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Abstract

Moderate Temperature Synthetic Graphitization of Petroleum Coke with Magnesium and Raney
Nickel Alloy

Nethma Dissanayake Mudiyanselage

Petroleum coke (petcoke) is a waste by-product of the upgrading process in the oil refining
industry. It has limited utility in other areas of application.! High carbon content (over 85 wt.%),
low ash content, and softness make petcoke a potentially valuable precursor for graphitization,
where amorphous carbon can be transformed into graphitic carbon. The synthetic production of
graphite is gaining more interest due to the increasing demand for battery materials.>* Without
metal moderators, achieving graphitization requires significantly high temperatures (> 2500 °C).
Magnesium (Mg) has been identified as a promising reactant because of its efficacy in promoting
graphitization and its relatively simple removal from the final product.>> The optimized conditions
of magnesium-assisted graphitization showed an electrical conductivity of (3552.0 + 78.5) S/m at
10 mA. Furthermore, bimetallic metal mediators can exhibit improved catalytic activity in
graphitization due to the synergistic effect.*” Raney nickel alloy (Ni-Al alloy) contains 50 wt.%
nickel and 50 wt.% aluminum. Individually, nickel and aluminum have shown efficacy in
graphitization.® However, no research has been conducted on the efficacy of Raney nickel alloy as

a metal mediator in petcoke graphitization.

We present our work on the graphitization of petcoke and its derived activated carbon using
magnesium and Ni-Al alloy at 1000 °C and 1500 °C, respectively. This study assesses the effects
of heating time, temperature, and precursor particle size on the degree of graphitization.
Additionally, magnesium was completely removed after the graphitization process, and the

residual Raney nickel alloy percentage was minimal.

Keywords

Petroleum coke, activated carbon, magnesium, Raney nickel alloy, synthetic graphitization



Acknowledgements

First and foremost, I sincerely thank my supervisor, Professor Andrew Vreugdenhil, for his
unwavering guidance, kindness, and faith in my work. His advice and feedback have been
invaluable, and working under his supervision has greatly shaped this journey. I am especially
grateful for his understanding and tremendous support in helping me overcome the challenges |

faced as an international student.

I also wish to thank my thesis committee members, Professor Brad Easton and Professor Carlo

Bradac, for their time, valuable feedback, and contributions that greatly enhanced this research.

My colleagues at Trent Inorganic Materials Research Laboratory (IMRL) made this journey more
enjoyable through their friendship, collaboration, and inspiring discussions. I am grateful to our
lab manager, Oliver Strong, for his unwavering support in maintaining a positive laboratory
environment. | also thank my lab peers, Teagan Carr, Kyle Reyes, Tylor Roy, Hamant France,
Anjali, and Liam Gillett for fostering such a welcoming and peaceful atmosphere. Additionally, I

would like to thank Paul Pede from Carbonix Inc. for his support throughout my research.

I sincerely thank Reza Alipour and Elmira Nazari in the Electrochemical Materials Lab at Ontario
Tech University, led by Prof. Brad Easton, for their help with characterizations and valuable
discussions. I also appreciate Shaheen Akhtar from the PowerGeolab at Trent University for
generously supporting the use of their instruments. Additionally, I want to thank Assistant
Professor Huy Dang for providing access to the SEM and Queen’s University for their support
with TEM analysis.

To my family, I am eternally grateful for your love, patience, and encouragement. My parents and
brother have been my constant strength, and I dedicate this achievement to you. Your blessings

from thousands of miles away strengthened me to stay focused despite the burden of homesickness.

To my love, Lalendra—your unwavering support, patience, and belief in me have been my greatest
anchor. This achievement is as much yours as it is mine. Thank you for dedicating yourself to my

dreams and creating a space of comfort, both emotionally and financially.

Finally, to everyone who has contributed in big or small ways—thank you. Your support has meant

the world to me.



Contents

AADSITACE ...ttt b et h b et h bt et h e bt et eh e e bt et e h e e be et e satenae et il
K@Y WOTIAS ..ttt ettt et e st e e bt e sabeesbeeesbeeseeenbeesaeenseenseeenseeseeenne il
ACKNOWIEAZEMENLS .......eiiiiiiiieiiecit ettt ettt e st e bt e s aeebeessaeenbeessaeenseesssesnseessnaans 11
LSt OF FAGUIES ...ttt ettt ettt ettt e s b e et e e aseessaeesbeensaeensaensneenseensnas vil
LSt OF TADIES ...ttt ettt ettt et heenb et e nae e X
BT Ao ) B |1 103 SRR xii
List of Abbreviations and SYMDOIS.........ccccuiiiiiiiiiiiicieecee et e xiil
LSt Of ADDIEVIALIONS .....eeiiiiiiiiiiieie ettt et ettt et e et eseeeeaeeas xiil
LSt OF SYMDOLS ..t XV
Lo INEEOAUCTION Lottt ettt et a ettt st e bt et eeae e be et e saeenseeneens 1
| B €1 o) 11 1 T TSR PR U SRR 1
1.2, Synthetic GraphitiZation ............cccecvveriiieiiieiiieiieeie ettt eteeereebeeseaeeseesaseesseensnas 3
1.2.1. Conventional synthetic graphitization .............ccceeevverieeiieeiiieeiierie e 3
1.2.2. Metal-assisted synthetic graphitization...........ccccoecueeiieiiiiiiieniieeeee e 4
1.2.3. Metallic and non-metallic mediators used in graphitization............ccceeceevveerieneennen. 6
1.2.4. Microwave graphitiZation ...........ccoceerieriiieiieeiiieriie ettt 10
1.3.  Petroleum coke (PEtCOKE) .....uviiiiiiiiiieiie ettt e e 12
L4, IMOTIVATION .ttt ettt sttt s e e be e st e bt e sabe e bt e eabeenbeesaneens 12
L.5.  THESIS ODJECHIVES ...uuiiiiiiieeiiieeiieeesitee et et e ettt e et e e et e e st e e e beeessbeeennseeennseeenseessseesnnes 14
2. Experimental TECRNIQUES..........coeiiiiiiiieiiiieciie ettt ee s e e sbee e e enaeeenseeens 15
2.1, X-ray diffraction (XRD) .....eeieiiiiiiiieiiecee ettt e e 15
2.2, ROMAN SPECLIOSCOPY .uuvreeruriieruiieeniiieeniteeeriteeesiteeetteeetteeebteesabteesabeeesabeeesabeesnreesseeesanee 18
2.3.  Scanning electron microSCopy (SEM) ....cccoviiriiriiiiiniiniiiinieneeceeee e 20
2.4.  Transmission electron microscopy (TEM) ....cccooviriiiniiniiiiiniiniiiciieneeeeese e 21
2.5. Four-point-probe teChNIGUE..........ccueriiriiriiiiiiiieeie sttt 21
2.6.  Brunauer-Emmett-Teller (BET) technique ..........cccoeeiiieeiiieniieeieccece e 23
2.7.  X-ray photoelectron spectroSCOPY (XPS) ...ooooiiiiiiiieiieeeeee e 25

3. Magnesium-assisted graphitization of petroleum coke using heat treatments: Efficacy of
monometallic mediators in raphitiZation. ...........cceevcuieeiiiereriie et e e see e e esaeeeeneeens 27
3.1 INEOAUCTION ...ttt ettt e eab e e 27
3.1.1. Monometallic mediator: MagnesiUm..........cccueeeruiieeiieeeiieeeiieeeieeeereeesveeesveeenaveeens 27
3.1.2. Effect of carbon precursor particle size on graphitization............cccceeceeveeneniennenne. 28

iv



3.1.3. Seeding technique for enhancing the degree of graphitization..............cccceeveeennnnnns 29

R T2 = q o o) 11113 4 L2 | TSRS 29
3.2.1. Synthesis of graphitized carbon incorporating magnesium............ccceeeeveerrveernnneenns 29
3.2.2. Pelletization and Electrical Conductivity Measurements ..............ccceeeveerevercreennnenne. 30
3.2.3. Seeding teChNIQUE ......ccvieiieiiieieecie ettt et et 31
3.2.4. Microwave-assisted GraphitiZation .............cceeeveerieriiieniieeiieenieeieeneeeiee e eveesene e 31
3.2.5.  CRAracCteriZAtION ......ceoueeiiriieriieie ettt ettt ettt ettt ettt sb et e st saeebeentesaeenees 32

3.2, Results and DISCUSSION ......cccuviiiiiiiiiiieiie ettt ettt 33
3.2.3. Structural characteriZation ...........c.cueoriiiiiiiieiiieie e 33
3.2.4. Morphological charaCteriZation ............c.cueerueeriierieniiieie et 50
3.2.5. Electrical CondUCHIVILY ...cceoriiiiriiniieienieniteieeteeteete ettt 53

T8 TN 113110 V- 2RSS 54

4. Raney nickel alloy-assisted graphitization of activated carbon: Efficacy of bimetallic
MEediators N GrapRItiZATION ........c.cecuiiiiieiiieeiieiee ettt e te et e e e esaeesbeesteeesbeessaeensaessseenseensnas 56

4.1 INETOAUCTION ...ttt et sttt ettt e sbeenee 56
4.1.1 Bimetallic mediator: Raney nickel alloy..........cccoeviiriiiiiiiiniieiienieeieeeeee e 56

4.2, EXPEIrIMENLAL.....coiiiiiiiiiiieiiicieeiie ettt ettt ettt et e e b e e taeebeesaeeesbeenseeenraen 57
4.2.1. Synthesis of graphite incorporating Raney nickel ...........ccccoceviriiniinniininnnnn 57
4.2.2. Electrical CONAUCTIVILY ..c..eorviriiriiiiirieniieie ettt 58
4.2.3.  CharacCteriZAtION .....eeeuieruieeieesiie et esiie et et e et e st e eteesteesateesseeenbeesstesnseenseeenseesseeeseans 58

4.3, Structural CharacteriZation .............ceeruieeiiieriieeiiierie ettt ettt eeeteesieesbeesseesaseens 58
4.3.1. Effect of temperature on the graphitization ProcCess ........ccceeervveerrreerrieeerveesneeeenne 58
4.3.2. Effect of dwell time on the graphitization Process .........cceceeervveerrreeeniieeerieeeneeeene 61

4.4.  Morphological characCteriZation .............ccccueeeriieeiiieeiiee et 66

4.5.  Electrical CoNAUCHIVITY ...cccuviiiiuieeiiieeeiieeeieeesiieeesieee et e eireesteeesaeeesnreeesaseeenseesnneeennes 68

4.6.  Benchmarking graphitic carbon against commercial electrode materials .................... 69

N 11111 11 2 o SO PROPRPRRRSR 70

5. Metal removal in post-graphitiZation ............cccceerieeiiienieeiierie et 71

5.1 TIOAUCHION ...ttt ettt ettt sttt sbeenes 71

RIVRN 55 4 01535 100 1S) 11 | TSRS 72
5.2.4., MagneSium EXIrACTION. ......ueereuieerrieeerieerteeesteeeseteeesreessreessseeesseeeesseeessseesssseesnsseenns 72
5.2.5. Raney nicKel €XIraCtion........cccuieeiuieeiiiieiiieesiieerieeeiteeeteeeeeeeesaeeeesreeeseaeeesnaeesnseeens 72

5.3 RESUIES et et 73



6.

