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ABSTRACT

Mesoporous Graphitic Carbon Nitride Supported CoPd Alloy Nanoparticles as
Catalysts for Various Reactions of Terpenes

Ahsen Sare Yalin
Master of Science in Chemistry
August 12, 2022

Heterogeneous catalysis has attracted intensive attention due to the prevailing properties
of heterogeneous catalysts such as high reusability and chemical stability. In recent years,
2D materials have found them enormous usage in heterogeneous catalysis owing to their
unique optical, thermal, and electrical properties. Among them, mesoporous graphitic
carbon nitride (mpg-CN) which is a polymeric, metal-free, non-toxic and low-cost
material, has received great attention in the (photo)catalysis field. However, it suffers
from several drawbacks such as fast charge carrier recombination and large band gap
cause to construct heterojunction between another semiconductor or metal nanoparticles
(NPs). Besides, the designing of platinum-group metals (PGM) based NPs have been
dominating the heterogeneous catalysis field owing to their high catalytic activity,
stability, and tolerance against poisoning. Among them, palladium (Pd) has gained the
highest interest owing to its broader abundance and Pt-liked catalytic activity. Moreover,
Pd demonstrates high activity in many organic reactions e.g. hydrogenation,
dehydrogenation, oxidation, coupling reactions, etc. However, due to the current inflation
in precious metals, Pd is the third most expensive PGM metals today, which limits its
practical usage in industry. Hence, the last decade has witnessed the development of
various bimetallic Pd alloys since they are more economical, and they boost catalytic
activity compared to monometallic cunterparts owing to the synergistic effects between
two divergent metals. However, a facile yet efficient synthesis of bimetallic PdAM alloys,
where M is the first-row transition metal, possesing high catalytic activity and stability is
highly required to enhance their industrial usage.

In this thesis, we developed a facile synthesis protocol for the synthesis of designed novel
heterogeneous catalysts composed of mpg-CN serving both as support and stabilizer and
bimetallic alloy NPs and tested their catalytic activity in various reactions of terpenes
including dehydrogenation, hydrogenation, and oxidation. For this purpose, mpg-CN was
prepared by using a hard-template polycondensation method and exfoliated in solvent to
anchor CoPd alloy nanoparticles between its nanosheets. In the presented protocol, mpg-
CN served both as stabilizer and support material for yielded NPs. CoPd alloy NPs were
obtained via the colloidal synthesis method in different compositions. The as-synthesized
CoPd/mpg-CN nanocatalysts were characterized by using advanced techniques. The
proposed synthetic method allowed to synthesize of nearly monodisperse CoPd alloy NPs
with an average particle size of 3.0 £ 0.4 nm. After the construction of the prepared
bimetallic alloys on the support material and a detailed investigation of their structural
and photophysical properties, as-synthesized CoPd/mpg-CN nanocatalysts were utilized
in dehydrogenation, hydrogenation, and oxidation of natural terpenes. Among all
prepared CoPd/mpg-CN nanocatalysts, Cos7Pdss/mpg-CN served the highest activity for
all reactions. The dehydrogenation of 5 substrates was achieved in high conversion yields
(>91%). Also, the hydrogenation and oxidation products of several terpenes were
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obtained, successfully. The reusability tests for dehydrogenation, hydrogenation, and
oxidation showed that Cos7Pds3/mpg-CN nanocatalysts can be reutilized up to 5 cycles
without significant loss of its activity.
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OZETCE

Terpenlerin Cesitli Doniisiim Tepkimeleri i¢cin Mezogozenekli Grafitik Karbon
Nitriire Destekli CoPd Alasim Nanokatalizorleri

Ahsen Sare Yalin
Kimya, Yiiksek Lisans
12 Agustos 2022

Heterojen kataliz, yiiksek yeniden kullanilabilirlik ve kimyasal kararlilik gibi heterojen
katalizorlerin {istiin Ozelliklerinden dolay1 yogun ilgi gormektedir. Son yillarda 2D
malzemeler, benzersiz optik, termal ve elektriksel Ozellikleri nedeniyle heterojen
katalizde kendilerine genis kullanim alani bulmustur. Bunlar arasinda polimerik, metal
icermeyen, toksik olmayan ve diisiik maliyetli bir malzeme olan mezogdzenekli grafitik
karbon nitriir (mpg-CN), (foto)kataliz alaninda biiyiik ilgi gormektedir. Bununla birlikte,
hizli yiik tasiyici rekombinasyonu ve biiylik bant araligi gibi cesitli dezavantajlar baska
bir yar1 iletken veya metal nanoparcaciklar (NP'ler) arasinda heteroeklem olusturmaya
neden olur. Ayrica, platin grubu metaller (PGM) bazli NP'lerin tasarimi, yiiksek katalitik
aktiviteleri, stabiliteleri ve zehirlenmelere karsi toleranslari nedeniyle heterojen kataliz
alanina hakim olmustur. Bunlar arasinda, paladyum (Pd), daha genis bollugu ve Pt
benzeri katalitik aktivitesi nedeniyle en yiiksek ilgiyi kazanmistir. Ayrica, Pd bir¢ok
organik reaksiyonda yiiksek aktivite gosterir, Orn. hidrojenasyon, dehidrojenasyon,
oksidasyon, kenetlenme reaksiyonlart vb. Bununla birlikte, Pd, endiistrideki pratik
kullanimin1 simirlayan ii¢lincii en pahali PGM’dir. Bu nedenle, son on yilda, iki farkl
metal arasindaki sinerjistik etkiler nedeniyle monometalik pargalara kiyasla katalitik
aktiviteyi arttirdiklart i¢in gesitli bimetalik Pd alasimlarimin gelistirildi. Ancak, M'nin
birinci sira gegis metali oldugu, yiiksek katalitik aktiviteye ve stabiliteye sahip bimetalik
PdM'nin kolay ve verimli sentezi, endiistriyel kullanimlarini gelistirmek i¢in gereklidir.

Bu tez ¢alismasinda, mpg-CN ve CoPd alasim NP'lerini igeren heterojen katalizorlerin
sentezi i¢in elverigli bir sentez metodu gelistirildi ve sentezlenen CoPd/mpg-CN
nanokatalizorleri terpenlerin dehidrojenasyon, hidrojenasyon ve oksidasyon katalitik
aktivitelerini test edildi. Bu amagla, mpg-CN sert sablonlu polikondenzasyon yontemiyle
hazirlandi ve eksfoliye edildikten sonra nanotabakalari tiizerinde CoPd alasim
nanopartikiilleri sentezlendi. Gelistirilen protokolde, mpg-CN, elde edilen NP'ler i¢in
hem stabilizatér ve hemde destek malzemesi olarak gérev yapti. CoPd alagimi NP'leri,
kolloidal sentez yontemi ile farkli kompozisyonlarda elde edildi. Sentezlenen CoPd/mpg-
CN nanokatalizorleri, ileri teknikler kullanilarak karakterize edildi. Onerilen sentetik
yontem, ortalama pargacik boyutu 3.0 = 0.4 nm olan neredeyse tek dagilimli CoPd
alasimli NP'lerin sentezlenmesine izin verdi. Hazirlanan bimetalik alasimlarin destek
malzemesi iizerine inga edilmesinden ve yapisal ve fotofiziksel 6zelliklerinin ayrintili bir
sekilde arastirilmasindan sonra, sentezlenen CoPd/mpg-CN nanokatalizorleri, dogal
terpenlerin  dehidrojenasyonu, hidrojenasyonu ve oksidasyonunda kullanilmistir.
Hazirlanan tiim CoPd/mpg-CN nanokatalizorleri arasinda, Cos7Pdes/mpg-CN, tiim
reaksiyonlar i¢in en yiiksek aktiviteyi gosterdi. 5 substratin dehidrojenasyonu, yiiksek
doniisiim verimlerinde (>%91) saglandi. Ayrica, birgok terpenin hidrojenasyon ve
oksidasyon iiriinleri basariyla elde edildi. Dehidrojenasyon, hidrojenasyon ve oksidasyon
icin yeniden kullanilabilirlik  testleri, Cosz7Pds3/mpg-CN  nanokatalizorlerinin
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aktivitesinde dnemli bir kayip olmaksizin 5 dongiiye kadar yeniden kullanilabilecegini
gostermistir.

viii



AKNOWLEDGEMENTS

Firstly, 1 would like to express my sincerest thank to my supervisor Assoc. Prof.
Onder Metin for giving me a chance to be a member of Metin Research Group (MRG)
and work with him during my Master journey. | am grateful to him for introducing me to
the catalysis field. He affected my vision not only with his ambitious nature but also with
his scientific knowledge. His desire for science remembered me of what | want to achieve.
Also, I am very thankful for understanding when I could not think properly. He was more
than a supervisor to me. He supported and trusted me in this journey. | could not achieve
to complete this thesis without his help and guidance.

I would like to thank my jury members, Assist. Prof. Safacan Kélemen and Assoc.
Prof. Haydar Kili¢ for their time and interest. I owe to special thanks to Assist. Prof.
Safacan Kdlemen for his support and constant acceptance of my inquires. It was huge
pleasure to meet with him and learn organic chemistry from him. Thank you very much
for your cheerful conservations.

I would like to extend my thanks to Scientific and Technological Research Council
of Turkey (TUBITAK) for the support (1192199). Moreover, I am very grateful to Kog
University Surface Science and Technology Center researchers for their guidance.

I would like to express my warmest thanks to Dr. rer. nat. Melek Sermin Ozer, not
only for her scientific perspective, expertise, and suggestions but also for her unique
personality. This thesis could not be completed without her scientific vision. Her
mentoring and guidance contribute to improving myself in every aspect of my life. Her
precious heart, limitless energy, and charming smile have always enlightened my way. |
am grateful for her endless support which gives shape to my scientific point of view and
for trusting me. | could not imagine a life without her. Someday, even if we are not
physically together, I will always feel her existence thanks to our intangible ties. Thank
you to wait for me in the laboratory at late night, thank you to make me laugh, thank you
to help me for finding my way in right direction, and thank you for being awesome.

I would like to express my gratitude to my lovely friend Giiray Ulu¢ Kaya for his
endless support. Even when I did not believe in myself, he always had confidence in me.
Even though | was the most overanxious person during my struggles, he attempted to
keep me positive. | love learning, experiencing, and exploring a wide variety of things

with him. | am grateful for all our wonderful moments.



[ would like to thank my dear friends Aylin Kinik and Dilara Giintiirkiin for the past
7 years. | grew up with them and | learned with both of them how a friendship can be
more than a friendship. In all my unforgettable moments, | was aways with them. Thus, |
could not imagine how my life boring without you. Whenever | could not find strength,
they were by my side to hold my hand all the time. | am incredibly appreciative of their
endless love and support. | feel very lucky to have you. | hope we will share more dreams,
more troubles, and joy for a long time.

I would like to thank Zafer Eroglu for his assistance all the time. He answered all my
questions, helped me in every scenario, and listen to my all complaints, forebearingly. |
am appreciated his support during my journey. There are three amazing things that made
by people from Erzurum. First one is cag kebabi, second is kadayif dolmasi, third one is
Zafer Eroglu. Thank you for your constant kindness to me.

I would like to express my appreciation to my dear friend Buse Siindii. She has never
abstained to help me. She is not only a colleague but also a good friend. | am very thankful
for your amazing friendship.

I would like to thank my friends Temirlan Kubanaliev, Aleyna Basak, and Sila
Alemdar for making the laboratory cheerful. Temirlan, thank you to teach me some
Russian words. Aleyna, thank you for your splendid energy and laugh. Sila, thank you
for your joyful jokes.

I would like to express my deepest thanks to my dear friends Cagr1 Ozsan and Eda
Kilig. Our journey started at ITU, then proceeded at Kog University. Feeling their energy
and support around me was consistently a tremendous treasure. | felt secure finding them
in their laboratory whenever | went. After the exhausted working hours, our conversations
have cheerred me up. Thank you for everything that you contributed to me.

I would like to thank Arda Gorkem Tokur for being awesome. He is my joy. Thank
you for the funniest jokes, thank you for your amazing energy, thank you for everything.

I would like to thank Dr. Sibel Eken Korkut, Seda Yilmaz, Beglimhan Karapinar,
and all Metin research group members for their unending supports in my journey. I always
enjoyed our conversations and coffee breaks with Sibel Eken Korkut.

I would like to thank all the members of Kélemen research group. Especially, I would
like to express my warmest gratitude to amazing scientists Sultan Cetin, Biisra Arslan,
and Hande Giindiiz for their supports.

I would like to thank my dear sister Sibel Giir for supporting me in every situation.

She laughed with me in all my success. She held my hand when I fell. I am grateful to

X



my nephews Berra Giir and Emir Giir. Thank you for being such nice individuals. I am
very lucky to have you. Also, | would like to thank my brother-in-law Coskun Giir. He
always supported me in all my decisions in his short life. I know you hear me in some
way. | promise I will always guide your beloved children, Emir&Berra, and be with them
in their troubles and happiness.

Also, I would like to thank Aysun Salman Tatli for her precious support in my
decisions that I have made.

Finally, | owe my special thanks to my mother Raziye Yalin, and my father Selahattin
Yalin for trusting me and supporting me in all my decisions. They were always happier
than me for my achievements. When | was under pressure and stressed, they always
understood me and made me believe to get everything fine. I could not express how much
| gratitude for their patience and love. I am always pushing myself to make them be proud.

Thank you to let me be a person that | am shaped today. Thank you for everything!

Xi



TABLE OF CONTENTS

LISt OF TADIES ... Xiv
IS o) T [N =TSSR XV
ADDBIEVIALIONS ... Xvii
Chapter 1: INTrOQUCTION ... 1
1.1.  Heterogeneous CatalySiS ..........coouiiriiiieiiiiiesese e 2
1.2.  Nanomaterials and 2D SemICONAUCTONS ..........c.ccririririeieiese e 3
1.3, HELErOJUNCHIONS ...ttt 6
1.4, Monometallic and Bimetallic Nanoparticles............c.ccoeveieniciiniiininiien 8
1.5.  Mesoporous Graphitic Carbon Nitride (MPg-CN) .......coceiiiiiiiininiieeciees 10
1.6, TEIPENES ..ottt 13
1.7.  Motivation Of the theSIS..........ccciiiiiiiiiee e, 14
Chapter 2: LIterature REVIEW..........cciiiiiieeieiie ittt re s sae e sre e reenne e 16
2.1. Palladium-based Bimetallic AHOYS.........ccocoeiieiiiieiececc e 16
2.1.1. Control of Instrinctic Activity and SelectiVity.........cccccccvevvevieiieiiiecece e, 17
2.1.2. Pd-based Bimetallic Alloys as Catalysts in Several Reactions..................... 20

2.2. Mesoporous Graphitic Carbon Nitride Synthesis Strategies as Support material 23

G T =] 01T 1P 25
2.3.1. Dehydrogenation Of TErPENES.........coeiiriieiiseriiseeee e 26
2.3.2. Hydrogenation Of TEIPENES ........cccveieiierieieie et 27
2.3.3. OXIidation Of TEIPENES ....cc.eiviiiiiiiieiee e 28

Chapter 3: MaterialS&MEtNOUS ...........cooiiiiiiii e 29

3L MIALEIIAIS. ...t 29

3.2. Synthesis of Mesoporous Graphitic Carbon Nitride (mpg-CN) ........ccccvvvvvenne. 29

3.3. Synthesis of Cobalt Palladium Alloy Nanoparticles on mpg-CN (CoPd/mpg-CN)

Xii



3.5. CatalytiC ACLIVILY STUAIES .....c.eeieieiiiiesieieee e s 32

3.5.1. General Procedure for Dehydrogenation Reactions of Different Terpenes in
the presence of CoPd/mpg-CN as Catalyst..........ccoveririeiiiniinie e 32

3.5.2. General Procedure for Hydrogenation Reactions of Different Terpenes in the

presence of CoPd/mpg-CN as Catalyst..........ccccvvevviieiieniiie e 32

3.5.3. General Procedure for Oxidation Reactions of Different Terpenes in the

presence of CoPd/mpg-CN as Catalyst...........cccoreiiiiiiiiiieicicec e, 38
Chapter 4: ReSUIS&DISCUSSION ......cuiiviiiiiiieiieieie ettt 40
4.1. Structural Characterization of CoPd/mpg-CN Nanocatalysts............cc.cceoevenene. 40

4.1.1. XRD and TEM Analyses of CoPd/mpg-CN Nanocatalysts to Determine the
OptimumM SYNENESIS ROULE ......ecuveiieiieiecieesie et 40

