band gap. Introduction of vacancies in the structure of g-C3Na4 could be successfully done with
variation of atmosphere of calcination, e.g from air to inert atmosphere and temperature. In Fig. 5
is shown the introduction of carbon vacancies on g-CsNa. With the aid of carbon vacancies on the
structure, it is possible to hinder the recombination rate of photo-excited electron-holes [61].
Moreover they could act as a conversion centers, and could transfer the trapped photo-excited
electrons to absorbed Oz, which then are generated the O, active species. Well-known yellow g-
CsNa4 having less defects, was compare to orange g-CsN4 (enriched with more defects ) due to two-
step calcination under air and inert atmosphere, and it shows modification on the structure. Two-
step calcination process, results on the breakage of some bonds and formation of distortion, while
the later have exhibited a narrower band gap. As a consequence it may tailor the optical properties,
thus enhancing the light in the visible range. Defectous-g-CsN4 has shown a good photodegradation
performance toward Rhodamine B (RhB) and methyl orange (MO) [62]. For example, the synthesis
of g-C3N4 from urea or melamine exhibits different features. g-CsN4 derived from urea possesses a
larger specific surface area and more mesoporosity compare to melamine. The improved porous

structure could increase the specific surface area, thus providing more active sites which promotes
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the mass transfer during the photodegradation [63, 64]. Moreover it displays a defective structure
with nitrogen vacancies acting as a trap states for the photogenerated electrons, promoting thus the

separation efficiency of the photogenerated charge carriers [65, 66, 67, 68].
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Figure 5. Carbon vacancies introduced on g-CsN4 framework [63].

1.3.2. Non-metal doping of g-CsNs

Further the doping strategy is considered with a high importance, to modify the physico-chemical
properties of g-CsN4 while incorporating the elements into the framework (Fig. 6). This enables to
tailor surface morphology, electronic and optical properties. Since bulk g-CsN4 absorbs in UV and
near-visible region of the spectrum, this strategy allows to shift the absorption of irradiation more
in visible region. It also helps to reduce the rate of recombination of photo-excited electrons and
holes [69]. Different non-metallic elements doping were investigated, such as C-doping, N-doping,
O-doping, S-doping, P-doping, F-doping [70, 71, 72, 73, 74, 75, 76] etc.
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Figure 6. Possible substituted sites of non-metal doping in the single layer of g-CsN4 (permission from
reference) [51].

Here, we have decided to focus mainly on C, O and F doping, since these strategies will be used
in the upcoming Chapters. Carbon atoms could be introduced into the g-CsNj4 structure, and replace
the bridging N atoms. They can also be added as C=C chromophores and extends the n-conjugated
system, thus narrowing the semiconductor bandgap and improve optical properties [77, 78, 65].
While on the hand the O-doped g-C3N4 can be prepared from calcination of a mixture of oxalic
acid (source of O and C) and urea (source of C and N) one among of many methods [79]. This
mixture has provided changes in the morphology compared to pure and dense g-CsN4 obtained
only with urea, since it exhibits a flourishing porous structure. Apart from this advantage the O-
doped g-C3N4 exhibit a modified electronic structure due to electron-rich O atoms. Metal-free
properties of g-C3N4 could be modified with the strategy of non-metal doping. Among the non-
metal elements, the role of halogens incorporation into the g-CsN4 has gain attention recently,
including Cl-doped g-CsNa4 [80], Br-doped g-C3N4 [81] and F-doped g-C3N4. The peculiarity of
halogens is related to their high electronegativity which lead to covalent bond/ionic bond/metal
bond formation when bonded to less electronegative element such as carbon and nitrogen.
Focusing now more specifically on F-doped g-CsN4 material different synthesis strategies were
used for its preparation. Hydrothermal method based on NH4F serving as a fluorine source mixed
with g-C3Na, lead to the incorporation of F into the structure of g-CsN4, while forming poorly F-

doped material only 6.7 at.%. It is proposed that F~ ions promotes the hydrothermal oxygenation
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process by enhancing the hydrolysis and condensation progress of g-CsNa. In electronic point of
view F-doped g-CsN4 sample displays a lower valence band level, and these oxygen containing
groups could enhance the electron-hole separation efficiency under the light, favourable textural,
optical properties and tailoring the electronic bandgap. This would improve the photocurrent
response and photocatalytic activities toward organics [82, 83, 84]. Few studies were focused on
increasing the F content while changing the strategy approach. Direct fluorination using dilute F»
gas at high temperature was recently investigated. It enables to increase of F content into g-C3Na
framework up to 10 at. % [85] while conventional hydrothermal strategies were able to reach up
to 6.7 at. % [86]. The benefits of gas phase, consists on the formation of porous structure of F-
doped g-CsN4 material which increases the nitrogen vacancy defects and transformation of the
hybridization mode from sp? to sp® due to substitution of N with F in the lattice of g-C3Na.
Therefore, it tunes the CB and VB position with a narrowing the band gap [86] (Fig. 7). The
performance of this material for photocatalytic Hz evolution is higher compared to pristine g-CaNa.
An enlargement of the surface area was observed due to formation of mesoporous in the g-C3N4
structure. The presence of F atoms could affect also the electron transition. Benefiting from these
synergic effects, the separation of photogenerated charge carriers and the visible light absorption

were improved. Thus, the performance in photocatalysis is enhanced [87, 85].
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Figure 7. Mechanism for the enhanced photocatalytic activity of fluorine doped g-CsNsand band gap
modification [82].
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1.3.3. Heterojunction engineering of g-CsN4 based materials

An interface between two semiconductors, where the semiconducting material possess unequal
band gap compare to a homojunction, is called a heterojunction system [88]. Heterojunction
engineering has been applied in the field of semiconductors for a long time, since it is a convenient
way to tailor some of their electronic and photoelectronic properties.

To date, plenty of photocatalysts were developed with heterojunction, such as p-GaP/n-TiO-, p-
NiO/n-TiO2 and p-GaFe204/n-PbBi2Nb19sWo.109 or CdS/TiO2, WOs/TiO2 [60], ZnO/TiO2 and
Sn0O2/Zn0 etc [89, 90, 91]. This trend also concerns the g-CsNa, since the pristine material suffers
from some limitations, as mentioned previously. Therefore, in order to improve the electron/holes
charge separation, plenty of g-CsN4 based heterojunctions were constructed, like BiVO4/g-C3N4
[92], Cu/g-C3N4, TiO2 /g-C3Na, ZnO/g-C3N4 [39, 24] .

In order to clarify how the heterojunction behaves, the g-C3N4/TiO2 heterojunction system is
illustrated and the mechanism of photoexcited electron-hole separation under visible light is
described in Fig. 8. Firstly the visible-light irradiation excites the electronic structures of TiO2 and
g-CsNg4 in order to produce electron-hole pairs, thanks to their narrow band gaps. Obviously CB
edge potential of g-C3N4 is more negative compare to TiO, [13, 93], therefore photoexcited
electrons will be easily transfer from CB of g-CsN4 to CB of TiO2 through the interface of these
two semiconductors. On the other hand, TiO2 possesses a more positive VB edge potential than g-
C3N4 which will facilitate the transfer of photo-excited holes toward VB of g-C3N4. Since electron
and holes are accumulated on the CB and VB of TiO2 and g-CsNa4 respectively, then they get
separated from each other, with limitation of their recombination rate [94]. Hence, the interfacial
charge-transfer reaction toward the pollutant degradation will be enhanced, which leads to the
improvement of photocatalytic activity of mentioned semiconductor [95, 96].
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Figure 8. Mechanism for the photoexcited electron-hole separation and transport processes of

AO7(pollutant) over g-CsN4/TiO, under visible-light irradiation (permission from reference ) [94]. .

According to the different charge carriers separation mechanisms, g-CsNas heterojunctions are
classified into five types based on g-C3Ns-metal sulphide photocatalyst model as schematized in
Fig. 9. [97] named Type I, Type Il heterojunction, p-n junction, Schottky junction, Z-scheme
heterojunction (between the interfaces), Z-scheme heterojunction (with conductor).

Type | heterojunction, composed of semiconductor 1 (SEM 1) and semiconductor 2 (SEM 2), the
VB of SEM 1 is lower than that of SEM 2, and opposite of CB, which is higher (Fig.9a). When
the holes and electrons gain energy under light irradiation, photogenerated holes will be transferred
from the VB of SEM 1 to the VB of SEM 2, and photo-excited electrons can be transferred from
the CB of one semiconductor to another. Example of Type | heterojunctions could be mentioned
SnS,/g-C3N4 [98] and 2D MoS2/g-C3Na4 [99].

In Type Il heterojunctions, two of the semiconductors are strongly bonded and build stable
heterostructure. The SEM 1 and SEM 2 possess similar band potentials which are shown in Fig.9b.
Generated holes in the VB of SEM 2 will be transferred to that of SEM 1, but is required that VB
level of SEM 2 to be lower than that of SEM 1. Opposite behaviour is when the CB level of SEM
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1 is higher than that of SEM 2, then photo-excited electrons in the CB of SEM1 will migrate to
that of SEM 2. This cycle results in a spatial separation of charge carriers [100]. Therefore,
electron-hole pair recombination could be hindered and the lifetime of electron could be increased.
Most of the heterojunctions related to g-C3N4 described in the literature belong to Type |1 [101].
Among the Type Il heterojunctions are CdS/g-C3N4 [102] and ZnS/g-C3N4 [103, 104] . Type 1l
heterojunction appears as ideal to separate charge pairs, but it was shown to be not sufficient to
overcome ultrafast electron-hole recombination [105] .

Thus, the idea was to construct p-n heterojunction (Fig.9c) which provides local extra electric field
to accelerate the transfer of electron-hole pairs, while enhancing photocatalytic performance. The
p-n heterojunction contains p-type semiconductor with the VB near to the Fermi level while for
the n-type semiconductor, the CB is located near to the Fermi level [106]. Firstly, the holes from
the p-type semiconductor will be transferred to the n-type, thus creating room for negative charge
species while electrons follow the opposite way. When the Fermi level potentials reach the
equilibrium, then electron and hole pairs will stop the diffusion, and at the end, at the interface
between the two semiconductors, an electric field will be generated [107]. This electric field will
facilitates the separation of photo-excited electron-hole pairs. In this context g-CsNa is considered
as n-type semiconductor due to NH/NH2 groups acting as electron donors, while Cus is a p-type
semiconductor, thus the constructing of CuS/g-C3N4 material is then composed of a p-n junction
[108].

The Schottky junction is constructed by a semiconductor and a metal (Fig. 9d). Together, they
form a space-charge separation region. The electrons are rapidly transferred from one side to
another at the interface of two components [109]. An aligned of Fermi’s energy levels are formed,
thus the recombination of the charge carriers is highly restricted with improvement of the
photocatalytic performance. An example of Schottky junctions is NiS/g-CsN4 composite [110].
All the above-mentioned heterojunction photocatalysts have a significant contribution to the
improvement of the electron-hole separation efficiency. Nevertheless, there are still limitations of
the redox ability of composites, due to the fact that the oxidation and reduction process occur on
the semiconductor which possess the lower oxidation and reduction potentials. In order to
minimize these drawbacks Z-scheme heterojunction photocatalysts were constructed (Fig. 9e-f).
Between the two semiconductor components, the charge transfer follow the pathway of Z-scheme
(as letter Z), without addition of any electron mediators (Fig. 9e) [111, 112]. The Z-scheme
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heterojunctions have gain attention, because they are enable to enhance redox potential and
minimize the inefficient electron-hole pair recombination of the photocatalytic system [107].
Different g-CsN4 based Z-scheme heterojunctions were mentioned in the literature, including
ternary photocatalysts system [113], like CdS/Au/g-C3sN4 [114], CdS/Au/HCNS (hollow carbon
nitride nanospheres) [115], g-CaN4/Ag/MoS; etc. Au and Ag are used as an electron mediator to
accelerate the interparticles transfer of photogenerated electron-hole pairs [116]. Some of Z-
scheme mechanisms are based on p and n type semiconductors. The p-type semiconductors include
TiO2, WO3, BiVOy4, and SrTiOs. They are efficient in the oxidation process to generate O2, while

n-type semiconductors SrTiOs, TiO2, ZrO2, C3N4, and TaON, are efficient for reduction process

to produce Ha.
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Figure 9. Different types of g-CsNas-based heterojunctions: a) Type | heterojunction, b) Type Il
heterojunction, ¢) p—n junction, d) Schottky junction, e) direct Z-scheme heterojunction (without an electron
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mediator) and f) indirect Z-scheme (with an electron mediator). Note A, D and EF represent electron

acceptor, electron donor and Fermi level respectively [117, 118].

1.3.4. Heterojunction based C/g-CsN4 composite

Few studies have been reported related to the construction of C/g-CsNa4 heterojunctions. These
studies have revealed that the addition of C into g-CsNs could change its band gap, improve
electron/hole pairs recombination, thus increasing the photocatalytic performance of water
splitting [8]. The preparation of C/g-CsN4 heterojunctions were obtained by several routes; e.g
from urea and chitin materials [119], cotton wool and urea [120] and from nanocellulose-derived
C/g-C3N4 mixture [121]. All synthesis requires thermal or hydrothermal treatment, sonication,
drying process, removing the solvent till obtaining the final product. Hence, facile method to obtain
C/g-CsN4 heterojunctions based on the direct calcination of urea and glucose was employed
recently, for the photocatalytic H. production under natural sunlight. Indeed, C/g-CsNs
heterojunction exhibits improvements compared to pristine g-CsNs on following features:
enhanced photocatalytic H> production, efficient charge carrier separation through intra Schottky
junction induced by C-rich domains into g-C3Na, reduced the band gap, the enhancement of the
optical absorption towards the visible region etc. [122]. Another route to introduce C into the g-
C3N4 matrix could be done with melamine/agarose gel via two-step method, hydrothermal and
calcination. Via this method onion-like carbon and 2D nanosheets morphology of the composite
were obtained. The composite showed significant improvement in photoelectrochemical
performance, with an increase in photocurrent intensity, and narrower band gap compared to bulk
g-C3Ng4 [123, 124]. This indicates that separation and migration of photo-excited charges were
improved, with a significant increase in porosity. The synergism effect of ultrathin 2D nanosheets
structure remarkably improves the photocatalytic activity. Onion-like carbon structure enhances
visible light absorption and acts as an electron receiver to facilitate charge separation and hinder
the recombination, in addition the 2D nanosheets structure provides more active sites for the

photocatalytic reaction [125].
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1.4. Pore texture tailoring

Carbon nitride, as a metal-free material, possesses a considerable number of suitable properties for
various applications. A strategy of particular importance is tailoring the porous structure. In Fig.
10 is described the endo and exo-tempalting strategies in order to synthesize porous and high-
surface- area materials. For endo-templating, the templating species are occluded in the forming
solid, while for exotemplating, a rigid porous solid is infiltrated with the precursor to yield another
solid. The removal of endo and exotemplates from the composite led to porous and high-surface-
area materials [126]. It enables an increase of the surface area by providing accessible pores and
more active sites thus facilitating the molecular mass transfer, charge migration, surface reaction
and light harvesting [127, 128, 129]. Photocatalytic performance is closely related to the
aforementioned advantageous features, thus different pathways were used to prepare highly porous

g-CsN4 with a variety of nanoarchitectures and morphology.
Among them, the following methods could be mentioned:
e Hard templating (nanocasting)

Using for example silica nanospheres as a template and urea as a precursor, in order to obtain
sphere-like mesoporous morphology after carbonization and template removal [130].

As a matter of fact, the hard templating strategy seems to be quite effective. A facile synthesized
mesoporous g-CsN4 photocatalyst, with a high surface area up to 550 m? g~1[131, 132, 133] could
be prepared by this route. To date, different kinds of hard templates such as CaCOs [134],
mesoporous silica [135], porous anodic AlOz [136], have been used. However, the silica template
method does not seem to be environmentally friendly due to the use of hazardous agents such as
NH4F or HF, which are used for the removal of silica templates. A large - scale production by the
hard templating process for porous g-CzNs or other porous g-CsN4-based composite photocatalysts
is restricted to practical applications. Thus, for further development of highly porous g-CsN4 with
different nanostructures, the focus was directed on porogen agents such as CaCOs, Al2O3,

Fe>0s, which enable an easy removal of the hard templates [132].
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Endotemplating

Figure 10. lllustration of endotemplating and exotemplating approaches [126].

e Self-templating or molecular cooperative assembly

The formation of supramolecular aggregates via physical interaction can strongly direct the
reacting components or subunits and makes the design of assembly simple. Using the cooperative
assembly between melamine and cyanuric acid (sub units) as a directing agent, particular
mesostructure could be obtained. Hence, after carbonization leads to hollow spheres with
mesopores, in the range of 4 to 36 nm, pore volume of 0.4 cm~3g ! and a surface area of 77 m? g~
1 [137]. A combination of the soft templating process and thermal exfoliation during the
calcination step enable to modify the texture and morphology of g-CsN4. For instance, the use of
hexadecyl trimethyl ammonium chloride (CTAC) as the soft template promotes the formation of
pores within g-CsNg4 structure. This process occurs during the thermal condensation of melamine
by CTAC decomposition and release of volatile species (Fig. 11). Here, the CTAC acts more as
an organic porogen agent than a soft-template since supramolecular self-assembly with melamine

and CTAC was not demonstrated.
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Figure 11. “Soft-templating” strategy to prepare porous g-C3N4 nanosheets [138].

The g-C3Ns nanosheets with improved textural properties typically exhibit Type IV adsorption-
desorption isotherm with H3 hysteresis loop, which is mainly attributed to the presence of mesopores.

In Fig. 12 is shown the nitrogen adsorption-desorption isotherm of the pure exfoliated g-CsNa4 with

its pore size distribution.
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Figure 12. (a) Nitrogen adsorption-desorption isotherms of exfoliated pure g-CsN4 and (b) corresponding

pore size distribution curves [139].
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1.4.1. Adsorption properties

Porous texture and surface chemical properties are among the main features for adsorption
properties of an adsorbent. Usually, the increase in the specific surface area of a photocatalyst
increases the number of active sites (per g of sample). Conventional methods of preparation of g-
C3N4 with the pyrolysis of N-rich compounds yield bulk structure with limited specific surface
area and active sites with limited photocatalytic performance [140, 141, 142, 143]. Similar to the
graphene or graphene oxide materials, carbon nitride possesses the ability to adsorb various
adsorbates with the aid of the multiple different functional groups e.g NH2 groups (Fig. 13).
Protonation and deprotonation in an aqueous suspension also occurred for g-CsN4 powder. The
highest efficiency of the adsorption properties is most likely related to electrostatic and chemical
interactions, including interactions between hydrogen ions, hydroxyl ions, and certain groups on
the g-CsNa4 surface [144, 145, 146, 147, 148]. The pH of the system directs the degree of these
chemical interactions, which results in different surface charges and zeta potentials of g-CsNa. It
is worth mentioning that the C-N and —-NH2/-NH-/=N surface basic groups located on the g-CsN4
structure have a crucial role on adsorption properties of toxic molecules, especially metal ions
[149, 150, 151].

Adsorption

Figure 13. Adsorption of heavy metal ions onto g-CsNa, directed toward surface basic (=N, -NH-) groups
[152].
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1.5. Applications of g-C3Na

Graphitic carbon nitride possess a wide range of applications in various fields, including sensing,
biomedical applications, wastewater and environment treatment, utilisation of sunlight and device

making components [153].

1.5.1. Solar energy Utilization

From the numerous applications of g-CsN4, the production of the photo-electrode under visible
light irradiation and the generation of photo-current is an ability of g-CsN4. The most challenging
approach is the utilisation of solar fuel with CO2 and water to produce clean fuels such as CO, H:
or hydrocarbon platform molecules as a promising way using sunlight as a ‘‘smart‘‘ solution in

energy demands [154, 155].

1.5.2. Wastewater and Environmental Treatment

g-CsNa is best known as a potential photocatalyst for the degradation of variety of pollutants [156]
[34]. The structure, synthesis, and preparation techniques of g-CsN4 nanosheets also determine
the efficiency of the photocatalyst and its application in relation to wastewater treatment. The
preparation of the materials with metal [157, 158] or non-metal doping [159] and co-doping [160]
have been widely used for water and environmental treatment [24]. Unrealized application on
wastewater, and the potential contamination that most photocatalysts cause in the environment,
have given obstacles, as high cost, small-scale production, low-photocatalytic activity and
recycling. Methyl orange as a target contaminant has been tested in the presence of many catalysts.
Therefore, here is elaborated the typical mechanism of methyl orange (MO) photodegradation in
the presence of g-C3N4/CusS heterojunction ( Fig. 14 ). All steps were described based on principle
of a heterojunction behaviour [161]. During the photodegradation process induced by light, some
active species are formed, including hydroxyl radicals *OH, superoxide HOO" and holes (h™). The

CusS semiconductor possesses a CB value higher than the redox potential of O2/"O2~ (- 0.33eV),
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presuming that the electrons () in the CB of CusS could not be able to reduce O into "0, (Eq.1
and 2).

O2+€ 200 (1)
07 +2H 46 D> HoO0. oo (2)
Ho02+6 > "OH + OH “..ooooiiieeicececeeeseceeeennnn . (3)
MO + h" = products > CO2+ H20............ccovveenn.(4)
MO + "OH - products 2 CO2+ H20..........cccceeeeeee. . (5)

After the H,0; is activated with the existence of photo-electrons, responsible for MO degradation [162]
(Eq.(3)), then "OH species are formed. Furthermore, electron consumption could reduce the
recombination probability of photogenerated electron-hole pairs, extending the lifetime of
separated h* and e, and finally increasing the active species concentration. However, the potential
energy of photogenerated h* in g-CsN4 was insufficient to oxidize H2O or OH™into the "OH radicals
(‘OH/H20 = +2.27 eV) [163]. Therefore MO molecules could directly be oxidized and degraded
by these reactive species ("OH and h*, etc.) efficiently (Egs. (4) and (5)) [164, 41, 165].
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Figure 14. Schematic diagram for visible light photocatalytic mechanism of methylorange
photodegradation on a g-CsN4/CuS composites [108] .

The water splitting approach to produce H; and O as clean fuels using photocatalysts with
sufficient potential is quite a promising strategy. The photocatalytic reactions are initiated by
excitation of the semiconductor photocatalyst with light energy equal to or greater than the
bandgap energy (Eg) of the material [165]. Once the semiconductor is excited by irradiation in the
presence of air or without air (O2), then separated electrons and holes follow several reaction
pathways. The recombination of e /h* pairs takes place firstly, since they could recombine easily
with each other on/in the semiconductor surface/volume [166]. The capacity of the photo-
generated species (the e /h™ pairs) could promote the redox reaction (reduction of hydrogen and
oxidation of biomass). These reactions depend on the conduction and valence band positions
compared to the red-ox potentials of H.O/H2 and O2/H20 respectively. In the second step, water
is splited to generate H> and Oz under anaerobic conditions (Fig. 15). The H* species are reduced
by receiving the electrons to H> molecules, respecting the condition that the potential of E ( Ho/H*

) is higher than Ecg, on the other hand, water is oxidized by holes to O, (Eve > E° ( O2/H.0 ) [167].
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Figure 15. The schematic representation of possible reaction pathways by excitation of the
semiconductor with light energy under anaerobic/aerobic conditions: water splitting (left-hand
reaction), biomass oxidation (right-hand reaction), and photo-reforming (rectangular reaction)
[168].