7.

5.3.4. Magnesium extraction...........

5.3.5. Raney nickel alloy extraction

54, SumMMmMary.......cccceevevveeeeerciveeeens
Conclusion ......ccceeeeveeeieneenenieneenne,
6.1.  Summary.....ccccceeviieiniienieenne
6.2.  Future work.......cocovvriniennnnn.
6.3.  Contribution to Science.............
Reference........ccoooeevieeniiiiieniciceen,

Vi



List of Figures
Figure 1.1: Schematic illustration of a) ABAB, b) ABCABC, and ¢) turbostratic graphite structure
Figure 1.2: Schematic diagram of a) ordered graphite, b) turbostratic, ¢) amorphous carbon ...... 4

Figure 1.3: Schematic diagrams of a) carbon dissolution precipitate mechanism and b) formation

of intermediate carbon-metal bonds mechanism, adapted from the graphical abstract of Reference

2l and Figure 5 in Reference. 2 ......c.ovviieeeeeeeeeeeeeeeee et 5
Figure 1.4: Schematic diagrams of (a) graphitizing and (b) non-graphitizing carbons................ 12
Figure 2.1: Constructive diffraction associated with Bragg's law. ..........ccccoceviiniiiiniiniinennnn. 16
Figure 2.2: XRD of commercial synthetic graphite (Sigma Aldrich) .........cccoeeieviviiiiiniiicieennen. 17
Figure 2.3: Schematic diagram of Stocke and Anti-Stocke scattering...........cccceevveevveneeeneennen. 19
Figure 2.4: Schematic diagram of a four-point probe ..........cccccecveveriiiniinieiinieniecceeceee 22
Figure 2.5: IUPAC is0therm Shapes........c..ccoiiiiiiiiiiiiiiciciceceeeec e 24
Figure 2.6: Schematic diagram of XPS.......cccoooiiiiiiiiiie e 25
Figure 3.1: Schematic diagram of the graphitization process of petroleum coke / activated carbon
WIth MNAZNESTUITL ...ttt et ettt et e e bt e et e st e e bt e esbeesseeeabeenaeeenneeeeas 30
Figure 3.2: The pelletiZation PrOCESS ........ceverierieriiiiirienieeie sttt sttt 31
Figure 3.3: XRD spectra of petroleum coke and activated carbon ............cccceeveeniiiiiiniinnennnn. 33
Figure 3.4: Raman spectroscopy of petroleum coke and activated carbon............cccceevvviernnenne 33

Figure 3.5: Raman spectroscopy analysis of graphitization of activated carbon with magnesium
At VATTOUS LEIMPETATUTES ....venveeutiretetienteeitenteerte et eeteente et e sue e bt ettesbe e bt easesbeenbeesbesbeebesatesbeenseeneesseennes 35
Figure 3.6: Raman spectroscopy analysis of graphitization of petcoke with magnesium at various
15001 1S3 21 1L (USRS 35
Figure 3.7: Raman spectroscopy analysis of graphitization of activated carbon with magnesium at
VarioUS AWELL TIMES .....cuivuiiiiiiiiiiiiiieict ettt 36

Figure 3.8: XRD analysis of graphitization of activated carbon with magnesium at various dwell

Figure 3.9: Raman spectroscopy analysis of graphitization of petcoke with magnesium at various

AWEIL LIINIES oo, 38

Vii



Figure 3.10: XRD analysis of graphitization of petcoke with magnesium at various dwell times

Figure 3.11: Raman spectra of graphitized activated carbons in three particle sizes, which were
heated at 1000 °C OVET 24 NOUTS ...c..eeiuiiiiriieieeieritete ettt sttt et 41
Figure 3.12: XRD analysis of graphitized activated carbons in three particle sizes, which were
heated at 1000 °C OVET 24 NOULS ......coiuiiiiieiiieiie ettt sttt sttt e et e eab e e 41
Figure 3.13: Raman spectra of activated carbon graphitized with magnesium at 1000 °C for 24
hours, showing the effect of varying graphite seeding ratios ..........c.cceceeevienieecieenieenieenie e, 43
Figure 3.14: 2D bands of graphitic carbon heated with different seeding ratios ............c.cc.u...... 43
Figure 3.15: XRD patterns of activated carbon graphitized with magnesium at 1000 °C for 24
hours, showing the effect of varying graphite seeding ratios ..........c.cceceeeeiierieeciienieenieeneeeveeene. 45
Figure 3.16: XRD analysis of graphitized activated carbon with magnesium (2:1 wt/wt) using
microwave technology at various conditions: a) 1200 °C, 3 hrs, b) 1200 °C, 1 hr, ¢) 1000 °C, 3 hrs

Figure 3.17: Raman spectroscopy analysis of graphitized activated carbon with magnesium (2:1
wt/wt) using microwave technology at various conditions: a) 1200 °C, 3 hrs, b) 1200 °C, 1 hr, c)
L0 O BN 11 SRS 47
Figure 3.18: XRD analysis of graphitized activated carbon with magnesium (1:1 wt/wt) using
microwave technology at various conditions: a) 1200 °C, 3 hrs, b) 1200 °C, 1 hr, ¢) 1000 °C, 3 hrs

Figure 3.19: Raman spectroscopy analysis of graphitized activated carbon with magnesium (1:1
wt/wt) using microwave technology at various conditions: a) 1200 °C, 3 hrs, b) 1200 °C, 1 hr, c)
LOO0O0 OC, 3 RIS ottt ettt et et e bt et e s ae e bt et e e at e bt et e ene et eneeeneeneas 49
Figure 3.20: SEM images of a) heated petroleum coke without magnesium, b) graphitized
activated carbon, ¢) graphitized petroleum coke at 1000 °C for 3 hours, d) graphite (Sigma Aldrich)

....................................................................................................................................................... 50
Figure 3.21: TEM images of graphitized activated carbon sample at 1000 °C for 24 hours (MgAC
1000 OC, 24 NOUTS) ..ottt ettt ettt ettt et e et e st e b e e st e se e te e st e sseeneeeneenseensesseenseeneeeneeneas 51
Figure 4.1: Schematic diagram of Raney nickel-assisted graphitization process............cc..c....... 58

Figure 4.2: Raman spectroscopy analysis of Raney nickel assisted graphitization over temperature



Figure 4.3: XRD analyses of Raney nickel assisted graphitization of activated carbon over various
11000 01C) 111 (PSP 59
Figure 4.4: Raman spectroscopy analysis of Raney nickel-assisted graphitization over time .... 62

Figure 4.5: a) XRD analysis of Raney nickel assisted graphitization of activated carbon over

various dwell times b) Fitted (002) peaks using Voigt profiles .........ccccceevveeevireeiiieeniieeciee e 63
Figure 4.6: a) the average graphite percentage b) the average stacking height (L.) ¢) the average
CTYSLALITEE S1ZE (L) +euveemverneetieieeiieeitete ettt ettt sttt ettt et ebe et et see e bt e e e ebeenees 65
Figure 5.1 : XPS survey of activated Carbon...........cccoeuiiiiiiiiiiniieiieeeeeeeeee e 76
Figure 5.2: XPS Survey Of PELCOKE .....uviiiiiiiiiiieciie ettt et e e e eeaeeeas 76
Figure 5.3: XPS survey of commercial graphite...........cccooieiiiniiniiiininicnccececee 77

Figure 5.4: XRD spectra of washed carbon samples at 70 °C for 1 hour with 2M HCI: a)
graphitized activated carbon, b) graphitized PetCOKE .......c.oovvieviiiriiiiiiiiiieieerie et 77
Figure 5.5: XRD spectra of magnesium-assisted graphitization at 1000 °C after a) the complete
purification process b) just the graphitization process before washing, and c¢) magnesium and
activated carbon composite before the graphitization Process ...........ccevveevueerieeseenieerieenveenens 78
Figure 5.6: XRD spectra of Raney nickel-assisted graphitization at 1500 °C after a) the complete
purification process, b) only the acid wash, c) just the graphitization process before washing, d)
just mixing Raney nickel alloy and activated carbon before the graphitization process.............. 82
Figure 5.7: Aluminum scan from XPS analysis of residual aluminum species in Raney nickel-

RIS 10 e 1 0] 1R L8215 10 ) FO RS RPRRUSRRPS 83



List of Tables

Table 1.1: Metal mediators used in graphitization, organized in the format of an incomplete
oL (o1 SToR ¥ 1 o) (< ESRRPRPRRTSRRPR 7
Table 3.1: Ip/Ig ratios of Raman spectroscopy spectra of graphitized activated carbon (MgACs)
and petroleum coke (MgPCs) at various temperature profiles ...........cccoecveevieriieeiieniieeniienieeieens 35
Table 3.2: Intensity ratios of D and G peaks of graphitized activated carbon at 1000 °C for various
AWEIL TIMIES. ...ttt ettt e b e ettt e et e e bt e eab e e bt e sateenbeeenbeenseeenteans 37
Table 3.3: XRD analysis of graphitized activated carbon at 1000 °C for various dwell times.... 37
Table 3.4 : Intensity ratios of D and G peaks of graphitized petroleum coke at 1000 °C for various

AWEIL HIIMIES. ...ttt ettt sttt st ettt a et e ene e 38
Table 3.5: XRD analysis of graphitized petroleum coke at 1000 °C for various dwell times. .... 39
Table 3.6: Crystal structure analysis of graphitized activated carbons in various particle sizes.. 41
Table 3.7: XRD analysis of graphitization with the seeding technique. ..........ccccceeevienenenenne. 45
Table 3.8: XRD analysis of microwave-assisted graphitization. ...........ccceeeveevveeeieeneeenieenneeneens 48
Table 3.9: Raman analysis of microwave-assisted graphitization............ccecceeveeeeiieniieneenieeieen. 49

