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Abstract

Carbon monoxide (CO) has a poisonous effect on all living organisms as it binds to the
hemoglobin of blood cells, preventing oxygen uptake. Thus, the conversion of CO to
less dangerous gas such as CO: is an essential process. This work presented the
utilization of carbon nitrides (CsNx) in different phases (BgCsNs, PBCsNs, BCzNe) for
thermal carbon monoxide (CO) oxidation. Herein, 9gCsNs, Cs3Ns, and CsNs were
prepared by pyrolysis of their amine precursors, which were doped with Fe by two
distinct methods; mechanical mixing (Fe/CsNx-M) and polymerization (Fe/CsNx-P).
The controlled preparation of Fe/gCsNs-P allowed the formation of hierarchical porous
structures with high surface area (219 m?/g) compared to the Fe/gCsNs-M (77 m?/g).
This enabled the ease of reactants diffusion, enhanced the electron transfer, and
maximized the atomic utilization. Accordingly, Fe/gC3Ns-P (Ti0= 245 °C) presented
higher catalytic activity than Fe/gCsN4-M (T100= 291 °C).

In addition, bimetallic FeTi/gCsNs-P and trimetallic FeTiCu/gCsNs-P  catalysts
achieved the complete conversion of carbon monoxide (CO) at lower temperatures;
175 and 147 °C, respectively, which was attributed to the enhanced reducibility, and
synergistic effect of Ti and Cu. Besides, FeTi/gCsN4-P and FeTiCu/gCsNs-P showed
higher catalytic activity than Pd/C commercial catalyst (Ti00= 198 °C). In addition, the
trimetallic  FeTiCu/gCsN4-P  showed a stable catalytic behavior without any
deactivation for more than ten hours. This study showed that the CsNx phases worked
successfully in the thermal catalytic CO oxidation. However, the gCsNs phase is the
most active one when doped with metal(s), as it offered higher crystallinity,
graphitization, and thermal stability than CsNs and CszNe. This study also paves the way
for the utilization of gCsN4 as a support for different metals to be used efficiently in
various thermal catalytic applications, not only CO Oxidation.
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Chapter 1

Introduction

1.1. Introduction

Reducing carbon monoxide (CO) in the atmosphere is a vital process, as CO is a
poisonous gas that can cause the immediate death by combining with the hemoglobin
of the blood cell faster than oxygen [1-3]. Conversion of CO to CO2 is a highly
attractive way to decrease the CO emissions as it possesses many advantages such as
simplicity, and low activation energy [4, 5]. In addition, CO oxidation to CO
(equation 1)[6, 7] is important in fundamental and industrial applications[8, 9]. Various
noble metals, such as gold (Au), palladium (Pd), and platinum (Pt) [10, 11], and
transition metals, such as iron (Fe), copper (Cu), and cobalt (Co) [12-14] were reported
for the CO oxidation process. However, noble metals' high cost and scarcity preclude

their larger use.

200+ 02> 2C02 AH=-566 kj/mol. Eqn. 1
Different materials were reported as supports for the noble and transition metals such
as silica and alumina. However, =n-conjugated polymer carbon nitride (CsNx) has
attracted many researchers to investigate it in various catalytic reactions in the last ten
years, owing to its catalytic, photocatalytic, electronic structure, and physiochemical
merits in addition to its cheap price [15-17]. However, carbon nitride (C3Nx, X = 4, 5,
6), with different phases, is rarely reported for the thermal catalytic reactions,
particularly thermal CO oxidation, as only 14 articles were reported using graphitic
carbon nitride (gCsN4) phase as a support. On the other hand, the two phases; C3Ns and
C3Ne have not been studied for the thermal oxidation of carbon monoxide. Moreover,
none of those 14 articles investigated the iron (Fe) on the graphitic carbon nitride

(gC3Na4) as a catalyst for thermal CO oxidation.
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Herein, this study is devoted to exploring the carbon nitride phases, i.e., gCsNa4, C3Ns,
and CsNe, which were synthesized by the pyrolysis of melamine[18],
aminotriazole[19], and aminoguanidine hydrochloride[20], respectively. In addition,
investigating their supporting role in the thermal catalytic oxidation of carbon
monoxide, especially, the phases; C3Ns and Cs3Nes that have not been investigated as
supports with any metal in the thermal oxidation of carbon monoxide. Moreover, this
work investigates the impact of Fe and Ti on the gCsNs, which has not been reported
for the thermal CO oxidation. However, Fe and Ti were reported intensively with other
supports for the CO oxidation and showed enhanced effect for the CO oxidation [21,
22]. Moreover, this study provides a comparison between the catalytic performance of
Fe-doped gCsNs prepared by the traditional mechanical mixing (T100291) and the one
prepared by the polymerization method (T100245) to achieve better catalytic activity as
the recent polymerization method is reported to offer porous structures with high
surface area, which subsequently enhance the catalytic performance. Furthermore, the
monometallic, bimetallic, and trimetallic effect on the catalytic performance has been
investigated by preparing Fe/gCsNs-P, FeTi/gCsNs-P, and FeTiCu/gCsN4-P, which

achieved the complete CO conversion at 245, 175, and 147 °C, respectively.

1.2. Aim and Objectives

1.21 Aim

The aim of this study is to investigate the different carbon nitride phases and their role in the
oxidation of carbon monoxide, especially the phases; CaNs and CsNe phases that have not been

reported for the oxidation of carbon monoxide.

1.2.2 Objectives

The aim was achieved through the following objectives, schematically illustrated with precise
17



work plan as shown in Figure 1.1

“* Synthesis of the different phases of graphitic carbon nitride (gC3sNa, C3Ns, and C3Ng) and
exploring the differences.
% Characterization of all prepared samples through different techniques, such as XPS,
SEM, XRD, FTIR, TGA, and Raman.
% Preparation and evaluation of the carbon nitride based catalysts (Fe/gCsNa4, Fe/C3Ns,
and Fe/C3Ng) in the catalytic thermal CO oxidation.
« Exploring the impact of Ti and Cu as bimetallic FeTi/gCsNs and trimetallic
FeTiCu/gCsNa catalysts on the catalytic performance.
** Examining all catalysts for the thermal CO oxidation and figuring out the best catalyst

that show the highest catalytic performance and can compete the commercial catalysts.

18



Melamine Aminotriazole Aminoguanidine

Mixing with Fe Mixing with Fe Mixing with Fe

Pyrolysis in N,

Fe/C5N;

Characterization & Testing

Fe/C5N, Prepared Fe/C;N, Prepared by
: w Vs. s
by mechanical mixing Polymerization

Characterization & Testing

FE/C3NX Vs. FE'Ti/C3NX

Fe-Ti/CsN, V. Fe-Ti-Cu/C,N,

Figure 1.1. A schematic diagram illustrates the designed work plan

1.3. Scope of Research Project

Chapter 1: Introduction

This chapter shows the poisonous effect of CO on the living organisms and the
common materials used in the CO oxidation process to reduce the CO in the
atmosphere. In addition, this chapter includes the reasons of choosing the carbon
nitride materials to be tested in the CO oxidation and the advantages of using Fe, Ti,
and Cu with the carbon nitride.

Chapter 2: Literature Review
19



This chapter focuses on an introduction of the publications on carbon nitride based
materials, the used applications and the developments of catalysts.

Chapter 3: Methodology

This chapter discuss the used synthesis methods (mechanical mixing and
polymerization by HNO3) and explain the differences of each process and the materials
used to prepare the catalysts. In addition, this chapter presents the experimental

techniques and the machines used to characterize the samples.
Chapter 4: Exploring the catalytic properties of CsNx phases (x = 4, 5, 6)

This chapter discusses the differences of the carbon nitride phases (gCsNs, CsNs, and
CsNs) and comparing their catalytic properties.

Chapter 5: Catalytic performance of Fe-doped catalysts; Fe/gCsN4, Fe/C3Ns, and Fe/C3Ng

This chapter focuses on the differences of the Fe/gCsNs-M, Fe/C3Ns-M, and Fe/C3Ne-

M and comparing their catalytic performance in the CO oxidation.

Chapter 6: Catalytic performance of Fe/gC3N4-M prepared by mechanical mixing and Fe/gCzNs4-P

synthesized by the polymerization method

This chapter investigates the catalytic performance of Fe/gCsNs-M prepared by
mechanical mixing and Fe/gCsN4-P prepared by the polymerization method.

Chapter 7: Catalytic performance of the monometallic, bimetallic, and trimetallic catalysts;
Fe/gCsNas-P, FeTi/gCaN4-P, and FeTiCu/gCaNs-P

This chapter evaluates the catalytic performance of the monometallic, bimetallic, and
trimetallic catalysts; Fe/gCsNs-P, FeTi/gCsNs-P, and FeTiCu/gCsNs-P in the CO
oxidation. In addition, it provides a comprehensive comparison among the properties
of them using different characterization techniques, such as XRD, FTIR, Raman, and
H-TPR.