1.5.3. Biomedical and Sensing Applications

The alteration of the molecular structure of g-CsN4 is important in order to facilitate its handling
in water. Hence, it may be relevant in applications of sensing field, biotherapy and
bioimaging. Due to its light photoluminescence, highly recommended for biological related use,
the g-CsN4 nanomaterial is a very essential candidate for biomedical and sensing applications.
Ultrathin g-CsN4 nanosheets could be used as biomarkers for the labelling of the cell membranes.
Moreover, g-C3Ns was considered a potential photosensitiser and pH-responsive drug nanocarrier

for cancer imaging and therapy [169].
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SUMMARY IN FRENCH

Un grand nombre de semi-conducteurs tels que TiO2, WO3, ZnO et CuO ont été testés comme
photocatalyseurs pour produire de I'hydrogéene par décomposition de l'eau. Cependant, ces
photocatalyseurs présentent quelques limitations. Ils sont pour la plupart a base de métaux avec
des ressources naturelles limitées, possédent une surface spécifique limitée avec une bande
interdite large (absorption dans I’UV principalement) et présentent une recombinaison rapide des
paires électron-trou. Pour tenter de réduire la pollution et essayer de développer de nouveaux
vecteurs énergétiques durables, la conception et la synthese de photocatalyseurs efficients a suscité
un intérét scientifique croissant dans le monde de la recherche. Ces dernieres années, le nitrure de
carbone graphitique (g-C3N4) a montré de nouvelles applications potentielles dans le domaine de
la photocatalyse en raison de ses propriétés uniques. Cependant, I'efficacité photocatalytique du g-
C3aNaest aussi limitée par le taux élevé de recombinaison des paires électron-trou photo-induites
et son absorption réduite dans le domaine visible. Une stratégie, peu reportée dans la littérature,
est de nanostructurer le carbonitrure en présence d’un exces de C afin de présenter des sites actifs
supplémentaires accessibles aux réactifs et aussi favoriser la séparation des charges des paires

électron-trou.

Les principales méthodes de synthese de g-CsNs sont reportées, telles que la pyrolyse de
précurseurs contenant de I'azote et du carbone (ex : mélamine, dicynamide et urée). D’autres voies

de synthese sont aussi présentées avec les différentes hétérojonctions obtenues a base de g-C3Na.
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CHAPTER 2

Experimental work



2.1. Materials

Melamine (M) CsHsNe, L (+) tartaric acid (TA) C4HsOs, oxalic acid (OA) C2H204 - 2H20 and
citric acid (CA) CeHgO7-H20, with purity above 98 wt%, were purchased from MACH
CHEMIKALIE (Czech Republic). All the reagents and materials were used as received without

additional purification or treatment. Deionized water was used in the whole experiments.

2.2. Preparation of carbon nitrides materials

Melamine was placed in an alumina crucible with cover and then was put into a Muffle furnace
for pyrolysis at 550 °C for 4h under the air with heating rate 5 °C min* and labelled CN (yellow
g-C3Na). The yellow CN sample was further calcined under inert atmosphere at 620 °C for 2 h and
labelled CNO (defective orange g-CsNa).

2.2.1.  Synthesis of the adducts

Synthesis of adducts is based on the mixture of melamine and poly-carboxylic acids with M/A
molar ratios of 1, 2, 3, 4, 5 and 6. This process was extended here to different polycarboxylic acids
(A = TA, CA and OA), tartaric acid (TA), citric acid (CA) and oxalic acid (OA) mixed with
melamine in different M/A molar ratios X (X=1.5/1; 2.5/1; 3/1; 4/1 and 6/1). Typical, the synthesis
of adducts follows these experimental steps: 2.52 g melamine was dissolved under vigorous
stirring in 100 ml of distilled water heated up to 80 °C. Meanwhile, an appropriate mass of acid
was dissolved in 20 ml distilled water. This solution was then added drop by drop into the
melamine solution, which was kept warm and under stirring. A white precipitate appeared, then it

was filtered and washed with distilled water before being dried at 80 °C for 4 h.
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2.2.2. Preparation of C-rich-g-CsNs materials

The white precipitate (adduct powder) was placed in a covered alumina crucible (3 x 5 cm) and
then put into a tubular furnace for pyrolysis at 550 °C for 4h under inert atmosphere (N2 flow 100
ml min!) at a heating rate of 5 °C minL. The series of adducts obtained were named according to
the initial molar ratio X of melamine over poly-carboxylic acid A, following the formula MAX/1.
For instance, melamine-(M), oxalic acid-(OA) adduct obtained with a ratio X of 3/1 was labelled
MO3/1. Calcined materials at 550 °C were labelled with general name as MA/X-550. Depending
on the type of acid and M/A ratio used, it occurred that the yield of the precipitate was too low, so
the temperature of the solution was cooled down to 50 °C to recover enough solid, as summarized
in Table 1. It is worth noting, as shown in the discussion part, that this cooling step could also lead

to the precipitation of free reactants.

Table 1. Masses of melamine and carboxylic acids used as reactant in different molar ratios and masses of
the obtained adducts after precipitation and drying. MR1 ( molar ratio 1), MR2, MR3, MM (mass of

melamine), MAMR 1 (mass of acids per molar ratio 1), MAD (mass after drying per composition).

Adducts MR1 MR2 MR3 MM MAMR 1 MAD

MT 2.5/1 4/1 6/1 2.52 1.26 35 15 16
MC 1.5/1 4/1 6/1 2.52 0.67 28 32 31
MO 3/1 4/1 6/1 2.52 0.62 34 25 41

2.2.3. Preparation of N-rich porous carbon materials

Synthesis of N-rich porous materials are continuation of C-rich-g-CsN4 samples. These samples
were further calcined in the air on a muffle furnace with a cover crucible at 470 °C, 550 °C and
650 °C for 2 h, 1.5 h and 30 min, respectively, with heating rate 3 °C min~*. Samples calcined
further in air were labelled as follow MT-550-X (0x), MO-550-X (0x), MC-550-X (0x) with

(X=470, 550, 650 °C temperature of calcination in presence of air).
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2.2.4. Preparation of highly doped F-g-CsN4 materials

To perform the fluorination, firstly the samples were placed in a nickel boat and spread in the
middle of the boat for good reactivity, then the boat was placed in the oven under N> atmosphere
for 1.5 h at 20 °C. The fluorination process was carried out for 1.5 h with a maximum flow rate of
40 ml min~t at 20 °C then annealed under N, for 5 h at 100 °C to avoid fluorine release species.
Fluorination was followed and weight gains of 62, 47 and 73 % were observed for CN, CNO and
CCN samples, respectively, in relation to the reactivity towards F2. Hazardous and highly reactive
(explosive) materials were obtained after fluorination. Samples were directly annealed after
fluorination up to 50 °C in an inert atmosphere. After fluorination, the color of the samples
changed. The CCN sample became white, while CN and CNO lighter yellow and orange,
respectively, and looked like pasty samples with bad smells. After the fluorination, samples were
labelled as follows : CN-F> _20, CNO-F2> _20 and CCN-F2 _20 ( note: 20 °C on labelling is

temperature of fluorination).

CNO-F2_20
47 %

Figure 16. Materials before (left) and after (right) fluorination and their mass gain.

56



2.3. Characterization

The crystal structures of the samples were investigated by an X-ray diffractometer D8 ADVANCE
A25 from Bruker using a Cu Ka radiation source (A = 1.5406 A). The morphology of the samples,
previously gold-coated, was observed using a scanning electron microscopy (SEM) FEI Quanta
400 with a high-resolution low vacuum field emission gun (FEG). Elemental organic analysis
(EOA) of the samples was performed using a Thermo Finnigan FLASH EA 1112 Series CHNS/O
Analyzer (Thermo Fisher Scientific, USA). The nature of some chemical groups of the samples
was identified by Diffusion Reflectance Infrared Fourier Transform (DRIFT) spectroscopy on a
Thermo Scientific model iS50. Transmission electron microscope (TEM) micrographs were
obtained on a Jeol apparatus (model ARM-200F) working at 200 kV. Raman spectra were recorded
using a Horiba Jobin Yvon HR800 apparatus working with a laser at 488 and 532 nm. The Ip/lc
intensity ratio between the D and G bands was estimated using the Voigt function. X-ray
photoelectron spectroscopy (XPS) was performed using a VG SCIENTA SES-2002 spectrometer
equipped with a concentric hemispherical analyzer. The incident radiation used was generated by
a monochromatic Al Ka x-ray source (1486.6 eV) operating at 420 W (14 kV; 30 mA). EPR was
used to characterise the electron paramagnetic properties of the samples, performed on a Bruker
EMX spectrometer. The thermogravimetric-Differential Scanning Calorimetric analysis (TG-
DSC) was performed on a SETSYS-1750 CS analyzer with a heating rate of 10 °C mint . The
nitrogen adsorption-desorption isotherms were measured at 77 K on Surface area and porosity

analyzer Quantachrome Instrument.

2.4. Photodegradation experiments

Typically, 2.5 mg catalyst is added into a MO solution (~3 mL) with concentration Co= 3.7-10 ~°
mol dm~3. The solution and photocatalyst were stirred magnetically in the dark for 1 h to ensure
the adsorption-desorption equilibrium between the catalyst and the dye. Then, the cuvette
(photocatalyst/MO solution) was irradiated by a Xenon lamp (1000 W) under stirring, and
absorbance was measured every 20 min in the wavelength region of 200-800 nm. At the end,

stirring is stopped, photocatalyst is removed (by centrifugation if needed) washed with water and
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a new cycle can be tested with the same procedure. The concentration of the MO solution was
analyzed by ultraviolet spectrophotometer. Complementary experiments were performed using

fluoride solution to check their (F") photocatalytic influence.

2.5. Experiments of Hz gas evolution

Photocatalytic tests were performed in a stainless steel photoreactor (348 mL) equipped with a
quartz glass window. An aqueous solution of 100 mL, containing 50 % methanol and 0.1 g of
photocatalyst, was placed in the reactor, purged by helium to remove air and irradiated by a Hg
lamp (8 W Ultra-Violet Products Inc.maximum peak intensity at 254 nm). Sampling of the gaseous
phase was performed every hour during 4 h intervals through a septum. The gas phase composition
was analyzed by a gas chromatograph (Shimadzu Tracera GC-2010 Plus) equipped with BID

(barrier discharge ionization detector). All the measurements were performed repeatedly.

2.6. Zeta Potential measurements

To a volume of 50 ml of distilled water was added 25 mg of g-CsNa. The flasks were placed in a
tempered shake bath and shaken for 2 h, the temperature was 25 °C. An adequate portion was
dispersed by ultrasonication, injected into the electrophoretic cell and Zeta potential values were
recorded in the pH range from 2 to 14. The pH adjustments were made with solutions of 0.25 and
0.025 mol dm™ HCI and 0.25 mol dm~3 NaOH. A sample was then taken to measure the Zeta
potential. The zeta potential was measured using the Zetasizer Nano ZS (Malvern Instruments
Ltd., GB). This machine uses laser Doppler velocity to determine the electrophoretic mobility. The
zeta potential was obtained from the electrophoretic mobility using the Smoluchowski equation.
The fixed measurement conditions were the following: temperature (25 °C), electric field (15 V),
frequency (500 Hz), and the properties of the samples-viscosity (0.0089 kg m s™), refraction index
(1.333), and dielectric constant (78.36). The zeta potential was measured three times for each pH
and the isoelectric points (IEP, the pH values at which the zeta potential is equal to zero) were
generated from the obtained electrophoretic mobility curves. The relative error of determination is
+5mV.
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SUMMARY IN FRENCH

Les voies de synthése et les caractérisations des échantillons préparés dans ce travail sont
présentées dans ce chapitre.

1) Préparation des matériaux carbonitrures g-CaNa:

La mélamine a été placée dans un creuset d'alumine avec couvercle puis mise dans un four pour
carbonisation a 550°C pendant 4h sous air avec une vitesse de chauffe de 50°C/min. L'échantillon
a été noté CN. Il a une couleur jaune. Cet échantillon a également été calciné une second fois mais
dans une atmospheére inerte a 620°C pendant 2 h. Il prend alors une couleur orange et a été noté
CNO.

2) Préparation des matériaux g-C3Na riches en C (g-C3Na/ C)

La mélamine a été dissoute sous agitation vigoureuse dans de I'eau chaude distillée. Pendant ce
temps, une masse appropriée d'acide A (A = acide tartrique (TA), citrique (CA), oxalique (OA)) a
été dissoute dans un autre bécher et ajoutée goutte a goutte dans la solution de mélamine qui a été
maintenue chaude et sous agitation. Un précipité blanc est apparu qui a été filtré et lavé avec de
I'eau distillée avant d'étre séché. Le précipité blanc a été placé dans un creuset d'alumine couvert
et ensuite mis dans un four tubulaire pour sa carbonisation a 550°C pendant 4h sous atmosphére
inerte avec une vitesse de chauffage de 5 °C/min. Les séries de produits d'addition obtenus ont été
nommeées en fonction du rapport molaire initial X de la mélamine sur I'acide polycarboxylique A
(X=1,5/1;25/1; 3/1; 4/1 et 6/1) selon la formule MAX/1. Par exemple, le produit d'addition
mélamine-(M), acide oxalique-(OA) obtenu avec un rapport X de 3/1 a été étiquetée MO3/1. Les

matériaux calcinés a 550°C ont été étiquetés comme suit : MAX/1-550.

3) Préparation des matériaux oxydés

Les matériaux g-C3sNa / C, en particulier les échantillons MTX-550 (X=2,5/1 et 6/1) ont été
calcinés sous air (a) a 470°C ou 550°C ou 650°C de maniere a subir une oxydation controlée. Les
matériaux ont été notés respectivement MTX/1-550-470a, MTX/1-550-550a et M T X/1-550-650a.

4) Préparation des matériaux g-CsNas et g-C3N4 / C modifiés par F2
Pour réaliser la fluoration, les échantillons g-CaN4 (CN et CNO) et g-C3N4 / C ( MT6 :1-550

noté CCN) ont été disposés dans un creuset en nickel et places dans un four tubulaire. Aprés une
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purge du four (N2 - 1,5 h), un flux de F2 pur est mis en contact avec les échantillons pendant 1h30
min a 20°C. Les échantillons fluorés obtenus ont ensuite été recuits sous N2 pendant 5h a 100°C
puis mis a I’air quelques jours afin de dégazer certaines espéces fluorés (ex : HF) et stabiliser les
échantillons qui présentent un caractere explosif a la sortie du four. Les échantillons fluorés sont
nommes comme suit : CN-F2, CNO-F2, CCN-F2. Afin d'obtenir un apergu des propriétés des
matériaux fluorés, ces derniers ont été caractérisés avec différentes techniques telles que : la
diffraction des rayons X (DRX), la spectroscopie RAMAN, la spectroscopie Infrarouge a
transformée de Fourier (FTIR), la résonance paramagnétique électronique (RPE), la spectroscopie
de photoélectron (XPS), la spectroscopie de réflectance diffuse UV-visible (DRS), la
thermogravimétrie couplée spectroscopie de masse (TG-MS), la microscopie électronique a
transmission (MET) ou a balayage (MEB) et I’analyse ¢lémentaire. Leurs propriétés
photocatalytiques ont également été étudiées en suivant la dégradation du colorant methyl-orange

sous irradiation.
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CHAPTER 3

Tuning the C/N ratio of C-rich
graphitic carbon nitride (g-CsNa)
materials by the
melamine/carboxylic acid adduct
route
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3.1. Introduction

Graphitic carbon is formed of sp? carbon atoms arranged into condensed six-membered rings. Its
n-orbitals are responsible for many properties, such as high electronic conductivity, which yield
numerous applications, like electrode in Li-ion batteries [1]. It displays a high thermal stability in
an inert atmosphere. In-between g-C and g-CsNsa, a large range of compositions exist either as a
doped phase (C-doped g-CsN4 and N-doped g-C) or as N-rich g-C or as C-rich-C3N4. The resulting
compounds display modified properties compared to the pristine phases with interesting new
functionalities and potential applications. For instance, doping of N into graphitic type carbon
yields to new properties such as metal-free electrocatalysis [2] or enhanced performances in
supercapacitor [3]. However, the addition of C into g-C3sNj4 structure improves the photocatalytic
properties by either shifting the absorption range from UV to the visible range or by limiting the
recombination of electron-hole pairs. It is proposed that carbon doping of g-CzNa structure allows
the formation of a large number of delocalized n-bonds with a change in the electronic structure
[4]. The N content in the C-N system is strongly determined by the thermal stability of N-
containing moieties with respect to carbon [5, 6]. Depending on the temperature and precursor
used, the three main types of N-doping observed in g-C structure are pyrrolic-N, pyridinic-N and
graphitic-N [7]. With the increase in the temperature, the nitrogen content is reduced and the first
two groups tend to decompose in the profit of the most stable graphitic-N.

Interestingly, nanocomposites combining carbonitride and carbonaceous phase display a higher
electronic conductivity, which enhances their performance compared to pristine g-CsN4 either in
photocatalysis [8] through a longer exciton life-time, or in electrochemical energy storage (Na-ion
storage batteries). Moreover, controlled gradient of composition between these two phases have
shown to further improve the photocatalytic activity of the nanocomposite [9]. Those properties
are strongly dependent on the interface between the two phases. Based on the potential applications
of graphitic structure with C and N atoms and especially for those having a C-rich g-C3Na
composition, it appears interesting to control the C/N ratio of the graphitic phase over a large range
of compositions and to evidence how the C atoms are distributed within the structure, especially
when starting from homogeneous precursors having an atomic distribution of C and N atoms. For
that purpose, different synthesis routes have been developed in the literature based on precursors

containing C and N with different C/N ratios. CNx compounds with a high N-content are obtained
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from the carbonization of N-rich precursors such as melamine, dicyanamide and urea [10]. The
addition of C-precursors (e.g. glucose [11], polyaniline [12], cellulose, agricultural products etc.)
to those N-rich precursors yields C-rich-g-CaN4 compounds. It was shown after the carbonization
of the glucose and melamine mixture that the resulting g-CsNs structure contains C-ring
nanodomains with enhanced photocatalytic properties for water splitting compared to raw g-CzNa
[13]. However, these “physical mixture” processes lacked to finely tune the properties of these
materials by controlling their precursors at the molecular level. Thus, nice and original synthesis
for materials with optimized and tailored properties were developed via the formation of
supramolecular self-assembled of C and N precursors. These products, also called adducts, are
formed by the recognition and binding of complementary sub-units thanks to hydrogen bonds and
non-covalent interactions (e.g. « interaction) [14]. Molecular crystals are then obtained. In this
context, a wide variety of materials with different dimensionalities, ranging from 1D to 3D, were
formed [15]. Melamine (M) is an interesting sub-unit as a g-C3N4 precursor since it has a strong
ability to be involved in the formation of supramolecular self-assembled compounds through the
recognition process. For instance, melamine associated with cyanuric acid [16], barbituric acid
[17] has been largely investigated. More recently, adducts based on melamine and carboxylic acids
have also been studied. With melamine and benzoic acid [18], or oxalic acid [19] , adducts were
formed through hydrogen bonding (N-H . .. O and/or N-H . . . N), ionic interactions (according to
the pH) and n-m interactions (if present) [20] as schematized in Fig.17.
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Figure 17. Schematic representation of attractive interactions in melamine-carboxylic acid self-assembled

compounds.

Based on this self-assembled precursor type, Li et al. prepared for the first time g-CaNa sticky
nanotubes using melamine-ammonium oxalate complex [21]. This process leads to the formation
of porous g-CsN4 nanotubes (PCN) within carbon in the structure. This process leads to the
formation of porous g-CsN4 nanotubes (PCN) within the carbon in the structure. More recently, X.
Fang et al. were also able to prepare co-crystals between teraphtalic acid (TPA) and melamine
(M), via hydrogen-bonding functional groups -COOH from (TPA) and -NH2 from (M), which led
to the preparation of C-rich g-C3N4 [22]. This homogeneous distribution of C-rich (TPA) and N-
rich molecules (M) within the crystalline adduct is supposed to lead to a homogeneous distribution
of C and N species at the nanometric/atomic scale within the g-CaNa structure.

Nevertheless, this adduct approach was never systematically investigated in the melamine-
carboxylic acid system in order to tune the C/N ratio of carbonitride-type phase over a large range
of compositions and with the potential formation of nanocomposite materials. We aimed to
""build*“"a bridge between g-C3N4 and C-rich materials and to construct nanocomposites, and to
describe deeply the structuration of these materials in fundamental point of view. A possible
explanation was proposed in photocatalytic point of view in relation with Hz generation. For that
purpose, different carboxylic acids, denoted A (for oxalic acid (OA), citric acid (CA) and tartaric
acid (TA)), having different carbon chain lengths were used in the presence of melamine to yield
different adducts labelled as MAX/1(z) with M for melamine, A for the acid, X/1 for the molar
ratio M/A and z for the number given to the crystal phase (1 or 2). These phases were used as
precursors of C-rich-C3N4 phases having different C/N ratios. This route, which does not require
an organic solvent or hydrothermal step, appears as a simple way to tune the C/N ratio of the CNx
carbonized materials by selecting either the nature of the carboxylic acid and/or the

melamine/carboxylic acid ratio.
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3.2. Evidence of adducts formation

3.2.1. Structure and morphology of adducts investigated by XRD and SEM

As shown in X-Ray diffraction (XRD) patterns (Fig. 18a-c), the mixture of M with the carboxylic
acids leads to new crystalline phases called adducts. The latter depends on the nature of the
carboxylic acid A and the ratio X/1. Interestingly, for each of the two ratios X/1 tested, a particular
crystalline phase was obtained and denoted MAX/1(z) with z =1 or 2. In some cases, due to the
cooling step of the precipitation solution used to increase the yield of these adducts, the presence
of M was detected. A list of the XRD peaks of these adducts and their positions are presented in
Table 2.

Table 2. Peak positions 26 degree of precursors and the new phases (adducts). Evidence formation of
new peaks after the chemical reaction between starting materials.

Melamine 13.12 17.66 21.61 22.03 26.15 28.78

Oxalic acid 14.89 15.35 18.79 25.85 29.03 30.44

MO3/1 12.05 12.94 16.47 17.24 21.42 24.61

MO6/1 17.22 17.69 23.06 25.97 26.17 -

Tartaric acid 11.64 18.82 20.73 23.38 25.08 29.73 32.01
MT2.5/1 14.12 20.79 29.96 30.97 33.36 34.34 -
MT6/1 12.54 15.95 16.88 17.68 23.90 26.94 32.24
Citric acid 15.19 16.95 18.16 22.28 23.04 26.01

MC1.5/1 13.23 18.94 27.72 30.51 - -

MC6/1 13.29 19.69 21.94 25.86 26.18 27.02

Interestingly, peaks of MO3/1(1) and MO6/1(2) phases (samples with melamine-oxalic acid adduct
obtained with 3/1 and 6/1 molar ratios) do not correspond to the phases reported by Han et al. [19].
These authors reported that the obtained phase displays the two most intense peaks at 20 angle
circa 18° and 27° for Cu Ka radiation. Since this is outside the scope of this study, the

determination of the adduct crystal structures was not performed.