Table 3.10: Surface area analysis of graphitized activated carbon with magnesium at different
AWEIL HIMIES. ettt et e b e st e e et e s bt e sabe e bt e eabeenbeesateens 52
Table 3.11: Electrical conductivity of MgAC and MgPC pellets.........coocveeviiieniieiniieiiieeiee 53
Table 4.1: Crystal structure analysis of Raney nickel alloy-assisted graphitization over temperature
Dased 0N XRD. ....eiiiiiiiiiie ettt 60
Table 4.2: Crystal structure analysis of Raney nickel alloy-assisted graphitization over time based
ON XRD . ettt ettt e b e st e bttt e bt e et e bt et enbeeebeens 64
Table 4.3: Surface area analysis of graphitized activated carbon with Raney nickel alloy at
different AWell tIMES. «...eouveriiiiiiieee ettt st 67
Table 4.4: The electrical conductivity of graphitized carbons with Raney nickel alloy at 1500 °C
over various AWeIl tIMES. .......coouiiiiiiiiii et e 68
Table 5.1: XPS results of graphitized petcoke samples after the magnesium removal treatments
At VATTOUS CONMAITIONS. 1.uvetiitiitieiierteete ettt ettt ettt et sbe ettt sbe e bt et e sbe e bt ebbesbe e bt satesbe e bt eseesbeennes 74
Table 5.2: XPS results of graphitized activated carbon samples after the magnesium removal

treatments At VATIOUS COMAITIONS. .....u.eeeeeeeeeeeeeeeeee ettt e eeeeeeeeeeaeeaaaeseeeeereaannaaeseeeeereennnnaaeeeeeeeneens 75



Table 5.3: XPS analysis of washed carbon products only with 3M HCI at 80 °C. ...................... 80

Table 5.4: XPS analysis of carbon products after a two-step washing process.........c.cceccveeeeueennne 81

Xi



List of Equations

Equation 2.1: The wavelength-energy equation ..........cceviveeiiiiiimiieeirieeeiitiiiieee e eeertteeriee s eeeeeeeeennas 15
Equation 2.2: Bragg’s JaW: .....ciiiiiiiiiiiiiiiie ettt ee ettt s e e et e e e e e e eeenaas 16
Equation 2.3: Determination of the crystallite height (Lc) ..oeovveermmmeiiiieiiiiiiiiiiiniieeiiiiiiicceee e 18
Equation 2.4: Determination of the crystallite width (La)....cceveeemmmeeiiiiiiiiiiiiiiiiniieeiiiiiniccee e, 18
Equation 2.5: The sheet resistivity, if t>d .cooeeeeniiiiiiiiiiiiee e e 22
Equation 2.6: The sheet resistivity, if t<d .....cooeumiiiiiiiiiieie e e e 22
Equation 2.7: Brunauer-Emmett-Teller (BET) equation........ccucveeueriiiereiieriiiinieiereiieneeeeeeeneeerenneennes 24
Equation 2.8: Binding energy calculation............ccoocieeiieriiiniienieeieeee et 26
Equation 5.1 : AlzNig) reaction in HCle......ooiiiiiiiiiiiiiiiiiecece ettt eee e 79
Equation 5.2: AlzNia) reaction in HCL ....c..eiiiiiniiiii ettt 79
Equation 5.3 : AlNig) reaction in HCl....cco.ueiiiiiiniiiiiii ettt ee e 80
Equation 5.4: Al+Al3Nig) reaction in HClL.....oco.uiiiiiniiiiiiii e 80

Xii



List of Abbreviations and Symbols

List of Abbreviations
Petcoke Petroleum coke
AC Activated carbon
Mg Magnesium
RNi Raney nickel
MgPC Graphitized petcoke with magnesium
MgAC Graphitized activated carbon with magnesium
RNi AC Graphitized activated carbon with Raney nickel alloy
SEM Scanning electron microscope
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
TEM Transmission electron microscopy
2D Two-dimensional / a peak labelled in Raman spectroscopy
Fe [ron
Co Cobalt
Ni Nickel
Ca Calcium
\% Vanadium
Mo Molybdenum
\W4 Tungsten
Be Beryllium
Cu Copper
Zn Zinc
Cr Chrominum
Ga Gallium
VA Zirconium
Ag Silver
Pt Platinum
Si Silicon
P Phosphorus
S Sulfur
La Lanthanum
Ce Cerium
Pr Prseodymium
Wt% Weight percentage
FWHM The full width at half maximum
G% Graphite percentage
In/lc Intensity ratio of D peak and G peak in Raman spectroscopy
BSE Backscattered electrons
SE Secondary electrons
ET detector Everhart-Thornley detector
MT Metric Ton
IUPAC International Union of Pure and Applied Chemistry
ICP-OES Inductively Coupled Plasma Optical Emission spectroscopy

Xiii




CMC Sodium carboxymethyl cellulose

NIST National Institute of Standards and Technology
CNTs Carbon nanotubes
Atomic% Atomic percentage

Xiv



List of Symbols

[

doo2
°C
A

(]

N<® RO >»0o™=R

A -
S )

E res

psi
o

Tm

Sigma

d-spacing between two stacked layers in graphite
Degrees of Celsius

Angstrom

Alpha

Beta

Angle of incidence

Wavelength of the X-rays

An integer representing the order of diffraction
The crystallite height of graphite

The crystallite width of graphite

A predetermined scale factor

Resistivity

Voltage

~3.14

Current

Conductivity

Pressure

Pascal

The energy of the photon

The binding energy of the electron to the atom
The kinetic energy of the released electron

The amount of thermodynamic work required to remove an electron

from the surface of a material
Pound per square

Degrees

Melting point

Conductance

XV




1. Introduction
1.1. Graphite

Graphite is a carbon allotrope characterized by a crystalline structure composed of stacked two-
dimensional graphene layers. These carbon atoms exhibit sp? hybridization, which influences the
in-plane electrical conductivity of graphite. Graphene layers are bound via weak Van der Waals
forces, allowing them to slide easily over one another. Each atom bonds to three neighbors through

strong covalent 6-bonds.” '3

The 2H polytype, which is the most common form of graphite, has a hexagonal stacking pattern
of ABAB (Figure 1.1a). The layer spacing in this structure is approximately 0.335 nm, and the
distance between adjacent carbon atoms is about 0.142 nm. The unit cell parameters for ideal
hexagonal graphite are typically given as a=2.456 A and c=6.696 A.!* Rhombohedral graphite
(Figure 1.1b), also known as the 3R polytype, is a less common variation that stacks in an
ABCABC pattern.>!'>!® This form is less thermodynamically stable and is believed to be a stacking
fault in the hexagonal structure. When heated above 1600 °C or subjected to specific processing
conditions, it tends to revert to the more stable ABAB stacking and usually coexists with hexagonal

graphite.!”

0.142 nm

B

1.006 nm
> )

Ss

;g@% SS=S

@
f

;
;
5

S~ a b

Figure 1.1: Schematic illustration of a) ABAB, b) ABCABC, and c¢) turbostratic graphite structure



Strong covalent bonds within each graphene sheet and relatively weak van der Waals interactions
between adjacent layers define graphite's layered structure. The material can undergo structural
changes along its basal planes due to variations in bonding strength. Turbostratic graphite (Figure

1.1c), a disordered variant of the typical hexagonal form, exemplifies a modified structure.

The graphene layers in both turbostratic and hexagonal graphite maintain a consistent interlayer
spacing. However, the main difference lies in their stacking arrangement. Turbostratic graphite is
characterized by random translational and rotational misalignments between layers, while
hexagonal graphite exhibits a well-ordered ABAB stacking pattern. These periodicity disruptions

cause irregularities in the interlayer spacing and eliminate long-range order.

Experimental findings indicate that turbostratic graphite can exhibit localized changes in layer
spacing and curvature. Its broader range of interlayer distances, usually measured by X-ray
diffraction (XRD) between 0.3400 nm and 0.3440 nm, results from these features. In contrast,
ideal hexagonal graphite displays a more uniform spacing of about 0.3354 nm.*!7-!*It is crucial to
understand that the interlayer spacing determined by XRD is an average value influenced by the

sample's degree of conversion between turbostratic and hexagonal domains.!'*

Although its structure is idealized, real graphite often contains defects such as vacancies, stacking
faults, and disclinations. These imperfections, along with trace impurities such as hydrogen and
oxygen, can significantly impact its chemical reactivity and performance in various

applications.>!419:20

Graphite exists in both natural and synthetic forms, differing in structure and properties. Natural
graphite is mined from deposits using standard methods, while synthetic graphite is produced by
graphitizing carbon-rich materials such as petcoke, coal tar, hydrocarbons, and wood.!*?!*? China,
India, Brazil, Sri Lanka, and Madagascar are among the major producers of natural graphite. The
growing demand from the battery industry significantly increases the production of synthetic

graphite,'%-?2

Our work includes a metal-assisted graphitization process for producing synthetic graphite, which

will be comprehensively discussed in the following sections.



1.2. Synthetic Graphitization

1.2.1. Conventional synthetic graphitization
Synthetic graphite is typically produced through graphitization, a heat treatment that transforms
amorphous carbon (Figure 1.2 ¢) into a more ordered structure.?® This process takes place in an
inert environment, where carbonaceous precursors are heated to high temperatures (2500 - 3000)
°C. Before graphitization, organic materials undergo a pre-carbonization step to decompose non-
carbon elements, during which the organic precursor is heated in an inert environment to about
1300 °C (pyrolysis).>*?*?> The working temperature is gradually increased to reach a specific
graphitization level, at which the sample is held for a set period. Turbostratic graphite (Figure 1.2b)
generally begins to form at 1800 °C, creating small crystallites within the carbon material.
Turbostratic carbon contains stacked graphene layers that closely resemble pristine graphite.
However, these crystalline domains can either be randomly oriented around the normal (aligned

along different axes) or show short-range structural organization.’

Consequently, turbostratic graphite exhibits a greater interlayer spacing and a smaller in-plane
crystallite size compared to ordered graphite (Figure 1.2a). The process of converting turbostratic
graphite to pristine graphite is expected to begin above 2000 °C in conventional graphitization,
where graphene 2D planes become perfectly aligned and stacked layer by layer. The degree of
graphitization is mainly controlled by the dwell time, working temperature, and the type of carbon
precursor. Additionally, this process removes contaminants such as sulfur and hydrogen from the

carbon precursor at around 1200 °C to 1300 °C, which helps produce pure graphite.>!*!°

Traditional metal-free graphitization can take weeks to convert amorphous carbon into crystalline
carbon.?® Metals can decrease the graphitization temperature and time by forming intermediate
carbon-metal bonds or by dissolving carbon in the molten metal, which facilitates the

reorganization of carbon atoms in a crystalline manner.>*24%°



Figure 1.2: Schematic diagram of a) ordered graphite, b) turbostratic, ¢) amorphous carbon.