Chapter 8: Conclusions and perspectives

This chapter shows the concluded differences among the three carbon nitride phases. In
addition, it summarizes the results of the catalytic performance of all tested catalysts

and presents recommendations for optimizing the CO oxidation process.

20



Chapter 2

Literature Review

2.1. Literature Survey

In addition to the poisonous effect of CO on organisms, CO further affects the
environment, as it is considered a greenhouse gas raising global warming[23]. CO can
react with the (OH) radicals, decreasing its concentration in the atmosphere, while
those (OH) radicals decrease the lifetime of the greenhouse gases, such as methane and
carbon dioxide. It is reported that the transportation sector occupies around 90% of the
anthropogenic CO emissions[24] due to the exponential growth of the population and
the high demand for more transportation, as mobile vehicles have become a vital need
for everyone nowadays[24]. The reason of CO emissions from engines is the
incomplete combustion of the fuel and the partial oxidation of carbon occurs inside the
engine producing CO, which increases with decreasing the efficiency of the
engine[24]. Thus, all vehicle manufacturers were forced to attach a catalytic converter
containing catalysts to the wvehicles' exhaust to convert the produced CO to CO..
Various noble metals such as Pt, Pd, and Au[10, 11] and transition metals such as Fe,
Cu, and Co[12-14] were developed for the CO oxidation. However, noble metals' high
cost and earth rarity are decisive barriers for large use. Unlike those noble metal-based
catalysts, the transition metal-based catalysts are cheap and available. Therefore, they
can replace the noble metal-based catalysts in the CO oxidation process but with some
modifications and optimizations that can be carried out through the synthesis of the

catalysts.
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In the last ten years, there is an observed interest in investigating the CsNx phases in
different catalytic reactions, which is indicated by the number of publications on
carbon nitride, which reached around 8238 articles, according to the Web of Science.
However, only 27 articles were published on the carbon nitride used in the thermal
oxidation of carbon monoxide (Figure 2.1). Moreover, only 14 papers out of the 27
studied the thermal oxidation of carbon monoxide and the rest of papers were reported
on the photochemical, electrochemical, and theoretical studies. Furthermore, the gCsNas
is the only investigated phase in the thermal oxidation of carbon monoxide and the

other C3Ns and CsNe, have not been reported in any other thermal reaction.

C3Nx have been reported to be synthesized by the pyrolysis of carbon nitride sources
such as urea or  melamine[18], aminotriazole[19], and  aminoguanidine
hydrochloride[20], to produce gCsNs, C3Ns and CsNe, respectively. Table 2.1 illustrates
some of examples of CsNx phases that were reported in addition to their synthesis
techniques and the application in which they are used. Table 2.2 shows the reported
gCsNs-based catalysts that worked successfully in the thermal oxidation of carbon
monoxide. Some transition metals, such as Co and Cu, Fe has not been reported on the
gCsN4 for thermal CO oxidation and there is no any trimetallic catalysts on the gCsNas
reported for the thermal CO oxidation. Thus, we have chosen the Fe to be the doped
metal into the CsNx in addition to prepare bimetallic and trimetallic catalysts by
addition of Ti and Cu, respectively, and exploring their catalytic performance in

thermal CO oxidation.
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Figure 2.1. Publications number in the last ten years, collected data from Web of Science.

Table 2.1 Samples of reported CsNx-based catalysts

Sample CsNx Precursor CsNx Preparation Reaction Ref.

Au-Pd/g- Melamine Polymerization of CO oxidation [5]
C3N4 melamine and then

calcination at 550 °C

Pt/C3Ns Amino-triazole Pyrolysis at 500 °C Hydrogen production | [25]

CNs@CsNs Amino-tetrazole Pyrolysis at 400 °C Oxygen reduction [26]

P-C3Ns Amino-triazole Pyrolysis at 500 °C Photoelectrochemical | [19]

water splitting (PEC)
CsNs Aminoguanidine Pyrolysis at 400 °C Photocatalytic H» [20]
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hydrochloride production

Z-C3Ns Aminoguanidine Pyrolysis at 400 °C Adsorption of [27]

hydrochloride carbondioxide

Tale 2.2 Reported CsNy -based catalysts for oxidation of carbon monoxide

Sample gCsNas Activation T100 (°C) | Ref.

Preparation

Method

Au-C3N4/SiO2 Pyrolysis Hydrogen at 300 °C 350 [28]
Pt-SBA15 Pyrolysis / 250 [29]
Pt-CNx/SBA15 160 [29]
Cu20-C3N4(2) Pyrolysis / 220 [30]
Cu20-gCsN4(3) 210 [30]
Cu20-gCsNa(4) 200 [30]
C0304-C3Ny Pyrolysis / 120 [31]
C0304-gCN Hydrothermal / 200 [32]
C0304-mpgCN(0.75) Treatment 160 [32]
C0304-mpgCN(1.0) 160 [32]
C0304-mpgCN(1.25) 160 [32]
Co-CN/MCF Hydrothermal / 225 [33]
Co-CN/SBA(15) Treatment 200 [33]
Co-CN/SBA(16) 175 [33]
Pt/CN-600 Pyrolysis / 130 [22]

24




Pt/CN-650 100 [22]
Pt/CN-700 85 [22]
Pd/CN NWs Melamine Hydrogen at 250 °C 250 [34]
PdCu/CNNWs Polymerization, 149 [34]
then pyrolysis
Au/Pd/gC3NsNTs Polymerization | Hydrogen at 250 °C 165 [35]
of melamine,
then pyrolysis
Pd/gCsN4NTs Polymerization | Hydrogen at 250 °C 210 [2]
Cu/gC3NsNTs of melamine, 250 [2]
Pd/Cu/gCsN4-NTs then pyrolysis 154 [2]
Pd/gCsNsNFs Polymerization | O2then 5%H2/He at 191 [5]
Au/gCsN4NFs of melamine, 250 °C 205 [5]
Au/Pd/gC3NsNFs then pyrolysis 144 [5]

2.2. Thermal CO Oxidation Mechanism

The most two common CO oxidation mechanisms are Mars-van Krevelen (MvK) and
Langmuir-Hinshelwood (LH) mechanisms. MvK mechanism suggests that CO and O
molecules are adsorbed first into the catalyst’s surface. Then the adsorbed O molecule
splits into individual oxygen atoms, which tend to be dispersed on the metal surface to
combine with the CO molecule to form the CO, [36-38]. Finally, the CO> desorbs into
the gas phase and accordingly, the reaction rate is controlled by the O dissociation and
CO adsorption, which usually occur at high temperatures (Equations 2-4) [36-38]. On
the other hand, LH mechanism suggests that both CO and O, are adsorbed. Then the

adsorbed CO combines with the adsorbed oxygen either in the molecular form or in the
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dissociated phase to form CO», which finally desorbs into the gas phase [36, 38, 39]. In
addition, other researchers reported another mechanism called Eley-Rideal (ER)
mechanism, in which they suggest that the gas phase CO molecule directly reacts with

the adsorbed oxygen producing CO> (Equation 5) [40, 41].

0,(g) - 20 ads. Eqn.2
CO (g) — CO ads. Eqn.3
CO ads + 0 ads. = C0,(g) Eqn.4
CO (g) + 0 ads.— C0,(g) Eqn.5
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Chapter 3
Materials and Methods

3.1 Materials

CsNx Precursors:

For gCsNs Preparation: Melamine was used, which is also named 2,4,6-Triamino-
1,3,5-triazine. (C3HsNs 99%)

For CsNs Preparation: Aminotriazole was used, which is also called Amitrole or
3-amino-1,2,4-triazole. (C2HaN4 > 95%)

For CsNs Preparation: Aminoguanidine hydrochloride, which is also named
Guanylhydrazine hydrochloride. (CH7CINs > 98%)

All C3Nyx Precursors were purchased from Sigma-Aldrich.

e Metals Precursors: Iron (Ill) nitrate nonahydrate (Fe(NOz)3.9H.O, > 99%),

Titanium (1) isopropoxide (Ci2H2804Ti > 97%), and Copper (II) nitrate
trihydrate (Cu(NOz3)2 .3H.O 99%) were provided by Scientific Global Lab
Supplies W.L.L..
Gases: Nitrogen gas cylinder (Pure, 50L, 150 bar, Grade 5), Oxygen gas cylinder
(10vol.% O2/Ar, 40L, 150 bar, Grade 5), Hydrogen gas cylinder (10vol.% Ho/Ar,
40L, 150 bar, Grade 5), and mixed gas cylinder 4vol.% CO, 20vol.% O, and
balanced in Ar (40L, 150 bar, Grade 5) were supplied by Buzwair Industrial
Gases Factories.