65



a)

—— Melamine —— M06/1(2)
— Oxalic acid —— MO3/1y) ’
. A N M

b)
— Melamine. —— MT6/1,

— Tartaric acid—— MT2.5/1y,
A N X

~ -
> >
> N 2
- |
£ . . =
[ ' )
+— | I | +—
]
dorM Cor M 0 LlorM
10 15 20 25 30 3k 10 15 20 25 30 35
20 /degree 20 /degree
c)
—— Melamine——MC6/1y)
—— Citric acid —— MC1.5/1
-
=
©
Nt
=y .
- n
2| . "
|
Llor O
4 Clor CA M
10 15 20 25 30 35
20 [degree

Figure 18. XRD patterns of the M and A precursors and their corresponding adducts obtained with two

different M/A molar ratios: a) melamine, oxalic acid, MO3/1 ), MO6/1 (»; b) melamine, tartaric acid,
MT2.5/1 1), MT6/1 (2; c) melamine, citric acid, MC1.5/1 (1), MC6/1 (2. The m and o symbols indicate the

main peaks of MA/X @ and MA/X (» adduct crystalline phases, respectively; M: melamine, O: oxalic acid,;

T: tartaric acid; C: citric acid.
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Another evidence of adducts formation is their singular crystal shape compared to those of the M and
A precursors as observed by SEM micrographs in Fig. 19a-g. The typical irregular granular shape of
the precursors is not more encountered for the MA X/1 (z) samples, which display a typical regular
needle-like shape for MT X/1 with X = 2.5 and X = 6.0 (Fig. 19d-e) and a lamellar-like shape for MC
X/1 morphology for X = 1.5 and X = 6.0 (Fig. 19f-g). These different characterizations have
evidenced the formation of adducts. Indeed, they all show that the phases obtained are not a physical
mixture of M and A (even if impurities of M could be detected for some samples) since the adducts
showed: a typical thermal degradation (Fig. 22), a particular XRD pattern (Fig. 18), single phase

morphology evidenced by SEM observation in Fig. 19 and a peculiar infra-red (IR) spectrum

compared to melamine (see the range 3000-3500 cm™ in Fig. 20-21).
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Figure 19. SEM micrographs of a) melamine, b) tartaric acid, c) citric acid and of the as synthesized
adducts with two different molar ratios d) MT2.5/1 (1), €) MT6/1 (2), f) MC1.5/1 (1) and g) MC6/1 (2).

3.3. Composition of adducts

3.3.1. Elemental analysis

To determine the chemical composition of the adducts, elemental analysis was carried out and the
results are reported in Table 3. Melamine and polycarboxylic acid compositions were compared
with those of the adducts. For each acid considered, the as-synthesized adducts show nitrogen
content following the molar ratios M/A of the starting precursors. As expected, the oxygen content
follows the opposite trend due to the presence of carboxylic acid groups and hydroxyl (if any)
possibly associated with water crystallization molecules. Based on these data, calculated M/A ratio
of adducts could be determined considering that nitrogen is related to the melamine content and
carbon arises from acid and melamine. These ratios may differ from the starting M/A ratios and
are (close to) integer values, as expected for adducts. Discrepancy compared to integer values
could be due to the impurities observed by XRD, therefore caution should be taken regarding these
ratios, which could not always correspond to the real M/A ratios of the adducts.
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Table 3. Elemental composition (CHNO analysis) of melamine, TA, CA and adducts for two molar ratios

and corresponding calculated M/A ratio (based on C and N compositions).

Name of sample C (Wt%) N (Wt%) O (wt%) H (wWt%) M/A ratio
Melamine 28.5 66.63 - 4.80

TA 32.01 - 63.96 4.03

CA 37.51 - 58.29 4.19

MT2.5/1 27.5 39.09 28.77 4.64 2.1/1.0
MT6/1 28.03 53.27 14.12 4.55 5.9/1.0
MC1.5/1 31.56 37.65 26.48 4.28 2.1/1.0
MC4/1 30.45 42.57 22.26 4.62 3.0/1.0

3.3.2. Infrared spectroscopy

To further confirm the evidence of adducts formation, Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT) was carried out on these new phases and compared with the pure
precursors M and A shown in Fig. 20. For the M precursor, all the observed peaks are in agreement
with the data of the literature. Two main broad peaks at 3122 cm™ and 3326 cm2, related to NH;
symmetrical vibration modes, appear. Two sharp bands at 3419 cm™ and 3472 cm™ show
asymmetrical -NH stretching, [23] while bands at 808 cm and 1020 cm™ correspond to triazine
deformation modes [24]. The typical signatures of carboxylic acid groups were observed with the
C=0 stretching ( 1720 cm™) and C-O stretching ( region 1105 cm and 1200 cm™). Since the
acid-base reaction is expected in the mixture of the precursors, partial protonation of amine and
deprotonation of carboxylic acid groups may occur. This behaviour has been observed in the
Melamine-Benzoic Acid system [25], where attractive interactions ( ionic interaction, H-bond and
Van der Waals forces ) between reactants (melamine, melaminium, carboxylic and carboxylate)
and together with water bridging molecules were encountered. Similar interactions may also be
present within adducts. Indeed, the presence of two broad bands at 3102 cm™ and 3335 cm™ are
shifted compared to that of melamine, which could correspond to the stretching of N-H---O
bond of protonated melamine as observed in the melaminium chloride structure [26]. A small shift
of this absorption band between the two M/A molar ratios can also be observed in agreement with

the two different compositions of the adduct phases. The typical bands of carboxylic acids
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expected in the range 1400-1600 cm™ are almost no longer observed in the adducts. It indicates

the formation of carboxylate groups. The band intensity region from 1377 to 1700 cm is related

to the C=N and C-N stretching vibrations of the melamine ring, that also appear in the adduct.

Moreover, the peak associated to out of plane bending of triazine at 808 cm™t for melamine

disappeared in the adduct as observed for protonated melamine [27]. All spectra of the adducts are

shown in Fig.21, exhibiting a similar trend with the other acids used.
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3.4. Thermal behavior of adducts

To follow the thermal transformation of precursors and adducts during the heating process,
thermogravimetric and differential thermal analysis (TG-DTA) were carried out in argon flow
(Fig. 22a-e). For pure acids, thermal decompositions are endothermic (Fig. 22a) and occur in a
single step or in two steps for the dehydrated oxalic acid owing to an additional dehydration step.
In all cases, the decomposition is nearly complete between 200-285 °C, a small part of carbon (2
%) remaining at 1000 °C for only TA and CA acids. Melamine shows different thermal behaviour
compared to the acids. Its endothermic decomposition temperature is observed starting at 295 °C
up to 365 °C. The mass loss was more pronounced in this interval, and was followed by a sharp
decomposition peak (Fig. 22b) due to deamination [28]. With the increase in the temperature, g-
C3sNy is progressively formed in the range 400-500 °C and then completely decomposed at 750 °C.
Adducts behave differently compared with their precursors, as displayed in Fig. 22c. To see more

precisely adduct’s endothermic decomposition behaviour, DTA and DTG were plotted (Fig. 22c-
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Figure 22. TG and DTA of precursors (a-b) and adducts (c-e) under nitrogen flow (heating rate 10 °C
min™).

All adducts display four decomposition steps in the temperature ranges 110-155 °C, 225-314 °C,
322-357 °C and 683-715 °C (DTG data) in agreement with the four observed endothermic peaks.
In the low temperature region (from 100 up to circa 350 °C), the steps are attributed, respectively,
to the dehydration of the adduct and the acid decomposition, followed by the deamination of the
melamine. The third step occurs at a lower temperature compared to pure melamine, giving another

evidence of adducts the formation and rather than a physical mixture of the reactants. The last step
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occurs in the high temperature region (above 650 °C) where thermal decomposition products are
either completely decomposed (MO4/1 adduct) or partly decomposed with a carbon yield close to
5 % at 1000 °C (MT4/1 and MC4/1 adducts). This low thermal stability of MO4/1 at high
temperature has already been observed for a similar adduct type made with melamine and oxalic
acid and for pure melamine decomposition product. This suggests that the MO adducts
decomposition product behaves almost like the g-C3Ns regarding melamine decomposition.
Interestingly, another thermal behaviour is observed for the MT4/1 and MC4/1 adducts. This leads
to a more stable decomposition products at high temperatures (yield close to 5 wt%).

3.5. Physico-chemical characterizations of C-rich-g-CsNs materials

3.5.1. XPS, Elemental analysis and FTIR

The chemical composition of the calcined samples was investigated by elemental analysis (EA)
and X-ray photoelectron spectroscopy (XPS). Since these techniques give an indication about
respectively the bulk and the surface composition, discrepancy can be observed, but the evolution
of the N/C ratios roughly follows the M/A ratio used to prepare the adducts (Table 4). Pure g-C3N4
is supposed to have theoretically 60.9 wt% of N and 39.1 wt% of C. The reference material g-C3N4
displays a slightly different composition since it was prepared in air (presence of oxygen), and at
a temperature where its decomposition has started. The other samples, prepared at the same
temperature but in an inert atmosphere, have lower nitrogen content and higher C content
compared to the reference. Values ranging from 38 to 57 wt% were observed for the N content
whereas carbon content lies between 38 to 49 wt%, meaning that the samples can be considered
C-rich-C3N4 materials as confirmed later. Interestingly, relatively high oxygen content was
detected with values ranging from 6 to 10 wt%. It has been proposed that oxygen arises from the

carboxyl group of polycarboxylic acids.
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Table 4. Chemical composition in (wt %) of the samples obtained from elemental (EA) and XPS analysis

with carbonization yields (wt %). np, indicates not performed samples.

Name of C N 0] H C/N Yield
sample atomic (%)
EA XPS EA XPS EA XPS EA EA
g-CsN4-550(0x) 34.33  40.44 62.60 57.28 2.46 2.28 1.61 0.63 26
MO3/1- 550 34.4 n.p 56.99 n.p 6.67 n.p 1.94 0.70 40
MT2.5/1-550 46.26  50.40 41.88 45.04 10.13 4.56 1.22 1.29 26
MT6/1-550 42,29 41.33 46.18 57.53 10.43 1.13 1.37 1.07 35
MC1.5/1-550 49.23 55.96 38.12 40.28 11.14 3.76 1.48 1.50 29
MC4/1- 550 43.70 n.p 44.65 n.p 9.78 n.p 1.57 1.14 32
MC6/1-550 38.99 51.60 51.42 44.53 7.69 3.87 1.75 0.88 38

High-resolution XPS measurements of C-rich-g-CsN4 and g-CsNs samples were also performed.
For the g-C3aN4 reference (Fig.23) two contributions are observed on the C1s high resolution spectra:
1) N-C=N at 288.4 eV typical of triazine and 2) C or H species bonded to C (C=C, C-C, and CHXx)
at 285.0 eV. The latter species, unexpected in g-C3sNa, were attributed to “adventitious” carbon
atoms which were gradually deposited on the surface of the material in the XPS chamber due to C-

based gaseous pollutants [29].
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Figure 23. C1s and N1s high-resolution XPS spectra of g-CsN4-550 (0x).
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For the C-rich-C3N4 samples, measurements were more difficult to record compared to the one of
g-CsN4, owing probably to the presence of nested carbon-rich clusters or nanodomains with
different electrical conductivities from their g-CsN4 environment. This required, for charge
compensation, the use of an electron flood gun, which led to variable peak profiles and positions
according to the voltage applied. As a result, the flood was adjusted for the C1s analysis, in order
i) to obtain a profile of the C1s peak as fine as possible and ii) that the contribution of the lowest
energy was attributed for each sample to C-C, C=C and CHx bonds at 285 eV (assuming that the
sample contains similar species in different ratio). No quantitative analysis was extracted from
these spectra. Thus, we have followed only the evolution of the main contributions for selected
samples (Fig. 24). The signal at 285 eV was attributed to carbon-rich clusters or nanodomains
originating from the carbonaceous skeleton of the adducts carboxylic groups. Its contribution
clearly increases with the C content of the selected samples from 42 wt% for MT6/1-550 to 46 and
49 wt% for respectively MT2.5/1-500 and MC1.5/1-500 samples. Meanwhile, the contribution of
N-C=N species decreases. From these findings, it is clear that beside the presence of g-CsNs
domains, a higher portion of carbon-carbon bonds is observed with a higher carbon content,
presumably in the form of C=C bonds as suggested latter by Raman spectroscopy with the

appearance of D and G bands characteristic of graphitic-type carbon.
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Figure 24. High resolution XPS C1s spectra of MT6/1-550, MT2.5/1-550 and MC1.5/1-550 samples

showing the evolution of N-C=N and (C=C, C-C and C-H) contributions with variation of the carbon

content.
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The N1s spectra of MT6/1-550, MT2.5/1-550 and MC1.5/1-550 samples display three main
contributions centered at the binding energy of 399.08 eV (corresponding to sp2-hybridized
pyridinic-N species in triazine rings (C-N=C), 400.6 eV (tertiary nitrogen N-(C)s groups) and 401.7
eV terminal amino groups (C-N-H) (Fig. 25). A clear evolution of these populations can be observed

with the increasing carbon content; the C-N=C population decreases while the N-(C) z and N-C

amine increases (Table 5).
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Figure 25. High resolution XPS N1s spectra of a) MT6/1-550, b) MT2.5/1-550, ¢) MC1.5/1-550 samples.
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Table 5. Nitrogen bonding compositions and peak-ratio area of C-rich-CsN4 and g-C3sN4 samples with

variation on molar ratio.

Samples N-(C)3 C-N=C N-C(amine)
Peak ratio  Position/eV  Peak ratio % Position/eV Peak ratio %  Position
% eV

g-C3N4-550 (ox) 12 400.3 73 398.9 10 4014
MC1.5/1-550 21 400.3 60 398.7 13 401.3
MC6/1-550 12 400.5 74 398.8 10 4015
MT2.5/1-550 17 400.3 67 398.7 11 401.2
MT6/1-550 12 400.6 80 399.0 6 401.6

The g-C3sN4 and C-rich-C3N4 samples were analyzed by DRIFT spectroscopy, as shown in Fig. 26.
The spectra of the g-C3N4 reference display typical and well-resolved absorption bands, as reported
in the literature, at the opposite to those of C-rich-g-CsN4 samples (e.g. MT4/1-550 and MC4/1-
550), which typically have poorly resolved bands as encounter usually for poorly ordered carbon-
based materials. All selected samples displayed a band at 807 cm™ which is attributed to the
breathing mode of the triazine ring [30]. A similar trend is observed for the other peaks of the g-
C3Ns, 1319 cm™ and 1562 cm™ correspond to the C-N and C=N stretching mode of aromatics,
whereas the peak at 1417 cm™ corresponds to tertiary-N [31] also revealed by XPS. A broad
absorption band around 3200 cm™ presents in all spectra and a second band around 3600 cm™
detected mainly for C-rich-C3aN4 materials could be related to the stretching vibration mode of N-H
and surface adsorbed water molecules O-H [32, 33] in g-C3N4 domains and/or C-rich clusters as
evidenced latter by Raman spectroscopy. A small band at about 2177 cm™* was detected for the C-
rich materials; it could be attributed to the nitrile species [34]. It is presumed that these groups are
yielded through the thermal decomposition process of amides, formed previously by a reaction
between melamine amine groups and carboxylic acids. These amide groups could follow successive
degradation steps and lead to nitrile species [35]. This hypothesis is strengthened by the fact that
thermal degradation of nitriles yields HCN species, as observed by TG-MS (results unreported).
The absorption band at 2363 cm™ for the MO4/1-550 sample is related to the fluctuation in the CO2

amount inside the spectrometer during measurements [36].
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Figure 26. FTIR spectra of g-C3N4-550 (0x), MT4/1-550, MC4/1-550, MO4/1-550.

3.5.2. Structure investigation of C-rich-g-C3N4 materials

3.5.2.1. Raman Spectroscopy

Raman spectra of the samples MC1.5/1-550, MC6/1-550, MT2.5/1-550, MT6/1-550, MC4/1-550
(black) and MO4/1-550 (brownish color) are shown in Fig. 27a-b. The use of two different
excitation wavelengths (488 and 532 nm) was necessary to overcome luminescence phenomena,
which yielded poorly resolved spectra for some samples. In some cases, this problem could not be
overcome and therefore, spectra of g-CsNa4 (reference), MO4/1-550 and MT6/1-550 (beige color)
samples were then not presented for all wavelengths. For an excitation wavelength of 488 nm Fig.
27a, only the black samples display the two typical D and G bands of graphitic-type carbon at
respectively 1371 cm™ and 1566 cm™. Even if caution should be taken due to a luminescence
phenomenon, the intensity ratio of D and G bands (R= ID/IG) follows a clear decrease with the
carbon content, as shown by the sequence: R (MC1.5/1-550) = 3.6 > R (MT2.5/1-550) = 3.3 >R
(MC6/1-550) = 1.5 for respectively 49, 46 and 38 wt% of C (Table 4). This feature fits well with
In/lG ratio evolution observed for disordered carbon having for instance very low coherence length

(La) in the in-plane graphitic structure, typically below 2 nm. In that size range, the intensity ratio
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is proportional to La? (i.e. the carbon cluster area) and follows the degree of ordering of the carbon
structure. Indeed, in this case, the D mode intensity is related to the probability of finding a sixfold
C ring and this probability decreases with the loss of ordering (and the La size) owing to the
formation of C chains, sp® species, or other types of rings. At the opposite, the intensity of the G
mode, related to the motion of C sp? atoms, is considered as relatively constant in this range
whatever the disorder [37]. Hence, in this study, with the decrease of the carbon content in the
carbonitride samples, lower probability to form sixfold C rings is expected, resulting in a decrease
of Ip/lg ratio. This trend is supported by the absence of second order bands such as the 2D bands
observed usually around 2750 cm™* and which is replaced by a bump for highly disordered carbon
in the range 2400-3100 cm™2. Usually a decrease in the G band position with the amorphization of
the graphitic structure from 1580 (graphite) down to 1510 cm™ (amorphous carbon) is expected
for carbon materials. This feature is not encountered in the study samples. Indeed, values ranging
from 1580 to 1602 cm™* were observed at different wavelengths for the G band. This suggests a
high presence of sp? carbon atoms arranged in six-membered rings, probably as clusters within the
g-CsNg structure. Fig. 27b shows the Raman spectra of the MC4/1-550, MO4/1-550 and MT6/1-
550 samples recorded with an excitation wavelength of 532 nm. A clear difference could be
observed between the MO4/1-550 sample, having a composition close to g-C3Na, and the two other
samples, which are more carbon rich. The former did not display any strong absorbance bands, as
expected for disordered g-C3Na4 prepared in air. For the latter samples, beside the typical D and G
bands, a hump in the region between 2600-3000 cm is observed as for very disordered carbon

materials [38].
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Figure 27. Raman spectra of carbonized samples recorded with an excitation wavelength at 488 nm (a) and
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A hypothetical representation of the C-rich-g-CsN4 nanostructure is reported in Fig.28 with sixfold
carbon ring nanometric domains, where the carbon domain are indicated in black color, whereas

blue and black balls in hexagons represent N and C atoms, respectively .

Figure 28. Hypothetical representation of the C-rich-C3N4 heterostructure with presence of sixfold-carbon

ring nanometric domains embedded within g-CsNjy structure.
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3.5.2.2. X-ray diffraction (XRD)

The g¢-C3Ns and C-rich-g-CsNs4 materials were investigated by XRD. The XRD
difractograms show large diffraction peaks, typical of highly disordered crystalline materials with
a hump at 13.10° (for g-CsN4 and MO3/1-550 samples only), and a peak in a large range 26.9-
27.4° (Fig. 29). The hump corresponds to the (100) interplanar distance of g-C3Na4 and is typical
of the in-plane structural packing motif of heptazine units, as described in the literature [39].

The peak around 27° is attributed to (002) planes present in both crystalline graphitic carbonitride
(9-C3N4) and graphite C structures and corresponds to interlayer stacking distances. Compared to
perfect crystalline structures of g-CaN4 with d 002 = 0.3246 nm and graphite C d oo2 = 0.336 nm
[40], the observed d o2 Values lie in this range. Moreover, these values are higher when disorder
is present in the lamellar structure [41], (e.g. treatment above the decomposition temperature of g-
C3N4 in oxidation or inert atmosphere, presence of heteroatoms and activation of graphitic carbon).
Among the two samples exhibiting the heptazine structure, the MO4/1-550 sample shows the
lowest d o0z Value (d = 0.3252 nm) slightly above the value of perfect g-CsN4 followed by the
reference g-CsNa4 sample prepared in air (d 002 = 0.3265 nm). It indicates that both samples, having
a yellow-beige color and prepared at the same temperature, have a slightly disorder structure, close
to perfect g-CsN4, but with more defects when heat-treatment was performed in air. For the other
samples, the d o2 spacing follows the sequence M03/1-550 < g-C3sN4-550(air) < MT6/1-550 <
MC6/1-550 < MT2.5/1-550 < MC1.5/1-550, which is nicely correlated with the carbon content of
the sample (Table 4). This trend indicates that the increase in the carbon content in the lamellar
structure significantly increases the interlayer distance. The highest d oo2 value (0.331 nm)
observed for MC1.5/1-550 sample having the highest carbon content is below the interlayer
distance of graphite [42], suggesting that all materials prepared have compositions ranging
between crystalline g-C3N4 and graphite, so they can be considered C-rich carbonitride phases.
Thus, the absence of peak at around 13° for these samples could be attributed to the introduction
of C as a heteroatom within the lamellar structure of g-C3N4 with a breakdown of the long- range
periodicity of the in-plane heptazine units. As the carbon content increases, a nanocomposite of g-

C3sNgz with carbon nanodomains could appear.
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Figure 29. XRD patterns of MC1.5/1-550, MT2.5/1-550, MC6/1-550, MT6/1-550, g-C3N4-550 (0x),
MC4/1-550, MO3/1-550.

3.5.3. Morphology and structuration

3.5.3.1. Transmission Electron microscopy (TEM) and Energy Dispersive

X-ray analysis (EDX)

The nanostructuration of the samples was analyzed by TEM (Fig. 30a-d). Materials like g-C3Na
and MO3/1-550, which have both a low thermal behaviour, display a nanoporous structure with
holes with a few tens of nm (Fig. 30a-b). This nanostructure is not so evident for C-rich samples
having higher thermal stability ( MC1.5/1-550 and MT2.5/1-550 ), as shown in Fig. 30 c-d. High-
resolution TEM was difficult to perform owing to the decomposition of the samples under the
beam. The structuration of the materials does not lead to porous materials as evidence by the low
surface area (13-26 m? g* from BET model) revealed by N, adsorption at 77 K. EDX analysis
coupled with STEM experiments have showed a homogenous distribution of C and N at the sub-

micrometric scale ( Fig. 31a-c ).
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Figure 30. TEM images of a) g-CsN4-550 (0x), b) MO3/1-550, ¢) MC1.5/1-550 and d) MT2.5/1-550

samples.
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Figure 31. STEM-EDX elemental mapping and uniform distributions of C and N in nanometric scale of
a) MT2.5/1-550, b) g-CsN4-550 (0x), ¢) MO3/1-550.

3.5.4. Thermal stability of C-rich-g-CsNs materials

3.5.4.1. Thermogravimetric analysis (TGA) and Differential Scaning
Calorimetry (DSC)

To investigate the thermal properties of the calcined samples, TG-DSC analysis under an argon
atmosphere was carried out. In agreement with the literature, the thermal stability of g-CsN4 in
inert atmosphere was limited with a decomposition onset at circa 630 °C and complete
decomposition at 780 °C (Fig. 32a). For C-rich-g-C3N4 samples, interestingly, the temperature-
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decomposition onset occurs at lower temperatures than the g-CsNa reference, around 534 °C and
630 °C for respectively MT4/1-550 and MC4/1-550 (Fig.32b). Surprisingly, this behaviour is
associated with good high-temperature stability since these materials are still present with a yield
of around 20 wt% at 1000 °C. The MO4/1-550 sample lies in-between C-rich samples and g-C3N4
regarding nitrogen content as its temperature decomposition onset of 650 °C. It appears that the
introduction of extra carbon (and oxygen) atoms within the heptazine structure leads to its
destabilization and to a lowered decomposition temperature. The resulting structure, probably
enriched with carbon, is then more stable at high temperature. All materials exhibit an endothermic

behavior during these decomposition steps (Fig. 32c).
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Figure 32. TG-DSC thermograms of g-C3N4-550 (0x) (a), TG thermograms (b) and DSC thermograms
(c) of MT4/1-550, MC4/1-550, and MO4/1-550 samples under nitrogen flow.