1.2.2. Metal-assisted synthetic graphitization
Metals are used in synthetic graphitization to facilitate the conversion of disordered carbon atoms
into the highly ordered structure of graphite. Without metal mediators, the process requires

extremely high temperatures (>2500 °C)!° and energy, which increases the cost of scaling up.?’ >

Graphitization with metal reactants is affected by several factors, including the type of carbon
precursor, particle size, the ratio of carbon to metal, the metal's speciation (such as pure element,
chloride, oxide, etc.), mixing processes, and graphitizing temperature.>* The impact of IV-VIII
transitional metals on the graphitization process has been extensively studied?®-°

iron (Fe),!*1819:3035 cobalt (Co),?? and nickel (Ni)®?7-2-36-38 elements and their dissolved solutions

notably using

or oxides.
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In 1978, Asao-Ya and Sugio-Tani suggested that graphitization involving late transitional metals

occurs through the carbon dissolution and precipitate mechanism, while elements such as calcium



(Ca), vanadium (V), molybdenum (Mo), and tungsten (W) display carbide formation and

decomposition mechanism.!® However, transition metals do not strictly follow the above process.?!

Aurora Gomez-Martin et al. explained two types of metallic graphitization processes of iron, based
on the temperature range used. They suggested that the carbon dissolution precipitate mechanism
governs the graphitization at higher temperatures (above their melting point), where carbon is
precipitated in an orderly manner due to the supersaturation of carbon in molten iron (Figure 1.3a).
In this scenario, molten metal acts like a solvent, dissolving carbon into solution. When the molten
metal becomes saturated with carbon, it begins to precipitate carbon crystals more systematically.
This mechanism is effective because it facilitates carbon atoms to rearrange themselves with less
energy, forming graphitic layers as carbon leaves the metal matrix.!?2%3! On the other hand, the
carbide formation-decomposition mechanism dominates at lower temperatures. In the carbide
decomposition process, metal-carbide liquid droplets (e.g., FexCy) dissolve amorphous carbon
structures (Figure 1.3b).>'Here, metal atoms react with carbon to form metal carbides (e.g., FexCy),
which then serve as intermediates. These carbide phases break down the disordered carbon
structure and guide its reassembly into graphitic domains. The transition from amorphous carbon
to crystalline graphite results in a decrease in the system's free energy. Consequently, the process
of graphitization is driven by the lower free energy of crystalline carbon.’>*° Additionally, both

mechanisms can potentially coexist within the same carbon-metal system.’

After the graphitization process, the metal should be removable,® and recoverable for practical use.
Previous research has pointed out the challenges of removing transition metal mediators, especially

iron, which is very difficult to extract after use.!*!7-19:30-33.39

1.2.3. Metallic and non-metallic mediators used in graphitization
Certain metals can effectively reduce the energy input required for graphitization to as low as 600
°C for non-graphitizable precursors.”* A wide variety of chemical species, including elemental
metals, alloys, metal oxides, salts, and organometallic compounds, are used as catalysts in
graphitization. However, early research mainly focused on elemental catalysts.>**”*¢ Zhao et al.
provided a thorough overview of metal mediators used in graphitization up to 2018.*! Building on

their work, I’ve updated Table 1.1 to include recent studies.



Table 1.1: Metal mediators used in graphitization, organized in the format of an incomplete
periodic table.

Ia ITa Illa | IVa | Va | VIa
Li | Be B C N O
42 43—
45
Na | Mg Al |Si |P S
46,47 | 3,20,48 4248 | 53— 56 57
-l b IVb Vb VIb VIIb VIIIb Ib 1Ib |2 |3
K Ca Sc Ti V |Cr | Mn |Fe Co | Ni Cu|Zn | Ga |Ge |As | Sn
58-60 53,61 64, 63 66,67 14,18, 39, 6,8,16,36 63 79, 81
—63 65 19,24, 71— - 80
30- 76 39,62,63,
35,63, 66,72—
66,68— 74,77,78

70

Rb | Sr Y Zr |N | Mo |Tc |Ru |Rh |Pd Ag |Cd |In [Sn |Sb | Te

(o

54,61, 16,61 86

82— ,84,85

84

Cs | Ba La- |Hf |[Ta|W |Re |Os |ly |Pt Au |Hg | Tl |Pb |Bi |Po
Lu

62 62

La Ce Pr
88,89 88 88,90,91

The graphitization process of carbon materials is being studied for various substances that could
serve as catalysts. The catalysts examined include alkali metals such as sodium (Na), alkaline earth
metals like magnesium (Mg), beryllium (Be), and calcium (Ca), as well as transition metals such
as iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), vanadium (V), chromium (Cr),
manganese (Mn), gallium (Ga), zirconium (Zr), molybdenum (Mo), silver (Ag), tungsten (W), and



platinum (Pt). Research on non-metallic and metalloid materials for graphitization includes silicon
(S1), phosphorus (P), and sulfur (S). Researchers are also exploring light rare earth elements,
including lanthanum (La), cerium (Ce), and praseodymium (Pr) for their potential as catalysts. The
requirements for precursors and carbon structures influence how these metals and non-metals are
applied, whether as elemental powders, oxides, carbides, sulfates, or alloys. Graphitization
processes involving simultaneous dissolution-precipitation and carbide formation-decomposition
reactions improve crystallinity and promote faster carbon reorganization, as described previously

in the literature. 243!

Transition metals, especially iron (Fe), cobalt (Co), and nickel (Ni), continue to show the highest
preference for acting as graphitization catalysts according to available research. Graphitization
process operates between 800 °C*? and 1800 °C,*! although high crystallinity demands may need
temperatures as high as 2800 °C.” The synergistic effects of multi-metal systems have attracted
significant attention. Combinations such as Fe-Co-Ni,”> Ni-Mo,'® and Fe-Co®* outperform
individual metal systems by providing better catalysis, which leads to lower-temperature

graphitization and more ordered carbon structures.

A few research projects used silicon (Si) as a catalyst for graphitization by converting it into silicon
carbide (SiC) through a carbide formation-decomposition process. This process requires extremely
high temperatures of 2700 °C for SiC to break down before transforming into a graphitic form.>3>*
The process requires higher temperatures than most transition metals, making it less suitable for

moderate temperature applications.

The degree of graphitization depends on the specific application requirements, balancing high
conductivity with structural integrity and thermal stability. Various research studies provide both
qualitative and quantitative evidence of the catalytic properties of metallic and non-metallic
elements. A detailed comparative assessment of each catalyst is necessary to determine their

efficacy in achieving complete graphitization.

The graphitization of carbon precursors at high temperatures can potentially occur without the

need for catalysts,>>>*

raising questions about whether certain elements genuinely serve as
catalysts or merely occur alongside thermal effects. Our investigation of Raney nickel alloy and
magnesium (Mg) as metal mediators in our graphitization process assessed both elemental and

bimetallic systems to understand their role in graphitization under controlled conditions.
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1.2.3.1.  Magnesium
Magnesium is a readily used alkaline earth metal in chemistry, with a relatively low melting point

of 650 °C."" The lower melting point of magnesium could lead to lower graphitization
temperatures, as molten magnesium promotes the dissolution and precipitation of carbon.
Compared to group VIII transition metals, only a few studies have used magnesium in carbon
graphitization. Zhao, L. et al. demonstrated the potential for removing magnesium after
graphitization of various precursors. They targeted applications in lithium-ion batteries by
achieving a high degree of graphitization at 1000 °C using glucose as the carbon precursor. Both
XRD and Raman analyses revealed structural characteristics similar to those of commercial
graphite after 20 hours of graphitization. The catalytic role of magnesium in significantly lowering
the energy barrier for graphitization is demonstrated by the fact that, without magnesium, the same
glucose-based sample required temperatures as high as 2850 °C to achieve comparable graphitic

12

properties.”© In their subsequent research, they attempted to graphitize hard carbon using

magnesium vapor, but the vapor did not prove as effective as magnesium metal powder.?

Fu Yang et al. introduced magnesium as a metal mediator to graphitize anthracite coal.’
Magnesium alters the surface morphology of carbon during the graphitization process while
increasing the degree of graphitization at a specific metal-to-carbon precursor ratio of 1:1 by
weight ratio.”* At 1100 °C, the highest graphitic properties were observed. Two hours were chosen
as the dwell time for the entire graphitization process. However, according to Raman and XRD
analysis, the use of magnesium did not significantly improve the level of graphitization, unlike
glucose.*! The shorter dwell time could be one reason. Additionally, since 1100 °C is slightly above
magnesium's boiling point (1091 °C), a decrease in magnesium might affect the effectiveness of
graphitization. Importantly, they observed that impurities in the precursor caused MgO to form
during the graphitization process.”> Interestingly, M. H. RuEmmeli et al. observed that surface
defects in metal oxides, which serve as nucleation sites for carbon layers similar to those found in
magnesium oxide (MgO) nano powders, promote the growth of graphitic carbon during chemical
vapor deposition (CVD). This aligns with the broader mechanism in which, even without metal
catalysts, oxide surfaces, especially those with imperfections, actively facilitate the formation of
ordered carbon structures.”> Zhang, C. et al. reported similar observations. Magnesium citrate
graphitizing coal tar pitch exhibited a slight improvement in graphitization at 900 °C over 2 hours.

20 Interestingly, studies consistently report that magnesium is much easier to remove after



graphitization than transition metals, which makes post-treatment / purification simpler and

straightforward.*’

The graphitization of petcoke using magnesium as the metal reactant has not been explored

previously according to the existing literature.

1.2.3.2.  Raney nickel alloy
The Raney nickel alloy contains 50 wt.% nickel and 50 wt.% aluminum, making it a potential

bimetallic mediator for graphitization.®*>3” Nickel has demonstrated its efficacy in the

6.8.35-38 \while aluminum has been used less often in

graphitization process of amorphous carbon
graphitization.*!>1:8*  Recent studies demonstrated the improved performance of multi-metallic
mediators in graphitization.”! When used in graphitization, the Ni-Al alloy can function as a
bimetallic catalyst. This alloy usually contains a heterogeneous mixture of intermetallic phases in
its as-cast form, such as AIzNi, Al3Niz, AINi, and Al-Al3Ni eutectic structures.’® When added to
alloy systems, nickel exhibits increased catalytic activity for graphitization, possibly due to

synergistic interactions and improved carbon solubility.*®

Based on the synergistic effect of nickel and aluminum's catalytic activity, it is hypothesized that
a nickel-aluminum alloy (Ni-Al) could enhance the graphitization of petroleum coke. According
to existing literature, no studies have specifically investigated the use of Raney nickel alloy in

graphitization, making this a novel approach worthy of exploration.