4.1.2. XRD and TEM Analyses of CoPd/mpg-CN Nanocatalysts at Different Alloy

[OF0] 0] T 1] 1 10 413 SR ROSPSPRSI 44
4.1.3 XPS ANGIYSIS ...ccuveiiieee ettt st 46
4.1.4. BET Surface Area ANalYSIS........ccoouiiiiiiiiiiiii e 48
4.2. Investigation of Photophysical Properties............cccooueieieninc i 49
4.2.1. UV-DRS and PL ANAIYSIS ........cooiiiiiiieiiieeeee e 49
4.2.2. TRES ANAIYSIS....ccoiiiiiiiiieieet e 50
4.3. Analysis of Catalytic Activity of CoPd/mpg-CN nanocatalysts............c.ccccveunee. 51

4.3.1. Dehydrogenation of Terpenes in the presence of CoPd/mpg-CN Nanocatalysts

................................................................................................................................ 55
4.3.3. Oxidation of Terpenes in the presence of CoPd/mpg-CN Nanocatalysts..... 58

4.4. Reusability tests of CoPd/mpg-CN nanocatalysts...........cccoceverireniieneniieieenns 62
Chapter 5: ConCluSION&OULIOOK ..........oiiiiiiiiiiie s 65
BIBLIOGRAPHY ..ottt ettt e s e s e e e ne e e enneas 67
APPENDIX A NMR SPECIIA.....eiiieiiiieiee sttt 94
APPENDIX B: GC-MS SPECLIA .....eeiieiiiieiiierieeie et 104



LIST OF TABLES

Table 4.1: Molar ratios for different compositions of CoPd nanoparticles. .................. 44
Table 4.2. Optimization of the dehydrogenation of terpenes in the presence of CoPd/mpg-
CN NANOCALAIYSIS? ...t e e e reesreenneareenneens 52
Table 4.3. Coz7Pds3/mpg-CN catalyzed dehydrogenation reactions of terpenes?®.......... 53
Table 4.4. Hydrogenation reactions of terpenes in the presence of Cosz7Pdes/mpg-CN
NANOCATAIYST ... ettt et e s reeteene e re e b e 56
Table 4.5. Optimization of the oxidation of terpenes in the presence of Cos7Pdes/mpg-CN
NANOCATAIYSE ...ttt e e et e et e e e reenreenn e reere e 59

Table 4.6. Coz7Pds3/mpg-CN catalyzed oxidation of various terpenes............c.cceeveneene. 60

Xiv



LIST OF FIGURES

Figure 1.1: The effect of catalyst on a chemical reaction [4]. ......cccoovvvivviiiiicieiiee, 1
Figure 1.2: Mechanism of heterogeneous Catalysis. .........cccvverieieiiinninie e 3
Figure 1.3: Classification of materials depending on their dimensions [15], [16]. ......... 4
Figure 1.4: The structures of different types of 2D materials [24].........ccccoovevveviiiieennene, 5
Figure 1.5: Schematic illustration of photocatalysis mechanism [26].............ccccceeveenne.n. 6

Figure 1.6: Different heterojunction systems (a) Type-1 (b) Type-II (c) Type-Il1 [30]...7
Figure 1.7: Illustration of a typical Schottky junction [27]. ......cccccooeiiiiiiiiniiiecee, 7
Figure 1.8: Different synthetic approaches for preparation of nanoparticles [35]. ......... 8

Figure 1.9: Different forms of bimetallic nanoparticles (a) alloy (b) core-shell (c) cluster

(A4 ettt e et et e 9
Figure 1.10: Melon structure as described by LIieDIg. ......ccoovvvvviiiiininiiecce, 10
Figure 1.11: s-triazine unit (left), tri-s-triazine unit of g-CN (right). .......cc.cooovvveiennen. 11
Figure 1.12: The structures of B-myrcene (left) and p-cymene (right)............cccovenene. 13
Figure 1.13: Different types of terpenes [95]. ....ccoovveieiieiiciece e 13

Figure 2.1: Schematic illustration of ligand effect, strain effect, and ensemble effect
[103]........ d..... A0 _ 4 A & - 17
Figure 2.2: TOF values of the different CrPd catalyts in hydrogen production reaction

via formic acid dehydrogenation [129]........ccccoveiiiiiiiie i 18
Figure 2.3: Volcano relationship of H» activation and metal-hydrogen bond strength
<4 OO 21
Figure 2.4: Ethylene selectivity in hydrogenation of acetylene for Pd alloys with Au
(Au/Pd ratio is for (1) 2.0 and (11) 2.2) [1A7]. c.eeoveeeeeeeeee e 22
Figure 2.5: Interactions of formate with (a) adsorbed bidentate and (b) adsorbed
monodentate [166], [L67]. ...eoeeeeieeieiere e 23
Figure 2.6: Catalytic dehydrogenation of natural terpenes to p-cymene....................... 26
Figure 2.7: Reaction pathway for hydrogenation of limonene. ............c.cccccooevieivenne. 27
Figure 2.8: Oxidation of isolongifolene in the presence of Co-MCM41 [216]............. 28
Figure 3.1: Synthesis scheme for mesoporous graphitic carbon nitride. ...................... 30
Figure 3.2: Reaction setup for synthesis of CoPd/mpg-CN. ........ccccevvviiiiiieciievienne, 31

Figure 3.3: Constructed calibration curves for (a) a-pinene-n-decane (b) verbenone-n-

BB CaANE. e 39

XV



Figure 4.1: XRD patterns of CoPd/mpg-CN nanocatalysts are prepared by using (a)
different Co precursors in the presence of KoPdCls and (b) different Pd precursors in the
PreSENCE OF CO(OAC)2. wviierieiiiieieieete ettt sttt sttt e anene 41
Figure 4.2: TEM images of CoPd/mpg-CN nanocatalysts prepared by using Co(OACc)2
precursor in the presence of different Pd precursors (a) PdBr., (b) Pd(acac)., (c)
PA(OAC)2, and () KoPACla......c.eviviiiiieicececs e 42
Figure 4.3: Representative TEM images of Cosz7Pds3s/mpg-CN nanocatalysts were
recorded at different magnifications. The inset shows the particle size histogram. ....... 43

Figure 4.4: (a) HAADF-STEM image and (b) corresponding elemental mapping images

of Co37Pd63/mpPg-CN NANOCALAIYSE. ........eiiiieiiiieieeee e 43
Figure 4.5: XRD patterns of all compositions of CoPd/mpg-CN nanocatalysts by using
PA(ACAC)2 N CO(OAC)2. . vevieviiirieiesiesieeete sttt sttt st s et se st snene s e 44

Figure 4.6: TEM images of CoPd/mpg-CN nanocatalysts at different compositions (a)
Co24Pd76/mpg-CN (b) CoeoPdso/mpg-CN (c) Coz2Pdss/mpg-CN (d) CozsPdss/mpg-CN (e)
C037Pd3/MPY-CNL. ..ot te e re e sre e reenre e 45
Figure 4.7: (a) XPS survey spectrum and high-resolution XPS spectrums of (b) C 1s, (¢)
N 1s, (d) Co 2p, (e) Pd 3d, and (f) mpg-CN structure Coz7Pds3s/mpg-CN nanocatalysts.

Figure 4.8: BET surface area of (a) pristine mpg-CN and (b) Cos7Pdss/mpg-CN
NANOCATAIYSES. ...ttt e re et et e et e e e reenreern e reere e 48
Figure 4.9: (a) UV-Vis DRS spectrum (b) PL spectrum of pristine mpg-CN, Co37Pd63/
MPG-CN NANOCALAIYSES. ......eveiiiiiieieiet bbb 49
Figure 4.10: Time-resolved emission spectrum of pristine mpg-CN and Co37Pd63/mpg-
CN NANOCALAIYSES. ...ecveeieieiece et e e sre e raenre e 50
Figure 4.11: (a) Corresponding graph of the result of the reusability test for
dehydrogenation reaction of terpenes (b) XRD pattern of nanocatalyst after the 41" cycle
(c) representative TEM image of the catalyst after the last run...........ccccooveveviivieennnnn, 62
Figure 4.12: (a) Corresponding graph of the result of the reusability test for
hydrogenation reaction of terpenes, (b) XRD pattern of nanocatalyst after the 4" cycle,
and (c) representative TEM image of the catalyst after the last cycle. ........c.c.cccevrnnen. 63
Figure 4.13: (a) Corresponding graph of the result of the reusability test for
hydrogenation reaction of terpenes (b) XRD pattern of nanocatalyst after the 5" cycle (c)

representative TEM image of the catalyst after the last cycle. ........c..cccceevveiiiiiveinnnne. 64

XVi



NP

BP
h-BN
g-CN
mpg-CN
MOF
TMDs
VB

CB
TGA
PGM
TOF
XRD
XPS
TEM
HAADF-STEM
BET

PL
DMF
DCM
CoPd
ICP-MS
TRES
UV-DRS
NMR
GC-MS

ABBREVIATIONS

Nanoparticle

Black Phosphorous

Hexagonal Boron Nitride

Graphitic Carbon Nitride

Mesoporous Graphitic Carbon Nitride

Metal Organic Framework

Tarnsition Metal Dichalcogenides

Valence Band

Conduction Band

Thermal Gravimetric Analysis

Platinum-Group Metals

Turnover Frequeny

X-Ray Diffraction

X-Ray Photoelectron Spectroscopy

Transition Electron Microscope

High-Angle Annular Dark Field Scanning TEM
Brunauer-Emmett-Teller

Photoluminescence

N,N-Dimethyl formamide

Dicholoromethane

Cobalt-Palladium

Inductively Coupled Plasma Mass Spectrometry
Time-Resolved Emission Spectroscopy
Ultraviolet-Visible Diffuse Reflactance Spectroscopy
Nuclear Magnetic Resonance

Gas Chromatography Mass Spectrometry

xvii



Chapter 1: Introduction 1

Chapter 1:
INTRODUCTION

Pollution of natural sources such as water, soil, and air became one of the most critical
problems that have to be fought in the 21% century. In this regard, green chemistry has
received much more attention because of the requirement of ecological preservation. The
actions related to green chemistry aim to decrease the usage of hazardous chemicals and
increase the production of environmentally-benign substances. The advancements in
catalysis play critical role to achieve the targets of green chemistry [1]. Catalysis term has
been used for almost two centruies beginning from its first proposition by Jons Jakob
Berzelius in 1835 [2]. After Berzelius, many scientists have invested enormous efforts to
produce new compound from small amounts of foreign substances. The reason behind of
this phenomena was enlightened by Paul Sabatier (Nobel Prize in Chemistry, 1912) who
contributed this field by explaining the reactive intermediates during catalytic reactions
[2]. With all these breakingthrough scientific contributions, catalysis is described as the
process which accelerates the chemical reactions and improve the yields while catalysts
are substances expediting the reactions by proceeding them on a different pathway with
a lower activation energy, they are not consumed during the reaction [3]. A typical
catalytic effect is shown in Figure 1.1. High activation energy barrier of non-catalytic
reactions is reduced by using catalysts. There are three types of catalysis: homogeneous,
heterogeneous, and biocatalysis. Among these types, heterogeneous catalysis is a highly

promising model due to its various extraordinary properties.
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catalyst

E, with
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Potential energy

Redctants
e

AH
Products
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Figure 1.1: The effect of catalyst on a chemical reaction [4].
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1.1. Heterogeneous Catalysis

Heterogeneous catalysis, where the substrates and catalysts are found in different phases,
has one of the greatest shares of the development of many branches of science.
Heterogeneous catalysis is typically composed of the catalyst in the solid phase and
reactants in the liquid or gas phase. One of the most important advantages of
heterogeneous catalysts is being easily recovered from the reaction medium. In a typical
mechanism of heterogeneous catalysis, the reaction starts with adding the reactants and
the catalyst to the reaction media. While the reaction proceeds, the surface of the catalyst
serves as active sites for the reactants and the product is yielded after many steps (Figure
1.2) [5]. According to surface adsorption theory, the reaction starts with chemisorption
between the surface of the catalyst and the substrates. The bonds of the reactants on the
surface of the catalyst break via dissociation, thus; the new bonds between reactants
establish on the surface of the catalyst. Desorption of product(s) from the surface is the
last step in the process [1]. At the end of the reaction, the structurally altered catalyst

reverts and are recovered as very similar to its original form [5].

Heterogeneous catalysts possess many advantages over homogeneous ones in terms of
industrial applications and thus most industrial chemical processes are utilized
heterogeneous catalysts. For example, the separation of homogeneous catalysts from the
reaction media is very difficult but it is easy for the heterogeneous ones, which is the
greatest advantage that overrides homogeneous catalysts. Moreover, recycling of
homogeneous catalysts is challenging and high-cost while heterogeneous catalysts are
regenerated effortlessly. Diffusion control is not possible since the homogeneous
catalysts and reagents are in the same phase. However, diffusion can be controlled in the
presence of heterogeneous ones. Additional purification steps should be provided for
homogeneous catalysts but heterogeneous one requires fewer step [6]. Despite the
drawbacks such as low selectivity and activity, the assets such as high stability and
reusability make desirable the utilization of heterogeneous catalysts in industrial
applications [7]. Hence, the development of synthetic methodologies for the preparation
of heterogeneous catalysts is essential to constructing efficient and reliable catalysts for
possible industrial applications [8,9]. Besides these approaches, nanomaterials have been
recognized as an alternative to improve the selectivity and reactivity of heterogeneous

catalysts. Among the reasons for the widespread usage of nanomaterials in industry and
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academia, 2D semiconductors which are classified as nanomaterials are used as

heterogeneous catalysts.

E, (thermal)

E, (catalytic)

Reactant

\ / Product

Adsoprtion Reaction Desorption

Energy level of the system

Reaction progress

Figure 1.2: Mechanism of heterogeneous catalysis.

1.2. Nanomaterials and 2D Semiconductors

The materials whose at least one dimension is lower than 100 nm are called nanomaterials
[10]. Nanomaterials are attractive functional materials due to their superior properties
such as large surface area, excellent stability, lower density, high electron transfer rate,
good light-collecting characteristic, easy preparation, and good biocompatibility [11,12].
Nanomaterials can be classified depending on their dimensions, namely 0D, 1D, and 2D
materials available in these groups (Figure 1.3). The most prevalent kind of nanomaterials
is zero-dimensional nanoparticles, which have dimensions that are on the nanoscale.
These nanoparticles are tiny particles that resemble points, or spherical nanoparticles.
Quantum dots, fullerenes, hollow spheres, nanolenses, rings, and atomic clusters are some
of the most prevalent instances of these particles [13,14]. One such class of nanomaterials
is called 1D materials, which include nanoparticles with at least one dimension greater
than nanoscales and have additional dimensions that lie within the nano range.
Nanofibers, nanotubes, and nanorods are the most typical types of 1D nanomaterials
[13,14]. The final category of nanomaterials is referred to as 2D materials. These
nanomaterials have two additional dimensions compared to the nanoscale (100 nm).
Nanofilms, nanolayers, and nanocoatings are the most typical instances of this class. The

nanomaterials in this category have plate-like structures [13,14].
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Figure 1.3: Classification of materials depending on their dimensions [15,16].
The most significant and famous example of 2D materials can be exemplified as
graphene. The research conducted by Novoselov and Geim on graphene, a form of 2D
graphite, earned them the 2010 Nobel Prize in Physics [17]. Graphite is composed of
monolayers, termed graphene, which have a honeycomb structure. These monolayers are
linked together by weak van der Waals forces [18]. The first step in isolating graphene
layers, which took place 440 years after its creation, was the work that received the Nobel
Prize [17]. Moving between two-dimensional planes is permitted for electrons. The
limitation of the third direction and the isolation of graphene demonstrated that this
material had distinct electrical and optical characteristics [19]. Electronics,
optoelectronics, communications, and sensing are a few of the many vital application
fields for semiconductors [20]. Since then, many 2D materials, a nanosheet-type
nanostructure, have attracted great attention by scholars. A variety of 2D semiconductor
materials, including graphene-based materials, black phosphorus (BP), hexagonal boron
nitride (h-BN), graphitic carbon nitride (g-CN), metal-organic frameworks (MOF),
transition metal oxides, and transiton metal dichalcogenides (TMDs), have already been
synthesized and developed [21-23]. In Figure 1.4, the structures of several 2D materials

are depicted.