3.5.5. Optical properties of C-rich-g-C3N4 materials
3.5.5.1. Diffuse reflectance spectroscopy ( DRS)

A large panel of colored samples were obtained, ranging from yellow (g-C3sN4 -550 (air)) to black
(C-rich-C3N4 materials), via a brownish (MO3/1-550) and beige (MT6/1-550) color for materials
containing a limited amount of extra carbon compared to g-C3N4. DRS spectra of g-CsN4-550 (0x),
MOA4/1-550, MT6/1-550 and MC1.5/1-550 samples are reported in Fig.33a. Reflection band edges
of around 450 nm and 520 nm were observed for respectively g-CsN4-550 (0x) and MO4/1-550.
This shift is related to the higher carbon content of the latter sample, which also shows a lower
reflectance than the reference in the whole visible range. For even higher carbon content (MC1.5/1-
550), the reflectance values are the lowest in the visible region, whereas no significant differences
were observed in the UV region. It was impossible to calculate the band gap energy Eg from the
Kubelka-Munk theory [43] for the MT1.5/1-550 material. Indeed, if we consider that the material
structure is composed of C-rich domains nested within a disordered g-CsNa structure, this structure
could lead to ill-defined conductive and valence bands for each phase and therefore, difficulties in
isolating their individual contributions by the Kubelka-Munk theory. Therefore, the calculation of
the band gap was not performed as recommended in reference [43]. The possible band gap
estimation was performed only for g-C3N4-550 (0x) and MO4/1-550 (Fig. 33b). The band gap of

the photocatalyst was determined using Tauc plot, where (F(R)-hv) 1/2) was plotted against photon

energy (hu) according to Kubelka-Munck function. The band gap for g-CsN4-550 (0x) and MO4/1-
550 photocatalysts was obtained from x-intercept by drawing a tangent line of each curve. While
the estimation band gap of MC1.5/1-550 was difficult to carry out, due to the black color and
higher amount of carbon, and not optimized method for these kinds of samples.
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Figure 33. Reflectance spectra (a) and energy band gap (b) of g-CsN4-550 (0x), MO4/1-550 and
MC1.5/1-550.

3.6. Photocatalytic properties of materials

3.6.1. Hydrogen evolution

The potential photocatalytic properties of those raw C-rich-g-CsN4 materials were investigated
briefly with the water splitting reaction. Previous studies, based on g-C3sN4/C composites obtained
from a carbonized mixture of carbon black [44] or graphene oxide [45] with melamine, have
shown enhanced photocatalytic performances compared to g-CsN4 on Hz production. This was
related to the improved photogenerated electron-hole pairs separation owing to the increased
electrical conductivity of the carbon part. In our case, the nanostructure of adduct-derived materials
is presumably different since the carbon is introduced with the melamine as a precursor (acid) and
not as a carbon-based material. The photocatalytic properties of the adduct-derived carbonitride
samples were explored by the decomposition of methanol in aqueous media under deep UV
irradiation. Hydrogen appears as the main product detected in the photocatalytic decomposition
products. Its amount evolved after 4 h of irradiation, is reported in Fig.34 with the results obtained

for TiO2 (P25 Evonik) and g-CsN4 for comparison. Although the performance of the C-rich-g-
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C3N4 material (MT6/1-550 sample) is lower than those of the well-known and optimized
references. A photocatalytic behavior is evidenced and appears encouraging since there is probably
room to enhance their properties for this application. It is also possible that the carbon content is
too high and limits the light absorption of the carbonitride part compared to previous studies
[51,52] where the N/C atomic ratio (determined by XPS) is in the range 1.19-1.35 whereas it is
0.93 and 1.61 for the studied samples.
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Figure 34. Amounts of H; evolve after 4h of photocatalytic decomposition of methanol in the presence of

different photocatalysts at 254 nm (pen-ray lamp). Photolysis is reported for comparison.

3.6.2.Colloidal properties of materials

3.6.2.1. Zeta Potential

The zeta potential of g-C3N4-550 (ox), MO3/1-550, MT2.5/1-550 and MC4/1-550 samples was
investigated versus pH (Fig. 35). It shows a typical shape, i.e., increasing pH, the Zeta potential
values become more and more negative. The isoelectric point value for samples MO3/1-550 and
MT2.5/1-550 is around pH = 2, as well as for sample g-C3Ns-550 (0x). An exception is the sample
MC4/1-550 of which isoelectric point has the value at pH = 4. It is essential for applications that

in the neutral range and more especially in the basic pH range, the Zeta potential values are very
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low. In other words, in this pH ranges, the surface of the materials is strongly negatively charged,
which gives a good precondition for the adsorption of positively charged particles, such as heavy

metal ions or some organic substances.
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Figure 35. Dependence of Zeta potential with pH.
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3.7. Conclusions

We have shown that the adduct route is a versatile synthesis route since according to the starting
melamine/acid ratio and the nature of the acid, a large panel of supramolecular-self assembled and
crystalline phases could be obtained easily. It results after carbonization at moderate temperature
(550 °C) to compounds with composition ranging from graphitic carbonitride to C-rich graphitic
carbonitride CNx (0.66 < x < 1.4). It appears, although C and N species are distributed at the
molecular level in the precursor (adduct), that a segregation occurs during the carbonization with
the appearance of bigger C-rich (sub) nanometric phase (clusters) within the layered structure
when the carbon content increase. This feature is also indirectly evidenced by the disappearance of
the long-range ordering of heptazine units and a decrease in N-C=N bond portion in the profit of
C=C bonds as the carbon content increases. A progressive evolution of the properties between the
two end compositions, such as thermal stability, can then be easily tuned by this process. It also
introduced a higher portion of oxygen within the structure compared to standard g-CsN4, probably
due to the presence of carboxylic groups within the adducts. The optical properties are strongly

modified even with a limited amount of extra carbon within the g-CsNj4 structure.
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SUMMARY IN FRENCH

Gréce a la voie des adduits melamine/acide carboxylique, des matériaux a base de g-CsN4
enrichis avec du carbone ont été préparés dans une large gamme de composition CNx
(0.66<x<1.4). Ce procedé est basé sur la décomposition de produits d'addition mélamine/acide
polycarboxylique. Apres avoir valider la formation des adduits par DRX et MEB en montrant que
la forme cristalline du produit d'addition mélamine/acide est différente de celles de la mélamine et
des acides utilisés, nous avons montré que cette approche par le procédé des adduits est efficace
pour contréler la teneur en C et N tout en assurant une grande homogénéité a I'échelle atomique
des espéces C et N. La nanostructure du matériau carbonisé a été étudiée a l'aide de différentes
techniques (DRX, Spectroscopie RAMAN, MET). La stabilité thermique de ces matériaux CNx a
été comparée a celle du g-C3Na4 pur. Les matériaux sélectionnés ont aussi été testés pour la

photodégradation du méthylorange et la production de H: a partir d'un mélange méthanol/eau.

L'évolution des différents types de liaison N-C=N et C=C en fonction de la teneur en C des
adduits carbonisés a été suivie par XPS. Le signal a 285 eV a été attribué a des clusters riches en
carbone ou a des nanodomaines graphitiques issu probablement du squelette carboné des adduits
de I'acide carboxylique. Sa contribution augmente clairement avec la teneur en C des échantillons
sélectionnés, de 42 % en masse (MT6/1-550) a 46 % (MT2.5/1-500) et 49 % (MC1.5/1-500). Cette
évolution s’accompagne d’une diminution de la contribution des espéces N-C=N. La montre la
stabilité thermique sous argon des échantillons de CsNs riche en C. Le début de la décomposition
thermique se produit a des températures plus basses que la référence g-CsNa. Il est proposé que la
substitution du C dans la structure g-CaN4 déstabilise thermiquement la structure. Cependant, une
meilleure stabilité a haute température des échantillons de C3Na riches en carbone est observée par
rapport au carbonitrure de réference. En effet, pour le matériau C3N4 riche en C, il reste encore 20
% de sa masse initiale a 1000 °C alors que la décomposition est totale dés 900°C pour le
carbonitrure de référence. Il est proposé que cette stabilité soit liée a la présence d’une partie riche
en C stable thermiquement. Les matériaux pourraient donc étre décrits comme des nanocomposites
de type carbonitrure dopé en N/ phase carbonée (riche en N) notés de maniere simplifiée g-C3Na
IC.
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Les activités de photodégradation du méthyl-orange (MO) et la photolyse de I'eau (en présence
de I’agent sacrificiel CH3OH). On constate une amélioration des performances des composites
C3N4/C dans la dégradation du MO par rapport aux matériaux de type g-C3Na. Cette amélioration
peut étre liée a la présence de nanodomaines riches en C dont les orbitales n-conjuguées, par la
possibilité de délocalisation des électrons qu’elles offrent, permettent de séparer les €lectrons des
trous généres dans la phase g-C3Ns ; ceci limite ainsi leur recombinaison. Un autre comportement
est observé pour la photolyse de I'eau. Les performances du matériau C3N4 /C (échantillon MT6/1-
550) sont dans ce cas inférieures a celles des références bien connues (TiO2 P25 et g-C3sNa). 1l est
possible que la teneur en carbone soit trop élevée et que sa trop forte absorption limite 1’intensité
du rayonnement accessible a la partie photocatalytique du carbonitrure. Ces études préliminaires
semblent encourageantes car il est probablement possible d'améliorer les propriétés
photocatalytiques de ces matériaux nanocomposites carbonitrures /C pour cette derniére

application.
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CHAPTER 4

Selective thermal oxidation of C-
rich-g-CsN4 materials for the
preparation of N-rich porous

carbon material
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4.1. Introduction

Carbon materials with sp? hybridization possess a combination of essential properties, such as high
electrical conductivity. These materials have a wide range of applications in the fields of energy,
environment, catalysis, adsorption process, etc. Their structure could be tailored by changing the
atomic framework construction and adjusting its properties. By replacing the 6-rings graphene
with any possible defects on the sites, could lead to the structure distortion. The rearrangement of
the structure of C-based materials could lead to changes of textural properties, which endow a
porous framework [1]. Moreover, C-based materials could also be tailored in terms of electronic
and surface atomic structure by different approaches as heteroatom-doping, atmosphere oxidation,
etc. Plenty of studies have been carried out on the incorporation of nitrogen into the carbon
framework, which form N-doped carbons, or carbon nitride, having different stoichiometry. The
incorporation of N atoms into carbons could be done using in situ doping method, from nitrogen-
containing precursors, etc. This enables to homogeneously incorporate the N via controlled
chemistry [2]. There are two ways to incorporate N into the C framework, either directly during
synthesis or by post-treatment of carbons. The latter one deals with the treatment by nitrogen-
containing atmosphere, like NHz3 [3, 4, 5, 6], high thermal, chemical stability, low price, and easily
tailorable structure. Another promising way of incorporation N in carbon framework is to use g-
C3Na as a source of high nitrogen content, and take advantage of some physico-chemical properties
of g-C3N4 [7]. In the previous chapter was investigated the route to tailor the C/N ratio starting
from molecular level to calcined samples under inert atmosphere, and emphasized the role of
carbon and nitrogen in surface chemistry, thermal properties and structural modification.
Materials prepared in the previous chapter were investigated with regarding to their thermal
stability and reactivity towards the oxygen. Benefiting from C-rich-g-C3N4 composite, we aimed
to produce N-rich porous carbon, while controlling the temperature of oxidation. Then a structural
model based on C-rich g-CsNa4/N-rich carbonaceous phase nanocomposites is proposed, and the
validity of this structural model will be described in relation with oxidizing atmosphere conditions.
The contents of O, C and N could have an impact on the thermal and structural properties of

materials.

99



4.2. Physico-chemical characterization of N-rich porous carbon
materials

4.2.1. Thermal evolution of g-CsNs—based materials in air and inert
atmosphere

The thermal degradation of g-C3N4 and C-rich-g-C3N4 materials was monitored under inert and in air
atmosphere in order to investigate their reactivity towards O». It appears that the temperature-
decomposition onset is strongly dependent on the atmosphere and to a lower extend of the C-content.
Under inert atmosphere, four different behaviours were observed by TGA in Fig. 36a. Carbonitride
as a reference material exhibits a decomposition onset at around 688 °C followed by MO4/1-550 that
is close to carbonitride in chemical composition point of view with the onset of decomposition at 674
°C. While on the other hand for C-rich MC1.5/1-550 and MT6/1-550 samples, the temperature-
decomposition onset start earlier compared to g-C3sNs4 which was explained in chapter 3, and was
attributed to the high-temperature stability, which still yields a mass of around 28 wt% at 1000 °C. A
complete decomposition of g-CsN4 and MO4/1-550 was observed opposed to other samples, which
led to C stable residue. Moreover, the thermal behaviour of the samples was investigated under air
atmosphere (Fig. 36b). Carbon less-containing samples g-CsN4 and MO4/1-550 exhibit higher
thermal stability in air compare to C-rich samples, with no mas residue above temperature 750
°C. Thermal stability and reactivity of the samples were also investigated in relation with the
influence of chemical composition. Three different behaviours were observed for g-CsNs, MO4/1-
550 and those of C-rich samples, following the C content variation (see Table 4, Chapter 3). A
proposed mechanism based on the C content could be given. A clear evolution of thermal stability
with respect to carbon content could be observed (Fig. 36a) as followed: g-C3sNs and MO4/1-550
samples contain similar amount of C, but different O and N content. The high and low presence of O
and N, respectively, of the MO4/1-550 sample make this material more thermally stable opposed to
g-C3N4. Moreover, its thermal stability towards the inert atmosphere and air is almost similar. But
MO4/1-550 seems to be more stable towards oxygen then g-CsNa4. Unlike from abovementioned
samples, the C-rich MT6/1-550 and MC1.5/1-550 samples which, which contain higher amount of
carbon and oxygen, are more predisposed towards the oxidation. They exhibit a huge exothermic peak

(discussed below) with rapid mass loss and without mass residue at high temperature. Whereas, under

100



an inert atmosphere, the MC1.5/1-550 sample with the highest C content 49.2 % exhibits still mass
residue up to 28 % even at 1000 °C. This behavior may be attributed to the carbon nano-domains,
which could enhance the thermal stability, compared to MT6/1-550 having 42.2 % carbon content,
with mass residue of around 2.9 % (Fig. 36a). C-rich-g-CsN4 samples enriched with defects on their
structure, containing C-rich domains, could increase the reactivity and decrease the onset of

decomposition. Hence, a possible explanation could be attributed to a lower kinetic of oxidation by
C-rich domains.
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Figure 36. Thermogravimetric analysis of non-oxidized samples performed under inert atmosphere N (a)

and under air (b) at 10 °C min-1.

In Fig. 37a-d were displayed the TG-DSC results of the same samples compared under inert and air

atmosphere, but shown individually in four different separated graphs from Fig. 36. When heating

was performed under inert atmosphere endothermic behaviors were evidenced for all samples.

Reference g-CsN4 (Fig. 37a) exhibits a small endothermic peak compared to others, presuming for

a slowly mass loss, while under air, two exothermic events could be observed, a small and big sharp
peak, for the last one showing a higher mass loss. On the other hand, MO4/1-550 sample (Fig. 37b)

exhibits a big and sharp endothermic peak under inert atmosphere. But what is surprisingly that

under the air atmosphere, two thermal events were evidenced for this sample, the first endothermic
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behavior accompanied by a small peak and then other small exothermic sharp peak. Maybe this

phenomena could be related that in first step the g-CsNa structure was oxidized, which was followed

by burning the carbon nano-domains in the second step. The C-rich MT6/1-550 and MC1.5/1-550

samples (Fig. 37c-d), when heated under an inert atmosphere, were accompanied by thermal

endothermic behavior characterized by a small peak, different from the MO4/1-550 which possesses

a huge endo-peak. Maybe this phenomena could be attributed that MO4/1-550 sample possess

chemical groups which are reactive towards the No.
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Figure 37. TG-DSC analysis of non-oxidized samples performed under inert and air atmosphere at 10 °C
min-1,

In Table 6 is summarized the onset of decomposition and complete mass loss of oxidized and non-
oxidized samples. Clearly can be seen that, thermal stability under air is limited for all kinds of
samples compared.

Table 6. Onset and mass loss of non-oxidized and oxidized samples under air and inert atmosphere.

Samples Onset of Temperature of Onset of Temperature of

Decomposition complete mass Decomposition complete mass

under inert atm. loss under inert under air (°C) loss under air
(°C) atm. (°C) (°C)
g-C3N4-550 (0x) 688 760 611 687
MO4/1-550 674 735 654 739
MC4/1-550 608 860 571 668
MT6/1-550 625 705 535 661
MC1.5/1-550 605 970 556 685
MT2.5/1-550-650 (0x) 585 1040 529 629
MT6/1-550-650 (0x) 560 860 525 629
MC4/1-550-470 (ox) 620 893 540 606
MT4/1-550-470 (0x) 538 852 522 589
MO4/1-550-470 (ox) 663 738 617 703

4.2.2. Composition of N-rich porous C materials

4.2.2.1. Elemental analysis

Based on elemental analysis, g-C3N4 as a reference material with C/N at. ratio 0.63 differs in chemical
composition point of view compared to the other samples, which exhibit higher C/N ratio. The MO3/1-
550 sample is similar to g-CsN4 with a higher amount of O and N. Both abovementioned samples
exhibit high thermal stability in the air with close composition whatever the oxidation temperature.
Whereas the MT and MC samples are more reactive in an oxidative atmosphere, with a more variation
in their chemical composition. According to the EA, the carbon content slightly increases with the

oxidation temperature for each couple of samples. Opposite and more pronounced trend is observed
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for nitrogen, as evidenced with the evolution of the C/N ratio (Table 7). We can deduce that O

possesses higher reactivity on nitrogen centers than on carbon one. This preferential reactivity could
promote the release of N-containing gaseous species compared to carbon. We notice also an increase
in the O content (up to 17 wt%) with the increase in the oxidation temperature. Similar trends were
observed by XPS analysis but with discrepancies related to their particular surface composition
determination (a few nanometer) compared to the bulk. It appears on the MT2.5/1 group of samples
that the surface composition is higher in C, lower in O compared to the bulk, determined by EA,
whereas nitrogen showed similar composition for both analysis. It could be proposed that oxidation
has started from the outside surface of the sample, is still in progress for the MT2.5/1-550-T (0x)
samples (T = 470, 550, 650 °C). Thus, the analyzed external surface is more carbon rich than the bulk.
Surprisingly, the oxygen content of the surface is lower than that of the bulk (6 instead of 17 wt%).
This feature could be due to the existence of oxygenated species stable in the bulk of the sample, where
O pressure is due to its consumption by the material oxidation at a surface rich in oxygen. These
groups are oxidized further and yield gaseous species, leaving only the most stable carbonaceous
species. As a matter of fact, after the treatment in oxidation atmosphere, the skeleton of g-CsNa is lost,
and remains only carbonaceous local domains, also evidenced by FTIR and Raman. We also noted that
the samples contain H as well, implying the existence of uncondensed amino groups which are bound
to the edges of a graphene-like C-N sheet in the form of C-NH2 bonds [1], evidenced also by XPS,

while another source of hydrogen could be due to the poly-carboxylic acids.
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Table 7. Elemental composition of the samples (wt. %) obtained from EA and XPS analysis.

Name of sample C N @) H C/N atomic
ratio
EA XPS EA XPS EA XPS EA EA
g-C3N4-550 (0x) 34.33 40.44 62.60 57.28 2.46 2.28 1.61 0.63
MO4/1-550 344 - 56.99 - 6.67 - 1.94 0.70
MO4/1-550-470 (oX) 33.86 - 57.73 - 6.51 - 2.09 0.68
MO3/1-550-650 (0x) 34.15 - 56.95 - 6.85 - 1.88 0.70
MT6/1-550 42.29 41.33 46.18 57.53 10.43 1.13 1.37 1.06
MT6/1-550-470 (ox) 47.42 - 37.04 - 13.98 - 1.30 1.49
MT2.5/1-550 46.26 50.40 41.88 45.04 10.13 4.56 1.22 1.29
MT2.5/1-550-470 (ox)  48.19 - 34.90 - 15.82 - 1.15 1.61
MT2.5/1-550-550 (0x) - 60.4 - 35.04 - 4.49 - -
MT2.5/1-550-650 (ox)  49.78 62.2 29.85 315 17.12 6.2 1.69 1.94
MC4/1-550 43.70 44.65 9.78 1.57 1.14
MC4/1-550-470 (ox) 45.16 38.52 13.77 2.01 1.36
MC1.5/1-550 49.2 38.1 11.4 1.48 1.50

4.2.3. Controlled oxidation of g-C3N4 based samples followed by
TGA (static mode)

Based on the data obtained in the previous section, controlled oxidation in air of g-C3N4 based
materials was performed at different temperatures (470 to 625 °C) for 4 h. The mass evolution was
followed by TGA and is reported in Fig. 38 on two selected samples, based on higher carbon
containing sample MT2.5/1-550, and MO4/1-550 with less amount of carbon and reactivity
towards the oxygen atmosphere. Two completely different behaviours were observed for these two
samples, as described below.

As stated in section (4.2.1) the MT2.5/1-550 sample in an inert atmosphere exhibits high thermal
stability of its carbon-rich part (as confirmed latter). This part remains in contact with a C-doped
carbonitride and destabilizes it by the presence of C. With the increase in the controlled oxidation
temperature-dwell (Fig. 38a), both parts are oxidized but with a higher speed for the C-doped
carbon nitride leading to a higher portion of the C part (N-rich) in the material. As the latter shows,

the gasification of the C-doped g-C3N4 part promotes the formation of pores, and the amount of
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the C part remains.Thus promoting a more complete oxidation at a lower temperature compared
to pure g-C3N4. High thermal stability under the air atmosphere of MO4/1-550 sample (Fig. 38b)
is indication that this material has a composition close to g-CsN4 with a stable chemical structure
and limited decomposition, and number of gaseous species released during the pyrolysis in the air
as seen by mass loss. As shown later, this small amount gaseous species released is related to a

material with limited specific surface area (See N2 adsorption isotherm latter).
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Figure 38. TGA of controlled oxidation in air with different dwell temperatures (470-625 °C) of, a)
MT2.5/1-550 and b) MO4/1-550 samples. Temperature profile corresponds the sample oxidized in static
mode at 550 °C.

4.2.4. Structure investigation
4.2.4.1. XRD and Raman Spectroscopy

From the previous chapter, was stated that increasing the carbon content in the lamellar structure
significantly increases the interlayer distance. Thus, interlayer distance (d) is a function of disorder
and C content. In the previous chapter, we have indicated the d spacing of the perfect crystalline
structure of g-CsNs with the value of (doo2 = 0.3246 nm) and graphite C with (doo2 = 0.336 nm),
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which lies in values of this range. As a reminder, the non-oxidized samples have exhibited the
values of (doo2) within this range, higher than reference g-C3N4 (0x). As a continue of the previous
chapter, here is investigated the effect of oxidation and C content on structural features like, peak
position, d spacing and peak broadness of materials structure. All the samples have shown the
same very broad XRD peak around 27° theta angle. This peak is presented for both g-C3N4 and
graphite C structure, corresponding to the interlayer stacking reflections denoted as the (002)
plane. The peak position evolution of the (002) plane is detected over a large angle interval circa
26.9-27.9° theta angle (Fig. 39). Compare to non-oxidized materials calcined only at 550 °C and
oxidized at (470-650 °C), no clear evolution was observed for the peak position with increasing
the O or C content. Compare to different oxidation temperatures, d spacing evolution was also
investigated. The mass loss of these oxidized samples MT6/1 and MT2.5/1 at 650 °C and MO4/1
at 470 °C (Fig.38) under inert atmosphere is around 88 and 79 % respectively. While for MO4/1
a complete decomposition occured before reaching 1200 °C. This behaviour strengthens the fact
that structural disorder is limited (see doo2 = 0.325 nm from previous chapter) for MO4/1 due to
the early decomposition step. A slight increase of interlayer distance value (d) is observed with
increasing the temperature of oxidation. Thus, disorder is increased and associated to higher O
(Oxygenated functional group) and C portion with maximal O content 17.1 % and 49.7 % of C
(see Table 7). For MT2.5/1-550-650 (0x) sample with the highest d = 0.3312 nm, calcined also
under the highest oxidization temperature, similar to MT6/1-550-650 (ox) with d = 0.3301 nm.
The determined parameters (C content, temperature of oxidation, O content and N content) do not
always follow the trend, and discrepancy could be observed. When oxidation occurs, is
accompanied by loss of g-C3N4 part mainly, remaining the C part with possible close composition
(N-rich) and disorder, yielding to similar d value. The broadness of the (002) diffraction peak is
another feature that was investigated. As the temperature oxidation rises, the broadness of peak is
increased e.g. two cases of MT2.5/1-550-650 (ox) and MT6/1-550-650 samples characterized with
the most broadness of peak. This evolution is attributed to the decrease of the long range ordering
in the (002) direction, associated with reduction of the thickness of crystallite and enlarge the
interlayer spacing. The FWHM values of the (002) peak broadness was estimated. These values
increased as temperature of oxidation and C content raised, following the trend from: MT2.5/1-
550-650 (0x) > MT6/1-550-650 (ox) > MT2.5/1-550-550 (0x) > MT2.5/1-550 > MT6/1-550-550
(ox) > MT6/1-550 > g-C3N4 (Table 8). For the feature of the (100) plane, the presence of hump at
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13° is described in previous chapter. Although here is explained the effect of oxidation on the

disappearance of this hump. The appearance of (100) is observed only for g-C3sNa reference and

slightly for MT6/1-550, while for oxidized samples is completely disappeared. The disappearance

of the hump at 13° on oxidized samples is justified that in-plane heptazine units are destroyed,

confirmed also by FTIR. Presuming that these materials do not form an extended planar structure.