1.2.4. Microwave graphitization
Microwaves operate within electromagnetic radiation frequencies from 300 MHz to 30 GHz.
Energy transfer occurs through electromagnetic waves instead of traditional methods such as
conduction or convection. This process results in volumetric heating, where energy is absorbed
directly by the material, causing a rapid increase in temperature. The authors compare this to
conventional heating methods, noting that microwaves can heat materials like food or carbon much

faster because they penetrate and excite molecules internally rather than just at the surface.”® 1%’

Microwave-assisted graphitization has emerged as a promising alternative, offering rapid
volumetric heating, reduced energy consumption, and shorter reaction times. The microwave
irradiation process interacts directly with carbon materials, creating localized heating that speeds

up the transformation process. Microwave heating works through dipolar polarization and 1onic
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conduction mechanisms, which differ significantly from traditional thermal conduction.®®-104.108.109

Studies have shown that the graphitization process takes place at lower temperatures and shorter
durations when microwave heating is combined with transition metal catalysts like nickel, cobalt,
and iron.”*!! The microwave ON/OFF heating cycles provide additional benefits to catalytic
graphitization because they facilitate multiple dissolution-precipitation cycles that promote the

rapid formation of ordered carbon structures.'*!

The effectiveness of microwave graphitization has been shown across different carbon sources,
including activated carbon,”® coal-derived carbon,”® and graphite mineral resources.'**!1% Ji et al.
(2022) used fir wood to produce carbon materials while achieving better graphitic structures
through CoFe and NiFe alloy incorporation. The microwave absorption, along with the dielectric
properties during the graphitization process, increased as the graphite content increased without
needing metal addition.”” Glowniak et al. (2021) researched microwave-based nanoporous carbon
synthesis while demonstrating that metal-free graphitization works with precursors containing

inorganic salts or through chemical activation (e.g., KOH-based).”’

Transition metals are crucial in catalyzing graphitization under microwave conditions. Nickel is a
commonly used catalyst in microwave graphitization across various studies. Joni et al. (2018)
achieved 98% graphitization of carbon through nickel sulfate treatment during five minutes of
microwave exposure. The analysis of XRD and Raman data showed highly crystalline graphite
formation, which resulted in performance comparable to commercial graphite.'®® Microwave-
assisted graphitization using Co, Fe, Ni, and Cr salts has also been studied, although these metals
demonstrated lower catalytic efficiency compared to the pure elements. The microwave-based
graphitization methods using these salts demonstrated reduced efficiency as catalysts compared to
their elemental forms. Additionally, the presence of remaining oxides and incomplete

graphitization limited their overall operational capabilities.'%’

Future research should aim to optimize precursor design, select appropriate catalysts, and tailor
microwave parameters to develop carbon materials for specific applications.”®?%194105 The
investigation of magnesium as a metal mediator in microwave-assisted graphitization could yield

important results because there is limited research on this topic in the current literature.
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1.3. Petroleum coke (Petcoke)
Petcoke is a solid with a high carbon content (>85 wt.%) that is produced as a byproduct during
oil refining. Its composition also includes sulfur (5-7 wt.%), oxygen, hydrogen (~3.5 wt.%),
nitrogen (0.2-1.5 wt.%), and other minor elements, depending on the refinery process.® Atambient
temperature, petcoke remains inactive, while the crystallite size increases at higher temperatures
(~ 1400 °C), driven by the increased thermodynamic stability of larger crystallites.'* Petcoke is an
amorphous, soft, graphitizable carbon that consists of small crystals roughly aligned in parallel
(isotropic), which assists the graphitization process. In non-graphitizing, hard carbon, these grains
are randomly oriented (anisotropic).!”?3-® Petcoke is heated to over 2500 °C in an inert
environment, transforming amorphous carbon into a crystalline structure. Notably, petcoke does
not require a pre-pyrolysis process due to its high carbon content. Figure 1.4 illustrates the
structural arrangement of both graphitizing (Figure 1.4a) and non-graphitizing (Figure 1.4b) forms

of carbon.
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Figure 1.4: Schematic diagrams of (a) graphitizing and (b) non-graphitizing carﬁons.
Previous work in our research group revealed that sulfur removal from petcoke is not effective
using only chemical or heat treatment. Oliver K.L. Strong et al. investigated the potential of pre-
activation treatment of petcoke with KOH followed by an acid wash, which has significant
potential to remove a considerable amount of sulfur from petcoke.® Therefore, activated carbon
derived from petcoke was also used in this study to compare the efficacy of graphitization with

raw petcoke and purified petcoke.

1.4. Motivation
Transition metals, including iron (Fe), demonstrate effective catalytic properties that enhance
graphitization efficiency, as reported in research findings.!*!71%2430-33 However, their practical

use is often limited by the challenge of removing residual metal particles from the final graphite
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product.'® The purity level and scalability, along with downstream processing, become challenging

because high-purity graphite requirements remain unfulfilled.

Research needs to identify catalyst alternatives that deliver equivalent outcomes and simple
methods for metal extraction. The potential of magnesium as a graphitization catalyst has attracted
recent interest, but its efficacy on different precursors remains largely unexplored.>2%4% Notably,
Zhao et al. (2017) researched magnesium removal from glucose-derived carbon systems after
graphitization to produce high-purity graphite in their study.’ Building on this insight, our work
hypothesized that magnesium could improve graphitization levels at moderate temperatures by
adding it to activated carbon or petroleum coke precursors. The research aims to develop a practical
method for producing high-purity graphite through effective magnesium removal, which addresses

the main challenge associated with iron-based transition metal catalysts.

Magnesium is a single-metal mediator that could be potentially utilized in the graphitization of
petroleum coke and activated carbon. Research demonstrates that synthetic graphitization becomes
more efficient with multi-metallic systems.!®> Building on this insight, we identified Raney nickel
alloy as an unexplored metal mediator for graphite synthesis. Composed of aluminum and nickel
in a 1:1 ratio, Raney nickel alloy offers the synergistic effect of two metals that have independently

demonstrated strong catalytic potential in graphitization processes.’®!0%110

Our research aims to explore the potential synergistic effects of the AI-Ni alloy during
graphitization, with a specific focus on its performance and ease of post-treatment removal. Raney
nickel acts as a catalyst in hydrogenation reactions due to its widespread use in the field.'"
Research on its initial alloy under graphitization conditions will open opportunities to improve

metal-assisted transformations of petroleum coke and other carbon-rich materials into graphite.

This thesis explores the efficacy of magnesium and Raney nickel alloy in the graphitization of
petroleum coke and activated carbon, as well as their removal efficiency after the graphitization
process. Chapter 2 provides a comprehensive discussion of the characterization techniques
employed in this investigation. Chapter 3 investigates the efficacy of magnesium in graphitizing
petcoke and activated carbon under various processing conditions. Chapter 4 explores the
graphitization effects of Raney nickel alloy on activated carbon. Chapter 5 provides a
comprehensive analysis of the removability of magnesium and Raney nickel alloy following the

graphitization process.
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1.5. Thesis objectives

1. Investigate the influence of monometallic and bimetallic mediators in graphitization and
optimize process parameters.

2. Evaluate the morphological and structural properties of graphitized activated carbon
derived from petcoke.

3. Optimize the metal removal in the post-graphitization process.

14



2. Experimental Techniques

2.1. X-ray diffraction (XRD)
X-ray diffraction (XRD) crystallography provides crucial details for understanding material
structures. The scattered beams create interference patterns that form a diffraction pattern. The
main function of XRD involves directing an X-ray beam at the sample and measuring the angles
and intensities of the diffraction rays. Analyzing XRD data reveals detailed information about the

material’s structure by indicating both crystallinity levels and interlayer distances.!!?

The widespread use of X-rays as radiation sources exists because they offer affordable access to
high-flux production. The scattering process exhibits both elastic and coherent features. The
material's atomic density or Fourier-transformed charge density becomes visible through the
diffraction pattern. The diffraction technique is effective for analyzing single-crystal materials,
polycrystalline materials, thin films, and amorphous materials. The method operates without
damaging the material (non-destructive) while providing precise information about the entire

structure.!!?

The X-ray diffractometer has three main parts: a radiation source, a sample stage in a sealed
environment, and a detector. A sealed diode vacuum tube generates X-rays by colliding high-speed
electrons with a heavy metal target made of copper (Cu). The tungsten filament, called the cathode,
produces electrons that gain high-speed energy through a strong voltage before striking the copper
target, or anode. Beryllium is used for X-ray diffraction sample windows because it offers low

attenuation while remaining solid and transparent.!!3!14

The collision between an energetic electron and a copper atom results in the ejection of an electron
from the K shell, creating a vacancy. This innermost shell vacancy is usually filled by electrons
moving from the outer L or M shells. The energy transition of electrons to lower states produces
X-ray photons with distinct energies, known as characteristic X-rays. The wavelength of these X-

rays is specifically calculated using the wavelength-energy equation 2.1.

Equation 2.1: The wavelength-energy equation
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The Planck constant (%), vacuum speed of light (¢), and energy difference (AE) between states
define this equation. The copper target produces X-rays, which include Kq1 and Ko lines from the
L shell at 1.54051 A and 1.54433 A wavelengths, along with Kg from the M shell at 1.39 A. The
Kgp radiation is eliminated using a monochromator or a nickel film filter, while software corrections

remove the K, radiation.

Bragg’s law: the X-rays diffract constructively according to Equation 2.2. When they hit a crystal
lattice at a particular angle, the path length difference between adjacent crystal planes equals an

integer multiple of the X-ray wavelength.!!3115-117
Equation 2.2: Bragg’s law:

2dsin® = nA

Where d is the spacing between crystal planes, € is the angle of incidence, 4 is the wavelength of
the X-rays, and » is an integer representing the order of diffraction. Figure 2.1 depicts a

constructive diffraction of X-rays obeying Bragg’s law.

Incident Diffracted
beam beam

SN

Figure 2.1: Constructive diffraction associated with Bragg's law.

The d-spacings of a crystal can be calculated using Miller indices. Single crystals exhibit one
diffraction angle, while powders are diffracted at various angles, producing a ring of scattering.
The width of the diffraction peaks reflects the quality of the crystal's crystallinity. For example,
the spectrum of an ideal crystal shows only one vertical line. Non-ideal crystals display a broader

single peak, whereas polycrystalline crystals produce a series of peaks that often overlap.'!®

In the context of interpreting the XRD spectrum of graphite, the (002) peak indicates diffraction
from stacked graphene planes that are parallel to each other along the C-axis. The sharp (100)
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small peak is also present in the XRD spectrum of graphite, reflecting the in-plane atomic structure

of graphene.
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Figure 2.2: XRD of commercial synthetic graphite (Sigma Aldrich).