Chapter 1: Introduction

®
el 4
“"II
e_ e
b ¢ » e® 0% %%
._‘.:I‘ ....'.‘..
\ e_o_o o 0
0 g @ 0% % %
I 4 ® .. .‘ .. ..
. - LR B Bl Bet
Graphene e O emetal
Black phosphorous Transition metal oxides
.. ., ...z \ [ :.:ﬁo:.ﬁ’.:
0. ® o © o et * ® »
:v‘ouz BB TE
L4t can e 5 /5 > — 2DMATERIALS T e S
. . - . \\ e anions « OH
on;lctlul LDH
echalcogen
TMDs _/

.., ® 2 Tetrahedral :i::::::"
oB N ;%] Octahedral  8C3N4
hBN :
Tetrahedral

-

«O +OH «Si eNa ¢ Mg
Laponite clay

Figure 1.4: The structures of different types of 2D materials [24].

In light of the aforementioned properties of 2D materials, their application areas expand
continuously. The most significant usage of 2D semiconductors is in the catalysis field.
Due to the good light harvesting properties of 2D semiconductors, they are encountered
in photocatalysis, greatly. The working principle of these semiconductor materials is
illustrated in Figure 1.5. Upon light irradiation, excitation of electrons which are located
at the valence band (VB) of the material through the conduction band (CB) occurred.
During the excitation, positively charged holes are formed in VB and negatively charged
electrons are accumulated on CB. Excited electrons can be used in the reduction reactions
while holes contribute to oxidation. Even though 2D semiconductors have been
developed in various applications, their pristine forms still suffer from low catalytic
activity due to their low surface area, high charge carrier recombination, weak light
absorption, and low chemical stability. To improve the efficiency of 2D materials in
photocatalysis, many scientists have made different approaches to improve these
shortcomings of 2D semiconducting materials. 2D semiconductors can be boosted to
achieve superior settings by modifications such as doping, heterojunctions, surface/defect
engineering, and so on [25]. The heterojunction is one of the most effective ways to
enhance the diverse properties of 2D semiconducting materials for desired catalytic

applications. Therefore, the following section is dedicated to the topic of heterojunctions.
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Figure 1.5: Schematic illustration of a photocatalytic mechanism in the presence of a
semiconductor photocatalyst [26].

1.3. Heterojunctions

To decrease the charge carrier recombination of electron/hole pairs in pristine
semiconducting materials, some modifications such as the construction of heterojunctions
are needed. Heterojunction means an interface that is created between two regions of
different semiconductors with distinct band gaps and optical properties [25]. There are
several ways such as morphological modification and designing of nanostructures to
optimize the energy band structure of two different semiconductors. However, these
methods are not sufficient to achieve the perfect result due to their drawbacks such as
increased recombination centers and distribution disorders. Herein, the heterojunctions
become a part of activity [27]. Heterojunctions are composed of one or two photocatalysts
and a cocatalyst [27,28]. It can be classified as 0D/2D, 1D/2D, and 2D/2D
heterojunctions. 2D/2D heterojunction shows greater stability and connection of
interfaces, by comparison, 0D/2D and 1D/2D [27]. Due to these prevailing properties,
2D/2D heterojunction will be mentioned in this part. This type of heterojunction system
can be divided into four groups which are type-I, type-Il, type-111, and Schottky junction.
These heterojunction systems are illustrated in Figure 1.6.

In type-I heterojunction, the valence band (VB) and conduction band (CB) energy levels
of the second semiconductor are lower than the first one. Thus, generated electrons and
the holes in the first semiconductor move to the CB and VB of the second semiconductor
[29].
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In type-11 heterojunction, it is known as staggered type alignment. CB and VB levels of
one semiconductor are lower than another. Hence, the electrons flow through CB with
lower energy, and the holes move through VB with higher energy. It causes electrons and

holes to gather in different semiconductors [29].

In type-11l heterojunction, it is the broken gap. When CB and VB levels of one
semiconductor are very high, another one is vice versa. The bands of semiconductors do

not correspond, so electron and hole flows do not exist [29].
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Figure 1.6: Different heterojunction systems (a) Type-I (b) Type-II (c) Type-Il1 [30].
In the Schottky junction, a semiconductor and a conductive material such as noble metals,
non-noble metals (e.g. Bi), graphene, etc. are required. The direction of the flow of
charges is from the semiconductor to the conductive material. They transfer in that
direction until the new equilibrium between their Fermi levels is constructed. Therefore,

an electric field is created between the interfaces of metal-like material and

semiconductors [27]. Its principle is shown in Figure 1.7.

Reduction
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cC
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n-type

Figure 1.7: Illustration of a typical Schottky junction [27].

As mentioned above, conductive materials such as metal nanoparticles are required to
create Schottky junction. Bimetallic nanoparticles can also be used for this purpose,



Chapter 1: Introduction 8

which is within the context of this thesis. It is important to know what bimetallic
nanoparticles are along with their differences from monometallic ones, which are the

topic of following section.

1.4. Monometallic and Bimetallic Nanoparticles

Nanoparticles (NPs) are solid particles with the size in the range of 10 to 100 nm. The
properties of nanoparticles vary from their conventional solid forms. Their properties are
observed as neither bulk material nor atomic/molecular structures. The form of
nanoparticles may be in amorphous or crystalline form [31]. Nanoparticles may be
divided into a number of groups based on their chemical composition. Pure metal
nanoparticles are among the oldest and most widely utilized nanoparticles in science due
to their exceptional physical features such as catalytic, structural, electronic, and optical.
These unique qualifications cause their usage in diverse application areas such as
catalysts, biosensors/sensors, nanoelectronic devices, and biomedical appliances [32,33].
Due to the widespread application areas of nanoparticles including catalysis, the
development of a facile yet efficient methodologies for their synthesis is essential. There
are two techniques to synthesize the nanoparticles (Figure 1.8). The first one is the top-
down approach which is based on breaking bulk materials into nanoparticles and is sorted
as following: ball milling, chemical etching, sputtering, explosion processes,
thermal/laser ablation. The other one is the bottom-up approach which allows uniting the
bulk material from nanoparticles and is classified as precipitation, vapor deposition,
condensation, sol-gel processes, spray pyrolysis, laser pyrolysis, and aerosol processes
[31,34].

Metallic Nanoparticles |
' Synthesis J

: :

Top - down Bottom—-up |, e
N articles . oems/m )
o 'k' approach approach ‘ Rem—
> G

Chemical vapor deposition

Laser ablation/Laser Sol-gel processes
ablation |, Laser pyrolysis

Mechanical milling/Ball Spray pyrolysis
Atomic/molecular condensation

Bulk

Chemical etching

milling
Sputtering Aerosol processes
Electro-explosion L Green Synthesis

Figure 1.8: Different synthetic approaches for preparation of nanoparticles [35].
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Synthesis strategies affect their morphology, composition of metals (alloy or core-shell),
and structure which designate the applicability of nanoparticles [32,36,37]. Nanoparticles
synthesized from only one noble metal are known as monometallic NPs, whereas those
made from two distinct metals are defined as bimetallic NPs [38]. Because of the
problems such as low surface absorption between the catalyst and reagent, the limited
number of active sites, the catalytic performance and selectivity of monometallic NPs can
be inadequate in some particular processes. Bimetallic NPs are therefore highly regarded
for improving catalytic activity [39]. Catalytic performances of bimetallic nanoparticles
surpass monometallic ones thanks to the synergistic effect between two diverse metals in
the nanoparticle composition and splendid tunability in compositions and structures [40].
The electronic and geometric structures of NPs can be brought into compliance with the
inclusion of a second metal in structure to reinforce the catalytic activity and selectivity
[41,42]. Moreover, the extensive surface area of bimetallic nanoparticles provides them
with huge adsorption power; thus, bimetallic nanoparticles show performance as more
effective catalysts than monometallic ones [31]. Moreover, combining noble metals with
transition metals such as Fe, Ni, and Co diminishes the content of noble metals and the

cost of the catalyst [43].

The characteristics of bimetallic NPs differ depending upon their structures and the
metals which are changed with synthesis procedures. Bimetallic nanoparticles can be
found in distinctive forms such as core-shell, alloy, and cluster as shown in Figure 1.9
[31]. In core-shell structure, first step is reduction of one of the metals in catalyst to form
the core and the growth of the other metal as a shell around the core is the following part.
If the two metals mix in a homogeneous way with formation of metal-metal bond, it is
called as alloy NPs. Clusters occur with the growth of two metals in a mixed interface

and separate nucleation process [43].

Figure 1.9: Different forms of bimetallic nanoparticles (a) alloy (b) core-shell (c)
cluster [44].
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In this section of the thesis, the properties, application fields, and different types of
nanoparticles are summarized. Considering all of these, Pd-based bimetallic alloy NPs
were formed in the context of this thesis. The other important point of this thesis is the
use of semiconductor material, namely mesoporous graphitic carbon nitride (mpg-CN) as
support material and stabilizer for the generated alloy NPs will be mentioned in the
following part.

1.5. Mesoporous Graphitic Carbon Nitride (mpg-CN)

Graphitic carbon nitride is a polymeric semiconductor that has attracted great attention in
research recently [45,46]. Berzelius constituted the polymeric derivative of carbon nitride
and Liebig entitled melon in 1834 as shown in Figure 1.10 [47]. Franklin identified the

structure of the compounds in 1922 and suggested the notion of carbonic acid (C3Na) [48].

Melon
Figure 1.10: Melon structure as described by Liebig.

In 1937, tri-s-triazine unit in the graphitic carbon nitride was proposed as the basic
structural pattern by Pauling and Sturdivant [49]. In 1940, the similarity between melon
and graphite was expressed by Redemann and Lucas because of the planar and large
structures of them. Compact condensation product with 21 molecules as Ci26H21N7s
molecular formula was close to Franklin’s material which probably involved larger and
smaller units together [50]. Theoretical predictions indicated high bulk structure and
hardness resemblance between B—~CN which is sp* hybridized C3N4 and diamond [51-
55]. In light of these, further research studies started to prepare and characterize B—CN
[56-61]. Low thermodynamic stability of B—~CN phase caused complicated synthesis of
the material [62]. Theoretical studies demonstrated that the most stable allotrope is g-CN
at ambient conditions [54, 63-65]. To synthesize an excellent crystalline carbon nitride
was always demanding. However, highly crystalline melon synthesis was achieved by
Komatsu [66,67]. Moreover, crystal structures of melem and melam were determined by

Schnick et al. [68,69]. McMillan et al. reported that a high crystalline carbon nitride imide
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phase was observed via dicyandiamide precursor under high temperature and pressure
[70]. Graphitic carbon nitride (g-CN) shown in Figure 1.11 is one of the most popular
metal-free and non-toxic 2D semiconductor that spreads in various applications such as
photocatalysis, biosensing, environmental remediation, etc. [71,72]. Since g-CN has huge
potential to utilize in different fields, diverse synthesis methodologies have been proposed

by many researchers from various precursors such as cyanamide, melamine, urea, etc.

Especially, it works effectively in the visible-light range with a band gap of ~2.7 eV (454
nm) [73,74]. The drawback of g-CN is being suffered from the fast recombination of
charge carriers [73]. As mentioned in section 1.2, the coupling of g-CN with

semiconductors and metals is one of the options to enrich the catalytic properties.
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Figure 1.11: s-triazine unit (left), tri-s-triazine unit of g-CN (right).

Also, the further development of bulk g-CN is limited by general bulk material flaws such
as limited specific surface area and fewer active sites. Support material should have a
large surface area and suitable functional groups for metal decoration on its surface.
Recent decades have seen a surge in interest in mesoporous materials. Because of the 2—
50 nm pore channels that exist inside of them, mesoporous materials are renowned for
having superior characteristics and possible uses compared to bulk materials [75,76].
Mesoporous materials, in general, offer several excellent qualities, including a very high
specific surface area, an organized pore structure, a reduced density, more active sites,
and a powerful capacity for adsorption [77-79]. Xu et al. achieved an increased surface
area of g-CN up to 200 m?g* by applying the hard template method in the presence of
silica [80]. The improved material entitled mesoporous graphitic carbon nitride is a
suitable support material due to its high surface area and its functional groups [73,81].
After that, nanoarchitecture studies of g-CN continued through several methods such as
template method, exfoliation, and template-free strategy [82]. Therefore, g-CN with

various nanostructures could be improved such as 0D nanodots, 1D nanostructures, 2D
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nanosheets, and mesoporous structures [83-86]. Due to the several advantages of mpg-
CN such as high surface area, large pore volume, easy preparation, etc., mpg-CN is

utilized as a metal-free catalyst in many fields.

It is mentioned that the properties of mpg-CN make it desirable in different fields so far.
The properties of mpg-CN will be mentioned in the context of thermal and chemical
stability, optical and photoelectrochemical properties. To decide the thermal stability of
mpg-CN, thermal gravimetric analysis (TGA) is used. It is observed that this material is
quite stable up to 600 °C. The peak which is observed at 630 °C and the weight loss at
this temperature indicates that decomposition of mpg-CN starts at this temperature.
Analysis continues until any residue of material remains and it is observed that mpg-CN
decomposes at 750 °C completely. This kind of thermal stability is one of the top ones
for that kind of organic material. However, it should not be forgotten that changing of
synthetic procedure alters the thermal stability of g-CN. Since different methods affect
the degrees of polymerization [45,87]. To determine the chemical stability of g-CN, some
tests are indicated in the literature. Carbon nitride has van der Waals interactions between
its single layers. These interactions resist the solubility of g-CN in different solvents such
as water, alcohols, DMF, THF, ether, and toluene. The situation changes in the presence
of alkali and acidic media. When carbon nitride is exposed to alkali metal hydroxides,
structural decomposition is observed. In the presence of concentrated acids, the
observation of sheet-like dissolution is expected [45]. To observe the optical and
photochemical properties of g-CN, UV-Vis and photoluminescence experiments are
required. The classic absorption pattern whose organic semiconductor is observed for
graphitic carbon nitride and bandgap adsorption is nearly 420 nm. The absorption of
carbon nitride lightly depends on the synthesis method because of influences on the
packing, structure, and defects [45,88]. Strong blue photoluminescence is observed for
mpg-CN at room temperature. The maximum luminescence value is about 470 nm and
its range is quite wide. Moreover, the photoluminescence spectrum differs by the degree
of polymerization and the layered packing. The band structure of g-CN causes the usage
of carbon nitrides as photoelectrochemical cells. Even bulk g-CN has a photocurrent
when it is irradiated with light. The altering of the nanomorphology changes the electronic
band structure [45]. Moreover, g-CN has a very characteristic and strong peak at 27.3°
which indicates the interplanar stacking of aromatic units in the material [89].
Considering these properties of g-CN, it can be used as support material.
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These are the explanation and characteristics of the mpg-CN. The all points which are
important to understand the used catalysts for the project are explained so far. The
applications of these catalysts were performed on transformation reactions of terpenes.

Thus, the next section will involve terpenes.

1.6.Terpenes

Terpenes are available in nature greatly. Over 20,000 terpenes are identified in nature.
Terpenes are the component of essential oils [90,91]. The building blocks of terpenes are
isoprene unit (CsHs) and their structures can be cyclic such as p-cymene or linear such as
B-myrcene as shown in Figure 1.12 [90,92]. They have a basic formula as (CsHg)n, n
indicates the number of isoprene units that are bound. Monoterpenes which are composed
of 2 isoprene units are the simplest form of terpenes. Sesquiterpenes and diterpenes

involve 3 and 4 isoprene units, respectively.

Figure 1.12: The structures of B-myrcene (left) and p-cymene (right).

Their production is supplied by different kinds of plants and by some animals. Terpenes
can involve oxygen-containing functional groups such as aldehyde, ketone, carbonyl, and
hydroxyl. These types of terpenes are named terpenoids. Terpenes exist in different plants
and fruits and can be extracted. For example, limonene is found in citrus fruits; myrcene
in daphne, mangos, and basil [93]; caryophyllene in black pepper; pinene in resin of pine

tree; linalool in citrus and lavender [94]. In Figure 1.13, some kinds of terpenes are
demonstrated.

o dBUQG

B-Pinene o-Pinena Pinane cis-Pinane Myrcene Limonene Terpinolens
(dipentena)

Figure 1.13: Different types of terpenes [95].
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Terpenes have an important role in medicine and pharmacology. Terpenoids are used in
the treatment of several diseases such as cancer and the protection of agricultural
products. Moreover, terpenoids exhibit various properties such as anti-inflammatory,
antimicrobial, antifungal, antiviral, and anti-allergenic. According to several research
projects, monoterpenes can be useful in the prevention and treatment of cancer [90,96,97].
It is stated that D-limonene and perillyl alcohol have a significant role in chemopreventive
and therapeutic properties to different types of human cancers. The improvement of some
cancer cells such as mammary, fore-stomach, liver, lung, skin, colon, prostate, and
pancreatic is constrained by these substances depending upon the applied dosage. It is
proved that the monoterpenes possess some influence as antimicrobial and antifungal.
The lipophilic character of monoterpenes leads to acting in an antimicrobial manner.
Terpenes also act as an antifungal. It is stated in the research that carvone and
perillaldehyde exhibit antifungal properties. Research with diverse kinds of
microorganisms demonstrates that some isolated terpenes have an impact on antiviral

activity. The properties of terpenes on diseases can be classified in this way [90].