The carbon matrix was the most of disordered part, and partially composed of a graphite structure,
which inhibit the growth of g-C3N4 framework [8, 9, 10, 11].
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Figure 39. XRD patterns of MT2.5/1-550, MT2.5/1-550-550 (0x), MT2.5/1-550-650 (0x), MT6/1-
550, MT6/1-550-550 (0X), MT6/1-550-650 (0x), g-CsN4-550 (0X).

Table 8. d (spacing), FWHM, and position of (002) plane for selected sample in different temperature and

atmosphere.
Samples 20 angle d (spacing) nm Peak broadness (FWHM
in°)
g-C3N4-550(0x) 21.72 0.3265 1.68
MT2.5/1-550 26.92 0.3309 2.95
MT2.5/1-550-550(0x) 26.9 0.3310 3.21
MT2.5/1-550-650(0x) 27.76 0.3312 4.50
MT6/1-550 27.23 0.3276 2.60
MT6/1-550-550(0x) 27.41 0.326 2.80
MT6/1-550-650(0x) 26.97 0.330 4.10
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The Raman spectra of the samples were recorded with an excitation wavelength at the 488 nm
shown in Fig.40. Two distinct characteristic peaks of the carbon nanostructure part, the D and
G bands, appear, respectively, at 1358 cm™ and 1567 cm™ with no significant shift according
to the oxidation temperature. But a small shift for MT6/1-550 sample, which could arise due to
fluorescence phenomena (Fig. 40a). The disorder is correlated with the D band intensity, while
the graphitic part is evidenced by the G band. With the oxidation and its temperature increase,
the Ip/lg ratio did not change significantly for both MT2.5/1-550 and MT6/1-550 type samples
(Table 9). Based on the Raman discussion in the previous chapter, since coherent graphitic
domains are even smaller after oxidation (see enlargement of the XRD (002) peaks in Table 8
after oxidation. It is believed that graphitic domains are not significantly modified during the
controlled oxidation, and that it is mainly the carbonitride part which is oxidized. The remaining
carbon part, probably undergoes some slight rearrangements, (e.g. a slight increase of Ip/lg
consistent with an increase of the coherence length). Observed also with the decrease of the d
002 spacing for MT2.5/1-550-650 (ox), compared to the pristine materials, attributed to an

increase in the carbon content in the material rather than to a more disordered structure.
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Figure 40. Raman spectrum of MT2.5/1-550, MT2.5/1-550-550 (0x), MT2.5/1-550-650 (0x), MT6/1-
550, MT6/1-550-550 (0x), MT6/1-550-650 (0x), g-C3N4-550 (0X).
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Table 9. Io/lc ratio of non-oxidized and oxidized selected samples.

Samples D position /cm™ G position/cm Io/lc ratio
MT2.5/1-550 1358 1560 3.3
MT2.5/1-550-575(0x) 1358 1565 3.5
MT2.5/1-550-650(0x) 1358 1565 3.6
MT6/1-550 1394 1559 15
MT6/1-550-550(0x) 1358 1567 3.1
MT6/1-550-650(0x) 1358 1567 3.2

4.2.4.2. Infrared spectroscopy

DRIFT-FTIR spectrum of MT2.5/1-550 and MT2.5/1-550-650 (0x) samples are shown in Fig. 41.
The IR spectrum of non-oxidized MT2.5/1-550 sample has already been described in the previous
chapter. It displays four absorption bands: i) a broad peak in the 3000-3550 cm™ range attributed
to the stretching vibration of uncondensed N-H and adsorbed O-H groups, ii) peaks in the range
1246-1552 cm™* which correspond to the C-N and C=N stretching mode of aromatics with also
related to tertiary N at 1417 cm™, iii) the typical band at 810 cm™ is attributed to the breathing
mode of the triazine ring, and iv) a band at 2179 cm which may arise due to the presence of
nitrile C=N species [12] or isonitrile -N=C [13, 14]. The mechanism of formation was described
in previous chapter. The stretching bands of nitriles most likely fall between 2300 and 2200 cm,
compared to isonitriles, which produce bands between 2180 and 2140 cm™ [15].

After oxidization MT2.5/1-550-650 (ox) sample exhibits a different IR spectrum with poorly
resolved bands typical of carbonaceous materials. The band at 810 cm™ is not more detected,
revealing the disappearance of the triazine rings, presumably through an oxidation process.
Moreover, C-N and C=N functionalities typical for g-CsNs-based material are faded and replaced
by typical C-C or C=C bonds, characterized by two broad peaks arising from the carbon skeleton

and disordered structure confirmed also by XPS. Interestingly after oxidation the small band at
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2225 cm™ is observed and possible explanation could be related to incorporation of O and

oxidation of tri-s-triazine hexagon and formation of N-oxide nitrile (C=N*O") species.
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Figure 41. FTIR spectra of MT2.5/1-550 and MT2.5/1-550-650 (0x).

4.2.4.3. XPS (X-ray photoelectron spextroscopy)

The chemical composition of porous g-CsN4/N-rich carbon samples was modified, when further
calcined under air atmosphere. Thus, the high resolution XPS C1s and N1s spectra showed a
difference in the portion of C1s (N-C=N, C-OR, Csp3-N and N1s (C-N=C, N-(C) 3, N-C (amine)
with the addition of C, O, or N in the structure. The C1ls peak-area ratio of N=C-N on C-rich
samples shows an obvious decrease with respect to g-CsNa reference and C-rich-g-CsN4 samples.
Suggesting the lost portion of heptazine rings occurred during the treatment in air atmosphere. On
the other hand C-C sp® or C=C sp? peak contribution at 285.0 eV is significantly increased,
meaning that the carbon is incorporated as C=C form in a higher portion compared to C-rich-g-
CsN4 samples, also strenghthened from Raman spectra by the presence of G peak. Since the
material was calcined in air, it also contains an amount of oxygen, which is represented via C-OR
contribution at 286.7 eV (Fig. 42a). The presence of this contribution could support the idea, that
the C part of the structure is oxidized.

111



Regarding to N1s spectra, the meaning of each contributions in chemical point of view was
explained in previous chapter. Variations in N1s resolved peaks were obtained with increasing and
decreasing C and N content, respectively. The peak area ratio of C-N=C contribution at 398.5 eV
for oxidize sample decreases from 67 to 51 %, compare to non-oxidized one. It reveals that the
hexagons of heptazine units are losing their features due to oxidation. The bridging nitrogen N-
(C)s3, which bonds three units of heptazine is no more encountered, due to the addition of C and
it could be converted to the nitrile C=N functional group. This nitrile group exhibits binding energy
at 400.0 eV, this fact is strengthened by literature with the given value of 400.1 eV [16]. Moreover,
the presence of N-H peak at 401.1 eV is observed due to uncondensed amine groups (NH2, N-H)

, Which is consistent with the FTIR analysis [17].
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Figure 42. C1s (a) and N1s (b) XPS high resolution spectra of MT2.5/1-550-650 (0x).
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4.3. Evolution of morphology

Evolution of morphology is shown from the adduct, to the oxidized samples via its carbonized step
(Fig. 43). Surprisingly, the needle-like shape of the adduct MT2.5/1 is maintained, with a slight
distortion, even after oxidation at 470 and 650 °C. Due to the high weight loss related to this

oxidation step (80 % from the carbonized sample and 44 % starting from the adduct), a morphology

loss could have been expected.

Figure 43. SEM micrographs of a) MT2.5/1 adduct, b) MT2.5/1-550-470 (0x), and ¢) MT2.5/1-550-650 (0x).

Evolution of morphology from adduct to oxidized sample at 470 and 650 °C.

To investigate the detailed nanostructure of the prepared samples, TEM nano-graphs of g-C3sNa,
non-oxidized and oxidized samples are shown in Fig. 44a-d. Moreover, it could be seen that the
bulk g-C3N4 presents a dense nanostructure, which could be related to crumpled and stacked
nanosheets (Fig. 44a). The MT6/1-550 sample, which was calcined under inert atmosphere Fig.
44D exhibits a dense structure in agreement with its non-porous character revealed in the previous
chapter. After treatment in air at 650 °C (Fig. 44c), a complete different nanostructure is exhibited,
which could be described as composed of filaments. It is proposed that, based on the low stability
in air of this material (see TGA), a selective thermal etching (oxidation) occurs with a high weight
loss, yielding only a small amount of the remaining stable carbonaceous part, with plenty of
cracking due to thermal oxidation etching. As show latter, this nanostructure will display porosity

and a fairly high surface area. After oxidation at 650 °C (Fig. 44d), a nanostructure different from
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that of MT6/1-550-650 (0x) is observed. In that case, the sample is richer in carbon than MT6/1-
550 and more resistence to oxidative thermal etching. Hence, it results in a limited etching of the

material and a structure similar to its non-oxidized counterpart.

) _— D

Figure 44. TEM images of a) g-C3sN4-550 (0x), b) MT6/1-550, ¢) MT6/1-550-650 (0x), d) MT2.5/1-550-
650 (0x).

Further, to understand the distribution of the chemical composition in the samples, investigations
were performed using TEM-EDX. The element mapping images of the MT6/1 sample before and
after oxidation are shown in Fig. 45. The mapping images show a high uniform distribution of C,
N and O. But if we refer to the oxidized sample (Fig. 45b), plenty of void were observed in the

structure in relation to its high-oxidative thermal etching.
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Figure 45. STEM-EDX elemental mapping of a) MT6/1-550, b) MT6/1-550-650 (0x)

4.4. Textural properties

4.4.1. Nitrogen and CO; adsorption

Nitrogen and CO> gas adsorption-desorption isotherms of the samples are shown in Fig. 46-47.
The nitrogen gas adsorption-desorption isotherm graph was demonstrated by Type | isotherm
given by microporous non-porous solids, having relatively small external surfaces as shown in
Fig. 46a for MT2.5/1-550 black and MC1.5/1-550-470 (ox) blue curve samples. The limiting
uptake is governed by the accessible micropore volume rather than by the internal surface area.
Based on the BET equation used for calculation, when P/Po< 1 and C > 1, as a consequence it
leads the adsorption at the initial part and monolayer formation represented by Type | isotherm. A
combination of Type | and Type IV isotherm characterize the MT2.5/1-550-650 (0x) red,
MC1.5/1-550-650 (ox) pink and MT6/1-550-650 (ox) green samples, typically adsorption on
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mesoporous solids followed by multilayer adsorption and capillary condensation, resulting in Type
IV [18, 19]. The corresponding textural properties of all samples are listed in Table 10. Compared
with g-C3N4and MO type sample having high thermal stability, C-rich carbonitride/N-rich porous
C samples display a higher specific surface area and pore volume. Both values increased with the
oxidation temperature (from 470 to 650 °C). Regarding the carbon content, it appears that too
much carbon content is detrimental to the formation of porosity, as evidenced from the carbon
content of MT6/1-550 and MT2.5/1-550 samples oxidized at 650 °C with respectively 48.01 and
49.7 wt% C. The effect of carbon is not the only main contributor to increasing the porosity in the
gas phase, but also there are contributions from the N and O sides. It is due to the reduced portion
of C-rich carbon nitride part, acting as a sacrificial porogen agent and leaving behind (after
decomposition) a lower portion of pores. All samples exhibit a relatively narrow distribution in
pore size (DFT model) centered at around 1 nm related to micropores and 3-7 nm pores. The
MT6/1-550-650 (0x) sample possesses a good carbon content compromise regarding porosity

since it displays the highest surface area and pore volume among the prepared samples.
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Figure 46. Nitrogen Adsorption-desorption isotherm at 77 K of selected non-oxidized and oxidized samples,
on normal (a) and logarithm scale (b). PSD in logarithm scale using DFT model for MT6/1-550-650 (0x)
sample obtained from N adsorption isotherm (DFT pore shape model) (c).

The CO2 adsorption at 273 K and sub-atmospheric pressure was also performed on some selected
samples having high porous features in order to investigate their ultra-microporous character and
the possible reactivity of CO2 with the surface (with carbamate formation) (Fig. 47). It appears
that ultra-porosity is rather limited and that no chemisorption is present at 273 K, as shown by the
reversible adsorption and desorption isotherms. The latter point could be due to the low amine
content of the sample remaining after oxidation compared to N-graphitic one (14 % peak ratio of
N-H from XPS). In Fig. 48 is displayed the possible hypothetic formation of the mechanism of N-
rich porous C material (oxidized material) by an oxidation process, which facilitates the formation

of a porous structure, which endowed with a higher portion of C-domains, richer in nitrogen.
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Figure 47. CO, adsorption-desorption isotherm at 273 K of MT2.5/1-550-650 (0x) and MT6/1-550-550
(ox).

Table 10. Textural properties of g-C3sN4 based samples, derived from N2 and CO; adsorption-desorption

isotherm and calculated according to DFT model. Variation of carbon content on textural properties of the

samples.

N2/77K CO2/273K

Vmicro(cm®g™)  Vmeso(cmig~ S(m?g™) Ccontent | Vpicro(cm3g™ | S(m?g™?)

) DFT wt% ) DFT
MO3/1-550-650(0x) 0.0 0.0 13 34.1 0.0 8
g-CaNa (0X) 0.0 0.06 16 34.3 0.0 11
MT4/1-550-470 (0X) 0.001 0.0 35 - 0.0 15
MT2.5/1-550-470 (0ox) 0.008 0.0 50 48.1 0.0 28
MC1.5/1-550-600 (0x) 0.06 0.0 234 - ; )
MT2.5/1-550-650 (0x) 0.07 0.25 276 49.7 0.038 283
MT6/1-550-650 (0X) 0.13 0.40 600 48.01 0.031 430

118



g-C;N, domain
/ C-rich domain

0
C-rich dnmalr: e . o @ ¢ Gaseous
N Oxidation species NH,,
hoes @ @ ° 3
ues\b 0 o under air HCN, €O, €O,
o © off )
0
I n
. . C:'_-_
o~
C-rich-g-C;N, N-rich porous C

Figure 48. Schematic ilustration of N-rich porous C material formation with the aid of thermal oxidation
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4.5. Conclusions

A simple way to obtain Nitrogen-rich porous materials has been developed through the oxidation
process of C-rich-g-C3N4 materials. A moderate oxidation temperature was applied to preserve the
yield. This process ensures selective thermal oxidation of the g-C3Ns domains within the C-rich
structure, which leads to the improvement of porosity and specific surface area. Structural analysis
showed that the (002) peak after the oxidation process undergoes the increase of broadness and
interlayer distance, with increasing the temperature of oxidation and C content. Moreover, results
from Raman strengthen this fact, with the increase in the D peak confirming the disordered
structure. At high oxidation temperature, surprisingly needle-like shape morphology was kept,
from adducts to oxidized samples with the shrinkage of the shape, which was expected due the
high mass loss. The thermal stability of materials depends on the atmosphere of calcination (air

and inert) and carbon content.
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SUMMARY IN FRENCH

Dans ce chapitre, nous avons étudié la réactivité de g-CsN4 et des nanocomposites g-CsN4 /C avec
l'oxygene de I’air. L'oxydation a été réalisée a différentes températures (470, 550 et 650 °C) tout
en suivant I'évolution de leur composition. En tirant profit de la différence de stabilité thermique
et de réactivité a I’oxygene entre la phase C3Na et la phase carbonée, de nouveaux matériaux
carbonés riches en N (env. 30% en masse) et a haute porosité (jusqu'a 600 m?/g) ont été préparés.
En effet, avec 1’augmentation de la température de calcination sous air, on observe une
décomposition préférentielle de la phase carbonitrure associée a un enrichissement relatif en
carbone. Ces matériaux oxydés, riches en carbone présentent alors une plus forte réactivité a
I’oxygeéne que les matériaux a base de carbonitrure (non oxydés) comme le montre les
thermogrammes avec un début de la perte de masse des échantillons oxydés se produisant a plus
basse température que pour les échantillons non oxydés.

Les surfaces spécifiques ont été estimées avec le modéle DFT a partir des isothermes d’adsorption
d’azote a 77K. 1l y a une augmentation significative des surfaces, jusqu'a 600 m? g pour les
matériaux oxydés alors que les matériaux non oxydés présentent qu'une surface de quelques
dizaines de m? gt En effet, la décomposition préférentielle de la phase CsNa dans le
nanocomposite C3N4/C durant I’oxydation pourrait conduire a la formation de micropores et de
mésopores. Ce procédé semble étre une facon originale de produire du carbone poreux en utilisant

le carbonitrure comme un nouvel agent porogene.
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CHAPTER 5

Synthesis and characterization of
highly fluorinated g-Cs:N4 and C-
rich-Cs;N4 via pure F; gas
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5.1. Introduction

As a potential photocatalyst, due to suitable properties described in the previous chapter, g-CsN4
can be used for remediation, such as organics degradation, water splitting under visible light
irradiation [1] and degradation of gaseous species [2, 3, 4, 5, 6]. Several techniques and methods
have been developed to improve its photocatalytic activity [7]. Among these methods, doping
with halogen elements has recently gained interest [8] and when associated with disordered
structure and defects, which arises from the incomplete g-CsN4 de-amination of precursors during
the pyrolysis. Thus, different halogenation mechanisms could be encountered. Doping with Br and
Cl occurs with halogen sources such as NH4Br [9] and NH4Cl [10]. Few studies in the literature
deal with F-doped g-C3N4 and they have been presented in the bibliographic part. These materials
possess interesting properties, to their low doped-flourine content, including good chemical
stability, tunable band gap, good thermal conductivity, and hydrophobicity due to their C-F bond
[11]. They have also evidenced potential in terms of photo-degradation of pollutants and
photogeneration of H. by water-splitting, e.g by the HF hydrothermal method, with an atomic
concentration of F incorporation around 0.31 % [12]. The functionalization, associated with the
exfoliation of g-C3Na4 nanosheets, by a hydrothermal method in the presence of NH4F was reported
[13]. This method ensures up to 9 % atomic concentration of F incorporated on the structure. The
advantages of this method include, one-step process, high yield, mild reaction conditions and low
cost [14]. The reaction of the nucleophilic substitution of F on the carbon as a positively charged
centre, is considered the main mechanism of incorporation of F into the structure of g-C3Na, with
the formation of C-F bonds. However, this route not only suffers from low level of F-doping but
also has some limitations in photocatalytic properties. Therefore, other F-doping approaches were
investigated in order to improve those properties.

For the gas phase method, fluorination process involves the reaction of fluorine (F2) with carbon
atoms, resulting in the formation of C-F bonds. However, this process also depends on the
temperature applied; the lower the fluorination temperature, the lower the C-F bond energy [15].
Since g-C3N4 material possesses a packed layered structure similar to the one of graphite, it could
be possible to incorporate F atoms in the g-CsNs structure at a high level, similar as in graphite,
via the use of F> gas reaction [16]. The utilisation of F2 gas diluted with N2 at high temperature

(150 °C), was reported. The maximum F doping reached within g-CsN4 structure was around 10
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at. %. We believed thatbelieve that higher fluorine content could be reached using pure F2 gas and
that the properties of highly fluorinated g-C3N4 materials deserve to be investigated through
physico-chemical characterisations and photocatalytic tests. Moreover, F»> appeared as an
interesting probe to further investigate the structural and complex nature of defective g-CsN4 and
C-rich g-CsN4 materials since the specific reactivity was expected for structural defects, C-doping
and C-rich nanodomains.

Hence, our work dealt with the preparation of highly fluorinated carbonitride via pure F, gas at
room temperature, starting with three types of g-CsNs-based samples prepared according to the
procedure described in the Chapter 2 of the experimental part; two g-CsN4 with different defects
and a C-rich-g-C3N4. Here is a brief reminder of the characteristics of the pristine materials used
for fluorination. The F> gas method is extremely convenient and leads to drastic distortion of the
g-CsN4 layer structure due to the transformation of sp? hybridization of C atoms to sp® ones, and
enrichment with nitrogen defects (vacancies) [17].

The yellow carbonitride sample, denoted CN, is considered to have mainly structural defects
related to the presence of NH and/or NH> groups left by the incomplete deamination of the
melamine precursor during pyrolysis in air [18]. The second material, the orange CNO sample
display more defects, which could be attributed to the structural and chemical changes, since the
additional pyrolysis step in an inert atmosphere compared to CN may cause the deformation of
planar CN domains and the partial removal of NH or NH2 groups [19]. Even if the chemical
composition of CN is quite similar to that one CNO (it differs only by a slight increase and decrease
in the content of N and O respectively (see Chapter 3) with some structural variation evidenced by
XRD. The shift of the (002) peak, to a lower theta angle corresponds to an increase in the interlayer
distance between CN and CNO samples due to the higher disorder of the latter material. It is also
associated with a lower long-range ordering of heptazine units, evidenced by the disappearance
of the (100) peak around 13° as also reported in reference [20].

Our study was extended to the analysis of the C-rich-g-C3sNas material (CCN) which can be
considered a C/g-C3Ns4 composite, where N-rich carbon parts are homogeneously
distributed within the C-doped g-CsN4 counterpart. A completely different reactivity may arise
between F2 and these two phases. Knowing that F2 usually reacts with graphite at high temperatures

(> 350 °C) but also for disorder or activated carbons at room temperature [21, 22].

126



5.2. Physico-chemical characterization of F-doped g-CsN4 materials

5.2.1. XRD analysis

The XRD patterns of fluorinated and non-fluorinated samples are shown in Fig. 49. Different
features of the diffractogram like, d interspacing of (002) planes, (002) peak broadness and, the
presence or absence of the (100) peak were carefully investigated. All non-fluorinated samples
exhibit two representative diffraction peaks, the (100) at about 13° and the (002) at 27°, which were
both described in the previous chapter.

The evolution of the (002) peak position around 27.6° from CN to CN-F,_20 sample (see Fig. 49a)
does not appear significant since the corresponding d spacing is determined at 0.322 nm for CN and
0.321 nm for CN-F,_20. Meanwhile, the intensity of this peak is drastically decreased after
fluorination. It is proposed that both features ((002) peak position and intensity) are related to a
remaining carbonitride part not being fluorinated; it appears then at the same peak position with a
lower intensity. The fluorinated part, at the opposite, may be present as probably exfoliated and
disordered layers without long-range periodicity [14]. The diffraction peak at 13.1° for CN-F>_20 is
nearly vanished, indicating the overwhelmingly reduced in-plane ordering of tri-s-triazine units
caused by the reactivity with F> [3, 23].