Oya and Marsh introduced a peak classification terminology related to synthetic graphite. Based
on this, the (002) peak can be further described by the G-effect, T-effect, and A-effect. The G-
effect refers to the complete graphitization process, which results in the formation of ordered
graphite. It presents a sharp (002) peak in XRD at approximately 26.5°, corresponding to an
interlayer spacing nearly equal to the ideal graphite's theoretical value of 0.3350 nm. A (002)-peak
observed near the 26° angle indicates the structural characteristics of turbostratic graphite
produced by the T-effect. The d-spacing value of turbostratic carbon exceeds 0.3400 nm. A broad
(002) peak around 25.5° is caused by the A-effect and signifies a failure to form graphite.?’

The crystallite height (L¢) and the crystallite width (L.) are important parameters to calculate in
graphitized carbons. Therefore, XRD spectra were fitted using Voigt profiles, which combine

Lorentzian and Gaussian peak functions. The full width at half maximum (FWHM) and peak



positions of the fitted (002) and (100) peaks were used in the Scherrer equation; Equations 2.3 and

2.4 are used to determine the L. and L, respectively.

Equation 2.3: Determination of the crystallite height (L.)

L. = KA
¢ B(002)COS 0 (002)
Equation 2.4: Determination of the crystallite width (L)

L KA
a B(100)COS 6 (100)

Where K is a predetermined scale factor, which is 0.90 for L. and 1.84 for L,, B is the FWHM of
the (002) or (100) fitted peaks, and 8 is the incident angle associated with the (002) or (100) fitted
peaks.

In this research, XRD patterns were collected using a Bruker D2 Phaser, which features a copper
target, and data were gathered using Cu K, signals with a wavelength of 1.5406 A operating at 30

kV and 10 mA. Origin 2024b software was used for the non-linear fitting of the XRD spectra.!!*"
116,118

2.2. Raman spectroscopy
Raman spectroscopy is a non-destructive characterization technique that is highly useful for
analyzing carbon materials, including various types of graphite. A monochromatic laser beam
irradiates the sample, and the inelastic scattered light emitted from the sample shifts depending on
the molecules it interacts with before reaching the detector.!”® The probability of an excited
molecule jumping to a different lower state other than the origin is 1/10”. At room temperature,
most molecules are in their ground vibrational state. When interacting with incident photons, the
scattered photons usually lose energy, resulting in what is known as Stokes scattering. Anti-Stokes
scattering occurs when these molecules interact with incident photons, and the scattering process
returns them to the ground state, transferring energy to the molecules. Stokes scattering is a
dominant phenomenon observed in Raman spectroscopy, as illustrated in Figure 2.3. While the
anti-Stokes spectrum is naturally weaker than the Stokes spectrum because of fewer vibrationally
excited molecules, this duality makes Raman spectroscopy a versatile and highly informative

method for material analysis.!?!"123
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Figure 2.3: Schematic diagram of Stoke and Anti-Stoke scattering.

The energy difference between the excited molecule and the energy released from the initial state
corresponds to the vibrational transition detected by the Raman spectrometer. Raman spectroscopy

is represented by the Y axis (Intensity) and the X axis (Raman shift).!?

The Raman spectrum analysis of graphite primarily focuses on the D, G, and 2D characteristic
phonon peaks. The 2D peak indicates the presence of graphene layers in samples, enabling
differentiation between monolayer, bilayer, and multilayer graphene. It appears near 2700 cm™' and
is a second-order Raman process involving two photons with opposite momentum originating from
the K point. The sharper G peak (~1582 cm™!) corresponds to in-plane stretching vibrations,
reflecting the graphitic nature of the carbon samples. The G peak originates from the high
symmetry I” point and involves the Ez, vibration mode. The D peak (~1350 cm™) relates to the
degree of disorder or the presence of defects in the samples. It originates between the K and K’
points in the Brillouin zone and is linked to the Aig vibration mode. Further insights into the
disorder can be gained by examining the intensity ratio of the D and G peaks (Ip/Ig).'**!?°
Researchers have previously observed that the Ip/lg ratio decreases with increasing degree of

graphitization. The D peak is absent in pristine graphite,!20-123.125.126
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In our investigation, Raman spectra of all samples were obtained using a Renishaw inVia Raman
microscope. The spectrometer is equipped with a 633 nm laser and an 1800 lines/mm diffraction
grating. The carbon samples were placed on a clean glass slide and scanned five times at the
maximum laser power of 100 mW. Data acquisition was performed with Renishaw WiRE 3.4

software, and data analysis was conducted in OriginPro 2024b software.

2.3. Scanning electron microscopy (SEM)
SEM is an imaging technique that offers more profound insights into a sample's surface
morphology, achieving magnifications ranging from 5x to 300 000x.!%” The wavelength of the
probe determines the resolution power of these microscopes.'?®!?° In optical microscopes, visible
light is the probe, whereas electrons serve as the probe in electron microscopes. Therefore, the De
Broglie wavelength is relevant in electron microscopes where a suitable electric potential can
accelerate electrons. The electron wavelength is inversely proportional to the square root of the
applied voltage. The maximum potential used in SEM is 30 kV, which produces electron
wavelengths of nearly 7 pm. In SEM, backscattered (BSE) and secondary electrons (SE) are used
to obtain topographical information, while chemical identification is primarily achieved through
characteristic X-rays. The backscattered electrons are also known as reemergent beam electrons.
The primary source of secondary electrons is inelastic scattering interactions, and SEs are
generated by releasing valence electrons due to the energy of the incident beam. The ejection of
SEs typically occurs within a few nanometers of the sample surface, making them highly sensitive
to surface features. Backscattered electrons (BSE) originate from elastic scattering interactions and
strongly depend on the atomic number of the elements in the specimen. While heavier elements

scatter electrons more efficiently, the resultant images are brighter, providing atomic contrast.!?

The optics and the sample of the SEM are kept in a vacuum. The vacuum prevents electron
scattering and contamination of the electron guns and other related components. The electron gun,
lens system (including condenser lens, apertures, and objective lens), specimen stage, and scanning

unit (scanning coils, signal detection, processing system) are the main components of an SEM.!?"~
130

In this work, SEM images were captured using the FlexSEM 1000 II scanning electron

microscope. SEM samples were prepared by placing the powdered carbon products on a sticky
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carbon tape, which was then exposed to a pressurized airflow to remove excess and improperly

attached particles.

2.4. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) provides more insights into the morphology, structure,
chemistry, and bond types of a specimen. TEM uses higher electric potentials (around 400 kV),
resulting in images with greater resolution generated by forward-scattered electrons. The
magnification can reach up to 50 million times, allowing visualization at the atomic scale, which

is significantly greater than that of an SEM.!*!

The components of TEM are arranged in a column, including an electron source, an illumination
system, an image-forming system, and an image acquisition system. Thermionic electron sources
and cold field emission guns are the two main types of electron sources in TEM. Electrons are
accelerated by lenses and directed to the specimen through condenser lenses. The image-forming
system comprises objective lenses, intermediate lenses, projector lenses, objective apertures, and
selected area apertures. The image acquisition system mainly uses slow-scan CCD cameras and
imaging plates. In TEM, both bright-field and dark-field images can be created. A direct beam
forms bright-field images, while scattered beams are used to produce dark-field images. TEM also
creates various diffraction patterns. Polycrystalline samples display ring patterns, single-
crystalline materials show spot patterns, and Kikuchi lines can be observed due to inelastic electron
scattering at small angles with slight energy loss.!>> They are further dispersed to form Kikuchi
lines. The thickness of TEM samples should be less than 50 nm for electron transparency.
Powdered inorganic samples are suspended in volatile solvents and drop-cast onto the sample

holder. An ultramicrotome sections large samples into thin slices.'*?

In this thesis, TEM images were captured using a Bruker electron microscope. Samples for TEM
were prepared by grinding to reduce particle size below 100 microns. The prepared thin samples

were carefully mounted on TEM grids for observation.

2.5. Four-point probe technique
The ability of a material to conduct current is measured by its electrical conductivity (¢). The
movement of electrons at the atomic level influences how electrical conductivity works. The four-

point probe technique is widely used to measure the sheet resistivity (p/cm?) of conductive
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samples, which overcomes some practical issues associated with the two-point probe method, such
as contact resistance, probe resistance, and spreading resistance. Notably, sheet resistivity
measures the lateral resistivity of a thin film or coating. As shown in Figure 2.4, four tungsten
carbide needles are arranged in an array with equal spacing d (m), ensuring that all needles contact
the surface of the specimen similarly during measurement. While external needles are connected
to a constant electrical current (/), the voltage (V) between the inner needles is measured using a

voltmeter, 134133

]

Figure 2.4: Schematic diagram of a four-point probe

Two equations are used to calculate the sheet resistivity based on the relative difference between
the thickness of the thin layer (#) and the distance between the probe needles (d). If £~>d, the sheet

resistivity is calculated using Equation 2.5 while Equation 2.6 is applicable when ¢<d.!**

Equation 2.5: The sheet resistivity, if £~>d
14
p = 201d(})

Equation 2.6: The sheet resistivity, if 1<d

It v
p=1=

Where, p is the sheet resistivity, V' is the voltage measured from the inner two needles, 7 is the

current passed through the outer two needles, and t is the thickness of the thin film.

The sheet conductivity (o) and sheet resistivity (p) are inversely related, with o being calculated as

the inverse of p.

In this work, the electrical conductivities of carbon samples were measured using a Jandel four-
point probe. The sample pellets, weighing nearly 0.5 g, were prepared with a hydraulic press to

ensure measurement consistency. Sodium carboxymethyl cellulose (CMC) binder 5 wt.% was
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mixed with the carbon sample, and the resulting mixture was pelletized under a 2 MT load for 3

minutes.

2.6. Brunauer-Emmett-Teller (BET) technique
The Brunauer-Emmett-Teller (BET) technique is based on nitrogen adsorption isotherms measured
at 77 K and is generally used to calculate the specific surface area of samples. Nitrogen is
commonly chosen because of its high purity, inert nature, and well-understood adsorption
behavior, making it suitable for precise surface area measurements. Additionally, CO» adsorption
is employed when the pore diameter of the microporous surface area is less than 1 nm.!*® The

adsorbate (n%), measured in mmol g! or cm® gl is plotted against the change in relative pressure
(/p°).