Different kinds of reactions are available for terpenes. In respect of this thesis,
dehydrogenation, hydrogenation, and aromatization reactions are conducted with several
terpene molecules. Dehydrogenation reactions are based on the removal of hydrogen from
the molecule. Dehydrogenation reactions of terpenes are very studied reactions. It is
stated that the dehydrogenation of several terpenes such as limonene, terpinolene,
carvone, and pinene was achieved in the presence of Pd and Pt catalysts by Listead,
Michaelis, and Thomas [90,98]. Dehydrogenation of citral, geraniol, and menthol can be
performed with liquid-metal catalysts to produce their aldehyde and ketones.
Hydrogenation reactions can be considered anti-dehydrogenation. It is based on the
addition of hydrogen in a molecule in the presence of a hydrogen donor substance.
Catalytic hydrogenation of terpenes has been studied for a long time. Several published
works demonstrated that high-pressure treatment and availability of different metal

catalysts have achieved this type of reaction [99].

1.7. Motivation of the thesis

It is known that the concept of catalyst dates back centuries ago. Catalysts accelerates the
rate of reactions via allowing them to proceed on a different pathway with a lower
activation energy. Catalyst can be classified into 3 types: homogeneous, heterogeneous,

and biocatalyst. Heterogeneous catalysts have prevailing properties against homogeneous
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and biocatalysis. Reusability and high stability properties make it desirable in the
industrial field. 2D semiconductors are a kind of nanomaterials in which a dimension of
nanomaterial is nano-sized. To enhance the properties and to inhibit the fast
recombination of 2D semiconductors, the preparation of heterojunctions is very useful.
Owing to the superior characteristics of bimetallic nanoparticles, their applications are
very common and studied. mpg-CN which is a kind of 2D material can be utilized as
support material in the catalyst field. Due to its high surface area, suitable band gap,
optical, electronic, and photoelectrochemical properties, it is a material which is
developed for a long time. Terpenes have widespread studies because of their suitability
in diverse areas especially medicine. Their catalytic transformation reactions can be
achieved with a high yield. In the context of these all-covered sections, the topic of this

thesis is constituted.
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Chapter 2:
LITERATURE REVIEW

2.1. Palladium-based Bimetallic Alloys

Humphrey Davy provided the first awareness of a catalytic reaction between two gaseous
reactants by observation in the experiments on the miner’s safety lamp. Davy realized
that a Pt wire was hot without a flame in the existence of air and coal-gas. He revealed
that coal-gas and air reacted by contact with hot Pt surface without flame and just Pt and
Pd wires could perform that [100]. The most considered catalysts are platinum-group
metals (PGM) for approximately 200 years [101]. In industry, Pt was reported as the first
utilized catalyst in the 19" century. The improvements in designing new platinum-group
metals-based catalysts were maintained due to their prevailing properties such as high
catalytic activity, selectivity, stability, and tolerance against poisoning [102]. Palladium
as being classified among PGM has gained interest in research thanks to its broader
abundance and Pt-liked catalytic properties [102]. Compared with the other metals among
PGM, the electron configuration of Pd (4d°5s®) is exclusive and it is active for many
reactions such as hydrogenation, dehydrogenation, oxidation, coupling reactions,
hydrogenolysis, carbonylation, carbohydrate reforming, and hydrodesulfurization
[103,104]. Nobel Prize in Chemistry in 2010 was presented to Suzuki, Heck, and Negishi
because of their studies on Pd-catalyzed C-C coupling reactions [105,106]. Moreover, Pd
catalysts have huge application areas in petroleum cracking, methane combustion, CO
oxidation, alcohol oxidation, hydrogenation of unsaturated hydrocarbons, and
dehydrogenation of alkanes [107-115]. Due to its wide application area and excellent
properties, Pd catalysts take an important place in the industry [103]. In the context of
sustainable chemistry, it is crucial to design heterogeneous Pd catalysts that contain less
Pd while maintaining or improving catalytic performance. In this regard, due to their high
surface-to-volume ratio and highly active surface atoms compared to those of bulk
catalysts, the use of colloidal or supported Pd nanoparticles with a particle size smaller
than 10 nm as a heterogeneous catalyst for various reactions, including organic
transformations, has attracted considerable attention [116]. To enhance the catalytic
performance of Pd NPs, bimetallic Pd alloys were generated; hence, the electronic and
geometric structure of Pd NPs could be adjusted unlike monometallic Pd [104,117-119].
Intrinsic activity and selectivity of the available active sites which are affected by surface

features of bimetallic Pd decide to catalytic performance [120-122]. The impacts to
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regulate the surface features of bimetallic Pd NPs were listed as ligand, strain, and
ensemble effects, as shown in Figure 2.1 [103,104,123].

Intrinsic activity and sclectivity adjustment Active sites transformation Catalytic Application
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Figure 2.1: Schematic illustration of ligand effect, strain effect, and ensemble effect
[103].

2.1.1. Control of Instrinctic Activity and Selectivity
2.1.1.1. Ligand Effect of Pd-based Bimetallic Catalysts

Electron withdrawing or electron donating from/to the other atoms concludes active sites
with electron-rich or electron-deficient states which compose the electronic structure of
active sites. Tuning these active sites is defined as the ligand effect. Adsorption features
are specified by the influence of electron state on the d-band center of Pd and d-band
filling controls the d-band position [124]. Pd has the ability to attain electrons from
another metal due to the hybridization despite its d orbital being fully filled [103]. The
classical d-band theory explains that d electron transfer from another metal leads to
moving the d-band center away from the Fermi level which concludes weaker adsorption
strength [103,125]. Adsorption strength has a significant role in intrinsic activity and

selectivity.
Ligand effect in bimetallic Pd-based alloys:

In the alloy structures, electron transfer which results in the ligand effect occurs between
the metals which are contributed to the alloy. It can be concluded that alloying with
second metal brings adjusting the electronic structure of Pd [103]. Alloying of Pd with
the metals whose higher electronegativity concludes the electron deficiency on Pd [126—
128]. According to the reported results by Bai et al., the formation of alloy between Pd
and Ir, with higher electronegativity than Pd, decreases the affinity of oxygen-containing
species on Pd and it is observed that enhancing the capturing of OH* by reducing the



Chapter 2: Literature Review 18

capturing of COO* causes to fast oxidation of CO2 [95]. It is also stated by Hong et al.,
that the selectivity of Pd is increased by alloying with Ir over differing Pd/Ir ratios [128].

Combination of ligand effect and support effect:

Alongside the ligand effect, support material also influences the electronic and geometric
structure of catalysts. Thus, intrinsic activity and selectivity could be enhanced by the
combination of ligand and support effect [103]. The effect of this combination was
explained by Wang et al. where CrPd alloy nanoparticles anchored on 3-aminopropyl
tricthoxysilane  functionalized  monochlortriazinyl ~ B-cyclodextrin ~ (M-B-CD).
Cro.4Pdos/M-B-CD was shown to be the best catalyst with TOF of 5771 mol Hz mol
Pd'"h™t in the formic acid dehydrogenation for hydrogen production. The value was 15.3
times Cro4Pdos/C and 1.3 times Pd/ M-B-CD as shown in Figure 2.2. Alloying with Cr
and the effect of support material which can donate its lone pairs on N increased the

electron density and the catalytic activity of Pd [129].
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Figure 2.2: TOF values of the different CrPd catalyts in hydrogen production reaction
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via formic acid dehydrogenation [129].

2.1.1.2. Strain Effect on Pd-based Bimetallic Catalysts

The strain effect, which can be divided into two groups as tensile and compressive, is the
second effect that adjusts the electronic structure of the active sites of the bimetallic
nanocatalysts due to the lattice mismatch. The generation of tensile strain causes to
shifting of the d-band center toward the Fermi level while compressive strain expands the
d-band center of atoms [130].
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Strain effect in bimetallic Pd-based alloys:

Strain and ligand effects have a crucial role in tuning the electronic structure of alloys.
Hence, the contribution of both effects is not easily understood. According to the reports
by Peng et al., the contribution of the strain effect predominates superior. It is expected
the down-shift of the d-band center of Pd due to the ligand effect. On the contrary, the
upshift d-band center which originates from different lattice parameters for Ag, Pd as
4.060 A and 3.887 A, respectively, should be observed because of the tensile strain for
Pd. DFT calculations showed the upshifting of the d-band center with the enhancement
of Ag/Pd ratio. It was concluded that the strain effect overcomes the ligand effect [131].
Moreover, Wu et al. stated that the catalysts which are prepared in two different phases
as body-centered cubic (bcc) and face-centered cubic (fcc) show diverse catalytic
performance in the oxygen reduction reaction. The lattice of the fcc phase of PdCu alloys
is analyzed as 3.80 A while the lattice of the bec phase is 2.97 A. The greater lattice
parameter for the fcc structure causes more electron transfer to the O, molecule [132].

The strain effect on intrinsic activity is summarized in part.

2.1.1.3. Ensemble Effect of Pd-based Bimetallic Catalysts

Catalytic activity is affected by the ensemble effect which causes diverse atomic
arrangements. It changes the adsorption configuration and strength of the species in the
reaction. Two distinct types of active sites, segregated Pd ensemble sites and PdM sites,
might be included in alloys or core-shell structures depending on the local atomic
arrangements. The coordination number and size of the segregated clusters, the
composition or ratio of Pd/M, and other organizational aspects of these sites can all be

altered to achieve optimization [103].

2.1.1.3.1. Sites for segregated Pd ensemble

The term "segregated Pd ensemble sites" relates directly to Pd-based bimetallic catalysts
in which Pd is the primary active site and the other component simply serves as a diluent
for Pd. Segregated Pd ensembles can vary in size from a bigger cluster to a monomer,
which has a variety of effects on various processes [103]. Han et al. examined the impact
of Pd ensemble size on the PdAu (111) model catalyst's ability to selectively oxidize
acetaldehyde to acetic acid. The bigger Pd ensembles encouraged the dissociation
activation of Oz, which increased activity by enlarging Pd ensemble sites in a specific

region while maintaining acceptable selectivity [133]. According to research by Lee et al.
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on the ensemble impact of AuPd model catalysts for formic acid dehydrogenation, Pd
trimer ensembles (3-fold hollow sites linked to three Pd atoms) demonstrated the lowest

reaction barrier when compared to Pd monomer and dimer ensembles [134].

2.1.1.3.2. Bifunctional PdM sites

The Pd-M sites specifically relate to Pd-based bimetallic catalysts in which both Pd and
M function as catalysts for the process. Typically, Pd and M are required to coactivate
the reactant molecule, or Pd activates one reactant molecule while M activates another,
or M performs additional tasks to help Pd. Regulating the Pd/M ratio for the PdM sites
may affect the intermediate's adsorption configuration and performance [103]. For the
selective activation of the C-O bond and the H> dissociation, Guo et al. used Ru and Pd,
respectively. RuPds/NH,SiO2 performed better than high TOF (172 ht) and CO cleavage
selectivity of 99% when the cooperative impact of PdRu sites was enhanced by adjusting
the Pd/Ru ratio [135].

In brief, different effects such as ligand, strain, and ensemble on Pd-based alloys were

expressed in this section.

As stated previously, Pd-based bimetallic alloys can be utilized as catalysts in different

reactions. In the following part, some of these reactions will be explained.

2.1.2. Pd-based Bimetallic Alloys as Catalysts in Several Reactions
Herein, some studies on different reactions catalyzed by PdM alloy nanoparticles will be

discussed in this part.

2.1.2.1. Hydrogenation Reactions

Hydrogenation is the name of a reaction comprising the addition of hydrogen to the
unsaturated bonds [136]. In the industry, catalytic hydrogenation has an important role.
The ability of dissociation of H into atomic H by Pd is remarkable due to the suitable
strength of Pd—H bond. Thus, Pd-based catalysts are extensively used in this kind of
reaction [104]. Figure 2.3 demonstrates the H. activation ability corresponded to M—H
bond energy, M represents metal, in the volcano relationship. According to the plot, the
capacity of Pd is seen at the top to catalyze the hydrogenation reactions [137].
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Figure 2.3: Volcano relationship of H. activation and metal-hydrogen bond strength
[137].

Conversion of benzene to cyclohexane via hydrogenation is a crucial process for industry.
The activity order of some transition metals for hydrogenation of benzene is as follows:
Co<Pd<Ni<Pt<Ru in the context of interaction between substrates and metal NPs [138—
142]. Yoon et al. indicated that Pd did not perform any activity for the formation of
cyclohexane from benzene due to the weaker adsorption of benzene while Rh/CNT
(carbon nanotube) had strong catalytic activity for hydrogenation of benzene at room
temperature [143]. In the case of alloying of Pd with Rh, activity enhanced nearly twice
that of the monometallic Rh catalyst. Due to the unique electronic structure of alloy,

benzene and hydrogen activated successfully to yield cyclohexane.

Selectivity of hydrogenation for substrates with multi-unsaturated bonds can be a problem
because of the multi-hydrogenation pathway. For instance, the hydrogenation of
acetylene to ethylene is one of the most desirable reactions for the industry due to the
extensive usage of ethylene for polymer synthesis [104]. It is known that supported
monometallic Pd catalyst has a selectivity problem in the context of this reaction since a
large Pd surface causes the formation of ethylene hydride which can be converted to
ethane [144-146]. As stated by Choudhary et al., an alloy formed between Pd and Au

enhances the conversion of acetylene to ethylene, shown in Figure 2.4 [147].
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Figure 2.4: Ethylene selectivity in hydrogenation of acetylene for Pd alloys with Au
(Au/Pd ratio is for (1) 2.0 and (I1) 2.2) [147].

Within the scope of the industrial scale of hydrogen production from renewable sources,
CO2 conversion to methanol is very attractive [148-151]. The most common catalyst is
Cu/ZnO for hydrogenation of CO2[152,153]. Haller et al. and Fierro et al. stated that the
inclusion of Pd into Cu/ZnO catalyst increased methanol production due to the synergistic
effect of Pd and Cu metals [154,155]. Owing to the exceptional ability of Pd to activate
hydrogen molecules, Pd-based catalysts are expected to boost methanol production via
the hydrogenation of CO.. As explained by Bonivardi et al., when Ga>Os was added to
Pd/SiO; catalyst, its activity was strengthened 500-fold that of the monometallic Pd/SiO>
due to the interaction between Ga and Pd [156]. Because of the empty 5s orbital of Pd, it
accepts the electrons from late transition metals such as In, Zn, and Ga with s-valence
electrons. Thus, the enhanced electron density of the surface of Pd-based alloy causes to
increase in the interactions with intermediates and further hydrogenation of CO> occurs
[104].

2.1.2.2. Dehydrogenation Reactions

Dehydrogenation reaction is the extraction of hydrogen from the structure to yield the
unsaturated molecule [157]. As hydrogenation reaction, Pd-based catalysts can achieve
to dehydrogenate process. The in-situ production of Hz in polymer electrolyte membranes
is one of the most desirable dehydrogenation reactions. The conversion of formic acid to
CO2 and H: is an example of this kind of reaction. Formic acid which is used as hydrogen

storage material is commonly used to provide hydrogen to fuel cells because of its
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superior properties such as high energy capacity [158-160]. According to the previous
reports, dehydrogenation of formic acid can be fulfilled at 100 “C in the presence of Pd
catalyst [160-162]. The formation of side products (CO and H20) can be also observed
during the dehydrogenation of formic acid [163]. As reported by Gu et al., the high
activity of monometallic Pd was observed for dehydrogenation of formic acid, yet CO
production causes catalyst poisoning and loss the catalytic activity [164]. Then, it was
realized that AuPd alloy demonstrated the highest activity for the dehydrogenation of
formic acid without deactivation of the catalyst. This result originated from the high CO
tolerance of Au. Also, Zhang et al. stated that Ags2Pdsg NPs exhibited the best catalytic
activity in the context of dehydrogenation [165]. According to the results of Kim and
Barteau and Hoshi et al., different adsorption states led to the formation of divergent
products such as CO2 and CO during the decomposition process of formate. As shown in
Figure 2.5, the formation of CO. occurred with adsorbed bidentate while adsorbed
monodentate produced CO [166,167]. Adsorbed bidentate provided the dehydrogenation

pathway by improvement of back donation from catalyst surface to the formate species.
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Figure 2.5: Interactions of formate with (a) adsorbed bidentate and (b) adsorbed
monodentate [166,167].