A similar trend was observed for the CNO and CNO-F2_20 samples (Fig. 49b) regarding the (002)
plane, which appears at 27.76° [24]. There is also a slight decrease in the interlayer distance after
fluorination, from d = 0.320 nm for CNO to d = 0.319 nm for CNO-F,_20 sample, which could be
related to a higher portion, after fluorination, of more ordered g-CsNs. This material, having a
slightly lower interlayer spacing than the disordered one is supposed to be less reactive and therefore
is presented in a higher portion after fluorination. As opposed from the abovementioned samples,
the low-angle (100) hump shows a down-shift from 13.01° for the CNO down to 12.01° for the CNO-
F2_20. This surprising behaviour could reveal a larger distance of the in-planar structure packing
order, as already observed for hydrothermal post-treated carbonitride [25, 26].

A different behaviour was observed for the CCN and CCN-F,_20 samples (Fig. 49c). As stated in
Table 11 for the EA composition, the CCN sample contains a high portion of carbon content (46.2wt

%) of a broad (002) peak at 27°, is expected for such samples since its more disorder due to high
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presence of carbon within heptazine unit and as aromatic “clusters”. Surprisingly, a large down-shift
of this peak, corresponding to the inter-layer d stacking, was observed after fluorination, from 27.46°
(d = 0.323 nm) for the CCN sample down to 21.28° (d = 0.417 nm) for the CCN-F>_20. Due to the
composite part of that sample containing layered carbon-rich nanodomains, it is possible that such
domains yield to fluorinated nanographite-like material (or stacked fluorinated nanographene) with
an expansion of the inter-layer distance. Indeed, such compounds, derived from graphite or

graphene, display a significant shift compared to their parent materials with a peak position down to
12.5° (d = 7.24 nm) [27, 28].
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Figure 49. XRD patterns before and after fluorination starting for the pristine materials (a) CN, (b) CNO
and (c) CCN samples.

5.2.2. FTIR analysis

The chemical structures of fluorinated and non-fluorinated samples were confirmed using Fourier-
transform infra-red spectroscopy. As shown in Fig. 50, the spectra display typical and sometimes
well-resolved absorption bands. Well-known g-C3Ns (Fig. 50a) shows the common absorption
bands of N-H or OH bonds between 3300-2950 cm %, while triazine derivatives are located in the
range of 1626-909 cm* , which represent C-N and C=N bonds of stretching vibrations of
heterocycles [29]. The breathing mode of the triazine ring lies at approximately 801 cm . After
fluorination, the CN-F. 20 sample displayed some discrepancies compared to the pristine
materials at the difference in F> fluorinated carbonitride described in the literature and having
lower F content [30].

First, it is worth say that some peaks are the same between pristine CN and fluorinated. CN-F>
_20 samples, probably due to the unreacted carbonitride part present in CN-F, _20 sample as
revealed by XRD (e.g evidence of the breathing mode of the heptazine at 800 cm ). Otherwise,
the peak in the region 2180 cm ! is not more observed after fluorination, as already reported in
[31], suggesting that the cyano groups (C=N) have disappeared in the presence of F,. Due to the
overlap of the CN aromatic vibration modes and the C-F ones, it is difficult to ambiguously identify
the C-F vibration modes [6]. Nevertheless, some clear shift or appearance of new vibration modes
can be observed at 909, 1130 and 1694 cm 1. However, the defectous CNO sample roughly exhibits
the similar bands (grey part) Fig. 50a-b. But these bands become more dominant and intense
compared to CN. Maybe they could be attributed to an increase in C-NH-C bridges, due to
heptazine units which are linearly linked with each other [32]. These units could create defects in
the g-CsNg structure. Whereas, the CNO-F,_20 sample looks really similar to the CN-F2_20. The
spectra of the CCN and CCN-F,_20 samples (Fig. 50c) exhibit broader bands in relation to the
more disordered structure of the pristine material. Three peaks, in the same range as those detected
for CN-F2 20, are evidenced at 923, 1144 and 1694 cm™. The typical breathing mode of the

heptazine unit was completely vanished in accordance with the XRD data.
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Figure 50. The FTIR spectra of CN, CN-F,_20 (a), CNO, CNO-F, _20 (b), and CCN, CCN-F,_20 (c).

5.2.3. TEM analysis

TEM images of non-fluorinated and fluorinated samples are shown in Fig. 51a-g. The first ones
are constructed of solid agglomerates of a few hundred nanometres, with a dense nanostructure
(Fig. 51a-b), while the CCN sample displays a more apparent and nano-layered structure (Fig.
51c). On the other hand, fluorinated samples (Fig. 51d-f) have a completely different aspect with
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a sponge-like morphology composed of numerous pores and denser nanoparticles. This
morphology change is attributed to the reactivity of CN with F2 with possible partial exfoliation
of its lamellar structure associated with the formation of volatile species (e.g fluorocarbon-type
compounds, HF or O...) and leading to more transparent domains. The remaining non-fluorinated
domains appears then as the dense nanoparticles with a size between 20 and 40 nm (Fig. 519).
Estimation of the specific surface area (SSA) and pore size could not be performed due to the pasty

form and limited mass of materials.

b)
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Figure 51. TEM images of CN, CNO, CCN (a, b, ¢) and CN-F,_20, CNO-F,_20 and CCN-F,_20 (d, e, f,
Q).

5.2.4. XPS analysis

The global composition of the samples consist of C, N, F and O, therefore content of elements was
given in Table 11. High fluorination content up to 26 at. % was observed for CN-F,_20 sample.
This seems to be dependent on the type of CN, followed by CNO-F,_20 with 20 at. % and down
to 9 at. % for CCN-F2_20 sample, respectively. Between the CN and CNO samples, the decrease
of F content is associated to a decrease of the weight gain of the remaining solid phase during
fluorination for the samples CCN 73 %, CN 62 %, and CNO 47 %. Since CNO is supposed to be
more reactive than CN, then it is expected that the latter yield more fluorine-based volatile species
and subsequently to a lower weight gain than for CN. Moreover, the CCN sample containing C-
rich domains is presumed to be less reactive, thus, more weight gain is associated with this sample
[22]. The C/N ratio decreases systematically after fluorination for CN and CNO samples at the
opposite of CCN, which increases. This indicates that a higher portion of carbon than nitrogen is
released in the gas phase during fluorination of carbonitrides. This feature seems to confirm the
higher reactivity with F> in the heptazine units of C compared to N. The peculiar behaviour of
CCN with the lowest F content while having the highest weight gain and the highest O content
could be explained by two phenomena; firstly the enhanced reactivity of some N groups with F»
(compared to C groups) yielding to gaseous species, and explaining the increase of C/N ratio

during fluorination, and second explanation the reactivity of fluorinated samples with water, when
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they are exposed in air after fluorination. Formation of oxygenated compounds could then occurs
with an associated weight gain and an increase of the O content as observed by XPS. The carbon-
rich part of the CCN sample could be less reactive toward F2 than CN, yielding to less volatile
compounds and limited C-F groups in the solid state. On the other hand, the decrease of F/C and
F/N ratios from CN-F2_20 to CCN-F,_20 samples could be explained from two prespectives; -
firstly the F/C ratio is higher than F/N ratio for each sample except the CCN-F,_20. This revealed
the higher portion of C-F bond formed reather than N-F bond. This directs the explanation to the
lower electronegativity of C compare to N, while the higher F/N ratio of CCN-F2_20 is explained
by the fact that N-groups are less released in gas phase an remain in solid phase which increase
this ratio; -the second prespective is, that F/C ratio is the lowest for CCN sample, meaning that C-
rich domain are less reactive toward the F», due to the local ordering of of some C units which is
limited on the formation of long range extended structure, which also limit the incorporation of F.

Table 11. XPS composition (at. %) and F/C, F/N and C/N atomic ratio of the samples before and after

fluorination. The global compositions determined by elemental analysis is given in bracket for

comparison.
Names C N 0] F F/IC at_omic F/N_ C/N_
ratio atomic atomic

ratio ratio
CN 42 (34.3) 54(61.5) 4 0 0.78
CN-F>-20 27 41 6 26 0.963 0.634 0.66
CNO 43 (33.8) 51(57.1) 6 0 0.84
CNO-F,_20 31 43 6 20 0.645 0.465 0.721
CCN 41 (46.2) 55(41.8) 4 0 0.745
CCN-F2_20 44 34 12 9 0.204 0.264 1.129

To further analyse the chemical bonds, the high-resolution XPS measurements of the C1s, N1s
and F1s spectra were performed for all samples, but the explanation focused only on the fluorinated
samples (Fig. 52a-e). The C1s spectrum of the carbonitrides and C-rich-g-C3N4 samples before
fluorination has already been described in chapter 3.
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The C1s spectra of the CN-F2_20, CNO-F,_20 and CCN-F>_20 samples (Fig. 52a-c) show new
contributions added to those of the g-CaN4 samples. In fact, three contributions with higher binding
energy are detected: C-F bonds at 289.7 eV with sp3 hybridisation already observed by two peaks
due to a higher degree of fluorination: F-C-N-H at 291.5 eV and N-C-F; at 292.7 eV. The lower
C-N=C fraction at 288.3 eV of the CN-F,_20 sample compared to the CNO-F,_20 sample means
that a higher F content was introduced into the structure and a higher fraction reacted with F,
leading to a decrease in the intensity of the peak and the formation of new F-containing species.
This provides evidence that the CN sample again has a particular reactive structure compared to
CNO, while the F-C-N-H peak at 291.5 eV is increased for CN-F,_20 and lower for CNO-F,_20,
which is consistent. In detail, the presence of the N-C=N peak at 288.3 eV shows that the sp2-C
atoms are bound to N within the hexagonal structure. Moreover, the peak area ratio of the N-C-F
contribution follows this trend: 34.1, 27.8 and 14.0 for CN-F,_20, CNO-F,_20 and CCN-F._20,
respectively. This could be due to the fact that the CN sample has a higher chemical reactivity
towards F> compared to CNO and CCN. The possibility of forming a covalent C-F bond is higher
because F atoms with high electronegativity tend to bond with C atoms with lower
electronegativity than N. This leads to a partial conversion of sp2 hybridisation to sp3. In addition,
a weak peak at 281.9 eV is registered for this sample, which is due to the not yet completed
coverage of the carbon by the CCN, which does not have the same surface charges. For all
fluorinated samples, a small number of graphitic C=C/C bonds were detected at 284.8 eV, but with
a higher fraction for CCN-F2_20, which is consistent with its composition [33].

In summary, many C=N bonds were fluorinated in the bulk of g-C3N4, depending on the chemical
nature of the sample, and additional bonds appeared, such as F-C-N-H and N-C-F2, but the latter
is not present in CCN-F2_20, perhaps due to the limited fluorination of this sample. Moreover, the
peak at 289.7 eV, which represents the C-F bond, shows a weak intensity in the CCN-F2_20
sample, implying that less C is associated with F, while the peak is quite intense in the other

samples.
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Figure 52. High resolution XPS C1s spectra of (a) CN-F,_20, (b) CNO-F,_20 and (c) CCN-F,_20.

The high-resolution N1s spectra of the samples (Fig. 53d-f) show an additional peak at 400.8 eV,
401.8 eV and 402.4 eV for CN-F2_20, CNO-F2_20 and CCN-F,_20, respectively. This peak
represents the C-N-F contribution due to the high F content in the samples and was not observed

in the low-fluorine studies. The peak area ratio of the corresponding peak follows the trend 19.4
% for CN-F2_20, with a decrease of 6.6 % for CNO-F,_20, while the CCN-F>_20 sample shows
the highest value by 22.5 %. This was explained at the very beginning of the XPS interpretation

and is due to the lower portion of N released in the gas phase compared to C for this sample. The
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other peaks are related to the (C-N=C)-sp? hybridization N, the (N-C3)-sp® hybridization N and the
amino functional groups (C-N-H), respectively [34, 35].
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Figure 53. High resolution XPS N1s spectra of (d) CN-F,_20, (e) CNO-F,_20 and (f) CCN-F,_20.

This interpretation is supported by the F1s spectrum, which is decomposed into two contributions
in the fluorinated samples (Fig. 54g-h). Indeed, a high peak around 684.5 eV is detected,
corresponding to the covalent C-F bond, and a weaker peak around 683.0 eV attributed to a higher

fluorination of the carbon, the C-F, bonds. On the other hand, the CCN-F,_20 sample shows a less
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intense peak at 683.0 eV, implying that less fluorine is bound with C atoms on the hexagons of the
g-C3Na network, but part of the fluorine is directed towards the lone C-rich nanodomain away

from the carbonitride structure, leading to a decrease in this peak [36, 37].
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Figure 54. High resolution XPS F1s spectra of CN-F,_20 (g) and CCN-F,_20 (h).

Table 12. Peak area ratio (%) of each contribution.

Samples Cls N1s F1s
c=C C- C-O/C- C=0 C-Ns3 N-C- N-C- N-C- N=C N- C-N-H C-N-F C-F C-F2
C/C-H N-H F F2 F Cs
CN 4.2 374 4.3 4.1 50.1 - - - 794 115 9.2 - - -
CNO 8.9 43.0 4.3 20 417 - - - 756 14.8 9.7 - - -
CCN 2.6 42.4 7.1 116 36.3 - - - 719 165 11.6 - - -
CN-F,_20 0.0 9.0 4.0 94 248 341 150 37 302 247 257 194 628 37.2
CNO-F,_ 20 | 0.0 15.5 6.7 111 288 2738 7.7 25 483 224 227 6.6 542 4538
CCN-F,_20 | 22.8 419 3.2 5.6 8.6 14.0 3.9 - 9.4 341 341 22.5 90.7 9.3
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5.3. Optical, electronic and photocatalytic properties

5.3.1. Difussion reflectance spectroscopy (DRS)

The optical properties and electronic structure of non-fluorinated and fluorinated materials were
investigated using DRS. The reflectance spectra are shown in Fig. 55a. All fluorinated samples
show a blue-shifted absorption in the visible range compared to g-C3Na4, which is accompanied by
a decrease in their band gap energy (Eg). The Eg was determined by the well-known Kubelka-
Munk equation [26]. This equation is given as function of (F(R) - hv) ''? versus Eg (energy).

As shown in Fig. 55b, the calculated values for CN and CN-F2 20 were between 2.66 and 2.57
eV. This could be due to the fact that the presence of F causes an additional electronic state with a
partial conversion of C sp? hybridization to C sp® in the structural units. The large m-conjugated
system of g-C3N4 benefits from the lone pair electrons located at the F atoms, and the incorporation
of F into the C/N framework may provide the addition of a m-m conjugation system that increases
the electron density at the HOMO [38]. This is easy to understand because in a conjugated -
system the electrons are able to capture the photons from the radiation, and so the electrons
resonate along the distance of the z-orbitals and the photons with higher wavelength are captured
by the higher conjugated n-system [39].

Consequently, it tunes the position of the conduction band (CB) and the valence band (VB), which
significantly reduces the band gap. In the case of the CNO and CNO-F>_20 samples, the band gap
values are between 1.87 and 1.63 eV. The lower band gap value for this sample could be attributed
to the higher structural defects compared to the CN or CN-F, 20 samples. As already known,
defects can promote new electronic states in the structure [20]. The band gap estimation for CCN
and CCN-F2_20 was calculated in the same way. Unlike the other samples, the CCN sample has a
black colour and can therefore absorb more light, so it was difficult to calculate the band gap
accurately. However, CCN-F,_ 20 shows a decrease in the band gap from 1.55 to 1.27 eV, which
is even lower compared to the other samples. The reason for this could be the higher C content

(Fig. 55¢), which could provide for a more delocalised n-structure [40].
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Figure 55. DRS absorption spectra (a), Kubelka-Munk function curves of CN, CN-F,_20, CNO, CNO-

F2_20 (b) and CCN, CCN-F,_20(c).

5.3.2. Electron paramagnetic resonance (EPR) under dark and light

In addition, information on the optical and electronic properties was obtained by using the solid-
state EPR technique at room temperature (Fig. 56a-f). This technique was used to identify the

presence of paramagnetic species under three different conditions: without light, under irradiation
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and after irradiation (without light). The idea was to study the effect of visible light on the
separation and transport efficiency of charge carriers, which is an important feature for
photocatalytic purposes.

The CN sample shown in Fig. 56a shows a signal peak centred at g = 2.00407, indicating that the
sample contains only one paramagnetic species within the n-conjugated aromatic rings of g-CzNa.
These paramagnetic species could originate from unpaired electrons in the localized n-conjugated
structure, and not from the electron pairs in c-bonds. The reason is that these electron pairs have
the opposite magnetic spin moment and therefore cannot produce the paramagnetic resonance
absorption [41, 42].

After irradiation, the same peak is observed, but with a higher intensity, which means that the
recombination of charge carrier pairs is hindered [43]. It could be hypothesised that electrons could
be transferred from the 6-bonds to the m-conjugated structure under irradiation, so that electrons
migrated from the VB of g-C3N4 to the CB and photoelectrons were generated. The CN-F2_20 and
two other fluorinated samples show an altered EPR line shape and variation in g-factor position
compared to non-fluorinated samples [44]. The reason for this is probably the presence of more
defects in the structure of these samples and the formation of new electronic states. The intensity
of the EPR signal increased significantly when CN-F._20 was exposed to irradiation, but the g-
factor remained similar. This is due to the fact that their localised -conjugated structure harbours
new paramagnetic species under irradiation, which might be the photoelectrons [45, 46].
Moreover, the increase of the signal under and after irradiation indicates that the concentration of
photoelectrons in the localised n-conjugated structure is higher after fluorination.

Similar behaviour is observed in CNO and CNO-F,_20 (Fig. 56c-d). However, the difference is
observed in the CNO sample, which shows a shift of the g-factor to a lower value. The shift of the
g-factor can be explained by the local order and the local magnetic field around the atom. If minor
changes occur in the structure of the material, such as the number of defects or the
strain/crystallinity, the g-factor may shift [47]. The CCN sample, which has a higher carbon
content, does not show significant changes in the EPR signal after exposure, but only a shift in the
g-factor, as described previously.

A different trend is observed for the CCN-F2_20 sample (Fig. 56f). It shows several types of free
electrons and different g-values. Possibly, other radicals are present, which could be due to higher

defects, distortions and bond breaking in this type of sample after fluorination. In addition, the
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EPR signal intensity of the CCN-F,_20 sample did not show a significant increase after exposure
to light compared to dark. Presumably, the high carbon content is detrimental as it hinders the
formation of new paramagnetic species (photoelectrons) and their concentration in the localised -
conjugated structure [48].
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Figure 56. EPR spectra of a) CN, b) CN-F,_20, ¢) CNO, d) CNO-F,_20, e) CCN and f) CCN-F,_20
samples in the dark, under irradiation and after irradiation (Xenon Mercury lamp A >200-800 nm).

5.4.Photocatalytic activity of materials before and after fluorination

The photocatalytic performances of carbonitride-based materials were carried out by studying the
photochemical degradation of methyl orange (MO) under visible light irradiation. For this purpose,
in a first step, all samples (fluorinated or not) were put in contact with MO for one hour in the dark
to study the adsorption phenomena of MO on the surface of the material. The spectra of the solution
were analysed every 20 minutes and shown in Fig. 57a-f.

No evolution of the absorption peak position was observed for the CN, CNO and CCN samples
(Amax = 464 nm), whereas clear near spectra related to the appearance of the acidic form of MO
(Amax = 502 nm) were measured for CN-F,_20, CNO-F,_20 and CCN-F,_20 samples (Fig. 57b,
d, f) [49]. This feature is a clear indication of the acidification of the solution of fluorinated
carbonitride when it comes into contact with water. A possible reaction of the fluorinated material
with water could occur with formation of HF for instance. Therefore, for these samples, the

evolution of the MO absorption intensity during photocatalysis was recorded at 502 nm (acidic

form) than to its initial acidic form.
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Since the pristine materials have a rather low specific surface area, it is assumed that the adsorption
is negligible and that the evolution of the absorption intensity is rather related to a change in the
pH of the solution. The surface area of the fluorinated samples could not be measured due to their
pasty state. Therefore, to better substantiate the photocatalytic behaviour, we decided to plot the
normalised absorbance (A/A°) as a function of the irradiation time, where A° is the absorbance at
the initial irradiation (t = 0) of MO, measured at either the wavelength of the basic or acidic form,
assuming that no strong pH changes occur during irradiation and decomposition of MO. The data

are shown in Fig. 58-59.
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Figure 57. Absorption spectra of MO degradation under irradiation, for fluorinated and non-fluorinated

carbonitride-based materials, analysed every 20 min.

Since the non-fluorinated samples have different characteristics, different photodegradation
efficiencies are also observed (Fig. 58a-d). After contacting MO with the carbonitride-based
material and after 120 min of irradiation, 62.15% of MO is degraded by the CN sample, while
CNO and CCN (C-rich sample) show better performance. The reason could be that these materials
contain more defects and more C respectively. These defects could behave like a separation centre
for electron-hole pairs, and carbon is considered a good electron acceptor material due to its two-
dimensional m-conjugation structure, which effectively prevents the recombination of electron-
hole pairs [50, 51]. The carbon sites in the structure of the material are considered to be electron-
poor, which in the absence of MO could be complexed with the adsorbed water via C---O-H, while
in the presence of MO the C sites tend to be complexed with the more electron-rich methyl orange
sites via C---O-C bonds. Furthermore, if the structure has N vacancies or defects, this would
increase the longevity of the reaction sites [52, 53].

On the other hand all the fluorinated samples exhibit higher decomposition efficiency compared
to CN, CNO and CCN. The photocatalytic experiment showed that around 99.76 % of MO is
degraded after 100 min by CN-F»_20 sample with a degradation rate 0.022646 min~* which was
3.96 times higher than that of CN. Good performance was also exhibited by CNO-F>_20 and CCN-
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F>_ 20 samples. After 120 min exposure to the light, around 98.55 and 99.95 % respectively of MO
was degraded, with their corresponding degradation rates 0.018688 min~* and 0.025641 min™. For
CNO-F,_20,2.29 times higher than that of CNO, while for CCN-F>_20; 2.18 times higher than CCN

sample.
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Figure 58. Photodegradation spectra of MO. A/Ao is determined by two wavelengths centered at 464 nm
for non-fluorinated samples and 503 nm for fluorinated samples. Maximal absorbance determined at certain
wavelength was used as initial absorbance (A0), at t = 0, while A is absorbance after each 20 min, for (a)
non-fluorinated samples, (b) fluorinated samples, (c) fluorinated samples in the dark, (d) comparison of

degradation performance of the samples.
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The photodegradation is carried out repeatedly for the sample CN-F>_20 with an amount of 7 mg
(Fig. 59). After 40 minutes of light exposure, about 99% of MO is degraded, and the same amount
is degraded in the second and third cycles. After each cycle, almost all of the photocatalyst was

recovered, demonstrating the good reusability of the catalyst.
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Figure 59. Photodegradation spectra of MO by CN-F,_20 sample, with three cycles.

Table 13. Degradation rate and degradation efficiency of fluorinated and non-fluorinated samples.