The specific relative pressure has a significant impact on the adsorption process. The t-plot shows
the amount of gas adsorbed (Vads) on the sample surface versus the calculated thickness (t) of the
adsorbed layer, which is determined by referencing a non-porous standard material at the same
relative pressure level. The micropore volume is calculated using a thickness range of 0.354 nm to
0.5 nm, with the y-intercept corresponding to the micropore volume. The Rouquerol BET

technique confirms the accuracy of the BET surface area measurements. '’

The isotherm is further classified into six shapes by IUPAC, as shown in Figure 2.5. The formation
of a monolayer is indicated by the type I isotherm, also known as the Langmuir isotherm, which
rises rapidly and smoothly to a maximum adsorption value. Type 1 isotherms are typical of
microporous materials such as activated carbon. Type 2 isotherms characterize the adsorption
behavior of wide or mesoporous surfaces. They include an initial inflection where relative pressure
(p/p°) is greater than 0.1, followed by a second inflection where it rises quickly, and relative
pressure exceeds 0.9. Regions with low adsorption potentials are characterized by the convex
shape of the type 3 isotherm. Type 4a shows hysteresis, indicating capillary condensation or
multilayer adsorption of the adsorbent from the vapor phase into the pores, forming a condensed
liquid due to van der Waals interactions. Desorption occurs through capillary evaporation, meaning
some trapped adsorbate remains in deeper pores, which causes delayed desorption. The type 4b
isotherm exhibits a nearly absent hysteresis loop, as desorption closely follows the adsorption path.

Mesoporous homogeneous surfaces are indicative of type 5 isotherms, where a hysteresis loop
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during desorption is caused by gas molecules condensing in the pores. The type 6 isotherm

represents non-porous homogeneous surfaces with multilayer adsorption.'3®

S o
|
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\ %
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Figure 2.5: IUPAC isotherm shapes.

In this thesis, the Brunauer-Emmett-Teller (BET) equation (Equation 2.7) was primarily used to

determine the specific surface area of graphitized carbons.
Equation 2.7: Brunauer-Emmett-Teller (BET) equation

p__ 1  (e=Dp
Vip°—p) Vmc  Vpcp®
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Where V is the volume of adsorbate (cm® g!), Vi is the volume of gas for monolayer formation, p

is the equilibrium pressure, p° is saturated pressure, and c is the BET constant.'*’

The mass of the sample holding tube is determined before adding the sample to analyze the surface
area of adsorbates. To remove any molecules from the air that might already be adsorbed to the
surface, the sample is degassed with nitrogen at 300 °C. The mass is then measured again. Nitrogen
gas is gradually pumped into the tube after it has been cooled in liquid nitrogen. As nitrogen
adsorbs to the surface through van der Waals forces, it condenses, causing a pressure change. The
volume of nitrogen adsorbed enables the calculation of the monolayer surface area, pore volume,
and pore size distribution. The specific surface area was measured using a Micromeritics Tristar 11

Plus with Tristar II Plus v3.02 software. The samples were analyzed using N> adsorption at 77 K.

2.7. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is a technique that measures the atomic percent composition and

oxidation states of elements, with a lateral resolution of 10 pm to 50 um.

The configuration of XPS mainly includes an X-ray photon source, a sample holder, an electron
energy analyzer, an X-ray energy monochromator, a movable sample holder, focusing lenses for
the emitted electron beam, and a high vacuum pump system, as shown in Figure 2.6. An Al or Mg
cathode is used to generate a monochromatic X-ray beam. The X-ray beam is reflected onto the

sample.

Electron Energy
Analyser

Lens

SysCem
X-ray
Source

Sample

Electron XPS
Multiplier Spectrum

Figure 2.6: Schematic diagram of XPS.
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XPS is operated under a high vacuum system (10~7Pa) to ensure that all X-rays reach the surface
of the sample without interference from any gases during characterization, and to increase the

mean free path of electrons to facilitate their arrival at the detector.

Total energy conservation can be used to study the photoelectric effect. Here, the energy of the
photon (/v) equals the sum of the electron's binding energy to the atom (£5), the kinetic energy of
the emitted electron (£ ,.), and the amount of thermodynamic work needed to remove an electron

from the surface of a material (&). Equation 2.8 is resolved for Ep.

Equation 2. 8: Binding energy calculation
Ey=hv —Eres— 0
XPS sends X-rays with known energy sv, and the kinetic energy of the emitted electrons (Ejes) is

measured, which allows the calculation of the binding energy (E»).

Auger electron spectroscopy detects secondary electrons and complements the information from
XPS. Auger electron emission occurs when an electron is emitted due to the photoelectric effect,
leaving a vacancy. Another electron then fills this vacancy in a higher energy level of the atom,
releasing energy as it drops to a lower energy level. This energy can eject an electron (from the
same shell) from the atom. The energy of this emitted electron does not depend on the photon’s
energy but on the energies of the shells involved in the Auger process. Auger-specific

spectrometers typically use electron beams instead of photons.

In this thesis, XPS analyses were performed using a Thermo Fisher Scientific K-alpha
spectrometer with a monochromatic Al K-alpha source (15 mA, 15 kV). The x-ray spot size was

400 pm, and fitting was conducted with CASA XPS (version 2.31).
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3. Magnesium-assisted graphitization of petroleum coke
using heat treatments: Efficacy of monometallic
mediators in graphitization.

3.1. Introduction
As discussed in Chapter 1, the goal is to find metal mediators that perform as well as iron in metal-
assisted graphitization while improving the removal of metals after the process. A thorough review
of the literature has identified magnesium as a promising candidate.’ To evaluate the influence of
sulfur contamination in petroleum coke, purified petroleum coke was also used as a carbon
precursor. It is noteworthy that the purification of petroleum coke is achieved through an activation
process using potassium hydroxide (KOH), resulting in the formation of activated carbon.!

Consequently, the purified form of petroleum coke is referred to as activated carbon in this thesis.

This chapter describes the methodologies, sample preparation procedures, characterization
techniques, and results related to the magnesium-incorporated graphitization. From now on,
graphite samples produced from activated carbon-magnesium mixtures are referred to as
magnesium-assisted graphitized activated carbon (MgACs) and those prepared from petroleum

coke are referred to as magnesium-assisted graphitized petroleum coke (MgPCs), respectively.

3.1.1. Monometallic mediator: Magnesium
Magnesium is a commonly used alkaline earth metal in chemistry, with a low melting point of 650
°C." The lower melting point of magnesium could lead to lower graphitization temperatures. Few
studies have used magnesium in carbon graphitization compared to group VIII transition metals.
In 1978, Asao Oya and Sugio Otani observed the formation of graphitic structures after
graphitizing phenol-formaldehyde resin with magnesium powder at 3000 °C."** However, this
temperature is sufficient to graphitize the carbon precursor without a metal-assisted mechanism.
140 Zhao, L. et al demonstrated the potential of removing magnesium after graphitization of various
precursors. In post-graphitization, 2 g of the mixture (1:1 carbon: magnesium) was treated with
100 ml of 2M HCI and stirred for 12 hours at room temperature. The absence of magnesium or
magnesium oxide-associated peaks in XRD analysis and 0.009-0.019 wt.% of residual magnesium
in ICP-OES measurements confirmed the successful removal of magnesium after the acid

treatment. They attempted to graphitize pyrolyzed glucose using ball-milled carbon-magnesium
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alloys and magnesium vapor. Magnesium vapor proved to be an ineffective method for
graphitization, resulting in amorphous carbon. Interestingly, XRD analysis revealed the formation
of crystalline carbon at 1000 °C after 3 hours, as indicated by a sharp peak at 26.25° and a shoulder
peak at 26.7°, corresponding to turbostratic and graphite phases, respectively.® Fu Yang et al.
introduced magnesium as a metal reactant to graphitize anthracite coal. In their study, magnesium
was incorporated at the same ratio as anthracite coal, and the composite was heated at various
temperatures for 2 hours with a heating rate of 5 °C /min in argon. XRD analysis showed a sharp
(002) peak at a 26 of 25.83 © at 1100 °C, indicating the coexistence of both ordered and amorphous
carbon. Moreover, the Ip/Ig ratio was 0.48 in the Raman analysis, indicating the depletion in the
degree of disorder.” Magnesium alters the surface morphology of carbon during the graphitization
process while enhancing the degree of graphitization.”® However, the current literature does not
clearly explain the mechanism by which graphitic carbon is produced by magnesium addition.
Additionally, a detailed analysis of magnesium removal for optimizing the process has not yet been
performed. Notably, the use of magnesium as the metal reactant for graphitizing petroleum coke

has not been explored in the available literature.

3.1.2. Effect of carbon precursor particle size on graphitization
The impact of the particle size of the carbon precursor in metal-assisted graphitization has received
little attention in the literature. The mechanism of metal-assisted graphitization involves either the
formation of metal carbide bonds or the dissolution of carbon into the molten metal, followed by
the precipitation of graphite.®>!!4 In the former mechanism, the size distribution of precursor
petroleum coke (petcoke) particles can significantly influence the effectiveness of metal carbide
formation due to differences in surface area, which affect the interaction dynamics between carbon
and the metal mediator. In the carbon dissolution precipitation mechanism, this study hypothesized
that smaller carbon particles can speed up the diffusion of carbon atoms, thereby promoting the
precipitation of graphitic carbon. Additionally, the particle size of the carbon precursor may
influence the mechanism by changing the energy requirements and providing diverse nucleation
sites. Generally, smaller carbon particles have a higher specific surface area'*? and thereby provide
more nucleation sites, enabling a more uniform and effective graphitization process. Considering
this, we examined the effect of activated carbon particle size on the degree of graphitization in

systems containing magnesium.

28



3.1.3. Seeding technique for enhancing the degree of graphitization
The seeding technique involves adding graphite or crystalline carbon to the precursor carbon
material during graphitization. Essentially, the formation of graphite begins with the deposition of
carbon atoms, layer by layer, to reach the lowest energy state. These “seeds” can serve as
nucleation points, helping to align and order carbon atoms during the graphitization process. It is
believed that the seeding method can significantly affect the efficiency and quality of synthetic

graphite production.

Several methods can be used to enhance the graphitization process through seeding. The presence
of seeds lowers the energy barrier for converting amorphous carbon into a graphitic structure,
thereby improving process efficiency. Additionally, seeding can help produce a more uniform and
higher degree of crystallinity in the final graphite product. This approach can also potentially
reduce the time and energy needed to achieve the desired graphitic structure, making it a valuable

technique in synthetic graphite production.

3.2. Experimental

3.2.1. Synthesis of graphitized carbon incorporating magnesium
Activated carbon/petroleum coke was ground for 15 minutes with magnesium powder (20-230
mesh, Sigma-Aldrich) in a 1:1 carbon to magnesium mass ratio using a mortar and pestle. The
schematic diagram of the graphitization process is displayed in Figure 3.1. These resulting
mixtures were placed in closed stainless-steel crucibles and heated in nitrogen at 1000 °C, 1100
°C, 1200 °C, 1400 °C, and 1600 °C. Graphitization was further optimized by varying dwell times
from 30 minutes up to 24 hours at the selected temperature. The heating and cooling rates were set
to 40 °C per minute. For the post-graphitization treatment, approximately 2 g of MgACs or MgPCs
with magnesium was reacted with 2 M HCI (prepared from 37 wt.% HCI, Sigma Aldrich) and
stirred for 1 hour at 70 °C. Afterwards, the products were filtered and washed repeatedly with
deionized water until the pH of the supernatant reached about 6.5-7. Finally, the products were air-

dried overnight at 120 °C.
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Figure 3.1: Schematic diagram of the graphitization process of petroleum coke / activated carbon

with magnesium.