As a result, alloy formation between Pd and different metals affects its selectivity and
activity in the dehydrogenation reaction. In this thesis, Pd-based alloy nanoparticles were
generated on the support material which is mesoporous graphitic carbon nitride. Thus, the
examples in the literature mesoporous graphitic carbon nitride as a supporting material
will be expressed in the following part.

2.2. Mesoporous Graphitic Carbon Nitride Synthesis Strategies as Support material
The abovementioned properties of mpg-CN are superior to other g-CN derivatives
whereas they are used as supporting materials. For this purpose, to control the size,

morphology, and porous structure, inorganic or organic materials are used as the template.
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In the template-assisted strategy, there are 3 steps: the first step is based upon the template
synthesis, the second one is the preparation of desired materials in the presence of these
templates, and the last step is the removal of the templates [168,169]. This convenient
synthetic methodology was chosen for the synthesis of support material that was used in
the thesis.

In order to expedite the electron-hole separation and increase the catalytic performance
of the mpg-CN, hybridizing is one of the common methods [170]. It is important to
examine the enhanced performances of mpg-CN because of the synergistic impact
between mpg-CN and other hybrid components. There are several methods to construct
a hybrid for mpg-CN; however, only metal nanoparticles/mpg-CN will be covered in this

part.
Metal Nanoparticles/mpg-CN;

mpg-CN has specific functional groups and mesopores that take charge of the
stabilization of metal nanoparticles causes to enhance their performance and stability
[171]. There are 4 synthetic methods which are generally used to involve the metal

nanoparticles in the mpg-CN to control the size and distribution.

(1) Wet-chemical impregnation strategy: This method is based on the addition of porous
support in a solution that includes the metal precursors. Inorganic metal salts such as
metal sulfates, carbonates, chlorides, nitrates, or acetates, as well as organic metal
complexes like metal acetylacetonates, are examples of common precursors [172]. The
reduction process with a suitable reducing agent follows the first step. Thus, metal
nanoparticles can be yielded inside and on the surface of mpg-CN [173]. Due to the high
solubility of many precursors, water is the most often utilized solvent for inorganic salts,
whereas organic solvents are mostly employed for precursors of organometallic
compounds. Concentrations below (super)saturation are required to prevent the early

deposition of the metal precursor in bulk solution [172].

(if) Photochemical deposition technique: In this special strategy for semiconductors,
metal nanoparticles yield on specific active sites of mpg-CN. Photogenerated electrons
on various sites of the mpg-CN semiconductor may be used to selectively deposit metal
nanoparticles on particular active sites. It is common practice to incorporate
photogenerated hole scavengers (such as triethylamine, diisopropylethylamine, methanol,
and so on) to neutralize positive charges, which can significantly speed up the creation of
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metal nanoparticles. Typically, the metal anions were initially deposited onto the mpg-
CN semiconductor by reducing photogenerated electrons under the influence of
ultraviolet or visible light after the mpg-CN was first dispersed in a metal precursor
solution. The approach used in this procedure is unique for semiconducting materials
[174].

(iii) Precipitation-reduction approach: Precipitation of metal precursor in the inner and
outer of the mpg-CN occurs in convenient reaction conditions. Supported catalysts have
long been produced by precipitation, which may be caused by a change in circumstances
like temperature, pH, or evaporation. The principles of nucleation and growth are applied
in controlled precipitation from a precursor solution. Small and fairly monodisperse
particles can be produced by an initial nucleation boom of tiny crystallites followed by
development without the production of additional nuclei [172]. After the reduction

process, metal nanoparticles formed onto mpg-CN support [175-177].

(iv) lon-exchange reduction method: Firstly, an ion exchange typically took place on a
charged mpg-CN, followed by the reduction of metal ions to nanoparticles by the proper

reducing agent [178].

Among these methodologies, the wet-impregnation strategy was chosen for the synthesis
of bimetallic alloys on support in this thesis. As-synthesized catalysts will be applied to
organic transformations such as dehydrogenation, hydrogenation, and oxidation of

terpenes. Thus, the next section will cover the terpenes and their reactions.

2.3. Terpenes

Terpenes are important components of plants, especially seeds and fruits. They are used
as aroma and fragrance [179] Moreover, they can be utilized as sustainable raw materials
in the industry to substitute petrol-based sources for the synthesis of hydrocarbons. In the
view of continuous rise in oil prices, the usage of terpenes which are isolated natural
chemicals is the economical and effective way to the production of value-added products
that are synthesized by the oil industry [180]. For instance, there are abundant, natural,
and low-cost terpenes such as limonene and pinene to use for the synthesis of value-added
materials which will utilize as fragrance, pharmaceutics, solvent, and chiral intermediates
[181]. Besides the economy, the Kyoto Protocol and the desire to decrease the dependence
on imported raw petrol cause to utilize the biomass as an energy source and fuel [182]. In

this sense, terpenes can be used as raw materials for the synthesis of value-added
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products. Thus, the functional groups in the biomass can be benefited for the production
of new products with improved properties or change in the available chemicals. In this
context, various chemical processes such as isomerization/rearrangement, oxidation,
carbonilation, and (de)hydrogenation were developed to synthesize desired products from
terpenes [183-186].

2.3.1. Dehydrogenation of Terpenes

There are a few studies on catalytic dehydrogenation reactions of terpenes under green
and sustainable solvent conditions [187]. Conversion of commercially available and low-
cost compounds such as limonene to more valuable p-cymene is an important example in
the context of this kind of reaction and it is illustrated in Figure 2.6. Tegge stated that the
economical production of p-cymene provided benefits for various new products [188].
Moreover, p-cymene could be synthesized by Friedel-Crafts alkylation in the presence of
toluene and 2-propanol [189]. The usage of the huge amount of dangerous acid catalysts
leads to several problems such as transportation, safety, removal of pollutants, and
corrosion. For example, alkylation reactions are usually conducted at high temperatures
(200-450 "C) and several side products are formed; hence, the yield of p-cymene is
generally limited to 50% [190]. The alternative pathway to produce p-cymene from
natural terpenes is provided with high selectivity. Several reports exist about the
aromatization of terpenes such as limonene, o—pinene, and industrial diterpenes in
literature. It was reported the dehydrogenation of limonene or o—terpinene under mild
reaction conditions in the presence of oxidants such as KMnO4/Al>O3, chloranil, and N-
lithioethylenediamine [191,192]. Furthermore, many of the studies demonstrated that the
high temperature (250-550 °C) gas phase procedures included noble (especially Pd) or
alkali metals, molecular sieves that involve Al, Zn, Fe, Cr, Ni, and Mn, ion-exchange
clays, zeolites as catalyst [193-197].
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Figure 2.6: Catalytic dehydrogenation of natural terpenes to p-cymene.
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2.3.2. Hydrogenation of Terpenes

In 1912, Ipat’ev reported the hydrogenation of terpenes which was another method to
convert terpenes into value-added products for the first time, and this reaction was applied
for several industrial objectives, prevalently [198]. Therefore, the selective hydrogenation
of monoterpenes that has industrial applications of selective hydrogenation of limonene
to precious products attracted intensive attention, and it is shown in Figure 2.7 [199].

Limonene i
cis-p-menthene trans-p-menthene

p-8-menthene

Figure 2.7: Reaction pathway for hydrogenation of limonene.

The formation of (+)—p—1—-menthene which was a hydrogenation product of limonene
was the attractive intermediate due to absorption of the chiral center and the existence of
a double bond that can be functionalized. In order to synthesize the bulk chemicals (e.g.,
adhesives, coatings, additives agents for nourishment) and fine chemicals (e.g. steroids,
antimalaria agent, menthol), (+)—p—1—-menthene was utilized as starting material, widely
[200]. Besides, hydrogenated products which were derivatized from (+)—p—1-menthene
and p—menthane were indicated as biobased fuel additives [201]. In spite of the fact that
hydrogenation of limonene in the existence of homogeneous catalysts was
comprehensively studied, the catalyst recovery problem was an obstacle to practical
applications. On the other hand, the application of this aforementioned reaction was
reported in the presence of heterogeneous catalysts (Pt, Pd, Ni, Cu, Rh, Ru) with various
supports [202—206]. Some monometallic nanoparticles with support materials were tested
on selective hydrogenation of limonene [207]. However, these reactions have harsh
conditions such as high temperature and Hz pressure for catalytic hydrogenation. Due to
the expensive special equipment and the safety problems for high H2 pressure, certain

problems with the recycling of Hz consisted [208]. In recent days, Metin et al. improved
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an easy transfer hydrogenation procedure which is conducted in the glass-pressure tube
to reduce the unsaturated bonds (e.g. -NO., -CN, -C=0, -C=C-, etc.) in the presence of
ammonia-borane as a hydrogen source in methanol [209,210]. In this procedure, the usage
of a high-pressure hydrogen tank and expensive equipment is not required. Moreover,
this procedure shows selectivity for reduction of the -NO- group in the presence of the
second reducible functional groups such as -CN, -C=0.

2.3.3. Oxidation of Terpenes

The previous works demonstrated that toxic chromium or selenium-based reagents were
used as the catalyst for the oxidation of terpenic olefins [211]. Thus, many sustainable
pathways have been improved to convert into a,—unsaturated ketones. Different types of
heterogeneous catalysts were used in the oxidation of terpenes. In this part, cobalt-based
catalysts will be covered. Molecular cobalt complexes, e.g. Co(NOs). or Co(4—
MeCsH3N)2Br2, were utilized for the oxidation of a—pinene with high selectivity [212—
214]. Gusevskaya et al. stated that mild oxidation of terpenes was performed with
molecular oxygen in the presence of cobalt- and manganese-based ferrites. It was realized
that the cobalt-based ferrites showed higher activity with higher TONs than manganese-
based ferrites. The conversion of B—pinene with cobalt-containing ferrites as catalyst was
achieved with high selectivity [215]. In 2007, Kholdeeva reported that the decoration of
cobalt-containing polyoxometalate on hydrothermally stable silicates by means of
electrostatic binding of CoPOM and amino-modified support. Oxidation products such as
verbenone and verbenol were obtained with selectivities up to 70% [216]. In other work,
cobalt-substituted MCM-41 catalysts were constructed via a combination of cobalt
species and support material. It was observed that oxidation of isolongifolene yielded
ketone with great selectivity in the presence of the aforementioned catalyst in the
solventless medium under mild and aerobic conditions, as shown in Figure 2.8 [217].

Co-MCM-41 (5.6 wt.%) 90% conversion
' o 89% selectivity into ketone
O, (1 bar), 80°C, 24h O TON=110

Figure 2.8: Oxidation of isolongifolene in the presence of Co-MCM41 [216].

It can be concluded that cobalt-containing catalysts can be effectively utilized for the
oxidation of terpenes. Thus, Co-based bimetallic alloys can show high catalytic activity

and selectivity because of the synergistic effect of different metals
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Chapter 3:
MATERIALS & METHODS

In this chapter, materials, and methods which were utilized for the synthesis of mpg-CN,
CoPd/mpg-CN nanocatalysts, and the catalytic transformation of terpenes were explained
in detail. Moreover, the characterization of the synthesized materials was performed using

advanced techniques.

3.1. Materials

LUDOX HS-40 colloidal silica 40% water suspension (98%), ammonium hydrogen
difluoride (NHsHF2, 95%), cobalt(ll) nitrate (Co(NO3)2.6H20, 98%), cobalt(Il) chloride
(CoCly, 98%), bis(acetylacetonate) cobalt(Il) (Co(acac)z, 97%), palladium(ll) acetate
(Pd(OAC)., 46.6-49%), palladium(Il) acetylacetonate (Pd(acac)z, 99%), dimetylcarbamil
chloride (98%), sodium hydride (NaH, 98%), pyridine (>99%) , etil chloroformate
(97%), tetrakistriphenylphosphine palladium (Pd(PPh3)s, 99%), trimethylsilyl ciyanide
(TMSCN, 98%), ammonia-borane (NH3BHz3, 90%), tert-buthyl hydroperoxide (TBHP, in
5.0-6.0 M decane) were purchased from Sigma-Aldrich. Sodium borohydride (NaBHa,
>98%) were received from Merck. Guanidine hydrochloride (CHsN3HCI, 98%),
cobalt(ll) acetate (Co(OAc)24H20, 98%), potasiumtetrachloropalladate (K2PdCls,
99.9%, 32.2% Pd content) were obtained from Alfa Aesar. Palladium(Il) bromide (39.8-
40.1% Pd) was bought from Acros Organics. Hydrogen peroxide (H202, 35%), N,N-
dimethylformamide (DMF, >99.0), dichloromethane (DCM, >99.0) were received from
Isolab chemicals. Hydrochloric acid (HCI, 37%) was purchased from Tekkim.

3.2. Synthesis of Mesoporous Graphitic Carbon Nitride (mpg-CN)

Mesoporous graphitic carbon nitride was synthesized by the polycondensation method at
high temperature as a common method in the literature as shown in Figure 3.1 [218]. First
of all, 4.0 g guanidine hydrochloride was dissolved in 4 mL water and added to 10 g of a
solution of LUDOX HS-40 colloidal silica as a template which was weighted in a 100
mL round-bottom flask. The mixture was allowed to stir overnight at 50 °C. After the
cooling process to room temperature, the as-prepared white material was crushed in
ceramic mortar to obtain the powder. The resultant powder was transferred into a quartz
crucible with a lid to place in a horizontal quartz tube oven for the annealing process. The
oven was heated to 550 ‘C with a ramp rate of 4-5 °C per minute under Ar gas flow for 2

hours and it was kept at this temperature for 2 hours. At the end of this process, the
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acquired pale yellow powder solid was reacted with 4 M, 200 mL of ammonium hydrogen
difluoride for 48 hours to remove the remained silica template. Then, the yielded powder
solid material was washed 3 times with water, and once with ethanol using a centrifuge
at 7500 rpm for 10 minutes to remove residuals. Finally, it was dried with the help of a

vacuum oven and kept for further use.

LUDOX HS-40
Colloidal silica

V After crushing

Cooling to 1t .
n mortar

CHN;.HC1
+
Water

—

Overnight
stirring
at 50 °C

Heatet 550 °C
in quartz tube
furnace

A
GAHN

NH,HF,

Washing x4 After cooling

Mesoporous graphitic
carbon nitride

Figure 3.1: Synthesis scheme for mesoporous graphitic carbon nitride.

3.3. Synthesis of Cobalt Palladium Alloy Nanoparticles on mpg-CN (CoPd/mpg-CN)

CoPd alloy nanoparticles on support material which was mpg-CN were synthesized by
using a colloidal synthesis method. The synthesis of these nanocatalysts was carried out
in a specially designed four-necked glass reactor under an inert gas atmosphere (Argon)
with a thermocouple to control the temperature. The setup can be seen in Figure 3.2. The
decision of the optimum synthesis conditions for CoPd/mpg-CN nanoparticles was
essential, thus; different metal precursors for Co and Pd which were mentioned in the part
3.1 were utilized in diverse ratios. The following synthesis method was repeated for all
precursors. Firstly, 50 mg of mpg-CN was dispersed in 18 mL DMF for 2 hours by an
ultrasonic bath. After that, 0.1 mmol of Co(OAc)2and 0.1 mmol of Pd(acac). were added
into the mpg-CN dispersion and the resultant mixture was sonicated for 1 hour. Then, the
obtained mixture was transferred into the four-necked glass reactor and it was stirred
vigorously for 15 minutes under inert (Argon) gas atmosphere. After that, the reaction
temperature was set to 110 °C. When the reaction reached that temperature, the 2 mmol
of borane tert-butylamine (BTB) mixture in 2 mL DMF was injected into the reaction

medium and it was stirred under argon atmosphere for 1 hour. It was obtained that the



Chapter 3: Materials&Methods 31

color of the mixture turned from yellow to brown after the addition of BTB in the reaction
mixture and it showed the starting of the nanoparticle formation. After 1 hour at that
temperature, the reaction was removed from the heating source and it was cooled down
to room temperature. The cooled mixture was washed two times with the addition of ethyl
alcohol with help of a centrifuge at 7000 rpm for 12 minutes. The obtained catalyst was

dried in-vacuo and stored for further use.

After washing
and drying

Figure 3.2: Reaction setup for synthesis of CoPd/mpg-CN.