Names Rate constant k min Degradation efficiency (%)
CN 0.0057166 62.1

CN-F,-20 0.022646 99.76

CNO 0.008152 81.14
CNO-F,_20 0.018688 98.91

CCN 0.011747 85.20

CCN-F,_20 0.025641 99.95

146



5.5. Conclusions

In summary, we have shown that gas phase method is with a high influence to produce highly F-
doped g-CsN4 based material at room temperature. It results to compounds with high content of F
ranging from (9, 20 and 26 at.%) for CCN-F,_20 (C-rich-g-C3N4), CNO-F,_20 (defective orange
g-CsN4) and CN-F2_20 (yellow g-CsNas). Drastical changes in morphology and exfoliation of
lamellar structure is observed for fluorinated materials. Incorporation of F leads to a large number
of pores. The structural defects were occurred by formation of C-F and surprisingly by N-F bond.
Electronic and optical properties were significantly improved, by reducing band gap, and hinder
the charge separation. Compared with pristine materials, fluorinated samples have shown
significant improvement of photocatalytic activity of methyl orange degradation. These
investigations and results are optimistic to understand the impact of high amounts of F on the
structure of materials and improving the properties of photocatalysts. This approach with pure F.

could lead to a more effective solution in engineering of photocatalysts.
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SUMMARY IN FRENCH

La réactivité de g-C3Na et de g-C3N4/C vis-a-vis du F2 gazeux pur a température a été étudiée dans
ce chapitre. Cette voie permet I'incorporation d'une teneur en fluor élevée par rapport aux autres
méthodes de fluoration (synthese hydrothermale, F> dilué) ce qui modifie significativement de
nombreuses propriétés. Les matériaux fluorés ont subit une stabilisation a 100°C (N2) puis a I’air
(température ambiante) afin de limiter leur caractére explosif a la sortie de 1I’enceinte réactionnelle.
Trois types de carbonitrure ont été étudiés : g-CsNa (jaune), g-CsNa4 (orange avec plus de défauts)
et g-C3N4/C. Ces matériaux apres fluoration ont été caractérisés par différentes techniques (EPR,
DRS, XRD, TEM, TG-MS, XPS) pour comprendre les modifications physicochimiques apportées
par la fluoration et évaluer les propriétés photocatalytiques. La représentation de Kubelka-Munk
pour la détermination des bandes interdites (Eg) des échantillons est présentées. Les matériaux
fluorés ont été testés sur la photodégradation du méthyl-orange (MO) sous lumiére UV-visible.
Tous les échantillons fluorés ont montré de meilleures performances envers la dégradation du MO

sous illumination.
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CONCLUSIONS

In this thesis were prepared three different composite based g-CzN4 materials; C-rich-g-C3N4, N-

rich porous carbon and F-doped-g-C3zNa.

The results have shown that it is possible to achieve homogeneity at the molecular level between
precursors. By changing the molar ratio of the initial precursors, diferent range of compositions
of adducts were prepared. Adducts have exhibited different thermal behaviour, morphology and
crystal structure in comparision of pure precursors. These results have proven that adducts are
formed by high distribution in atomic scale of C and N within the precursors (are not as a physical
mixture). The derived C-rich-g-CaN4 materials display tailored C/N ratio and variation in structure
compare to g-C3Na. Despite the high carbon content, g-C3N4 features were preserved within the
composite. Prepared C-rich-g-C3N4 materials can be potential photocatalyst for Hz production, but

still required an optimization of carbon content, to avoid obstacles for utilisation of visible light.

Furthermore, the reactivity of C-rich-g-C3Ns was investigated in presence of oxygen (air). Due to
diferent thermal stability/reactivity of g-CsN4 part compare to C-rich part, new materials with high
porosity were obtained. Increasing the temperature of oxidation, materials become more disorder.
The process, based on the use of g-CaN4 (with lower thermal stability), appears as a new way to

produce N-rich porous carbon materials.

High level of doping with fluorine was incorporated on g-CsNa structure, using F2 as gas phase.
All F-doped-g-C3sN4 samples have shown enormous changes in the structure, in comparision with
pristine materials. Diferent morphology with exfoliated layers were obtained after fluorination
compared to g-CsNs. The inclusion of fluorine has caused changes in the optical and electronic
properties, in favour of photocatalytic activity. This gas phase approach is powerful tool to open

new avenue to prepare g-CsN4 composites, over conventional multi-step hydrothermal methods.
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SUMMARY IN FRENCH

Dans le cadre de cette these, trois types de matériaux a base de g-CsN4 ont été préparés : g-CaN4/C
avec des teneurs différentes en C, un carbone poreux riche en azote et un matériau fluoré dérivé de
g-C3Na.

La synthése de g-C3N4/C par la voie des adduits permet d'obtenir une homogenéité des précurseurs
au niveau moléculaire tout en contrdlant le rapport C/N apres carbonisation par 1’ajustement du
rapport molaire des précurseurs et leur nature chimique. Les adduits ont montré un comportement
thermique, une morphologie et une structure cristalline différents de ceux des précurseurs purs. Les
matériaux g-C3Na4/C sont photocatalytiquement actifs pour la production de H, mais ils nécessitent

encore une optimisation, en particulier en ce qui concerne leur teneur en carbone.

La réactivité de g-CaN4/C a ’oxygene a été étudiée. En raison de la stabilité/réactivité thermique
différente de la partie g-C3Ns et de la partie carbonée, de nouveaux matériaux carbonés a grande
surface spécifique et riche en carbone ont été obtenus. Le procédé, basé sur l'utilisation de g-CsN4
comme agent porogéne apparait comme une nouvelle fagon de produire des matériaux en carbone

poreux riches en azote.

Un niveau élevé de dopage au fluor a été incorporé au composé g-CsN4 en utilisant F2 pur. Tous les
échantillons fluorés obtenus ont montré des changements notables dans leur structure et leurs
propriétés optiques et électroniques en comparaison avec les matériaux de départ. Cette
modification chimique s’accompagne d’une amélioration de l'activité photocatalytique de la
dégradation du colorant en phase aqueuse. La fluoration en phase gazeuse est un procédé tres
prometteur dans la préparation de composes fluorés ex-g-CsNs4 par rapport aux méthodes

hydrothermales conventionnelles.

155



APPENDIX 1: A list of original publications

e Arianit Gashi, Julien Parmentier, Philippe Fioux, Roman Marsalek, Tuning the C/N Ratio of
C-rich Graphitic Carbon Nitride (g-CsN4) Materials by the Melamine/Carboxylic Acid Adduct
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Preparation and characterization of g-CsN4

Arianit Gashi, Roman Marsalek (ICASS 3rd International Conference on Applied Surface
Science Pisa, Italy 17-20 June 2019)

Adsorption of heavy metal ions onto g-C3N4

Roman Marsalek, Arianit Gashi (Presentation 3" International Conference on Applied
Surface Science Pisa, Italy 17-20 June 2019)

Synthesis and Characerization of C-rich-g-C3sN4 materials from the melamine/carboxylic
acid adduct route

Avrianit Gashi (Conference YSD Journée des jeunes scientifiques UHA, Mulhouse, France)
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Tuning the C/N Ratio of C-Rich Graphitic Carbon Nitride
(g-C5N,) Materials by the Melamine/Carboxylic Acid Adduct

Route

Arianit Gashi,™"® Julien Parmentier,*® Philippe Fioux,” and Roman Marsalek*®

Abstract: C-rich graphitic carbonitride materials (CN,) with a
large range of compositions have been prepared thanks to
the self-assembly, in different ratios, of melamine (M) and a
panel of polycarboxylic acids (A) such as oxalic, tartaric and
citric acid. The thermal conversion of the formed adducts
(MA)), led to CN, phases, with x ranging from 0.66 to 1.4 (x=
1.33 for g-G;N, for comparison). The properties of these
materials were examined by different techniques (XRD,
Raman spectroscopy, TEM, TGA, XPS and DRIFT). It appears

that the increase in the C content is associated with the
disappearance of the long-range order of heptazine units and
an increase in the sub-nanometer carbon-rich cluster size
within the graphitic g-C;N, structure. This trend is followed by
a significant increase in the interlayer spacing and a lower
proportion of N=C—N bonds compared to C=C bonds. The
thermal stability under an inert atmosphere of these phases
and their UV-Visible absorbance properties were also inves-

tigated.
)

Introduction

Layered materials in the N/C composition range from graphitic
carbon (g-C) to graphitic carbonitride (g-C;N,). Although both
composition ends are denoted as “graphitic”, they display
different structures and properties.!" Briefly, g-C;N, is composed
of condensed m-conjugated six-membered rings of triazine or
tri-s-triazine (s-heptazine, C4N,) units bonded together with the
so-called nitrogen bridges which give a two-dimensional
structure with planar layers like in graphite.” This compound is
a yellow semiconductor materials with promising applications
as metal-free photocatalyst”™ (although it suffers from high
recombination of holes and electrons™ in the latter case) and as
part of Na-ion batteries electrode materials.”’ It is the most
stable allotrope among C;N, phases at standard conditions®
but it has a low thermal stability, even in inert atmosphere
(500-700°C), compared to carbon. Graphitic carbon is formed
of sp® carbon atoms arranged to condensed six-membered
rings. Its m-orbitals are responsible for many properties” such
as a high electronic conductivity which yield numerous
applications such as electrode in Li-ion batteries. It displays a
high thermal stability in inert atmosphere. In-between g-C and
g-GN,, a large range of composition exist either as a doped
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phase (C-doped g-C;N, and N-doped g-C) or as N-rich g-C and
as C-rich GN,. The resulting compounds display modified
properties compared to the pristine phases with interesting
new functionalities and potential applications. For instance,
doping of N into graphitic type carbon yields to new properties
such as metal-free electrocatalysis® or enhanced performances
in supercapacitor.” On the other hand, addition of C into g-
C;N, structure has shown to improve the photocatalytic proper-
ties by either shifting the absorption range from UV to the
visible range and by limiting the recombination of electron-hole
pairs. It is proposed that carbon doping of g-C;N, structure
allows the formation of a large number of delocalized t bonds
with a change of the electronic structure and an increase in
visible light absorption."® The N content in the C—N system is
strongly determined by the thermal stability of N-containing
moieties in respect to carbon.""'? Depending on the temper-
ature and the precursor used, the three main type of N doping
observed in g-C structure are pyrrolic N, pyridinic N and
graphitic N.'®" With the increase of the temperature, the
nitrogen content is reduced and the first two groups tend to
decompose in profit of the most stable graphic N.

Interestingly, nanocomposites combining carbonitride and
carbonaceous phase display a higher electronic conductivity
which enhance the performance compared to pristine g-C;N,
either in photocatalysis"¥ through a longer exciton life-time, or
in electrochemical energy storage (Na-ion storage batteries).
Moreover, controlled gradient of composition between these
two phases have shown to improved further the photocatalytic
activity of the nanocomposite."” Those properties are strongly
dependent on the interface between those two phases.

Based on the potential applications of graphitic structure
with C and N atoms and especially for those having a C-rich g-
C;N, composition, it appears interesting to control the C/N ratio
of the graphitic phase over a large range of composition and to
evidence how the C atoms are distributed within the structure

© 2022 Wiley-VCH GmbH
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especially when starting from homogeneous precursors having
an atomic distribution of C and N atoms. For that purpose,
different synthesis routes have been developed in the literature
based on precursors containing C and N with different C/N
ratio. CN, compounds with high N content are obtained by the
carbonization of N-rich precursors such as melamine, dicyana-
mide and urea.'® Addition of C precursors (e.g. glucose,”
polyaniline,"® cellulose, agricultural products, etc.) to those N-
rich precursors yield to C-rich g-C;N, compounds. It was shown
after carbonization of glucose and melamine mixture that the
resulting C;N, structure contains C-ring nanodomains with
enhanced photocatalytic properties for water splitting com-
pared to raw g-C;N,!"? However, these “physical mixture”
processes lacked to finely tune the properties of these materials
by controlling their precursors at the molecular level. Thus,
good and original synthesis for materials with optimized and
tailored properties were developed through the formation of
supramolecular self-assembled of C and N precursors. These
products, also called adducts, are formed by the recognition
and binding of complementary subunits thanks to hydrogen
bonds and noncovalent interactions (e.g., 7 interaction).””
Molecular crystals are then obtained. In this context, a wide
variety of materials with different dimensionalities, ranging
from 1D to 3D, were formed.”” Melamine (M) is an interesting
subunit as a g-C;N, precursor since it has a strong ability to be
involve to the formation of supramolecular self-assembled
compound through recognition process. For instance, mela-
mine associated with cyanuric acid,”? barbituric acid® have
been largely investigated. More recently, adducts based on
melamine and carboxylic acids have also been studied. With
melamine and benzoic acid,*” or oxalic acid,”” adducts were
formed through hydrogen bonding (N-H--O and/or N—H--N),
ionic interactions (according to the pH) and -t interactions (if
present)®® as schematized in Figure 1.

Based on this self-assembled precursor type, Li etal.
prepared for the first time g-CyN, sticky nanotubes using
melamine-ammonium oxalate complex.”” This process leads to
the formation of porous g-C;N, nanotubes (PCN) within carbon

;
l\
/
}

Figure 1. Schematic representation of attractive interactions in melamine-
carboxylic acid self-assembled compounds
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in the structure. More recently, X. Fang et al. were also able to
prepare co-crystals between terephthalic acid (TPA) and
melamine (M), through hydrogen-bonding functional groups
—COOH from (TPA) and —NH, from (M) which led the
preparation of C-rich g-C;N,.*® This homogeneous distribution
of C-rich (TPA) and N-rich molecules (M) within the crystalline
adduct is supposed to lead to a homogeneous distribution of C
and N species at the nanometer/atomic scale within the g-C;N,
structure. Nevertheless, this adduct approach was never system-
atically investigated in the melamine—carboxylic acid system in
order to tune the C/N ratio of carbonitride—type phase over a
large range of composition and with potential formation of
nanocomposite materials. For that purpose, different carboxylic
acids, denoted A (for oxalic acid (OA), citric acid (CA) and
tartaric acid (TA)), having different carbon chain lengths were
used in presence of melamine to yield different adducts labeled
as MAX/1(z) with M for melamine, A for the acid, X/1 for the
molar ratio M/A and z for the number given to the crystal phase
(1 or 2). These phases where used as precursors of C-rich G;N,
phases having different C/N ratios. This route, which does not
require organic solvent or hydrothermal step, appears as a
simple way to tune the C/N ratio of the CN, carbonized
materials by selecting either the nature of the carboxylic acid
and/or the melamine/carboxylic acid ratio.

Results and Discussion
Evidence of adducts formation

As shown on X-ray diffraction (XRD) patterns (Figure 2), the
mixture of M with the carboxylic acids leads to new crystalline
phases called adducts. The latter depend on the nature of the
carboxylic acid A and the ratio X/1. Interestingly, for each of the
two ratios X/1 tested, a particular crystalline phase was
obtained and denoted MAX/1(z) with z=1 or 2. In some cases,
due to the cooling step of the precipitation solution used to
increase the yield of these adducts, presence of M was
detected. A list of the XRD peaks of these adducts and their
position are reported in (Table S2 in the Supporting Informa-
tion). Interestingly, peaks of MO3/1,; and MO6/1, phases
(samples with melamine-oxalic acid adduct obtained with 3/1
and 6/1 molar ratios) do not corresponds to the phases
reported by Han etal® These authors reported that the
obtained phase displays the two most intense peaks at 26 circa
18° and 27° for Cuy, radiation. As it is outside the scope of this
study, the crystal structure of the adduct was not determined.

Another evidence of adducts formation is their singular
crystal shape compared those of the M and A precursors as
observed by SEM micrographs (Figure 3). The typical irregular
granular shape of the precursors is not more encountered for
the MAX/1(z) samples which display a typical regular needle-
like shape for MTX/1 with X=2.5 and 6.0 (Figure 3d and e) and
a lamellar-like shape for MCX/1 morphology for X=1.5 and 6.0
(Figure 3f and g).

These different characterizations have evidenced the for-
mation of adducts. Indeed, they all shown that the phases

© 2022 Wiley-VCH GmbH
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MO3/ (1) ‘|‘ igure 5, below).
——MO6/1(3) i I A To determine the chemical composition of adducts, elemen-

tal analysis was carried out and results are reported in Table 1.
Melamine and polycarboxylic acid compositions were compared
with those of adducts. For each acid considered, the as-
synthesized adducts show a nitrogen content following the
molar ratios M/A of the starting precursors. As expected, the
oxygen content follows the opposite trend due to the presence
of carboxylic acid groups and hydroxyl (if any) possibly
associated with water crystallization molecules. Based on these
T T T data, calculated M/A ratio of adducts could be determined
10 15 220 d 23 30 35 considering that nitrogen is related to the melamine content
® (degree) and carbon arises from acid and melamine. These ratios may
differ from the starting M/A ratios and are (close to) integer

) —— Melamine .
Sy ﬂ values as expected for adducts. Discrepancy compared to
MT2.5/1(1) l integer values could be due to the impurities observed by XRD
— M1/ 0 J_ A | therefore caution should be taken regarding these ratios which
' could not always correspond to the real M/A ratios of the

I adducts.

A To confirm further the evidence of adducts formation,
diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFT) was carried out on these new phases and compared to
the pure precursors M and A (Figure 4). For the M precursor, all
the observed peaks are in agreement with the data of the
literature. Two main broad peaks at 3122 and 3326cm™’,
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observed in the melamine-benzoic acid system® where

attractive interactions (ionic interaction, H-bond and van der
Waals) between reactants (melamine, melaminium, carboxylic
and carboxylate) and together with water bridging molecules
were encountered. Similar interactions may be present within

10 Is 2'0 2'5 3'0 35 adducts. Indeed, the presence of two broad bands at 3102 and
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the stretching of N—H--O bond of protonated melamine as
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Figure 2. XRD patterns of the M and A precursors and their corresponding observed in the melaminium chloride structure.”" A small shift

adducts obtained with two different M/A molar ratios: a) melamine, oxalic
acid, MO3/1;, MO6/1,; b) melamine, tartaric acid, MT2.5/1;,, MT6/1; c)
melamine, citric acid, MC1.5/1;,, MC6/1,. The Bl and [] indicate the main
peaks of MA/X;) and MA/X; adduct crystalline phases, respectively; M:
melamine, O: oxalic acid; T: tartaric acid; C: citric acid.

Table 1. Elemental composition (CHNO analysis) of melamine, TA, CA and
adducts for two molar ratios and corresponding calculated M/A ratio
(based on C and N compositions).

Name of sam- C N o H Calcd M/A ratio of the
ple [wt [wt [wt [wt sample
%] %] %] %]

obtained are not a physical mixture of M and A (even if

Melamine 285 66.63 - 480 -
impurities of M could be detected for some samples) since TA 3201 - 63.96 403 -
adducts showed:, a particular XRD pattern (Figure 2), a single CA 3751 - 5829 419 -

o . MT2.5/1 275 39.09 2877 464 21/1.0
phase morphology (SEM observation in Figure 3), a peculiar MT6/1 2803 5327 1412 455 59/1.0
infra-red (IR) spectrum compared to melamine (see the range MC1.5/1 3156 37.65 2648 428 2.1/1.0

MC4/1 3045 4257 2226 462 3.0/1.0
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Figure 3. SEM micrographs of a) melamine, b) tartaric acid, c) citric acid and the as-synthesized adducts with two different molar ratios d) MT2.5/1,,, €) MT6/

1, ) MC1.5/1;) and g) MC6/1,,.
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Figure 4. DRIFT spectra and characteristics vibrational peaks of melamine,
citric acid and adducts (MC1.5/1 and MC6/1)

of this absorption bands between the two M/A molar ratio can
also be observed in agreement with the two different
composition of the adduct phases. The typical bands of
carboxylic acids expected in the range 1400-1600 cm™' are
almost no more observed in the adducts. It indicates the
formation of carboxylate groups. Band intensities region from
1377 to 1700 cm™ are related with C=N and C-N stretching
vibration of melamine ring; they appear also in the adduct.
Moreover, the peak associated with out-of-plane bending of
triazine at 808 cm™' for melamine, has disappeared in the
adduct as observed for protonated melamine.?? All adducts
DRIFT spectra are shown in (Figure S2), showing a similar trend
with the other acids used.

To follow the thermal transformation of precursors and
adducts during the heating process, thermogravimetric and
differential thermal analysis (TG-DTA) were carried out in argon
flow (Figure 5). For pure acids, thermal decompositions are

Chem. Eur. J. 2022, 28, €202103605 (4 of 12)

endothermic (Figure 5a) and occur in a single step or in two
steps for the dihydrated oxalic acid owing to an additional
dehydration step. In all cases, the decomposition is nearly
complete between 200-285°C, a small part of carbon (2%)
remaining at 1000 °C for only TA and CA acids. Melamine shows
different thermal behavior compared to the acids. Its endother-
mic decomposition temperature is observed starting at 295°C
up to 365 °C. The mass loss is more pronounced in this interval
and is followed by a sharp decomposition peak (Figure 5b) due
to deamination.?” With the increase of the temperature, g-C;N,
is progressively formed in the range 400-500°C and it is then
completely decomposed at 750°C. Adducts behave differently
compared to their precursors (Figure 5c). To see more precisely
adduct’s endothermic behavior of decomposition, DTA (Fig-
ure 5d) and DTG were plotted (Figure S3). All adducts display
four decomposition steps in the temperature range 110-155,
225-314, 322-357 and 683-715°C (DTG data) in agreement
with the four observed endothermic peaks. In the low temper-
ature region (from 100 up to ca. 350°C), the steps are attributed
respectively to the dehydration of the adduct and the acid
decomposition followed by the deamination of the melamine.
The third step occurs at a lower temperature compared to pure
melamine giving another evidence of the formation of adducts
and that the analyzed products are not just a physical mixture
of the reactants. The last step occurs in the high temperature
region (>650°C) where thermal decomposition products are
either completely decomposed (MO4/1 adduct) or partly
decomposed with a carbon yield close to 5% at 1000 °C (MT4/1
and MC4/1 adducts). This low thermal stability of MO4/1 at high
temperature was already observed for a similar adduct type
made with melamine and oxalic acid and for pure melamine
decomposition product. It suggests that the MO adducts
decomposition product behaves almost like the g-C;N, regard-
ing melamine decomposition. Interestingly, another thermal
behavior is observed for the MT4/1 and MC4/1 adducts. They
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Figure 5. TG and DTA of precursors (top) and of the adducts (bottom) under nitrogen flow (heating rate 10°Cmin™").

lead to more stable decomposition products at high temper-
ature (yield close to 5 wt. %).

Physicochemical characterizations of C-rich C;N,

Chemical analyses of the calcined samples were investigated by
elemental analysis (EA) and X-ray photoelectron spectroscopy
(XPS). As these techniques give indication about respectively
the bulk and the surface composition, any discrepancy can be
observed but the evolution of the N/C ratios follows roughly
the M/A ratio used to prepare the adducts (Table 2). Pure g-
C;N, is supposed to have theoretically 60.9 wt.% of N and
39.1 wt.% of C. The reference material g-C;N,, displays a slightly
different composition since it was prepared in air (presence of
oxygen) and at a temperature where its decomposition has
started. The other samples, prepared at the same temperature

but in an inert atmosphere have lower nitrogen content and a
higher C content compared to the reference. Values ranging
from 38 to 57 wt.% were observed for the N content whereas
carbon content lies between 38 to 49 wt.% meaning that the
samples can be considered as C-rich CN, materials as
confirmed later. Interestingly, relatively high oxygen content is
detected with values ranging from 6 to 10 wt. %. It is proposed
that this oxygen arises from the acids carboxyl and hydroxy
groups of the adduct precursors.

High-resolution XPS measurements of C-rich GGN, and g-
C;N, samples were also performed. For the g-C;N, reference
(see XPS spectra in Figure S4), two contributions are observed
on the C1s high resolution spectra: 1) N-C=N at 288.4 eV typical
of triazine and; 2) C or H species bonded to C (C=C, C-C, and
CH,) at 285.0 eV. The latter species, not expected in g-C;N,,
were attributed to “adventitious” carbon atoms which were
gradually deposited on the surface of the material in the XPS

Table 2. Chemical composition [wt. %] of the samples obtained from elemental (EA) and XPS analysis with carbonization yields [wt.%)].