Solvents: Ethanol (C2HeO, 99 %) and nitric acid (HNOz 70 %) were supplied by

Scientific Global Lab Supplies W.L.L.
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3.2. Experimental Setup

The catalytic tests were performed using a fixed bed reactor under the atmospheric
pressure (Figure 3.1). 0.05 g of the sample was put in a quartz tube (with length 40 cm
and 0.6 cm diameter) between two pieces of quart wool. The outlet gas line was
attached to MS, mass spectrometer (Hiden-HPR20) to measure the non-converted
carbon monoxide (Figure AZ2). The catalysts were activated by oxidation using
20mL/min of 10 vol.% O2/Ar for 1 hour at 400°C, followed by reduction using
20 mL/min of 10 vol.% Ha/Ar for another 1 hour at 400°C as well. Then, the system
was cooled to 25 °C, and the feed gas of the reaction was introduced to the catalysts,
which was 20 mL/min of 4 vol.% CO and 20 vol.% of O in argon. The flow rates were
controlled using specific mass flow controllers (MFC) from Bronkhorst, Netherland.
The temperature was raised up from 25 °C to 400 °C with a heating rate of 5 °C/min.
Finally, the conversion of carbon monoxide (%CO) was calculated via equation 6.

%CO = [(NCO in—NCO ou) / NCO in] * 100 Eqn. 6

Where CO;j, is the amount of the feed-in gas and COoy is the output amount.

—

- Ms \
' Furnace witht Reactor Tube |
Temperature with

Mass Flow Controller Thermocouple

Controller

Figure 3.1. A schematic diagram shows the used experimental setup.
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3.3. Catalyst synthesis

3.3.1. Synthesis of C3Nx phases

The three carbon nitride phases (gCsNs, CsNs, and C3Ne) were prepared by the
traditional pyrolysis at high operating temperatures in N2 atmosphere for three hours in
a tubular furnace using heating rate 5 °C/min. 5g of each precursor was used to obtain
the desired phase (Figure 3.2) as follows:

First: gCsNs was prepared from melamine, which decomposes thermally to gCsNs at
550 °C under N2 [42, 43].

Second: Cs3Ns was prepared from aminotriazole, which decomposes thermally to CsNs
at 500 °C under N2 [19, 25].

Third: CsNe was prepared from aminoguanidine hydrochloride, which thermally
decomposes to C3Ns at 400 °C under N2 [20, 44].

(@) () ©
N

N
. 7
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A\

e
Nc C =N

T Y

Figure 3.2. The proposed chemical structure of (a) gCsNa, (b) C3Ns, and (c) CsNe after pyrolysis of

melamine, aminotriazole, and aminoguanidine hydrochloride, respectively.

3.3.2. Synthesis of Fe/CsNx catalysts

Fe/C3Nx Catalysts were prepared by the mechanical mixing of iron (Ill) nitrate
nonahydrate  (Fe(NO3)3-9gH-O) with melamine, aminotriazole, and aminoguanidine
hydrochloride to form Fe/gCsNs, Fe/C3Ns and Fe/CsNe, respectively, with metal
loading of 2 wt.%, which is recommended metal percentage from a previous work

carried out by our group [42]. The typical pyrolysis was also carried out in N3
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atmosphere for 3 hours at the same aforementioned calcination temperatures and the
collected samples were denoted as, Fe/gCsNs-M, Fe/CsNs-M, and Fe/CsNe-M (M for
mechanical mixing). The preparation parameters of all samples were summarized in

Table 3 in addition to Figure 3.3, which shows real pictures of the resulted phases.

3.3.3. Synthesis of Fe/gCsNa4 by polymerization method

The catalyst was prepared by dispersing 1 gram of melamine in 30 mL of ethanol
including Fe(NOz3)3:9H20O with metal loading 2 wt.% which is recommended from a
previous work carried out by our group [42]. Then, 60 mL of nitric acid (0.1 M) was
dropped to the solution under stirring for 30 minutes at 25 °C. A yellowish precipitate
was obtained and then washed by ethanol, and dried at 80 °C for 12 hours, followed by
calcination at 550 °C for 3 hours in Nz atmosphere (Figure 3.4). The synthesized
catalyst was denoted as Fe/gCsNs-P (P for polymerization). In addition, The bimetallic
catalyst FeTi/gCsN4-P was prepared by the same method but with metal loading of 1
wt.% of each Fe and Ti and the trimetallic catalyst FeTiCu/gCsNs-P was synthesized
with metal loading of 0.66 wt% of Fe, Ti, and Cu. Moreover, metal-free gCsNs was
synthesized by the same method but without Fe, Ti, or Cu precursors and a commercial
palladium (Pd) catalyst supported on C with 20wt.% metal loading was purchased from

Sigma Aldrich for comparison.
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Figure 3.3. Real pictures of the prepared C3Nx phases (upper side) and Fe/C3sNx catalysts
prepared by mechanical mixing.
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Figure 3.4. The proposed fabrication mechanism of Fe/gCsN4
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Table 3.1 A summary of preparation conditions of the synthesized samples

Sample Preparation | Calcination Fe Ti Cu
Method Temperature | Loading | Loading | Loading
(°C) (Wt.%) | (wt.%) | (wt.%)
gCsNas Pyrolysis 550 / / /
CsNs Pyrolysis 500 / / /
C3Ns Pyrolysis 400 / / /
Fe/gCaN4 Mechanical 550 2 / /
Mixing then
Pyrolysis
Fe/CsNs Mechanical 500 2 / /
Mixing then
Pyrolysis
Fe/C3Ne Mechanical 400 2 / /
Mixing then
Pyrolysis
Fe/gCsNs | Polymerization 550 2 / /
FeTi/ Polymerization 550 1 1
gC3Na4
FeTiCu/ | Polymerization 550 0.66 0.66 0.66
gC3Na4

3.4. Characterization Techniques

Characterization of catalysts is a crucial process in the field of catalysis, aimed at
understanding their structure, composition, and activity. This analytical exploration

provides insights into how catalysts facilitate and accelerate chemical reactions,
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enabling the design of more efficient and selective catalytic processes. The
characterization of the catalysts involves identifying their physical and chemical
properties that can reveal how effectively they function in the reaction. The
experimental techniques and their machines used for identifying and characterizing of
all samples are mentioned as follows;

3.4.1 Scanning Electron Microscopy (SEM)

This analysis was used to provide us with high-resolution imaging for exploring the morphology
of the synthesized catalysts (Nova Nano SEM 450 and Quanta 200 SEM).

3.4.2 X-ray diffraction (XRD)

This technique was used to identify the crystallinity of the as-synthesized catalysts.
The XRD analyses were carried out using desktop X-ray diffractometer
(Rigaku,MiniFlexIl) with a scanning speed of 4°/min.

3.4.3 Fourier-transform infrared spectroscopy (FTIR)

This analysis was also used to identify the organic and polymeric properties. The
measurements were performed by Thermo Scientific Nicole IS 10 FTIR Spectrometer
with Mid-infrared Ever-Glo and Tungsten/halogen source.

3.4.4 X-ray photoelectron spectrometer

This analysis is deployed for the elemental surface analyses and the surface chemical
bonding of the prepared samples using AXIS Ultra DLD, KRATOS.

3.4.5 Specific surface area

This measurement was obtained via N2 sorption experiments at liquid nitrogen by
performing the Brunauer-Emmett-Teller (BET) analysis. In addition, the pore size
measurements were performed using the Barret-Joyner-Halender method (BJH).

3.4.6 Hz-Temperature Programmed Reduction (H2-TPR)

The analyses were carried out through (ChemiSorb-2750, Micrometrics). The process

included two sages; firstly the pretreatment and then the analysis. 50 mg of the catalyst
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was put in a quartz tube and the temperature was ramped up to 200 °C with a ramping
rate of 10 °Cmin? in 25 ml. of argon. After the samples were degassed for one hour,
then cooled to 25 °C in the flow of Ar. The pretreatment was then followed by H>-TPR
analysis as 25 ml/min. of 10 vol.% of H> balanced in Ar was introduced to the sample
while the temperature was raised up to 600 °C with a heating rate of 10 °Cmin™.

3.4.7 CO-Temperature programmed desorption (CO-TPD)

The analysis of the samples was carried out using the same aforementioned equipment
(ChemiSorb-2750, Micrometrics) and the samples were also degassed using the same
method for 1 h, then cooled to 25 °C in a Ar flow. The pretreatment was then followed
by CO-TPD analysis. The sample temperature was set at 40 °C and then 25 ml/min. of
10 vol.% of CO balanced in Ar was introduced for 1 hour. Then, 25 ml/min. of pure Ar
was introduced to the sample while the system temperature was increasing to 600 °C
with a heating rate 10 °Cmin™.

3.4.8 Raman Analyses

The Raman analyses of samples were carried out using Thermo fisher scientific DXR
Raman Microscope.