3.4. Instrumentation

The powder X-ray patterns (XRD) were recorded on a D2 Phaser Bruker with an X-ray
source of CuKo radiation (A = 1.5418 A), 30 kV, 10 mA by step scanning with a step size
of 0.02°, the interval of 1 second per step in the range of 20 = 10-80°, to identify
crystalline phases present. Thermo K-Alpha X-ray photoelectron spectrometer (XPS)
equipped with Al-Ka source was employed to analyze the surface chemistry of the
prepared materials. All transmission electron microscope (TEM) images were recorded
on a HT7800 TEM instrument that is equipped with dual-mode objective lens for HR-
TEM analysis, scanning TEM (STEM) and energy dispersive X-ray operated at 120 kV.
Inductively Coupled Plasma-Mass Spectrometer analyses were performed on an Agilent
7700x (ICP-MS). For the ICP-MS analysis, the powder samples were digested in 10 mL
aqua regia (8.0 mL HNOs + 2.0 mL HCI) via Start D Milestone Microwave Digestion
system and diluted with 2 v/v % HNOs3 blank solution. Photoluminescence spectroscopy
(PL) measurement was conducted with an Agilent Cary Eclipse PL using an excitation
source of 350 nm. Time-resolved spectroscopy (FSL) measurements were carried out
with Edinburgh Instruments FLS1000 Spectrometer using a 377 nm laser source. The
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Brunauer-Emmett-Teller (BET) surface area and pore size analysis were measured by
using a Micromeritics ASAP 2020 using nitrogen adsorption—desorption isotherms. The
absorption data was recorded using diffuse reflectance ultraviolet-visible-near infrared
spectrometry (DRSS, UV-VIS-NIR) via Shimatzu UV-3600 UV-VIS-NIR
spectrophotometer. NMR spectra were operated at 500 MHz for *H NMR and recorded
on Varian in CDCl3z with tetramethylsilane (TMS) as the internal standard. Coupling
constants (J values) were given in Hz and chemical shifts were indicated as parts per
million (ppm). Splitting patterns were shown as s (singlet), br s (broad singlet), d
(doublet), t (triplet), g (quartet), and m (multiplet). GC-MS spectra were recorded on an
Agilent Technologies 7890B GC-system with an Agilent 5977 A MSD HP-5 column
(0.25 mm x 30 m, film: 0.25 pm).

3.5. Catalytic Activity Studies
The catalytic activity of as-synthesized nanocatalysts was studied for the transformation

reactions of terpenes such as dehydrogenation, hydrogenation, and oxidation reactions.

3.5.1. General Procedure for Dehydrogenation Reactions of Different Terpenes in the
presence of CoPd/mpg-CN as Catalyst

All optimization and substrate scope studies for dehydrogenation reactions were
conducted in a glass thermolysis tube with a lid. To determine the optimized conditions,
a specific amount of catalyst was weighed and put in a glass thermolysis tube. 1 mmol of
the corresponding substrate was added to the tube and it was stirred at a determined
temperature for a significant time. The catalyst amount, reaction temperature, and
reaction time were determined by optimization reactions. Reaction time and temperature
differed for some substrates. At the end of the reaction, the catalyst was removed from

the reaction media and the crude mixture was analyzed by NMR spectroscopy.

3.5.2. General Procedure for Hydrogenation Reactions of Different Terpenes in the
presence of CoPd/mpg-CN as Catalyst

In the presence of as-synthesized CoPd/mpg-CN nanocatalysts, perillyl alcohol was
selected as a model substrate for optimization reactions. The reactions were conducted in
a glass thermolysis tube with a lid. Firstly, the determined amount of catalyst was weighed
and transferred to the thermolysis tube, and a significant amount of methanol was added
to it. The catalyst was dispersed by ultrasonic bath for 10 minutes. Then, a specific

amount of perillyl alcohol was added and dispersed for 5 more minutes. After the ending
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of the sonication process, 3 eq. of ammonia borane (NH3-BH3) was added to the mixture
and stirred for a while at room temperature. When the reaction was finished, the catalyst
was removed from the reaction by syringe filter, and the obtained compound was detected
by GC-MS. The same procedure was applied to 10 different substrates. These substrates
also were synthesized. The synthetic procedure of them were mentioned below.

3.5.2.1. Synthesis of substrates for hydrogenation trials of catalyst

3.5.2.1.1. Synthesis of perillyl alcohol (1) and carveol (2)
Synthesis of perillyl alcohol 1

H__O OH

NaBH,

EtOH
0°C—rt, 3h

Scheme 3.1: Synthesis of perillyl alcohol from perillyl aldehyde

The desired amount of perillyl aldehyde was dissolved in ethyl alcohol in a round-bottom
flask. It was placed in an ice bath. 1.2 eq. NaBH4 was added to the reaction mixture. After
the dissolution of NaBHa in reaction media, it was stirred at room temperature for 3 hours.
At the end of the reaction, the solution was washed with DCM and water. The organic
phase was dried over Na»SOs, filtered, and concentrated under reduced pressure.
Compound 1 was used without further purification. *H NMR (500 MHz, CDCls) ¢: 5.61
(s, 1H), 4.64 (d, J = 6.0 Hz, 2H), 3.91 (d, J = 15.2 Hz, 2H), 2.42 (s, 1H), 2.05 (m, 4H),
1.82 (m, 2H), 1.66 (s, 3H), 1.40 (m, 1H).

Synthesis of carveol 2

OH
NaBH,

_ =

MeOH
0°C—>rt, 5h

Scheme 3.2: Synthesis of carveol from carvone

The determined amount of carvone was put in the round-bottom flask and methanol was

added to it. Flask was placed in an ice bath. After that, 1.1 eq. NaBH4 was added to the
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reaction mixture, and it was dissolved in methanol at 0 °C. The reaction was stirred at
room temperature for 5 hours. The reaction solution was washed with DCM and water.
The organic layer was dried over with Na>SQg, filtered, and concentrated under pressure.
Compound 2 was used without further purification. *H NMR (500 MHz, CDCls) 6: 5.45
(s, 1H), 4.69 (d, J = 0.8 Hz, 2H), 4.14 (s, 1H), 2.26-2.20 (m, 1H), 2.13-2.10 (m, 1H),
2.03 (d, J =15.7 Hz, 1H), 1.93-1.88 (m, 1H), 1.71 (d, J = 10.1 Hz, 6H), 1.50-1.43 (m,
1H).

3.5.2.1.2. Synthesis of allylic acetates

Synthesis of allylic acetate 3

EtzN
CHCl,
rt, overnight

Scheme 3.3: The synthesis of allylic acetate from perillyl alcohol

The determined amount of perillyl alcohol (1) was dissolved in chloroform. The addition
of 3 eq. acetic anhydride and 2 eq. triethylamine was followed as the next step and stirring
at room temperature overnight was performed. The mixture was extracted with DCM and
water. The organic phase was dried over with Na2SOa. It was filtered and the solvent was
removed from the media. Compound 3 was detected by NMR. *H NMR (500 MHz,
CDCI3) &: 5.72 (s, 1H), 4.68 (d, J =7.7 Hz, 2H), 4.42 (br s, 2H), 2.13 (d, J = 11.7 Hz,
2H), 2.03 (br s, 5H), 1.96-1.90 (m, 1H), 1.82—1.80 (m, 1H), 1.45 (s, 3H).

Synthesis of allylic acetate 4

OH ioj\ O\g/

EtsN
CHCl3
2 rt, overnight 4

Scheme 3.4: The synthesis of allylic acetate from carveol

The determined amount of carveol (2) was put in a tube and chloroform was added as a

solvent to it. 4 eq. acetic anhydride and 4 eq. triethylamine were added to the reaction
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mixture, and it was allowed to stir at room temperature overnight. After extraction with
DCM and water, the organic layer was dried over with Na>SOs, filtered, and the solvent
was removed. Compound 4 was obtained and prepared for NMR analysis. *H NMR (500
MHz, CDClIs) o: 5.46 (s, 1H), 4.69 (br s, 2H), 4.15 (m, 1H), 2.29-2.20 (m, 1H), 2.14-
2.10 (m, 1H), 2.05 (s, 3H), 1.95-1.89 (m, 1H), 1.72 (s, 3H), 1.70 (s, 3H), 1.60 (s, 1H),
1.50-1.43 (m, 1H).

3.5.2.1.3. Synthesis of allylic carbonates

Synthesis of allylic carbonate 5

OH o) 0_O._-
CI)LO/\ \g/

Pyridine
Et,O
0°C - rt, 3h

Scheme 3.5: The synthesis of allylic carbonate from perillyl alcohol

Compound 1 and dry diethyl ether were added to a 10 mL of a round-bottom flask. After
dissolving the starting material, 4 eq. pyridine and 4 eq. ethyl chloroformate were added
to the resulting mixture at 0 °C and stirred for 15 minutes. Then, the reaction mixture was
stirred for 3 hours at room temperature. After that, its extraction was performed with ether
and water. The organic layer was dried with Na>SO4 and filtered. After removing the
solvent from the reaction media in vacuo, compound 5 was prepared for NMR analysis.
'H NMR (500 MHz, CDClIs) ¢: 5.72 (br s, 1H), 4.64 (d, J =9.0 Hz, 2H), 4.43 (m, 2H),
4.11 (q, J = 7.1 Hz, 2H), 2.12-2.01 (m, 4H), 1.93-1.86 (m, 1H), 1.77 (dd, J = 9.5, 4.2 Hz,
1H), 1.65 (s, 3H), 1.45-1.36 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H).

Synthesis of allylic carbonate 6

OH Q 0_O_-
a0~ i
> o)
Pyridine
Et,O
o —=
) 0°C = rt, 3h 6

Scheme 3.6: The synthesis of allylic carbonate from carveol

To the solution of compound 2 in diethyl ether in a round-bottom flask, 4 eq. pyridine

and 4 eq. ethyl chloroformate were added. Then, it was stirred for 15 minutes at 0 °C.
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After stirring at room temperature for 3 hours, the extraction was done with ether and
water. After the addition of Na>SOs to the obtained organic layer, it was filtered and
concentrated in-vacuo. Then, compound 6 was acquired and prepared for NMR analysis.
'H NMR (500 MHz, CDCls) §: 5.60-5.55 (m, 1H), 5.27 (br s, 1H), 4.72-4.69 (m, 2H),
4.21-4.16 (m, 2H), 2.26-2.21 (m, 1H), 2.06 (m, 1H), 1.98-1.90 (m, 1H), 1.70 (s, 3H),
1.67 (dd, J = 2.3, 1.1 Hz, 3H), 1.63-1.53 (m, 1H), 1.32-1.27 (m, 4H).

3.5.2.1.4. Synthesis of allylic nitriles
Synthesis of allylic nitrile 7

OH
Pd(PPh3),
TMSCN

THF
48h, rt

Scheme 3.7: The synthesis of allylic nitrile from perillyl alcohol

Synthesis of compound 7 was conducted in Schlenk flask at Schlenk line to operate the
reaction under an inert atmosphere. 10% mol Pd(PPhz)s as catalyst was added to Schlenk
flask and kept under argon gas atmosphere. Then, dry THF as a solvent was added to it
to dissolve the catalyst. The perillyl alcohol solution was prepared by using dry THF and
the resulting solution was transferred to the Schlenk flask and followed by the addition
of 2.2 eq. trimethylsilyl cyanide (TMSCN) dropwisely using a syringe. It was stirred at
room temperature for 48 hours. After that, the compound was extracted with DCM and
water, the organic phase was dried over with Na>SQ, filtered, and concentrated.
Compound 7 was used without further purification. The compound was determined by
GC-MS; tr=21.8 min.

Synthesis of allylic nitrile 8

OH Pd(PPh3),
TMSCN

THF
48h, rt

Scheme 3.8: The synthesis of allylic nitrile from carveol
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The same procedure was followed as the synthesis of 7. The compound 8 was used
without further purification. The compound was determined by GC-MS; tr= 16.3 min.

3.5.2.1.5. Synthesis of allylic carboxylic acids from nitriles

Synthesis of allylic carboxylic acid 9

OH
2M HCI

Methanol
100 °C, 8h

Scheme 3.5: The synthesis of allylic carboxylic acid (9) from the nitrile 7
The as-synthesized nitrile 7 that was mentioned above was used for the synthesis of
carboxylic acid. Nitrile (7) was dissolved in methanol and 3 mL of 2 M HCI solution was
added to it. The mixture was stirred at 100 °C for 8 hours. After that, extraction was done
with DCM and water. After drying, filtration, and concentration, the yielded compound
9 was used without further purification. The compound was determined by GC-MS; tr=
14.2 min.

Synthesis of allylic carboxylic acid 10

2M HCI OH

Methanol
100 °C, 8h

8 10

Scheme 3.10: The synthesis of allylic carboxylic acid (10) from the nitrile 8
The as-synthesized nitrile 8 that was mentioned above was used for the synthesis of
carboxylic acid. Nitrile (8) was dissolved in methanol and 3 mL of 2 M HCI solution was
added to it. The mixture was stirred at 100 °C for 8 hours. After that, extraction was done
with DCM and water. After drying, filtration, and concentration, compound 10 was
yielded without further purification. The compound was determined by GC-MS; tr=14.2

min.
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3.5.3. General Procedure for Oxidation Reactions of Different Terpenes in the presence
of CoPd/mpg-CN as Catalyst

Optimization reactions were conducted in the presence of a-pinene as the model substrate.
The optimization and substrate scope reactions were performed in a tube closed with a
rubber septum. First of all, a specific amount of catalyst was put in the tube and 3 mL of
solvent was added to it. It was dispersed for 15 minutes with help of an ultrasonic bath.
During this time, the oil bath was heated up to the desired temperature. After sonication,
a tube was placed in an oil bath and 0.5 mmol of the corresponding substrate and 1.5 eq.
of oxidant were added to the reaction mixture by micropipette. It was stirred for the
determined time at that temperature. At the end of the reaction, the catalyst was filtered
by a syringe filter to remove it from the reaction media. The 40 pL of the remained
mixture was taken by micropipette, and it was diluted with 2 mL of ethyl acetate in a GC

vial to analyze it by GC-MS.

3.5.3.1. Studies to Construct Calibration Curve for GC-MS to Use in Oxidation
Reactions

To construct the calibration curves for the model substrate and the product, which was
verbenone, 9 homogeneous mixtures with different concentrations were prepared. First
mixture contained 10 uL verbenone, 10 pL n-decane, and 10 pL a-pinene. The second
mixture contained 20 pL of each component and so forth. Since TBHP solution contains
40 pL of n-decane in 150 pL, 40 uL n-decane was set as standard. To find the relations
between verbenone/n-decane and a-pinene/n-decane, 3 pulL samples of each mixture were
injected into the GCMS. After each injection, areas of verbenone, a-pinene, and n-decane
were recorded by integrating the corresponding peaks. Each mixture’s number of moles
of each component was calculated as shown in Equation 3.1. Since 40 puL n-decane was
standardized, each component’s area and the number of moles were divided by 40 uL of
the area of n-decane area and the number of moles. After divisions were done, linear
relations were found by plotting graphs with respect to the ratio of areas on the x-axis and

the ratio of the number of moles on the y-axis. These graphs are shown in Figure 3.3.

Area of component  Area of IS (40ul) (3.1)
mol of component  mol of IS (40ul)
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a
) Alpha Pinene-Internal Standard Calibration Curve
y = 2.9789x
30 R*=0.9957
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Verbenone-Internal Standard Calibration Curve
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Figure 3.3: Constructed calibration curves for (a) a-pinene-n-decane (b) verbenone-n-

decane.
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Chapter 4:
RESULTS & DISCUSSION

In this chapter, the structural characterization and photophysical properties of as-
synthesized CoPd/mpg-CN nanocatalysts with different ratios were discussed in detail.
Moreover, all synthesized nanocatalysts were tested in the dehydrogenation,
hydrogenation, and oxidation of various terpenes. Finally, the results of the reusability
tests are reported.

4.1. Structural Characterization of CoPd/mpg-CN Nanocatalysts

Structural characteristics of as-synthesized nanocatalysts are explained by several
advanced characterization techniques. XRD analysis, TEM analysis, EDS mapping, ICP-
MS analysis, XPS analysis, and BET surface area measurement are utilized among these

techniques.