Name of C N (0} H N/C Yield
sample EA XPS EA XPS EA XPS EA XPS [%]
g-C;N,-550(air) 3433 40.44 62.60 57.28 2.46 2.28 1.61 1.61 26
MO3/1- 550 34.82 n.p. 56.99 n.p. 6.67 n.p. 1.94 1.42 40
MC1.5/1-550 49.23 55.96 38.12 40.28 11.14 3.76 1.48 0.66 29
MT2.5/1-550 46.26 50.40 41.88 45.04 10.13 4.56 1.22 0.77 26
MT6/1-550 42.29 4133 46.18 57.53 10.43 113 1.37 0.93 35
MC4/1-550 43.70 n.p. 44.65 n.p. 9.78 n.p. 1.57 0.87 32
MC6/1-550 38.99 51.60 51.42 44,53 7.69 3.87 1.75 1.13 38
n.p.: not performed.
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chamber due to C-based gaseous pollutants.”® For the C-rich a) [—cnN=c
CN, samples, measurements were more difficult to record ——N-(C),
compared to the one of g-C;N,, owing probably to the presence — N-C(amine)
. . . . Background
of nested carbon-rich clusters or nanodomains having different Envelope

electrical conductivity from their g-C;N, environment. It
required, for charge compensation, the use of an electron flood
gun which led to variable peak profiles and positions according
to the voltage applied. As a result, the flood was adjusted for
the C1s analysis, in order i) to obtain a profile of the C1s peak
as fine as possible and ii) that the contribution of the lowest v =
energy was attributed for each sample to C—C, C=C and CH,
bonds at 285 eV (assuming that the sample contains similar
species in different ratio). No quantitative analysis was extracted

Intensity (a.u)
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from these spectra. Thus, we have followed only the evolution Ending cricagy (£¥)
of the main contributions for selected samples (Figure 6). The b) —on—c NG
signal at 285eV was attributed to carbon-rich clusters or ——N-(C), 398.7¢V_
nanodomains originating from the carbonaceous skeleton of —— N-C(amine)
the adducts carboxylic groups. Its contribution clearly increases Background
with the C content of the selected samples from 42 wt.% for 3 Envelope
MT6/1-550 to 46 and 49 wt.% for respectively MT2.5/1-500 and E
MC1.5/1-500 samples. Meanwhile, the contribution of N-N=N % 2003V
species decreases. From these findings, it is clear that beside E B
the presence of g-C;N, domains, a higher portion of carbon- b
carbon bonds is observed with a higher carbon content, N R
presumably in the form of C=C bonds as suggested latter by
Raman spectroscopy with the appearance of D and G bands . : i i . i
characteristic of graphitic-type carbon. 408 406 404 402 400 398 396
N1s spectra of MT6/1-550, MT2.5/1-550 and MC1.5/1-550 Binding energy (eV)
samples display three main contributions, centered at the
binding energy of 399.08 eV (corresponding to sp’-hybridized ¢) [—ocn=c 19876V e
pyridinic-N species in triazine rings (C—N=C), 400.6 eV (tertiary :::E:C()aamine) -
nitrogen N-(C); groups) and 401.7 eV (terminal amino groups . Background
(C—N—H; Figure 7). A clear evolution of these populations can g Envelope
be observed with the increasing carbon content: the C—N=C 2
population decreases while the N—(C); and N—C amine increase g
(Table 3). =
The g-C;N, and C-rich C;N, samples were analyzed by DRIFT
spectroscopy as shown in (Figure 8). The spectra of the g-C;N,
reference displays typical and well-resolved absorption bands,

T T T T T T T
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N=C-N —— MT6/1-550
—— MT2.5/1-550 Figure 7. High-resolution XPS N1s spectra of a) MT6/1-550, b) MT2.5/1, and
—— MC1.5/1-550 ¢) MC1.5/1-550 samples.

as reported in the literature, at the opposite of those of C-rich
g-C;N, samples (e.g., MT4/1-550 and MC4/1-550) which have
poorly resolved bands as encounter usually for poorly ordered
carbon-based materials. All selected samples displays a band at
807 cm™' which is attributed to the breathing mode of the
triazine ring.®* A similar trend is observed for the other peaks
of the g-G;N,, 1319 cm™" and 1562 cm ™' correspond to the C—N
and C=N stretching mode of aromatics, whereas the peak at
Figure 6. High-resolution XPS C1s spectra of MT6/1-550, MT2.5/1-550 and 1417 cm " corresponds to tertiary N** also revealed by XPS. A
MC1.5/1-550 samples showing the evolution of N-C=N and (C=C, C—C and broad absorption band around 3200 cm™' presents in all spectra
C—H) contributions with variation of the carbon content and a second band around 3600 cm~' detected mainly for C-
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Table 3. Nitrogen bonding compositions and peak-ratio area of C-rich tion between melamine amine groups and carboxylic acids.
GN, and g-C;N, samples with variation in molar ratio. These amide groups could follow successive degradation steps.
Sample  N—(C), C_N—C N—C(amine) and lead to nitrile species.*” This hypothesis is strengthened by
Peak Position  Peak Position ~ Peak Position the fact that thermal degradation of nitriles yields HCN
E;:]io [eV] [:/:]io [eV] [j/:]io [eV] species,*” as observed by TG-MS (results not reported).
Absorption band at 2363 cm™' for the MO4/1-550 sample is
gGNy- 12 400.3 73 398.9 10 4014 related to fluctuation of the CO, amount inside the spectrom-
i/lscofslr/)r 21 4003 60 3987 13 4013 eter during measurements.”"

550 Raman spectra of the samples MC1.5/1-550, MC6/1-550,
Mce/1- - 12 4005 74 3988 10 401.5 MT2.5/1-550, MT6/1-550, MC4/1-550 (black color) and MO4/1-
i/IST(')Z.SM- 17 4003 67 398.7 1 2012 550 (brownish color) are shown in (Figure 9a and b). The use of
550 two different excitation wavelengths (488 and 532 nm) was
MT6/1- 12 400.6 80 399.0 6 401.6 necessary to overcome luminescence phenomena which yield
>30 poorly resolved spectra for some samples. In some cases, this
problem could not be overcome and therefore spectra of g-
— MT4/1550 GN, (reference), MOA4/1-550 and MT6/1-550 (beige color)
—— MC4/1-550 samples were then not presented for all wavelengths. For an

—— MO4/1-550 - .
N ——— §-C3N4-550(air) excitation wavelength of 488 nm (Figure 9a), only the black
é E 3 samples display the two typical D and G bands of graphitic-type
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Figure 8. FTIR spectra of g-C;N,-550(air), MT4/1-550, MC4/1-550, MO4/1-550.

rich C;N, materials could be related to the stretching vibration
mode of N-H and surface-adsorbed water molecules O—HB"3®
in g-C;N, domains and/or C-rich clusters as evidenced latter by
Raman spectroscopy.

A small band at around 2177 cm™' is detected for the C-rich
materials; it could be attributed to nitrile species.® It is
presumed that these groups are yielded through the thermal
decomposition process of amides, formed previously by reac-

carbon at respectively 1371 and 1566 cm™'. Even if caution

should be taken due to a luminescence phenomena, the
intensity ratio of D and G bands (R=Iy/l;) follows a clear
decrease with the carbon content as shown by the sequence: R
(MC1.5/1-550)=3.6 >R (MT2.5/1-550)=3.3>R (MC6/1-550)=
1.5 for respectively 49, 46 and 38 wt. % of C (Table 2). This
feature fits well with [y/l; ratio evolution observed for
disordered carbon having for instance very low coherence
length (L,) in the in-plane graphitic structure, typically below
2 nm. In that size range, the intensity ratio is proportional to L,
(i.e., the carbon cluster area) and follows the degree of ordering
of the carbon structure. Indeed, in this case, the D mode
intensity is related to the probability of finding a sixfold C ring
and this probability decreases with the loss of ordering (and the
L, size) owing to the formation of C chains, sp® species or other
type of rings. At the opposite, the intensity of the G mode,
related to the motion of C sp? atoms, is considered as relatively
constant in this range whatever the disorder.*? Hence, in our
case, with the decrease of the carbon content in the
carbonitride samples, a lower probability to form sixfold C rings
is expected, resulting in a decrease of Ip/lg ratio. This trend is

a) b)
—— MC1.5/1-550 —— MC4/1-550
MC6/1-550 ——— MT6/1-550
—— MT2.5/1-550| —— MO4/1-550
= —— MT6/1-550 -~ 1378
< 5 8 s
— ) < 1M
2 L g N
87 W/\/\’m 2 Do
C: v I 1
= & g
E -1 I 1
m = Do
T N .
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o
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Raman shift (cm™)
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Figure 9. Raman spectra of carbonized samples recorded with an excitation at a) 488 and b) 532 nm.
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supported by the absence of second order bands such as the
2D bands observed usually around 2750 cm™' and which is
replaced by a bump for highly disordered carbon in the range
2400-3100 cm™.

Usually a decrease in the G band position with amorphiza-
tion of the graphitic structure from 1580 (graphite) down to
1510 cm™' (amorphous carbon) is expected for carbon materi-
als. This feature is not encountered for the studied samples.
Indeed, values ranging from 1580 to 1602 cm ™' were observed
at different wavelengths for the G band. It suggests a high
presence of sp? carbon atoms arranged in six-membered rings,
probably as clusters within the g-C;N, structure. In Figure 9b is
shown the Raman spectrum of MC4/1-550, MO4/1-550 and
MT6/1-550 samples recorded with an excitation wavelength of
532 nm. A clear difference could be observed between the
MO4/1-550 sample, having a composition close to g-C;N,, and
the two other samples which are more carbon rich. The former
did not display any strong absorbance bands as expected for
disordered g-C;N,-550 prepared in air. For the latter samples,
beside the typical D and G bands, a hump in the region

Figure 10. Hypothetical representation of the C-rich C;N, heterostructure
with six-carbon-ring nanometer domains embedded within a g-C;N,
structure.

—— MC1.5/1-550
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Figure 11. XRD patterns of MC1.5/1-550, MT2.5/1-550, MC6/1-550 MT6/1-
550, g-C5N,-550(air), MC4/1-550, MO3/1-550
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between 2600-3000 cm™' is observed as for very disordered
carbon materials.”*

A hypothetical representation of the C-rich C;N, nano-
structure is reported in (Figure 10) with sixfold carbon ring
nanometer domains, where the carbon domain are indicated in
black.

The g-C;N, and C-rich C;N, materials were investigated by
X-ray diffraction (XRD). XRD shows large diffraction peaks,
typical of highly disordered crystalline materials with a hump at
13.10° (for g-C3N, and MO3/1-550 samples only), and a peak in
a large range 26.9-27.4° (Figure 11). The hump corresponds to
the (100) interplanar distance of g-C;N, and is typical of the in-
plane structural packing motif of heptazine units as described
in the literature.*” The peak around 27° is attributed to (002)
planes present in both crystalline graphitic carbonitride (g-C;N,)
and graphite C structures and corresponds to interlayer stacking
distances. Compared to perfect crystalline structures of g-C;N,
with dy,=0.3246 nm and graphite C dy,=0.336 nm,* the
observed dg, values lie in this range. Moreover, it is well known
that these values are higher when disorder is present in the
lamellar structure,”*® (e.g., treatment above the decomposition
temperature of g-G;N, in oxidation or inert atmosphere,
presence of heteroatoms and activation of graphitic carbon).
Among the two samples exhibiting the heptazine structure, the
MO3/1-550 sample shows the lowest dy, value (dy,
=0.3252 nm) slightly above to the value of perfect g-C3N,
followed by the reference g-C;N, sample prepared in air (dy,
=0.3265 nm). It indicates that both samples, having yellow-
beige color and prepared at the same temperature, have a
slightly disorder structure, close to perfect g-C;N,, but with
more defects when heat-treatment was performed in air. For
the other samples, the d,,, spacing follows the sequence MO3/
1-550 < g-C;N,-550air < MT6/1-550 <MC6/1-550 < MT2.5/1-
550 <MC1.5/1-550, which is nicely correlated to the carbon
content of the sample (Table. 2). This trend indicates that the
increase of the carbon content in the lamellar structure
significantly increases the interlayer distance. The highest dy,
value (0.331 nm) observed for MC1.5/1-550 sample having the
highest carbon content is below the interlayer distance of
graphite,”” suggesting that all materials prepared have compo-
sitions ranging between crystalline g-C;N, and graphite, so they
can be considered as C-rich carbonitride phases. Thus, the
absence of peak at around 13° for these samples could be
attributed to the introduction of C as a heteroatom within the
lamellar structure of g-C;N, with a breakdown of the long-
range periodicity of the in-plane heptazine units. As the carbon
content increases, a nanocomposite of g-C;N, with carbon
nanodomains could appear.

The nanostructure of the samples was analyzed by TEM.
Materials like g-C;N, and MO3/1-550, which have both a low
thermal behavior, display a nanoporous structure with holes of
a few tens of nm (Figure 12a and b). This nanostructure is not
so evident for C-rich samples with a higher thermal stability
(MC1.5/1-550 and MT2.5/1-550; Figure 12 ¢ and d). High-
resolution TEM was difficult to perform owing to the decom-
position of the samples under the beam. The structuration of
the materials does not lead to porous materials as evidence by
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a)

Figure 12. TEM images of a) g-C;N,-550(air), b) MO3/1-550, ¢) MC1.5/1-550, and d) MT2.5/1-550 samples.

the low surface area (13-26 m%/g, BET model) revealed by N,
adsorption at 77 K. EDX analysis coupled with STEM experi-
ments showed a homogenous distribution of C and N at the
sub-micrometer scale (Figure S5).

To investigate the thermal properties of the calcined
samples, TG-DSC analysis under argon atmosphere was carried
out. In agreement with the literature, the thermal stability of g-
G;N, in an inert atmosphere was limited with a decomposition
onset at circa 630°C and complete decomposition at 780°C
(Figure 13a). For C-rich C;N, samples, interestingly, the temper-
ature-decomposition onset occurs at lower temperatures than
the g-G;N, reference, around 534°C and 630°C for respectively
MT4/1-550 and MC4/1-550 (Figure 13b). Surprisingly this behav-
ior is associated with good high-temperature stability since
these materials are still present with a yield of around 20 wt. %
at 1000°C. The MO4/1-550 sample lies in-between C-rich
samples and g-C;N, regarding nitrogen content (Cf Table 2) as
its temperature decomposition onset of 650 °C. It appears that
the introduction of extra carbon (and oxygen) atoms within the
heptazine structure leads to its destabilization and to a lowered
decomposition temperature. The resulting structure, probably
enriched with carbon, is then more stable at high temperature.
All materials exhibit an endothermic behavior during these
decomposition steps (Figure 13c).

A large panel of colored samples were obtained, ranging
from yellow (g-C;N, -550 (air)) to black (C-rich C;N, materials),
via a brownish (MO3/1-550) and beige (MT6/1-550) color for
materials containing a limited amount of extra carbon com-
pared to g-C;N,.The diffusion reflectance (DRS) spectra of g-
C;N,-550(a), MO4/1-550, MT6/1-550 and MC1.5/1-550 samples
are reported in (Figure 14). The reflection band edge around
450 and 520 nm was observed for respectively g-C;N,-550(air)
and MO4/1-550. This shift is related to the higher carbon
content of the later sample which also shows a lower
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reflectance than the reference in the whole visible range. For
even higher carbon content (MC1.5/1-550), the reflectance
values are the lowest in the visible region whereas no
significant differences were observed in the UV region. It was
not possible to calculate the band gap energy E, by the
Kubelka-Munk theory™® for the MT1.5/1-550 material. Indeed, if
we consider that the material structure is composed of C-rich
domains nested within disordered g-C;N, structure, this
structure could lead to ill-defined conductive and valence
bands for each phase and therefore difficulties to isolate their
individual contributions by the Kubelka—Munk theory. There-
fore, calculation of the band gap was not performed as
recommended in ref. [48]. While the possible band gap
estimation was performed only for g-C;N,-550(a) and MO4/1-
550 (Figure S6).

The potential photocatalytic properties of those raw C-rich
C;N, materials were investigated briefly with the water splitting
reaction.

Previous studies, based on C;N,/C composites obtained by a
carbonized mixture of carbon black”” or graphene oxide®™ with
melamine, have shown enhanced photocatalytic performances
compared to g-C;N,, on H, production. It was related to the
improved photogenerated electron-hole pairs separation ow-
ing to the increased electrical conductivity of the carbon part.
In our case, the nanostructure of adduct-derived materials is
presumably different since the carbon is introduced with the
melamine as a precursor (acid) and not as a carbon-based
material. The photocatalytic properties of the adduct-derived
carbonitride samples were explored by the decomposition of
methanol in agueous media under deep UV irradiation. Hydro-
gen appears as the main product detected from the photo-
catalytic decomposition products. Its amount, evolved after 4 h
of irradiation, is reported in (Figure 15) with results obtained for
TiO, (P25 Evonik) and g-C;N, for comparison. Although perform-
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Figure 13. TG-DSC thermograms of a) g-C;N,-550(air) and b) TG thermo-
grams, as well as c) DSC thermograms of MT4/1-550, MC4/1-550, and MO4/
1-550 samples under nitrogen flow.

ance of the C-rich GN, material (MT6/1-550 sample) is lower
than those of the well-known and optimized references, a
photocatalytic behavior is evidenced and appears encouraging
since there is probably room to enhance their properties for
this application. It is also possible that the carbon content is too
high and limits the light absorption of the carbonitride part
compared to previous studies®®" where the N/C atomic ratio
(determined by XPS) is in the range 1.19-1.35 whereas it is 0.93
and 1.61 for the studied samples.

The zeta potential of g-C;N,-550, MO3/1-550 MT2.5/1-550
and MC4/1-550 samples has been investigated versus pH
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Figure 15. Amounts of H, to evolve after 4 h of photocatalytic decomposi-
tion of methanol in the presence of different photocatalysts at 254 nm (pen-
ray lamp). Photolysis reported for comparison.

(Figure 16). It shows a typical shape, that is, increasing pH, the
zeta potential values become more and more negative. The
isoelectric point value for samples MO3/1-550 and MT2.5/1-550
is around pH 2, as well as for sample g-C;N,-550. An exception
is the sample MC4/1-550 of which isoelectric point has the
value 4. It is very important for applications that in the neutral
range and more especially in the basic pH range, the zeta
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Figure 16. Dependence of the zeta potential on pH.
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potential values are very low. In other words, in these pH
ranges, the surface of the materials is strongly negatively
charged, which gives a good precondition for the adsorption of
positively charged particles, such as heavy metal ions or some
organic substances.

Conclusions

We have shown that the adduct route is a versatile synthesis
route as, depending on the starting melamine/acid ratio and
the nature of the acid, a large panel of supramolecular-self
assembled and crystalline phases could easily be obtained. After
carbonization at moderate temperature (550°C), it results in
compounds with compositions ranging from graphitic carboni-
tride to C-rich graphitic carbonitride CN, (0.66<x<1.4). It
appears that, although C and N species are distributed at the
molecular level in the precursor (adduct), segregation occurs
during the carbonization with the appearance of a bigger C-rich
(sub)nanometer phase (clusters) within the layered structure
when the carbon content increases. This feature is also
indirectly evidenced by the disappeared of the long-range
ordering of heptazine units and a decrease in the number of
N—C=N bonds in favor of C=C bonds as the carbon content
increases. A progressive evolution of the properties between
the two end compositions, such as thermal stability, can then
easily be tuned by this process. It also introduced a higher
portion of oxygen within the structure compared to standard g-
C;N,, probably due to the presence of carboxylic group within
adducts. The optical properties are strongly modified even with
a limited amount of extra carbon within the g-C;N, structure.

Experimental Section

Materials: Melamine (M) C;HgNg, L-(+)-tartaric acid (TA) C,HOg,
oxalic acid (OA) C,H,0,-2H,0 and citric acid (CA) CzHgO,-H,0, with
purity above 98 wt.%, were purchased from MACH CHEMIKALIE
(Czech Republic). All the reagents and materials were used as
received without additional purification or treatment. Deionized
water was used in the whole experiment. Developed formulas of
the reactants are given in Figure S1.

Synthesis of adducts: Synthesis of adducts was inspired from the
procedure described by Han et al.*® which is based on the mixture
of melamine and oxalic acid with M/A molar ratios of 1, 2, 3, 4, 5
and 6. This process was extended here to different polycarboxylic
acids (A=TA, CA, OA) mixed with melamine in different M/A molar
ratios X (X=1.5/1; 2.5/1; 3/1; 4/1 and 6/1). Typical synthesis is as
follows: 2.52 g of melamine was dissolved under vigorous stirring in
100 mL of distilled water heated up to 80°C. Meanwhile, an
appropriate mass of acid was dissolved in 20 mL distilled water.
This solution was then added drop by drop into the melamine
solution which was kept warm and under stirring. A white
precipitate appeared which was filtered and washed with distilled
water before being dried at 80°C for 4 h. The white precipitate was
placed in a covered alumina crucible (3x5 c¢m) and then put into a
tubular furnace for pyrolysis at 550°C for 4h under an inert
atmosphere (N, flow 100 mL/min) and with a heating rate of
5°Cmin~". The series of adducts obtained were named according to
the initial molar ratio X of melamine over poly-carboxylic acid A
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following the formula MAX/1. For instance, melamine-(M), oxalic
acid-(OA) adduct obtained with a ratio X of 3/1 was labeled MO3/1.
Calcined materials at 550°C were labeled as follows MA/X-550.
Depending on the type of acid and M/A ratio used, it occurred that
yield of the precipitate was too low, so the temperature of the
solution was cooled down to 50°C to recover enough solid, as
summarized in (Table S1). It is worth noting, as shown in the
discussion part, that this cooling step could also lead to the
precipitation of free reactants.

Characterizations: The crystal structures of the samples were
investigated by an X-ray diffractometer D8 ADVANCE A25 from
Bruker using Cuy, radiation source (1=1.5406 A). The morphology
of samples, previously gold-coated, was observed with the
scanning electron microscopy (SEM) FEI Quanta 400 with a high-
resolution low vacuum field emission gun (FEG). Elemental organic
analysis (EOA) of the samples was performed with Thermo Finnigan
FLASH EA 1112 Series CHNS/O Analyzer (Thermo Fisher Scientific,
USA). The nature of some chemical groups of the samples was
identified by diffusion reflectance infrared Fourier transform (DRIFT)
spectroscopy on Thermo Scientific model iS50. Transmission
electron microscope (TEM) micrographs were obtained on a Jeol
apparatus (model ARM-200F) working at 200 kV. Raman spectra
were recorded using a Horiba Jobin Yvon HR800 apparatus working
with a laser at 488 and 532 nm. I/l intensity ratio between D and
G bands was estimated using Voigt function.®" X-ray photoelectron
spectroscopy (XPS) was performed with a VG SCIENTA SES-2002
spectrometer equipped with a concentric hemispherical analyzer.
The incident radiation used was generated by a monochromatic
Alg, X-ray source (1486.6 eV) operating at 420 W (14 kV; 30 mA).
Thermogravimetric—differential scanning calorimetric analysis (TG-
DSC) was performed on SETSYS-1750 CS analyzer with a heating
rate of 10°Cmin~". The nitrogen adsorption-desorption isotherms
were measured at 77 K on Surface area and porosity analyzer
Quantachrome Instrument. Photocatalytic tests were performed in
a stainless steel photoreactor (348 mL) equipped with a quartz glass
window. An aqueous solution (100 mL) containing 50% methanol
and 0.1 g of photocatalyst, was placed in the reactor, purged by
helium (to remove air) and irradiated by a Hg lamp (8 W Ultra-Violet
Products Inc.-maximum peak intensity at 254 nm). Sampling of the
gaseous phase was performed every hour during 4 h interval
through a septum. The gas phase composition was analyzed by a
gas chromatograph (Shimadzu Tracera GC-2010Plus) equipped with
BID (barrier discharge ionization detector). All of the measurements
were performed repeatedly.
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