3.4.9 Thermal Gravimetric Analysis (TGA)

The TGA of the samples was done by the Perkin Elmer equipment at 25 to 800 °C and

heating rate 10 °Cmin.
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Chapter 4

Exploring the catalytic properties of CaNx phases (X=4, 5, 6)

4.1 Results and discussion

4.1.1 Characterization

The three phases, gCsNs4, C3Ns, and CsNe, obtained after pyrolysis of melamine,
aminotriazole, and aminoguanidine hydrochloride, respectively, were characterized by
various techniques. The FTIR analysis of the three phases (Figure 4.1a) confirmed the
formation of the carbon nitride as the spectrum revealed an absorption band at 810
cm™!, which is assigned to the the s-triazine unit [45, 46]. In addition, some obvious
broad bands between 1100 and 1600 cm' are observed, which are attributed to the
stretching mode of C-N [45, 46]. Besides, the bands appeared at around 3200 cm™' are
attributed to the N-H [47]. However, The FTIR analyses did not show clear differences
among the three phases. The XRD analyses of gCsNs, CsNs, and CsNe showed the
main peak of carbon around 27.5 two theta, which is ascribed to the [002] facet (Figure
4.1b). In addition, another peak were observed around 12.9 two theta, which is ascribed
to the carbon [100] [48]. Moreover, the gCsNas showed sharper peaks than CsNs which
showed slightly sharper peaks than CsNs indicating that gCsNa is more crystallized than

CsNs, which is might be slightly more crystallized than C3aNe.
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Figure 4.1 (a) FTIR and (b) XRD of the three C3Nx phases.

In addition, the SEM analyses of the CsNx phases showed heterogeneous mixtures of
large particles with various morphologies without unique or specific structures. The
SEM did not show a unique morphology as all phases were prepared by the traditional
pyrolysis without any modifications (Figures 4.2a-c). In addition, the EDX analysis
approved the existence of C and N in all phases indicating the successful preparation
(Figure 4.2d). The EDX analyses showed that C and N content of gCsNs was 32.42 and
63.37 wt%, respectively, and C and N of CsNs was 31.78 and 65.04 wt%, respectively.
Besides, C and N of C3Ne was 28.92 and 65.54 wt%, which matches with the trend of

increasing the nitrogen atoms in the phases.
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Figure 4.2 SEM images of (a) gCsNa, (b) CsNs, (d) CsNe, and (d) EDX analysis of the three

C3aNx phases.

The XPS full surface survey of gCsNs, Cs3Ns, and CsNe (Figure 4.3a) confirmed the
successful preparation of the three phases as the spectra of Cls and N1s were observed
in all phases in addition to O1s, which is surface oxygen can not be avoided by the
machine. In addition, the surface survey showed that the atomic concentration of C and
N in gCsNs was 38.36 and 59.43, respectively, and in C3Ns was 38.07 and 60.73,
respectively. Besides, the atomic concentration of C and N in C3Ne was 38.01 and
61.14, which matches with the trend of increasing the N atoms in the three phases.
Moreover, the high-resolution Cls spectra included two fitted peaks; the first one at

284.3 eV, ascribed to the C-C bond and the second peak at 286.27 eV, assigned to the
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carbon atoms bonded to three nitrogen atoms (Figures 4.3b-c) [49].

Moreover, the

high-resolution C1s spectra of CsNe showed higher shift in the binding energy than

CsNs, which showed a higher shift than gCsNs. That difference of binding energies of

the CsNx phases is attributed to the additional nitrogen atoms in C3Ns, and C3Ns, which

increases the electronegativity and can attract the electrons towards their self [50], and

accordingly, increasing the nitrogen atoms increases the binding energy [51, 52].

In

addition, the high-resolution N1s spectra confirmed the C1s result showing a slight

higher shift with the same trend. The fitted peaks of the high-resolution N1s spectra

showed the existence of three distinguishable nitrogen environments (Figure 4.3d-e),

which are corresponded to the pyridinc, pyrrolic, and graphitic N species existed in the

C3Nx phases [53].

C
(a) N —aC;N, (b) _QC‘N‘( )
1s ——C;N; —C;N;
I —_ —CN
g CyN; =: Ve ;_
e Cig i 8
£ O1s g £
g Y — - £
- - =
£ — e -
200 400 600 800 587 285 288 291 284 286 288
Binding Energy (eV) Binding energy (eV) Binding energy (eV)
e
(d) o (e
—C,N,
oy —C,N; - I
;- 2 {\ Pyridinic
;?:" é‘ InA Pyrrolic
7] 7] rd
E 5 )/ Graphitic
k= E N/

396 399

402 405 395

Binding Energy (eV)
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interpretation, and (d-e) high-resolution N1s XPS spectra and its interpretation of gCsNa, C3Ns,

and C3N.
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The thermogravimetric analysis (TGA) was carried out under air to explore the thermal
stability of the CsNx phases and the results showed a significant difference in the
thermal stability of each phase (Figure 4.4a). The gCsNs showed the highest thermal
stable behavior, as it was robust up to 600 °C without any instability and then started a
slight weight loss till 650 °C, which indicates the beginning of the oxidation. Finally,
the sharp weight loss occurred at 650 to 750 °C, which indicated the complete
oxidation of carbon to carbon dioxide [54]. On the other hand, CsNs and CsNs showed
less stable behavior as they started to lose weight around 500 °C indicating a slight
oxidation between 500 and 550 °C and then started the sharp weight loss after 550 °C
until 610 °C, where the complete oxidation of carbon occurred. Similar results have
been reported previously [55]. That higher stable behavior of ¢gCsNs might be
attributed to the higher crystallinity, indicated by XRD.

The Raman analysis of the C3Nx phases (Figure 4.4b) showed a broad peak in the range
of 1200 to 1700 cm™, representing a combination of the D and G bands of carbon. In
addition, the Raman spectrum showed an additional broad peak (2D band), which is a
Raman signature for the sp2 materials [56]. However, the Raman analysis did not show
differences among the three phases. In addition, the CHNSO analysis showed that the
gCsN4, C3Ns, and C3Ns have a carbon wt.% of 36.49, 36.12, and 36.06, respectively,
and nitrogen wt.% 62.08, 62.16, and 62.19, respectively (Table 4.1), which matches
with other reported results [47]. There was a slight increase in the nitrogen content
synchronizing with a decrease in the carbon content, which matches with the trend of
nitrogen increasing in the three phases and confirms the EDX results. In addition, little
amounts of hydrogen were detected, indicating the presence of N-H bonding, which

was observed earlier by the FTIR.
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Figure 4.4 (a) TGA and (b) Raman analysis of C3N4, C3Ns, and C3Ne.
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Table 4.1 CHNSO analysis of the C3Nx phases.

Sample | C (wt.%) | N (wt.2%) | H: (wt.%0)
gCsN4 36.49 62.08 1.43
CsNs 36.12 62.16 1.72
CsNe 36.06 62.19 1.75

4.1.2. Catalytic Tests

All prepared C3Nx phases; gCsN4, C3Ns, and Cs3Ns were tested in the aforementioned
system that is illustrated in chapter 3.2. (Figure 3.1). at the atmospheric pressure and at
operating temperatures ranging from room temperature up to 400 °C. The metal-free

CsNx phases did not show any catalytic activity for the CO oxidation reactions (Figure

A3).
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4.2.

Conclusions

FTIR, XPS, and EDX analyses confirmed the successful preparation of ¢C3zNa,
C3Ns, and CsNe. In addition, the XPS analysis showed an indication to the higher
content of nitrogen in CsNs and CzNe. In addition, the XRD analysis showed that
gCsNs owned sharper carbon peaks than the ones of CsNs and C3Ns, which indicates
that gCsN4 is more crystalized than C3Ns and CsNe. Moreover, the TGA showed a
significant difference among the three C3Nx phases as the gCsNs was more
thermally stable than CsNs and C3Ns, which is attributed to its higher crystallinity.
The gCsN4 was robust up to 600 °C without any instability and then started a slight
weight loss until 650 °C, which indicates the beginning of the oxidation. Finally,
the sharp weight loss occurred at 650 to 750 °C, which indicates the complete
oxidation of carbon to carbon dioxide. C3Ns and CsNs showed less stable behavior,
as they started to lose weight around 500 °C, indicating a slight oxidation between
500 and 550 °C and then started the sharp weight loss after 550 °C until 610 °C,
where the complete oxidation of carbon occurred. Furthermore, the CHNSO
analyses confirmed the carbon and nitrogen contents of all samples with the

increasing trend of nitrogen atoms in the three phases.
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Chapter 5

Catalytic performance of Fe-doped catalysts; Fe/gCaN4, Fe/C3Ns,
and Fe/CsNs

5.1 Results and discussion

5.1.1. Characterization

The Fe/gCsN4-M, Fe/C3Ns-M, and Fe/CsNe-M  were prepared by the mechanical
mixing method as mentioned earlier in chapter 3 and then they were characterized by
different techniques to explore and evaluate them. The FTIR analyses of the three
catalysts (Figure 5.1a) approved again the formation of the carbon nitride as the
spectrum showed the absorption band at 810 cm™!, attributed to the s-triazine unit and
the broad bands between 1100 and 1600 cm!, ascribed to the stretching mode of C-N
in addition to the bands around 3200 cm™' of the N-H. Similarly observations were
previously reported for the functional groups [45, 46]. Also, the FTIR analyses did not
provide a significant difference for differentiation among the catalysts (Figure 5.1Db).
This matches with the FTIR analysis of the metal-free phases, as the spectrum revealed
an absorption band at 810 cm™!, assigned to the the s-triazine unit [45, 46]. In addition,
some obvious broad bands between 1100 and 1600 cm™' are observed, attributed to the
stretching mode of C-N [45, 46]. Besides, the bands appeared at around 3200 cm™' are
attributed to the N-H [47].