4.1.1. XRD and TEM Analyses of CoPd/mpg-CN Nanocatalysts to Determine the
Optimum Synthesis Route

To acquire a high quality of bimetallic alloy nanoparticles, the selection of metal
precursors is essential. Several experiments have been conducted to decide the usage of
the best metal source to yield the desired alloy formation. Powder XRD analysis of the
alloy nanoparticles which were formed with the usage of different Pd and Co precursors
was studied to figure out this trend. The crystal structure of the nanocatalysts which were
prepared with KoPdCl, as a Pd source and different Co sources such as CoCl,, Co(NOs)a,
Co(OAC)2, and Co(acac). was shown in Figure 4.1a. Two broad and intense diffraction
peaks at 20 = 27.3° and 39-40° can be clearly seen in the XRD pattern. The peak at 26 =
27.3° results from the interplanar stacking of mpg-CN structure and corresponds to the
(002) diffraction plane. This proved the existence of the mpg-CN in the crystal structure.
mpg-CN has another characteristic peak at 26 = 13.1°, which belongs to the (100) plane
and is referred to as in-plane stacking of tri-s-triazine units [219], is not observed in the
XRD pattern. This originates from the development of the distance of its interlayers and
deformity of in-plane patterns during the formation of bimetallic alloy nanoparticles on
support material [73]. Also, the peak of Pd face-centered cubic (111) planes is at 20 =
39.8°, a slight shifting of this peak toward a higher 26 degree is proven to the formation
of alloy nanoparticles between Co and Pd [220]. According to Figure 4.1 a, the higher
shifting is observed for the material which was synthesized with Co(OAc); as the Co
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source. Figure 4.1 b showed the XRD patterns of nanocatalysts which were prepared with
Co(OAC)2 as a Co source and different Pd sources such as Pd(OAc),, Pd(acac),, PdBr,
and KzPdCls. In view of the XRD patterns, it demonstrates that the shifting toward a
higher degree for Pd (111) plane is detected for the nanocatalyst that was prepared in the

presence of Pd(acac) as the Pd source.

Pd/mpg-CN
Pdimpg-CN

w% _ Cofacac), M‘_
__WM Colac), *
WM— ‘ CeCl, _.;,‘/‘m.’m . Pdfacacl,
WM“ | Co(NO,),6H,0 m%

T T T T T T

T T T T T T T T
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
26 (degree) 20 (degree)

K,PdCl,

Pd(ac);

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

PdBr,

and

Figure 4.1: XRD patterns of CoPd/mpg-CN nanocatalysts are prepared by using (a)
different Co precursors in the presence of K.PdCls and (b) different Pd precursors in the

presence of Co(OAC)..

Next, TEM analyses were conducted to illuminate the surface morphologies of as-
synthesized nanocatalysts and to observe the alloy formation on the support material.
Figure 4.2 shows the TEM images of different CoPd/mpg-CN catalysts that were
synthesized in the existence of Co(OAc)2 and different Pd precursors. It is determined
that CoPd alloys with divergent particle size, morphology, and dispersion are generated
on mpg-CN when diverse Pd precursors are utilized during the synthesis. Figure 4.2 a, c,
and d demonstrate that CoPd alloys formed as small particles and agglomerations on thin
mpg-CN nanolayers. On the other hand, it is determined that the most prevailing CoPd
alloy formation on mpg-CN is observed for Pd(acac). precursor in Figure 4.2 b.
Thereafter, Co(OAc). and Pd(acac). were utilized as metal sources for the synthesis of

CoPd/mpg-CN nanocatalysts.
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Figure 4.2: TEM images of CoPd/mpg-CN nanocatalysts prepared by using Co(OAc)2
precursor in the presence of different Pd precursors (a) PdBr», (b) Pd(acac)z, (c)
Pd(OAC)2, and (d) K2PdCla.

The morphology, particle size, and distribution of CoPd nanoparticles on mpg-CN
nanosheets in the structure of CoPd/mpg-CN which were generated by using optimum
conditions (Co(OAc)2 and Pd(acac)2) are examined by TEM analysis. TEM images of
this catalyst at two different magnifications are represented in Figure 4.3. The average
particle size of nanoparticles is calculated as 3.0 = 0.4 nm. There is no agglomerated
particle or clump observable in the TEM images. The ICP-MS analysis performed on the
optimized synthesis of CoPd/mpg-CN nanocatalysts revealed that the CoPd composition
of the most active nanocatalyst was Cos7Pdess. This conclusion was also supported by the
catalytic activity tests (vide infra). In addition to the alloy composition, the metal loading
ratio of the Coz7Pdes/mpg-CN nanocatalysts was determined to be 15.04 % Pd and 6.02
% Co by mass.
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Figure 4.3: Representative TEM images of Cos7Pdss/mpg-CN nanocatalysts were

recorded at different magnifications. The inset shows the particle size histogram.

High-angle annular dark field scanning TEM (HAADF-STEM) and the associated EDS
elemental mapping were carried out for further improvement of the alloy formation
between Co and Pd atoms, also showing their elemental distribution upon mpg-CN, the
recorded images are depicted in Figure 4.4. Based on the images, it can be concluded that
Co and Pd atoms show very similar elemental mapping patterns and disperse over mpg-

CN smoothly. Also, the solid solution (alloy) form on support material is demonstrated.

Figure 4.4: (a) HAADF-STEM image and (b) corresponding elemental mapping

images of Cos7Pdss/mpg-CN nanocatalyst.
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4.1.2. XRD and TEM Analyses of CoPd/mpg-CN Nanocatalysts at Different Alloy
Compositions

The different compositions of CoPd alloy nanoparticles were prepared via the developed
procedure. The molar ratios that were used to synthesize all compositions of CoPd NPs

are given in Table 4.1.

Table 4.1: Molar ratios for different compositions of CoPd nanoparticles.

Catalyst Molar ratio (Pd(acac)2:Co(OAc)2)
Co024Pd76/mpg-CN 0.15:0.05
CoeoPd4o/mpg-CN 0.05:0.15
Co32Pdes/mpg-CN 0.08:0.12
Co35Pdss/mpg-CN 0.12:0.08
Cos7Pdes/mpg-CN 0.10:0.10

Figure 4.5 demonstrates the XRD patterns of all nanocatalyst compositions.
Co37Pdsa/mpg-CN and CossPdss/mpg-CN alloy compositions were obligated to the
biggest shift toward the highest 20 angles. Thus, the alloy formation of these
nanocatalysts was demonstrated with interaction of Co and Pd metals.

Pdmpg-CN
€0,.Pd./mpgCN

i Co,,Pde/mpgCN

M.

Coy;Pdg,/mpg-CN
T v T L v T r T v T

. — .
10 20 30 40 50 60 70 80 20
20 (degree)

TR

fans . o N

Intensity (a.u.)

CogPd,/mpg-CN

Figure 4.5: XRD patterns of all compositions of CoPd/mpg-CN nanocatalysts by using
Pd(acac), and Co(OAC)z.

TEM analyses of different compositions were studied and represented in Figure 4.6. The
big particles and clumps are observable for Co24Pd7s/mpg-CN and CogoPdso/mpg-CN
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catalysts in Figure 4.6 a, b. The approximate particle size with a partial distribution is 6.5
nm for Coz2Pdss/mpg-CN and is depicted in Figure 4.6 c. It is detected that CozsPdes/mpg-
CN has a good particle distribution on mpg-CN with an average particle size of 3.0 nm
which can be seen in Figure 4.6 d. On the other hand, Figure 4.6 e shows the CoPd
nanoparticles distributed on support material properly with a 3.01 nm particle size for
Co37Pds3/mpg-CN.

Figure 4.6: TEM images of CoPd/mpg-CN nanocatalysts at different compositions (a)
Co024Pd76/mpg-CN (b) CogoPdso/mpg-CN (c) Coz2Pdss/mpg-CN (d) CozsPdss/mpg-CN
(e) Cos7Pdsa/mpg-CN.
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4.1.3 XPS Analysis

X-ray photoelectron spectroscopy is a fundamental technique for the analysis of surface
structure, composition, and chemical oxidation states of the atoms on the surface of
nanocatalysts. The detailed XPS analysis of Cos7Pdes/mpg-CN nanocatalysts was studied
and reported herein. XPS survey spectrum represented in Figure 4.7 a expresses the
existence of C, N, O, Co, and Pd atoms in the structure. It is observable that the high-
resolution XPS spectra of C 1s and N 1s core levels show the all-expected C-N and C-C
bonds in mpg-CN structure and are illustrated in Figure 4.7 b, ¢, and f. In the case of the
high-resolution XPS spectrum of C 1s, three main peaks are demonstrated at binding
energies (BEs) of 284.5, 286.5, and 288.1 eV as served in Figure 4.7 b. The peak observed
at BE of 284.5 eV corresponds to C atoms at C-C and C=C bonds, the peak located at BE
of 286.5 eV shows to C-N bond in C(N)s, and the peak at BE of 288.1 eV is attributed to
the N-C=N bonds in s-triazine units [221]. Three major peaks can be separated at BEs of
398.7, 400.7, and 401.0 eV in high-resolution XPS spectra of N 1s as represented in
Figure 4.7 c. The peaks are assigned to sp? hybridized C=N-C, tertiary nitrogen N(-C-)3
groups, and C-N bond, respectively [73,221].

Figure 4.7 d exhibits the high-resolution XPS spectrum of Co 2p region. BEs of two major
peaks with asymmetric shapes are detected at 781.2 and 797.0 eV with spin-orbit
components of A= 15.8 eV, which correspond to metallic Co 2ps» and Co 2pi» core
levels. By comparison with reference metallic Co peaks, it is realized the shifting toward
higher BEs [222]. The observable weak peaks in the spectrum are satellite peaks.

In the case of the high-resolution XPS spectrum of Pd 3d level, two peaks are noticeable
at BEs of 335.5 and 340.7 eV with a spin-orbit component of A= 5.2 eV, as shown in
Figure 4.7 e. These peaks are attributed to metallic Pd 3ds/2 and 3ds/ core levels. Also,
shifting toward higher BEs in comparison to the peak of reference metallic Pd (333.3-
333.4 eV) indicates the loss of electron density of Pd atoms [223,224].

Due to the strong electron interactions between Pd and Co atoms, the observed BE
shiftings prove that Pd atoms alter their electronic states and contribute to forming alloy
structures [222].
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Figure 4.7: (a) XPS survey spectrum and high-resolution XPS spectrums of (b) C 1s,
(c) N 1s, (d) Co 2p, (e) Pd 3d, and (f) mpg-CN structure Coz7Pdes/mpg-CN
nanocatalysts.
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4.1.4. BET Surface Area Analysis

The understanding of the structural change of mpg-CN, which was utilized as both the
stabilizer and support material, is essential to understand its role. Therefore, N
adsorption-desorption analyses were performed on pristine mpg-CN and Coz7Pdes/mpg-
CN nanocatalysts and the isotherms are given in Figure 4.8. Both isotherms showed a
typical type IV isotherm indicating the existence of mesoporous structure [225]. The
average adsorption pore sizes of mpg-CN and Coz7Pds3/mpg-CN were calculated as 17.0
nm and 15.8 nm, respectively. Moreover, BET surface areas of pristine mpg-CN and
Cos7Pdss/mpg-CN were indicated as 164.89 and 136.61 m?g™. It is realized that the pore
size and surface area of Coz7Pdes/mpg-CN decrease compared to pristine mpg-CN due to
the blocking pores of mpg-CN with yielded nanoparticles. This result confirms the

supporting role of mpg-CN for the stabilization of CoPd nanoparticles.
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Figure 4.8: BET surface area of (a) pristine mpg-CN and (b) Cosz7Pds3/mpg-CN

nanocatalysts.
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4.2. Investigation of Photophysical Properties

Photophysical properties of the as-synthesized materials are investigated by UV-Vis
diffuse reflectance spectroscopy (UV-DRS), photoluminescence (PL), and time-resolved
emission spectroscopy (TRES) to understand whether the heterojunctions are created
between mpg-CN and nanoparticles due to the semiconducting property of mpg-CN

under visible light.

4.2.1. UV-DRS and PL Analysis

UV-Vis DRS spectrum of mpg-CN and Cos7Pdss/mpg-CN is presented in Figure 4.9 a.
Compared to the absorption of mpg-CN, it is realized that Cos7Pdes/mpg-CN has a
stronger absorption between 360-520 nm. Furthermore, PL is an important tool to observe
the heterojunction formation between a semiconductor material and metal nanoparticles.
Figure 4.9 b indicates the PL emission of mpg-CN and Cos7Pds3/mpg-CN and it is
observed that the emission of mpg-CN decreases after the formation of nanoparticles on
mpg-CN. This result explains the formation of the Schottky junction between mpg-CN

and metal nanoparticles.
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Figure 4.9: (a) UV-Vis DRS spectrum (b) PL spectrum of pristine mpg-CN, Co3z7Pdes/
mpg-CN nanocatalysts.
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4.2.2. TRES Analysis

Due to the formation of the Schottky junction between mpg-CN and CoPd nanoparticles,
recombination of excited electrons and holes is prevented via charge transfer from the
conduction band of mpg-CN to a d-band level of NP. TRES gives a deep insight into the
charge transfer dynamics. Figure 4.10 illustrates the TRES of pristine mpg-CN and
Co37Pds3/mpg-CN nanocatalysts. It is represented that mpg-CN has a longer lifetime in

comparison with the lifetime of Coz7Pds3s/mpg-CN nanocatalysts, indicating the rapid

decay of electrons on the surface of NPs [226].
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Figure 4.10: Time-resolved emission spectrum of pristine mpg-CN and Cos7Pdss/mpg-

CN nanocatalysts.

25



Chapter 4: Results and Discussion 51

4.3. Analysis of Catalytic Activity of CoPd/mpg-CN nanocatalysts

It is essential to exhibit high catalytic activity for a catalyst that is synthesized and
characterized successfully. After all characteristic properties of nanocatalysts were
identified, the catalytic activity trials investigated three different types of reactions of
terpenes such as dehydrogenation, hydrogenation, and oxidation reactions. In this part of
the chapter, the results of catalytic activity tests are reported as follows.

4.3.1. Dehydrogenation of Terpenes in the presence of CoPd/mpg-CN Nanocatalysts
Reactions were performed as the procedure was mentioned in Chapter 3. To decide the
optimized reaction conditions is crucial to test the activity on several substrates. Hence,
optimization studies of catalysts were completed, firstly. a,B,y—himachalene (1) was
selected as the model substrate to conduct all optimization reactions. The parameters are
demonstrated to choose optimum reaction conditions in the existence of CoPd/mpg-CN
nanocatalysts as summarized in Table 4.2.

Firstly, model reaction was conducted with mpg-CN and monometallic Co/mpg-CN
catalyst, and desired product ar—himachalene formation was not yielded (Table 4.2,
entries 1, 2). On the contrary, the product was obtained with 99% conversion in the
presence of monometallic Pd/mpg-CN (Table 4.2, entry 3). The reactions were performed
at 120 °C for 14 hours in the presence of CoPd/mpg-CN nanocatalysts at different
compositions to examine the effect of the bimetallic alloy composition on catalytic
activity. It was observed that the altered alloy composition did not have a significant
impact on the activity (Table 4.2, entries 4-5). However, the highest conversion rate was
achieved at 97% with Cos7Pdes/mpg-CN nanocatalysts (Table 4.2, entry 5). Therefore,
this alloy composition was chosen to pursue the catalytic activity tests considering the Pd
amount. The reactions were proceeded to monitor the effect of catalyst amount and
temperature in the context of the activity. The conversion rate dropped to 49%,
dramatically, when 5 mg catalyst was utilized in the model reaction (Table 4.2, entry 6).
Thus, reactions were performed with 10 mg catalyst amount for further experiments. It
was shown that any product formation did not provide in the case that reaction
temperature was decreased to 100 °C (Table 4.2, entry 7). In the light of these, optimized
conditions were constituted as 10 mg of Cos7Pdss/mpg-CN catalyst, 120 °C, and 14 hours.
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Table 4.2. Optimization of the dehydrogenation of terpenes in the presence of CoPd/mpg-
CN nanocatalysts®

\
\
\

’6 Nanocatalyst
Reaction conditions

1 2
Entry Catalyst Reaction Conditions Conversion® (%)
1 mpg-CN 14 h, 120 °C, 10 mg -
2 Co/mpg-CN 14 h, 120 °C, 10 mg -
3 Pd/mpg-CN 14 h, 120 °C, 10 mg 99
4 CossPdes/mpg-CN 14 h, 120 °C, 10 mg 94
5 Cos7Pdss/mpg-CN 14 h, 120 °C, 10 mg 97
6 Co37Pdsympg-CN 14 h, 120 °C, 5 mg 49
7 Cos7Pdes/mpg-CN 14 h, 100 °C, 10 mg -

@ Reaction conditions: 1.00 mmol of 1a and 10 mg of nanocatalyst for 14 h at 120 °C unless
otherwise noted. ? Conversions calculated based on *H NMR.