The XRD analysis of the catalysts Fe/gCsNs-M, Fe/CsNs-M, and Fe/CsNe-M displayed

the main peak of carbon at around 27.6 two theta, attributed to the [002] facet besides
the peak at 12,9 two theta, assigned to C [100] (Figure 5.1c) [48]. Moreover,

Fe/gC3sNs-M showed sharper carbon peaks than Fe/C3Ns-M and Fe/C3Ne-M, which

confirmed that gCsN4 is more crystalized than C3Ns and C3Ns as observed before. This
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is also matches with the XRD analyses of the metal-free phases that showed the main
peak of carbon around 27.5 two theta, ascribed to the [002] facet and another peak
around 12.9 two theta, ascribed to the carbon [100] [48]. Moreover, gCsN4 showed
sharper peaks than CsNs, which showed slightly sharper peaks than CsNg, indicating
that gCsNs is more crystallized than CsNs, which is slightly more crystallized than
C3Ne. Furthermore, the XRD analyses of all samples showed a clear difference
between the metal-free CsNx phases and the Fe-doped ones, as Fe/gCsN4-M, Fe/C3Ns-
M, and Fe/CsNe-M showed sharper peaks, which indicates increasing of crystallinity
caused by Fe addition (Figure 5.1d). The Fe enhanced the crystallinity of the CsNx
phases, which is attributed to the successful insertion of Fe to the crystal lattice causing
lattice distortion [57, 58]. However, the XRD could not detect the Fe peaks, which is

attributed to its low concentrations in the catalysts.
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Figure 5.1. The FTIR analyses of the catalysts Fe/CsNy (a) and the C3Nx phases (b), and the XRD
analyses of the catalysts Fe/C3Nx (c) and the C3Nx phases (d).

The SEM analyses of the three catalysts (Figures 5.2 a-c) showed bulk images of
heterogeneous mixtures of large particles with various morphologies without unique or
specific structures, without contributing much to the differences among the as-
synthesized catalysts. However, the EDX profiles confirmed the existence of iron in

the three catalysts (Figure 5.2d) with approximately 2% of iron in each catalyst.
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Figure 5.2. The SEM images of (a) Fe/gCsNs-M, (b), Fe/CaNs-M, (c) Fe/C3Ns-M, and (d) the

EDX of all of them.

The XPS full surface survey confirmed the presence of Fe2p in addition to C1s, N1s,
and Ols, which is surface oxygen can not be avoided by the machine (Figure 5.3a).
The high-resolution C1s spectra and N1s spectra confirmed the successful preparation
as previously discussed in chapter 4 [49]. In addition, the high-resolution Cls spectra
of Fe/C3Ne-M showed higher shift than Fe/CsNs-M and Fe/gCsNs-M (Figures 5.3b-c),
which is attributed to the additional nitrogen atoms[51, 52] as discussed in chapter 4. In
addition, the fitted peaks of the high-resolution N1s spectra showed the presence of
three nitrogen environments (Figures 5.3d-e), attributed to the pyridinc, pyrrolic, and

graphitic N species [53]. Moreover, the high-resolution spectra of Fe2p regions showed
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a peak at ~708 eV, which is ascribed to Fe2p3/2 and another peak at ~723 eV, which is
ascribed to Fe2pl/2 (Figure 5.3 f-g) [59]. The fitted peaks of Fe2p indicated that the
main phase of the iron is the metallic phase (Fe), and the other fitted small peaks,
ascribed to the FeO and Fe»Oz might be formed only on the surface due to the surface
oxygen. The Fe addition did not affect the peaks’ position, which might be due to the

low concentration of Fe compared to C and N concentrations.
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Figure 5.3. XPS Full surface Survey (a), High-resolution C1s spectra and its interpretation (b-c),
high-resolution N1s spectra and its interpretation (d-e), and high-resolution spectra of Fe2p (f-g)

of Fe/gCsNs-M, Fe/C3Ns-M, and Fe/C3Ne-M.
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Interestingly, The TGA analyses of Fe/gCsNs-M, Fe/C3Ns-M, and Fe/CsNe-M showed
an evidence for the effect of Fe addition (Figure 5.4a), which increased the thermal
stability of the three phases matching with the results reported in the literature [60, 61].
The complete decomposition, which represent the complete oxidation of carbon of
Fe/gCsNs-M was enhanced to achieve 780 °C instead of 680 °C and the complete
decomposition of Fe/C3Ns-M and Fe/C3sNe-M were improved from 610 °C to reach
about 700 °C and 750 °C, respectively. Moreover, start of decomposition, representing
the beginning of carbon oxidation, of the three catalysts was increased by around 20 °C
for each. Fe/gCsNs-M started the decomposition after 600 °C and continued till 780 °C,
which is superior to Fe/C3Ns-M and Fe/C3Ne-M (Figure 5.4b), which is attributed to
the higher thermal stability of the gCsN4 phase and the enhanced effect of iron [60, 61].

In addition, Raman analyses presented an obvious difference between the C3aNy
supports (gCsN4, CsNs, and CsNe) and their catalysts, as Fe/gCsNs-M, Fe/CsNs-M, and
Fe/CsNe-M showed a separated D band peak around 1350 cm?, representing the
disordered carbon, and G band peak around 1582 cm™, corresponded to the graphitic
carbon (Figure 5.4c). That result indicates that Fe also enhanced the graphitization of
the CsNx phases strongly, which matches with the reported results [62, 63]. Moreover,
the Raman spectra exhibited that ratio of ID/IG of Fe/gCsNs was 0.87 but ID/IG of
Fe/C3Ns and Fe/CsNe were 1.010 and 1.015, which confirms that Fe/gCsNs has mainly
the graphitic carbon phase (Figure 5.4d). The 2D band was existed in all samples,
which is Raman signature for the sp? materials [56]. In addition, the CHNSO analysis
showed an increasing trend in nitrogen amounts in the three catalysts, indicating the
presence of the additional nitrogen atoms of CsNs and CsNe. Moreover, the CHNSO
analysis showed a slight decrease in the concentration of C and N in the three catalysts
compared to their concentrations in the metal-free phases (Table 5.1), which indicates
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the Fe existence. In addition, small amounts of hydrogen were detected, indicating the

presence of N-H bonding, which was observed previously by the FTIR.
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Figure 5.4. (a) TGA of C3Nx phases and their catalysts, (b) TGA of Fe/gCsNs-M, Fe/C3Ns-M,
and Fe/CsNe-M, (c) Raman analyses of CN phases and their catalysts, and (d) Raman analyses of

Fe/gCsNa, Fe/C3Ns, and Fe/CsNe.

Table 5.1. CHNSO analysis of the Fe/CN catalysts.

Sample | C (wt.%) | N (wt.%) | Hz (Wt.%0)

Fe/gCsNs | 34.86 61.26 1.88
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Fe/C3sNs 34.45 61.57 1.94

Fe/CsNe 34.24 61.89 1.99

5.2. Catalytic Tests

The prepared CsNx-based catalysts; Fe/gC3N4-M, Fe/CsNs-M, and Fe/C3Ne-M  were
tested in the previously illustrated reactor at operating temperatures up to 400 °C.
Fe/gCsNs-M achieved the complete CO conversion at 291 °C, which was superior to
Fe/C3Ns-M, and Fe/CsNe-M that achieved the Tioo (full CO conversion) at 322 °C and
335 °C, respectively (Figure 5.5a), which is attributed to the high crystallinity,
graphitization, and thermal stability of Fe/gCsNs-M, as confirmed earlier. In addition,
the reaction Kkinetics at low CO conversion of Fe/gCsNs-M was faster than that of
Fe/C3Ns-M, and Fe/C3Ne-M, as shown in Figure 5.5b. Although Fe/gCsNs-M presented
a considerable catalytic activity (Ti0 291 °C) compared to some reported Fe-based
catalysts (Ti00 300 °C) [21], other reported Fe-based catalysts could achieve the full
conversion at 255 °C only [64]. Thus, we optimized the catalyst using a recent unique

polymerization method, which was developed by our group as explained in chapter 3

[42].
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Figure 5.5 (a) Catalytic activity and (b) reaction kinetics of Fe/gCsNs-M, Fe/C3Ns-M, and

Fe/C3Ne-M.