Under the optimized conditions, the catalytic activity of Cos7Pdss/mpg-CN was studied
on dehydrogenation reactions of several terpenes, and the results are depicted in Table
4.3. The reactions were successfully completed for various terpenes in the presence of
Co3z7Pds3/mpg-CN nanocatalyst. First of all, no product formation was detected for the
dehydrogenation of limonene 3 under optimized conditions because of the important
effect of temperature on the dehydrogenation of limonene [63]. Thus, the optimized
conditions were improved by elevating the temperature and extending the reaction time
for limonene and various substrates. Increasing the reaction temperature to 180 °C caused
to 99% conversion of limonene 3 to p—cymene 4 (Table 4.3, entry 1). The conversion of
terpinolene 5 was provided to dehydrogenation product 6 as 91% (Table 4.3, entry 2). It
was recognized that dehydrogenation of a—terpinene 7 was yielded to p—cymene 5 with
99% (Table 4.3, entry 3). As shown in Table 4.3, the formation of product 5 occurred at
a prolonged reaction time of 18 h for y-terpinene 8 (Table 4.3, entry 4). Carvone 9 was
converted to carvacrol 10 with an 18% yield after enhancing the reaction time of 24 h and
temperature of 180 °C (Table 4.3, entry 5). The dehydrogenation of carveol 11 was
performed at 180 °C for 24 h to afford product 10 with 99% conversion (Table 4.3, entry
6). The conversion of verbenone 12 to product 4 was not achieved even though the

reaction time and temperature were increased (Table 4.3, entry 7).
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Table 4.3. Coz7Pdes/mpg-CN catalyzed dehydrogenation reactions of terpenes?

Entry Substrate

Product

Conversion® (%)

3 4
2 :I ; 91
5 6
3 : : 99
7 4
4d § ; 99
8 4
(0] OH
bee 18
9 10
OH OH
6oe 99

11
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7c,e -
o)
12
4

2 Reaction conditions: 1.00 mmol substrate and 10 mg nanocatalyst, 14 h, 120 °C. ® Conversions are
calculated by *H NMR. ¢ 180 °C. 918 h. €24 h.
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4.3.2. Hydrogenation of Terpenes in the presence of CoPd/mpg-CN Nanocatalysts
To investigate the activity of CoPd/mpg-CN nanocatalysts in the hydrogenation of
terpenes, perillyl alcohol 1 was chosen as the model substrate. The formation of possible

products and reaction conditions are given in Scheme 4.1.

OH OH OH OH

Nanocatalyst

»
>

H3N-BH5
MeOH

rt, 12 h
1 1a 1b 1c

Scheme 4.1: Hydrogenation of perillyl alcohol as a model substrate

The reactions were conducted with CossPdss/mpg-CN and Cosz7Pdes/mpg-CN
nanocatalyst to yield the possible products as shown in Scheme 4.1. Both catalysts
produced the products with high conversion rates. However, Cos7Pds3/mpg-CN was
selected and utilized as a catalyst in the hydrogenation reaction of as-synthesized
substrates in the context of selectivity of the products and less Pd amount. Table 4.4 shows

the results of Cos7Pdss/mpg-CN catalyzed hydrogenation of terpenes.

It was recognized that acetate structure 3 was decomposed during the reaction and
hydrogenation products 11 & 12 of this substrate were listed. The total conversion was
calculated as 93% for substrate 3. Product 11 which was produced with a reduction of the
double bond at the tail of the structure was produced at the rate of 13% while product
12’s that was reduced both double bonds at the rate of 80% (Table 4.4, entry 1). As
demonstrated by Table 4.4, entry 2, two different product formations were afforded as
desired product 13 and product 11 that was formed with hydrogenation of decomposed
substrate with 75% conversion. The allylic acetate 4 which was derived from the carveol
was converted to 13 and 11 with a conversion of 33% and 42%, respectively. Allylic
carbonates 5 & 6 were converted to the same product 11 with 32% and 34% conversion,
respectively (Table 4.4, entries 3, 4). Only one product 14 which was reduced double
bond at the tail was obtained for substrate 7 in the conversion of 20% (Table 4.4, entry
5). According to Table 4.4, entry 6, two diverse products were detected without the
decomposition of substrate 8. Product 15 which the nitrile group and double bonds in the
structure were reduced was formed in a conversion of 93% while product 16 which was

obtained with the reduction of double bonds was detected in a conversion of 5%.
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Carboxylic acid derivatives were derived from as-prepared nitriles. The functional group
of carboxylic acid 9 and a single double bond at the tail of the structure were hydrogenated
to yield product 17 with 56% conversion (Table 4.4, entry 7). In the consequence of
hydrogenation of carboxylic acid derivative 10, the attained products were alcohol
generated by reduction of the double bond with functional -COOH as depicted in Table
4.4, entry 8. Alcohols 18 & 19 were provided 24% and 76%, respectively.

Table 4.4. Hydrogenation reactions of terpenes in the presence of Cosz7Pdes/mpg-CN
nanocatalyst

Conversion? (%)
Entry Substrate
Product
o\ro

1

11 12

3 13% 80%
Y ) 3

2

13 11

4
33% 42%
O\H/O\/
0
3
11
> 32%
O\n/O\/
4 0
11
6
34%




Chapter 4: Results and Discussion 57
14
7
20%
//N
: NH,
6
15 16
8
93% 5%
OH
0
OH
7
17
9
56%
0
OH OH
OH
8
18 19
10
24% 76%

aConversions were calculated by GC-MS.
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4.3.3. Oxidation of Terpenes in the presence of CoPd/mpg-CN Nanocatalysts

As mentioned in part 4.3.1, optimized reaction conditions are required to decide before
substrate scope. In this part, the studied optimization trials and substrate scope of
oxidation are explained in detail. Optimization studies were examined on model reaction
where a-pinene was selected as a model substrate, and possible products were illustrated
by Scheme 4.2.

Nanocatalyst

Reaction conditions 0 OH

Scheme 4.2: Model reaction for optimization studies of oxidation reactions

The altered parameters to determine the optimized reaction conditions are demonstrated
in Table 4.5. Initially, a solvent-free reaction was conducted with a 10 mg catalyst, TBHP
as oxidant, at 90 °C for 24 hours and any product formation was not observed (Table 4.5,
entry 1). To find the most suitable solvent for the reaction medium, acetonitrile (MeCN)
was utilized as a solvent under the same conditions. Hereby, verbenone as product was
produced with 94% conversion and 93% yield (Table 4.5, entry 2). When the solvent was
changed to dioxane, conversion was obtained as 92% while yield decreased dramatically
to 0.2% for the desired product (Table 4.5, entry 3). As a consequence of these results,
catalyst amount was studied in the presence of MeCN as solvent. Compared to the results
of entries 2 and 4, it was clearly communicable that conversion was not substantially
affected by this change; however, the yield was calculated as 7% (Table 4.5, entry 4).
Then, the solvent effect was proceeded to monitor. Conversion and yield rates dropped
when the reactions were performed with other solvents (Table 4.5, entries 5-8); hence,
MeCN was used as a solvent in all other reactions. After that, oxidant screening was
performed. When O was provided to the reaction, conversion and yield of the product
were calculated as 62% and 7%, respectively (Table 4.5, entry 9). Also, it was concluded
that hydrogen peroxide (H20-) as an oxidant did not yield any product (Table 4.5, entry
10). Finally, the reaction temperature decreased to 70 °C to determine the convenient
temperature to obtain the desired product. In this case, conversion was calculated as 94%
and yield as 16% at the end of the reaction (Table 4.5, entry 11). As a result of these,
optimized conditions were defined as 10 mg of nanocatalyst, MeCN as the solvent, and
TBHP as the oxidant at 90 °C for 24 hours.
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Table 4.5. Optimization of the oxidation of terpenes in the presence of Cos7Pdes/mpg-CN
nanocatalyst

Entry Catalyst Reaction conditions Conversion? (%)  Yield® (%0)
1 Co37Pds3/mpg-CN 10 mg, solventless, - -
TBHP, 90 °C, 24 h
2 Cos7Pdes/mpg-CN 10 mg, MeCN, TBHP, 90 94 93
°C,24h
3 Co37Pds3/mpg-CN 10 mg, Dioxane, TBHP, 92 0.2
90°C,24h
4 Cos7Pdes/mpg-CN 5 mg, MeCN, TBHP, 90 89 7
°C,24h
5 Cosz7Pdes/mpg-CN 5 mg, IBN, TBHP, 90 72 2
°C,24h
6  Cos7Pdssmpg-CN 5 mg, n-BuOH, TBHP, 59 21
90°C,24h
7 Co37Pdsa/mpg-CN 5 mg, Toluene, TBHP, 78 2
90 °C,24h
8  CosPdss/mpg-CN 5 mg, THF, TBHP, 90 54 0
°C,24h
9 Cosz7Pdes/mpg-CN 10 mg, MeCN, O, 90 62 7
°C,24h
10  Cos37Pdsa/mpg-CN 10 mg, MeCN, H202, 90 - -
°C,24h
11 Cos7Pdss/mpg-CN 10 mg, MeCN, TBHP, 70 94 16
°C,24h

aConversion and yield were calculated by GC-MS.

The substrate scope of oxidation reactions was studied after optimized conditions were

determined and the results are shown in Table 4.6. According to the results in Table 4.6,

Cos7Pds3/mpg-CN nanocatalyst demonstrated the catalytic activity for all substrates. As

depicted in Table 4.6, entry 1, the total conversion of limonene 1 was calculated as 17%

while main product 2 formation was 8%, and side product 3 formation was 9%.

Terpinolene 4 converted to product 5 with 99% of conversion (Table 4.6, entry 2). The

oxidation of a—terpinene 6 and y—terpinene 8 was achieved to product 7 in the conversion
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of 99% (Table 4.6, entries 3-4). The indicated product 10 was yielded with 14% from p—
pinene 9 (Table 4.6, entry 5). It was realized that the formation of ketones 12 and 14
occurred with 7% and 16% conversion for 2—carene 11 and 3—carene 13, respectively.
Moreover, the side product, p—cymnene, 7 formation was noticed with 22%. (Table 4.6,
entries 6-7). Valencene 15 formed nootkatone 16 with 49% conversion (Table 4.6, entry
8). It was observed that the product 18 formation was detected in the proportion of 62%

in the presence of a,,y—himachalene 17 as substrate (Table 4.6, entry 9).

Table 4.6. Coz7Pds3/mpg-CN catalyzed oxidation of various terpenes

Conversion? (%)

Entry Substrate

Product Side Product
5 o
2 3
1
8% 9%

=0
+O-

99%

Pads
el

99%

eV
ads

99%




Chapter 4: Results and Discussion

61

S B

X
9
14%
(0)
6 ;é ; X
1 12
7%
F o)
7
14 7
13
16% 22%
8 I ’ " o° { : X
16
15
49%
\ (0]
9 X
18
17

62%

aConversion and yield were calculated by GC-MS.
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4.4. Reusability tests of CoPd/mpg-CN nanocatalysts

The reusability of heterogeneous catalysts is one of the most significant properties.
Therefore, reusability tests were performed for all types of reactions which were covered
in the part for catalytic activity tests. The results of the experiments are presented in this

part.

Initially, reusability tests for dehydrogenation reactions of nanocatalyst were studied on
the model reaction under optimized conditions which were reported in part 4.3.1, and the
results are exhibited in Figure 4.11. It is concluded that Coz7Pde3s/mpg-CN nanocatalysts
can be re-used for up to 2 cycles. Due to the solvent-free reaction condition of the
dehydrogenation reaction, the active sites of catalyst could be covered and poisoned; thus,
the surface absorption were blocked during the reusability test. Thus, nanocatalyst lost its
activity after the second cycle. As is seen in Figure 4.11 b, the morphological structure of
the nanocatalyst was not changed at the end of the 4 cycles.

Coy;Pdgy/mpg-CN
After 4 cycle

Pd/mpg-CN
fresh one

a) ™ b)

80

60

Conversion (%)
Intensity (a.u.)

T T T T T T T
10 20 30 40 50 60 70 80 90
20 (degree)

e Ly T

Figure 4.11: (a) Corresponding graph of the result of the reusability test for

dehydrogenation reaction of terpenes (b) XRD pattern of nanocatalyst after the 4" cycle

(c) representative TEM image of the catalyst after the last run.

Secondly, the reusability property of nanocatalyst was investigated in the hydrogenation
reaction of terpenes, and the results are demonstrated in Figure 4.12. Nanocatalyst can be

reutilized for up to 4 cycles without a huge drop-in conversion rate to 89%. Considering
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the XRD pattern and TEM image in Figure 4.12 b, c, any sharp structural and
morphological changes were not detected for the nanocatalysts after 4 cycles.
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Figure 4.12: (a) Corresponding graph of the result of the reusability test for
hydrogenation reaction of terpenes, (b) XRD pattern of nanocatalyst after the 4" cycle,

and (c) representative TEM image of the catalyst after the last cycle.

Finally, a reusability study of the nanocatalyst was performed for the oxidation reaction
of terpenes, and the results are displayed in Figure 4.13. It is observed that the
nanocatalyst did not lose its activity for oxidation reaction after 5 cycles, the activity of
the nanocatalyst retained 86% in the last cycle (Figure 4.13 b). Moreover, any obvious
alterations in the structure and morphology of the nanocatalyst were not encountered after
5 cycles in Figure 4.13 a, c.

In the conclusion of reusability tests, the continuous high catalytic activity of
Cos7Pds3/mpg-CN nanocatalyst was indicated for dehydrogenation, hydrogenation, and
oxidation reactions of terpenes.
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Figure 4.13: (a) Corresponding graph of the result of the reusability test for
hydrogenation reaction of terpenes (b) XRD pattern of nanocatalyst after the 5" cycle

(c) representative TEM image of the catalyst after the last cycle.
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Chapter 5:
CONCLUSION AND OUTLOOK

In this thesis, a novel and facile protocol were developed to synthesize bimetallic alloy
nanoparticles on a support material. mpg-CN, which was used both as support material
and stabilizer, was prepared by utilizing the well-established hard-template
polycondensation method. After the preparation of mpg-CN, bimetallic CoPd alloy
nanoparticles were generated on mpg-CN via a chemical reduction method. The effect of
different precursors on alloy formation was investigated to reveal the optimum pathway
for the synthesis of nanocatalysts. Analyses of alloy formation of nanocatalysts were
completed by using XRD and TEM. After the selection of the best alloy formation
constructed by Co(OAc)2 and Pd(acac)2 precursors, different compositions of CoPd/mpg-
CN were studied by alteration of Co:Pd ratios during synthesis to further use in catalytic
activity experiments. Characterization of all compositions unveiled that CossPdes/mpg-
CN and Coz7Pds3/mpg-CN could be successfully synthesized employing XRD and TEM
analysis. Detailed characterization of Coz7Pdes/mpg-CN was served by XPS, EDS, BET,
UV-DRS, and PL analysis. Taking the results into consideration, alloy formation was
proved. Investigation of catalytic activity was provided by derivatization of terpenes such
as dehydrogenation, hydrogenation, and oxidation reactions. After the optimization table
was constructed, the related nanocatalysts were used in the dehydrogenation of 7 different
terpenes. 5 of them were able to be converted into the desired product with high
conversion rates while the transformation of one substrate was converted with a low rate
and one of them failed. In the part of catalytic hydrogenation of terpenes, 10 diverse
terpenes were synthesized and hydrogenated in the presence of Cos7Pdss/mpg-CN
nanocatalysts. The hydrogenation of all substrates was achieved; however, it was
observed that some substrates, namely 3, 5, 6, decomposed during the process, and the
hydrogenation products of decomposed substrates were yielded. It can be concluded that
the Coz7Pdes/mpg-CN did not have selectivity on the hydrogenation reaction. In the next
part, CoPd/mpg-CN catalyzed oxidation reactions were performed. After the construction
of calibration curves and optimization reactions, 9 substrates could be oxidized under
optimized conditions. According to the reusability tests, the nanocatalysts were able to
re-use up to 2 cycles in dehydrogenation, 4 cycles in hydrogenation with 89% conversion
in the last run, and 5 cycles in oxidation with 86% conversion in the last run. [227]
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That being said results showed that the success of the mpg-CN/CoPd nanocatalysts was
revealed for the transformation reactions of many natural terpenes in the context of high
efficiency and cost-effective method. The presented thesis contributed to the literature in
terms of the development of a novel synthesis method for the synthesis of mpg-CN
stabilized PdM alloy nanoparticles and the application of as-synthesized nanocatalysts in
the conversion of several terpenes into value-added products. Overall, | believe that mpg-
CN-supported bimetallic alloy nanocatalysts will be exploited widely in the derivatization
of natural terpenes in near future and be served not only in metal catalysis but also
photocatalysis in organic applications due to the acceptable photophysical properties.
Moreover, we believe that the PdM/mpg-CN nanocatalysts have a high potential to be

utilized in industry.
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APPENDIX A: NMR Spectra
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APPENDIX B: GC-MS Spectra
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