5.3. Conclusions

FTIR, EDX and XPS analyses indicated the successful preparation of the CsNx based
catalysts; Fe/gCsNs-M, Fe/C3Ns-M, and Fe/C3Ne-M. In addition, the XPS analysis
showed an indication to the higher content of nitrogen in Fe/C3Ns-M, and Fe/C3Ns-M.
Moreover, XRD analyses indicated that Fe addition increased the crystallinity of the
supports; gCsNs, CsNs, and gCsNe, and showed that Fe/gCsNs-M is more crystalized
than Fe/C3Ns-M and FeCszNe-M, which matches with the aforementioned XRD results
of gCsNs4, C3Ns, and CsNe. The TGA showed an obvious increase in thermal stability
of gCsN4, C3Ns, and C3Ne after addition of Fe and confirmed that Fe/gCsNs-M is more
thermally stable than Fe/C3Ns-M and FeCsNe-M, which  matches with the
aforementioned TGA results of gCsN4, C3Ns, and CszNe. Furthermore, Raman analyses
showed the significant effect of Fe, which increased clearly the graphitization of the
three catalysts and mainly the Fe/gCsNs-M, which showed higher graphitization than
Fe/CsNs-M, and Fe/CsNe-M. Accordingly, the best catalytic properties of Fe/gCsNs-M
led to the highest catalytic activity as it could achieve the complete CO conversion at
291 °C superior to Fe/C3Ns-M (Ti00 322 °C) and Fe/C3Ne-M (T100 335 °C), which is
attributed to the high crystallinity and graphitization of gCsNs phase. Those results
explain why gCsNs is the most reported phase generally and the only reported phase
for the thermal CO oxidation. Thus, the subsequent study will be done with only gCsN4

phase.
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Chapter 6

Catalytic performance of Fe/gCsNs-M prepared by mechanical
mixing and Fe/gCsN4-P synthesized by the polymerization method

6.1 Results and discussion

Firstly, Fe/gCsN4-P catalyst was synthesized by the polymerization of melamine by
nitric acid in the presence of ethanol, which includes the iron precursor followed by
calcination at 550 °C as explained previously in chapter 3. This unique method allows
the formation of hierarchical porous structures, which provides high surface area, eases
the electron transfer, and enhances the atomic utilization [42]. The prepared -catalyst
denoted as Fe/gCsNsP to be compared to the previously prepared one by mechanical

mixing, which denoted as Fe/gCaNs-M.

6.1.1 Characterization

The FTIR analyses confirmed the successful fabrication of carbon nitride as
previously discussed but without contribution to the differences between Fe/gCzNs-M
and Fe/gCsNs-P, as the spectra of both was almost similar (Figure 6.1a). The XRD
showed that Fe/gCsNas-P offered less crystallinity than Fe/gCsNs-M, as the main peak
of C [002] was slightly shifted to lower two theta with more broadening than the peak
of Fe/gCsNs-M in addition to disappearing of the peak of C [100] (Figure 6.1b),
which is an indication for less crystallinity. This less crystallinity is occurred due to
the addition of nitric acid used in the polymerization method, which can negatively
affect the crystallinity[65]. In addition, the EDX analysis confirmed the presence of

Fe in the Fe/gCsN4-P with approximately 1.87 wt% (Figure 6.1c) and the SEM
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images interestingly showed the morphological difference of the two catalysts as
Fe/gCsNs-M  showed heterogeneous mixture of large particles with  various
morphologies without a unique or specific structure (Figure 6.1d). Fe/gCsNs-P
showed unique hierarchical porous structures at different magnifications (Figures
6.1e-h). Those hierarchical porous structures are formed during the synthesis due to
the release of NHs groups, caused by protonation of melamine by nitric acid [42].
This hierarchical porous structure is the main reason for the high catalytic
performance as they can offer high surface area with active sites cavities in addition

to easing the electron transfer and maximizing the atomic utilization.
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Figure 6.1. (a) FTIR, (b) XRD, and (c) (EDX) of Fe/gCsN4s-M and Fe/gCsNa-P.

SEM images of Fe/gCsN4-M (d) and Fe/gCsNa-P (e-h).

In addition, the BET surface area measurements showed another significant difference
as Fe/gCsNs-P offered 219.51 m?/g, which is far higher than that of Fe/gCsNs-M (77.22
m?/g) and all other C3Nx phases and their catalysts (Table 6.1), which is attributed to
the unique synthesis method. In addition, the N adsorption-desorption isotherms of

Fe/gCsNs-P  (Figure 6.2a) showed the isotherm of an H4 hysteresis loop near to the
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type-IV  curve with the highest adsorption comprising two stages capillary
condensation at 0.5 < P/Po < 0.9, which indicates the trimodal pore size distribution
containing micro-, meso- and macro-porous[66], which was not observed in the N2
adsorption-desorption isotherms of Fe/gCsNs-M (Figure 6.2b). Moreover, the pore size
distribution calculated using Barrett-Joyner-Halenda method (BJH) confirmed the
existence of multiple pores with average diameter ranging from 5 to 90 nm (Figure
6.2c). The XPS full surface survey confirmed the presence of Fe (Figure 6.2d).
However, the high-resolution spectra of C1s, N1s and Fe2p did not show a clear

difference between the Fe/gC3N4-M and Fe/gCsNs-P (Figures 6.2e-g).
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Figure 6.2 N isotherms of (a) Fe/gCsNas-P and (b) Fe/gCsN4-M, (c) pore size distribution of
Fe/gCsNa-P, (d) XPS full surface survey of Fe/gCsNs-M and Fe/gCsNa-P, (e) C1s spectra, (f)

N1s spectra, and (g) Fe2p spectra of Fe/gCzNas-P.

In addition, the TGA analyses of Fe/gCsN4-M and Fe/gCsNs-P (Figure 6.3a) did not
differentiate between the two catalysts and showed the aforementioned stable behavior
as they stay stable up to 600 °C and then start a slight weight loss, representing the

beginning of carbon oxidation, till 650 °C and finally the sharp decomposition until
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780 °C, where the complete conversion of carbon to carbon dioxide occurred. Besides,
the Raman spectrum (Figure 6.3b) of Fe/gCsN4-P presented a slight higher Ip/lc ratio
(0.93), which is more than that of Fe/gCsNs-M (0.87), which might be a hint for less

graphitization caused by the polymerization method.
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Figure 6.3. (2) TGA, (b) Raman of Fe/gCsNs-M and Fe/gCsN4-P

Table 6.1 BET surface area measurements of all samples.

Sample BIET
(m</g)

gCsN4 82.86
CsNs 73.34
CsNeg 79.12
Fe/gCsNs-M 77.22
Fe/C3Ns-M 86.46
Fe/C3Ne-M 75.12
Fe/gC3N4-P 219.51
FeTi/gCsNs-P 226.46
FeTiCu/gCsNs-P 215.12
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6.1.2. Catalytic Tests

The catalytic activity tests were carried out at operating temperatures range of 25 to 300 °C at
the aforementioned reactor (Chapter 3). The catalyst Fe/gCsN4-P presented higher catalytic
activity than Fe/gCaN4-M, as it could achieve the Tioo at 245 °C, while Fe/gCsN4-M achieved it
at 291 °C, as shown in Figure 6.4a. This is attributed to the high surface area and the porous
structure of the Fe/gCsN4-P that enhance the electron transfer, improve the active sites cavities,
and maximize the atomic utilization. Besides, the reaction kinetics of the Fe/gCsNs-P at low CO

conversion were far faster than that of Fe/gCsNs-M as seen in Figure 6.4a.
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Figure 6.4. (a) Catalytic activity tests and (b) kinetic reactions of Fe/gCsN4-M and Fe/gCsN4-P

6.2. Conclusions

> FTIR, EDX, and XPS analyses confirmed the successful preparation of Fe/gCsNas-P,
which prepared by the polymerization method. In addition, the XRD analysis showed
that Fe/gCsN4-P offered less crystallinity than Fe/gCsNs-M and also the Raman
analysis indicated less graphitization, which is might be caused by the deployed

polymerization method. The SEM images showed the formed hierarchical porous
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structure of Fe/gCsN4-P and the BET surface area measurements of Fe/gCsNs-P
showed 219 m?qg, which was far higher than Fe/gCsNs-M (77 m?/g), which is
attributed to the polymerization method. In addition, The catalytic activity of
Fe/gC3N4-P was higher than that of Fe/gC3N4-M as Fe/gCsNs-P achieved the complete
CO conversion at 245 °C, while Fe/gCsNs-M achieved it at 291 °C, ascribed to the
high surface area and the porous structure of Fe/gCsN4-P that enhances the electron

transfer, improves the active sites cavities, and maximizes the atomic utilization.
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Chapter 7

Catalytic performance of the monometallic, bimetallic, and
trimetallic catalysts; Fe/gCsN4-P, FeTi/gCsNs-P, and
FeTiCu/gCsNs-P

7.1 Results and discussion

To further optimize the catalyst activity, Ti and Cu were introduced to prepare
bimetallic and trimetallic catalysts, which can combine the catalytic properties of the

three metals presenting higher catalytic performance than the monometallic catalysts.

7.1.1 Characterization

The FTIR analyses of the monometallic (Fe/gCsN4-P), bimetallic (FeTi/gCsNs-P), and
trimetallic  (FeTiCu/gCsN4-P)  (Figure 7.1a) confirmed the successful preparation
showing the band at 810 cm!, attributed to the s-triazine unit and the broad bands
between 1100 and 1600 cm!, ascribed to the stretching mode of C-N in addition to the
bands around 3200 cm™!, ascribed to the N-H [45, 46]. However, The FTIR spectra did
not show clear differences among the three catalysts. In addition, the XRD analysis of
Fe/gCaNs-P, FeTi/gCsNs-P, and FeTiCu/gCsNs4-P displayed the mother peak of carbon
around 27.4 two theta, attributed to the [002] facet (Figure 7.1b) without detection of C
[100] phase. The XRD did not show a difference among the three catalysts as well. The
EDX analyses of the catalysts confirmed the presence of all metals in the -catalysts
(Figure 7.1c). Besides, the SEM images of Fe/gC3sNs-P, FeTi/gCsNs-P, and
FeTiCu/gCsN4-P  confirmed again the hierarchical porous structure of the three
catalysts as shown in Figures 7.1d-f, which confirms the successful preparation of the

three catalysts by the polymerization method.
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Figure 7.1. (a) FTIR, (b) XRD, and (c) EDX of Fe/gC3N4-P, FeTi/gCsN4-P, and FeTiCu/gCsN4-P, SEM

images of (d) Fe/gCsN4-P, (e) FeTi/gCsN4-P, and (f) FeTiCu/gCsN.-P

The XPS full surface survey of Fe/gCsN4-P, FeTi/gCsN4-P, and FeTiCu/gCsNa-P
confirmed the successful introducing of metals to each catalyst. The spectra of
FeTi/gCsN4 showed the additional peak of Ti2p and the spectra of FeTiCu/gCsNa4
showed the additional peaks of Ti2p and Cu2p (Figure 7.2a). The high-resolution
spectra Cls of the catalysts showed the same range of the binding energy of C-C and
C-N bonds without clear differences, which might be attributed to the Ilow
concentrations of the metals compared to C and N (Figures 7.2b-c). Also, the high-
resolution spectra of N1s of the three catalysts showed similar range of binding
energies confirming the existence of pyridinic, pyrrolic, and graphitic N species
without clear differences among the three catalysts, which might be attributed to the
low concentrations of the metal compared to C and N (Figures 7.2d-e). The high-

resolution spectra of Fe2p of the three catalysts showed the two peaks of Fe; Fe2psq
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and Fe2py» at ~707 and ~723 eV respectively (Figures 20f-g) [67]. In addition, it is
worthy noted that the peak fitting indicated that metallic Fe is the main phase. In
addition, the high-resolution XPS spectra of the Ti2p regions of FeTi/gCsNs and
FeTiCu/gCsNs showed two peaks around 455.6 and 461.1 eV, which are attributed to
the Ti2ps2 and Ti2pu2, respectively (Figures 20h-i) matching with the reported results
[68]. The peak fitting indicated that the main phase is the metallic Ti. Finally, the high-
resolution XPS spectra of Cu of FeTiCu/gCsNs showed the two regions of Cu2p
around 933.1 and 951.3 eV, which representing Cu2ps. and Cu2pi», respectively [69].
In addition, the peak fitting of the Cu2ps2 and Cu2pi. indicated that the main phase is
metallic Cu (Figure 20j). The high-resolution spectra peaks of the three metals did not

show clear difference among the three catalysts, which might be attributed to the low

loadings of the metals.
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Figure 7.2. XPS full surface survey (a), High-resolution spectra of C1s and its interpretation (b-
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c), High-resolution spectra of N1s and its interpretation (d-e), High-resolution spectra of Fe2p
and its interpretation (f-g), High-resolution spectra of Ti2p and its interpretation (h-i), and the

High-resolution spectra of Cu2p and its interpretation (j) of the prepared catalysts.

The TGA analyses of FeTi/gCsNs-P and FeTiCu/gCsNs-P showed close stable thermal
behavior to the monometallic Fe/gCsN4-P as they stayed stable up to 600 °C. However,
a slight faster decomposition occurred in FeTi/gCsNs-P and FeTiCu/gCsNas-P,
representing the beginning of carbon oxidation, after 600 °C. The complete
decomposition, representing the complete oxidation of carbon, occurred around 740
°C, which slightly earlier than Fe/gCsNs-P that stayed till 780 °C (Figure 7.3a). That
slight lower thermal stability of FeTi/gCsNs-P and FeTiCu/gCsNs-P might be attributed
to the less concentration of Fe, which has an effect on increasing the thermal stability
[60, 61], as discussed earlier in chapter 5. In addition, Raman analysis of Fe/gCsN4-P,
FeTi/gC3N4-P, and FeTiCu/gCsN4-P showed the two peaks corresponded to the D band
and G band in the three catalysts in addition to the 2D band peak. However, the
Fe/gCsNs-P  presented a slight lower Ip/lc ratio (0.93) than FeTi/gCsNs-P (0.94) and
FeTiCu/gCsN4-P (0.95) (Figure 7.3b). That slight higher graphitization of Fe/gCsNs-P
might be ascribed to the higher Fe content, which significantly increases the
graphitization [62, 63], as previously discussed in chapter 5. The H>-TPR analyses of
Fe/gCsNs-P showed a broad peak of Hydrogen uptake with a maximum uptake around
300 °C and the FeTi/gCsNs-P presented a maximum hydrogen uptake about 250 °C,
while FeTiCu/gCsN4-P  offered the maximum hydrogen uptake at the lowest
temperature around 190 °C. The H,-TPR profiles of the three catalysts (Figure 7.3c)
confirmed the reducibility trend, as addition of Ti and Cu to the monometallic

Fe/gCsNs-P  increases the reducibility [70-72]. CO-TPD profiles of the catalysts
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showed similar behavior as FeTiCu/gC:N4-P offered the maximum peak of CO
desorption around 150 °C only, while FeTi/gCsNs-P and Fe/gCsNs-P showed the
maximum peak of CO desorption around 180 °C and 200 °C, respectively (Figure
7.3d). That improved sorption properties that enhance the tolerance transfer of
intermediates might be attributed to the synergistic effect of Ti [73, 74] and Cu [75, 76]

existed in FeTi/gCsNs-P and FeTiCu/gCaN4-P.
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Figure 7.3. TGA (a), Raman (b), H>-TPR (c), and CO-TPD of Fe/gCsNa-P, FeTi/gCsN4-P, and FeTiCu/gCsN4-P



7.1.2. Catalytic Tests

The catalytic tests were carried out at a temperature range of 24-300 °C and the
catalysts Fe/gCsNs-P, FeTi/gCsNs-P, and FeTiCu/gCsNs-P achieved the complete CO
conversion at Tigo of 245 °C, 175 °C, and 147 °C, respectively (Figure 7.4a).
FeTi/gCsN4-P showed higher catalytic activity than Fe/gCsN4-P, which is attributed to
the enhanced reducibility and the synergistic effect with Ti [73, 74]. Moreover,
FeTiCu/gCsNs-P offered the highest catalytic activity among the three catalysts, which
is ascribed to the improved reducibility and the synergistic effect of Ti and Cu as well
[75, 76]. In addition, the kinetic reactions at low CO conversions showed the same
trend of catalytic activity as seen in Figure 7.4b. Besides, the spent catalyst
FeTiCu/gCsN4-P was used for reducibility tests for three cycles and did not show any
deactivation behavior (Figure 7.4c).

Furthermore, FeTiCu/gCsN4-P showed a stable behavior for more than 10 hours
without any deactivation (Figure 7.4d). In a comparison with the commercial catalyst
purchased from Sigma Aldrich (Pd/C-Comm), FeTiCu/gCsNs-P showed complete CO
conversion at low (Ti0o = 147 °C), inferring higher catalytic activity than that of Pd/C-
Comm (198 °C) (Figure 7.5a). In addition, FeTi/gC3Ns-P showed also a higher
catalytic activity than Pd/C-Comm with achieving the full CO conversion at Tio (175
°C). On the other hand, the monometallic Fe/gCsNs-P and Fe/gC3Ns-M were inferior to
the Pd/C-Comm as they achieved the complete CO conversion at Tio0 Of 245 and 291

°C, respectively (Figure 7.5b).
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Figure 7.4. The catalytic activity (a) and the kinetic reactions (b) of Fe/gCsN4, FeTi/gCsN4 and

FeTiCu/gCsNa. (c) Recycling tests and (d) stability test of FeTiCu/gCsNa.

Table 7.1. A comparison among the as-synthesized C3Ny based catalysts

Catalyst CsN4 Preparation Method | T100 (°C)
Fe/gC3N4-M Mechanical Mixing 291
Fe/C3Ns-M Mechanical Mixing 322
Fe/C3Ne-M Mechanical Mixing 335
Fe/gCsN4-P Polymerization method 245

FeTi/gCsN4-P Polymerization method 175
FeTiCu/gCsNas-P Polymerization method 147
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Figure 7.5 (a) A comparison between FeTiCu/gCsN4 and Pd/C-Comm. And (b) a comparison

among the prepared gCsN4 based catalysts and Pd/C-Comm.

7.2. Conclusions

FTIR, XPS, and XRD analyses confirmed the successful preparation of the
monometallic ~ Fe/gCsN4-P,  bimetallic  FeTi/gCsNs-P, and  trimetallic
FeTiCu/gCsN4-P. In addition, the XPS and EDX analyses confirmed the

perfect addition of Fe, Ti, and Cu to the three catalysts. The SEM images

confirmed the existence of the hierarchical porous structures in Fe/gCsNs-P,
FeTi/gCsN4-P, and FeTiCu/gCsNs-P. Besides, Raman analysis showed a slightly higher
graphitization degree for Fe/gCsNs-P, which is attributed to the higher Fe content.
FeTiCu/gCsN4-P  (T100147) and FeTi/gCaNs-P  (T100175) showed higher catalytic
activity than Fe/gCaNs-P (T100245), which is attributed to the enhanced reducibility and
synergistic effect caused by Ti and Cu. Moreover, FeTi/gCsNs-P and FeTiCu/gCsNas-P
presented higher catalytic activity than the commercial catalyst Pd/C-Comm.
(T100198), while Fe/gCsNs-P was inferior to it. FeTiCu/gCsNs-P presented the highest
catalytic activity among all tested catalysts (Table 7) in addition to a stable behavior

for more than ten hours.
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Chapter 8

Conclusions and recommendations

8.1. Conclusions

FTIR, XPS, and EDX analyses confirmed the successful formation of the different
phases of carbon nitride (gCsNs, C3Ns, and CsNe) in addition to the successful
preparation of Fe supported on them (Fe/gC3N4, Fe/CsNs, and Fe/CsNg). Moreover, the
XRD analyses showed that the gCsNs4 phase is more crystalized than C3Ns and CsNe.
Besides, the TGA Showed a significant difference among the three phases as the gCsNa
was more thermally stable than CsNs and C3Ne. In addition, XRD analyses indicated
that Fe addition increased the crystallinity of gCsNs, CsNs, and C3Ns and confirmed
that Fe/gCsNs4 is more crystalized than Fe/CsNs and Fe/CsNe. Moreover, the TGA
showed an increase in the thermal stability of gCsNa4, CsNs, and C3Ne after the addition
of Fe. Furthermore, the Raman analysis showed clearly that Fe addition significantly
increased the graphitization of the three catalysts and mainly the Fe/gCsN4-M, which
showed higher graphitization degree than Fe/CsNs-M and Fe/CsNe-M. Accordingly,
Fe/gCsNs achieved high catalytic activity, presenting complete CO conversion at 291
°C superior to Fe/C3Ns-M (T100= 322 °C) and Fe/C3Ns-M (T100= 335 °C).

Preparation of Fe/gCsNs-P by the Polymerization method was also confirmed by the
FTIR, EDX, and XPS analyses. In addition, the SEM images confirmed the formation
of the hierarchical porous structures of Fe/gCsN4-P clearly, and the BET surface area
of Fe/gCsN4-P (219 m2/g) was far higher than Fe/gC:Ns-M (77 m2/g), which is
attributed to the unique preparation technique. Accordingly, the catalytic activity of
Fe/gC3N4-P was higher than that of Fe/gC3N4-M as Fe/gCsNs-P achieved the complete

CO conversion at 246 °C, while Fe/gCsN4-M achieved it at 291 °C. Furthermore, the
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monometallic catalyst Fe/gCsN4-P was optimized by the addition of Ti and Cu to
obtain bimetallic FeTi/gCsNs-P  (Tw0= 175 °C) and trimetallic FeTiCu/gCsNs-P (T100=
147 °C), which showed higher -catalytic activity than the monometallic Fe/gCsNs-P
(Two= 245 °C), which is attributed to the enhanced reducibility and synergistic effect
caused by Ti and Cu.

Moreover, FeTi/gC3N4-P (T100=175 °C) and FeTiCu/gC3Na-P (T100= 147 °C) showed higher
catalytic activity than the commercial catalyst Pd/C-Comm. (T100= 198 °C), while Fe/gC3sNs-P
(T100=245 °C) was inferior to it. FeTiCu/gCsNs-P presented the highest catalytic activity among
all tested catalysts and showed a stable behavior for more than ten hours in addition to three
cycles of reproducibility. In a comparison between the developed catalyst FeTiCu/gCsN4-P and
other reported catalysts, it is clear that we could prepare and optimize a highly active catalyst
made from available transition metals supported on cheap carbon material. FeTiCu/gCsN4-P
(T100= 147 °C) showed higher catalytic activity than all reported transition metals supported
gCsNjs catalysts (Table 8.1) except C0304/g-CaNa (T100= 120 °C)[31]. Moreover, FeTiCu/gCsNs-
P was also more active than all reported noble metals supported gCsNa catalysts except Pt/CN-
600 (T100=85 °C), Pt/CN-650 (T100= 100 °C), and Pt/CN-700 (T100= 130 °C)[22] and it was very
close to Au/Pd/gCaN4-NFs(T100=144 °C)[5]. Furthermore, FeTiCu/gC3N4-P was more active
than other catalysts supported on different materials, such as silica[29], alumina[77], and

titania[22], as shown in Table 8.1.

Table 8.1. A comparison among different catalysts to evaluate our optimized catalysts

Catalyst 0gCsN4 Preparation T100 Ref.

Method °C)

Transition metals supported gCsN4 catalysts

Cu-P-gCsN4 Polymerization method 184 [42]
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Cu20/g-C3Na4 Pyrolysis 200 [30]
C0304/g-C3N4 Pyrolysis 120 [31]
C0304/mpg-CN Hydrothermal Synthesis | 160 [32]
Co/CN/SBA-16 Hydrothermal Synthesis | 175 [33]
Cu/gC3NsNTs Polymerization method 250 [2]
Noble metals supported gCsNa4 catalysts
Pt-CNx/SBA(15)s00 Pyrolysis 160 [29]
Pt-CN600 Pyrolysis 130 [22]
Pt-CN650 100 | [22]
Pt-CN700 85 | [22]
PdCu/CNNWs Polymerization method 149 [34]
Au-Pd/gCsN4NTs Polymerization method 165 [35]
Pd/gC3N4-NTs Polymerization method 210 [2]
Pd/Cu/gC3N4-NTs 154 [2]
Pd/gC3N4-NFs Polymerization method 191 [5]
Au/Pd/gC3N4.NFs 144 [5]
Catalysts on different supports other than gCsNa
Fe/CeO2 coprecipitation 300 [21]
a-Fe;03 Hydrothermal Synthesis | 255 [64]
a-FexOs- flowerlike Solvothermal Synthesis | 260 [78]
a-Fe2O3- quasicubic 230 [78]
a-Fe203 Hydrothermal Synthesis | 300 [79]
Pt/SBA-15 Pyrolysis 250 [29]
Pt/TiO; Pyrolysis 150 [22]
Pd-E-graphene Microwave-assisted 190 [80]
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Pd-D-graphene synthesis 210 [80]
CuO/TiO2 Sol-gel 245 [81]
CuO/ITiOz 327 [81]

Au-Cu/SiO- Impregnation 300 [82]
AuPd/TiO, Incipient wetness 190 [83]
CuO/Ce02 Pyrolysis 150 [84]

Pd/CeO> Impregnation 150 [85]
Pd/UiO-66 Solvothermal Synthesis 165 [86]

Pd-Co/Al>O3 Solvothermal Synthesis 180 [77]

Pd-Co/Al203 110 | [77]
Pt/CeO[87] hydrothermal Synthesis 98 [87]

FeTiCu/gCsNas-P Polymerization method 147 This

FeTi/gCsNs-P 175 | work

Fe/gCaN4-P 245
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8.2. Recommendations

Synthesis techniques of C3Nx loaded with metals require to be developed to improve
the catalytic properties and enhance the catalytic performance. Porous structures are
commonly synthesized by template-based methods. Thus, template-free preparation
should be optimized to save the additional consumed chemicals[88]. In addition, the
icing-assisted photocatalytic technique is a promising path for the preparation of
bimetallic carbon-based catalysts[89]. In addition, Using the single atom catalysts and
the high entropy metal alloys may enhance the catalytic performance of CsNx-based
catalysts[90]. Moreover, impregnation of CsNx with new materials, such as
MXenes[91], and graphene[92], may also improve the CO oxidation. Furthermore, the
earth-abundant non-metal traces such as S, and P may promote the catalysts of the CO
oxidation due to their excellent electronic and basic advantages[93]. The hierarchical
multidimensional structures of CsNx, such as nanodendrites, and nanoflowers are rarely
investigated in the catalytic CO oxidation. However, those structures can strongly
improve the catalytic performance, owing to their unique surface area and abundant
active sites, which can maximize atomic utilization and improve electron transfer [93-
96]. Furthermore, microwave-assisted heating is a promising technique for replacing
traditional heating, which can offer less economical cost and less time

consumption[97].
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Appendix

Symptoms of Health Effects of Carbon Monoxide (CO)
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Figure Al. Effect of CO on human health.

Figure A2. Pictures of the system used for the catalytic tests.
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