3.2.2. Pelletization and Electrical Conductivity Measurements
In this study, the electrical conductivities of carbon samples were measured after they were
pelletized (Figure 3.2). Three pellets were produced from a single composition to measure
electrical conductivity. Notably, pellets made from highly disordered carbon materials like
activated carbon often break apart during conductivity tests. This may occur because of the high
absorption capacity of amorphous carbon, which creates a practical challenge during measurement.
Despite this issue, the binder composition remains the same to maintain consistency in the

comparison.
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Figure 3.2: The pelletization process.

Electrical conductivity of the pellets was measured using a four-point probe (Jandel, RM3000+)

with a supply current of 10 mA.

3.2.3. Seeding technique
The seeding technique was introduced into the graphitization process for the first time to control
the nucleation and growth of crystalline structures through synthetic graphitization. Adding carbon
atoms to the edge of an existing graphene sheet is more energetically favourable than starting a

new sheet.’!

Based on that, the seeding technique was used in the graphitization process. First,
activated carbon was mixed with synthetic graphite (Sigma Aldrich) at ratios of 1 wt.%, 3 wt.%,
and 5 wt.%. Next, magnesium powder (Sigma Aldrich) was added at a 1:1 carbon to magnesium
ratio and ground for 15 minutes using a mortar and pestle. The resulting mixtures were then placed
in closed stainless-steel crucibles and heated in nitrogen at 1000 °C for 24 hours. Finally, the

graphitization and magnesium removal processes were carried out as described in Section 3.2.1.

3.2.4. Microwave-assisted Graphitization
Samples containing magnesium and activated carbon were prepared following the same protocol
described earlier. Activated carbon was thoroughly ground with magnesium powder using a mortar
and pestle to ensure uniformity. Two compositions were tested: a 2:1 mass ratio of activated carbon

to magnesium, and a 1:1 mass ratio.

Microwave graphitization was performed using a high-temperature microwave furnace equipped
with a silicon carbide (SiC) susceptor, which acts as the central heating element. The entire heating

process was microwave-driven, with the SiC susceptor absorbing microwave energy and
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producing uniform heat within the furnace cavity. The temperature ramp rate was set to 20 °C per
minute, and the system was programmed to monitor the bulk cavity temperature in real time using
a NIST-traceable dual thermocouple inserted through the top of the unit. This thermocouple
provided precise feedback on the overall cavity temperature, although localized heating effects

caused by direct microwave interaction with the sample matrix may have occurred.

Aluminum oxide crucibles were used to contain the samples. Before use, these crucibles were
thoroughly cleaned with deionized water and pre-ashed at 1050 °C to remove any residual
contaminants. Each crucible was partially covered with CEM quartz fiber lids, which are
permeable to gas flow. This setup minimized material loss during heating while allowing
continuous nitrogen flow into the crucible. An inert atmosphere was maintained throughout the
process using nitrogen gas, supplied at a constant pressure of 40 psi via a regulated inlet. The
nitrogen flow remained uninterrupted during both the heating and cooling phases. The furnace
cavity was not opened until the bulk temperature dropped below 200 °C, ensuring safe handling

and preventing oxidation of the samples.

This method maintained controlled thermal conditions and minimized contamination or oxidation,
allowing for consistent assessment of the structural evolution of carbon materials during

microwave-induced graphitization.

3.2.5. Characterization
The synthesized products were characterized using several techniques: Raman spectroscopy, X-
ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface analysis, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and four-point probe. These techniques are comprehensively discussed in detail in Chapter

2.
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3.2. Results and Discussion

3.2.3. Structural characterization

3.2.3.1.  Effect of temperature on the graphitization process
Figure 3.3 illustrates the XRD pattern of petroleum coke and activated carbon before

graphitization. Activated carbon displays a characteristic XRD spectrum of non-graphitizable
carbon (hard carbon). It features two broad peaks near 25° and 45°, which are typical of disordered
hard carbon.? The XRD spectrum of petroleum coke shows a broad peak around 25°, indicating
the presence of amorphous carbon, along with smaller, sharper peaks of contaminants. A closer
view of the (002) peak (Figure 3.3) appears in the spectrum of petroleum coke at approximately
26.4°, which is likely a characteristic feature of soft carbon (graphitizable carbon) containing small
graphitic structures.’* The Raman spectra depicted in Figure 3.4 reveal two overlapping broad

peaks characteristic of amorphous carbon.!*3
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Figure 3.3: XRD spectra of petroleum coke and Figure 3.4: Raman spectroscopy of

activated carbon. petroleum coke and activated carbon.

Figure 3.5 presents the Raman spectra of graphitized activated carbons (MgACs) at various
temperatures over 3 hours. The temperature profiles range from 1000 °C to 1600 °C. The
appearance of the 2D peak around 2700 cm clearly highlights the formation of graphene
structures within the material. The conversion of amorphous carbon to crystalline carbon was
observed at 1000 °C, as indicated by the increased sharpness of peaks compared to raw materials

(Figure 3.5). Furthermore, the separation of the D band (~1350 cm™) and G band (~1582 cm™) is
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visible at this temperature, indicating the development of ordered carbon. Despite increasing the
heating temperature, the Raman spectra show no significant changes in the Ip/Ig ratio or peak
sharpness. Notably, a strong 2D band appears at all temperatures. This discrepancy from the initial
expectation is due to the boiling point of magnesium, which is 1091 °C. Above this temperature,

magnesium vaporizes and no longer contributes to the graphitization process.

Conversely, as shown in Figure 3.6 and Table 3.1, graphitization of petroleum coke shows a
decrease in the Ip/Ig ratio at 1400 °C and 1600 °C. Despite magnesium boiling off at these
temperatures, several factors may explain the decrease in the Ip/Ig ratio, accompanied by sharper
D and G bands. First, reaching high temperatures at a rate of 4 °C per minute takes considerable
time, which doubles during cooling at the same rate. As a result, the metal-carbon composites have
more time to arrange their structure before the magnesium evaporates. This may contribute to the
slight reduction in the Ip/Ig ratio seen in graphitized activated carbon samples at 1400 °C and 1600
°C, as presented in Table 3.1. Secondly, petroleum coke, being a soft carbon (graphitizable carbon),
requires less energy to form ordered structures compared to activated carbon, which shows
characteristics of hard carbon (non-graphitizable) according to XRD analysis and has greater
porosity.?* This experiment is non-repeatable because magnesium vapor forms at temperatures
above 1091 °C, causing magnesium to deposit on the furnace’s ceramic tube and resulting in tube

damage.
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Figure 3.5: Raman spectroscopy analysis of Figure 3.6: Raman spectroscopy analysis of

graphitization of activated carbon with graphitization of petcoke with magnesium at

magnesium at various temperatures.

various temperatures.

Table 3.1: Ip/Ig ratios of Raman spectroscopy spectra of graphitized activated carbon (MgACs)

and petroleum coke (MgPCs) at various temperature profiles

Sample In/IG ratio Sample In/IG ratio

MgAC 1600 °C, 3 hrs 0.78+0.10 MgPC 1600 °C, 3 hrs 0.50+0.17
MgAC 1400 °C, 3 hrs 0.62 +0.07 MgPC 1400 °C, 3 hrs 0.47 £0.04
MgAC 1200 °C, 3 hrs 1.18 £0.07 MgPC 1200 °C, 3 hrs 1.12+£0.07
MgAC 1100 °C, 3 hrs 1.06 +0.36 MgPC 1100 °C, 3 hrs 1.18£0.05
MgAC 1000 °C, 3 hrs 0.96 +0.37 MgPC 1000 °C, 3 hrs 1.24 £0.06
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3.2.3.2.  Effect of dwell time on the graphitization process

The graphitization temperature reached its optimal point at 1000 °C because magnesium's boiling
point is 1091 °C; therefore, the working temperature remains below its boiling point. Different
time periods, ranging from 30 minutes to 24 hours, were used to treat the metal-carbon composites
and enhance graphitization. The Raman spectroscopy of MgAC 1000 °C, 30 minutes sample,
shown in Figure 3.7, displays an intense and broader D peak indicating a disordered structure,
which is also supported by the Ip/Ig ratio of 1.26 + 0.14, as shown in Table 3.2. The 2D peak
appears in the spectrum after a 30-minute graphitization period. The D peak starts to diminish after
3 hours of graphitization, resulting in an Ip/Ig ratio of 0.96 + 0.37, although the standard deviation
remains high. The D and G peak ratios decrease in MgAC 1000 °C, 6-hour sample, as shown in
Figure 3.7, while the ratios continue to fluctuate at 12 hours. The Ip/Ig ratio remains consistent
with the 6-hour measurement until it drops to 0.66 £ 0.11 after 24 hours of dwell time. The lowest
Ip/lc ratio observed in graphitized activated carbon occurs when magnesium-assisted

graphitization is employed with extended dwell times at moderate temperatures.
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Table 3.2: Intensity ratios of D and G peaks of graphitized activated carbon at 1000 °C for various
dwell times.

Sample In/IG ratio

MgAC 1000 °C, 24 hrs 0.66+0.11
MgAC 1000 °C, 12 hrs 0.89 +0.07
MgAC 1000 °C, 6 hrs 0.70+0.13
MgAC 1000 °C, 3 hrs 0.96 +0.37
MgAC 1000 °C, 30 mins 1.26 £0.14
Commercial graphite 0.14 £0.05

The XRD results for the same set of samples are presented in Figure 3.8. All samples exhibit a
very sharp peak around 26°, which has been identified as the (002) peak. Table 3.3 outlines the
average values for d-spacing (d(o2)), stacking height (L.), and crystallite size (La) for each sample
based on three measurements. The MgAC sample at 1000 °C, 30 minutes exhibited a significant
stacking height L. (7.64 = 0.40) nm even after a short period. Table 3.3 indicates that a crystallite
size of up to (20.0 £ 6.56) nm is achieved in only 3 hours at this low temperature. However, these
calculated parameters were not consistent throughout subsequent experiments with extended
hours. After 24 hours of graphitization (MgAC 1000 °C, 24 hours), both the crystallite size and
stacking height stabilized at (20.7 + 0.45) nm and (8.24 £+ 0.14) nm, respectively. The low standard

deviation is indicative of a more homogeneous sample or sample set.

Table 3.3: XRD analysis of graphitized activated carbon at 1000 °C for various dwell times.

Sample d02) (nm) L. (nm) (Stacking La (nm) (Crystallite
height) size)
MgAC 1000 °C, 24 hrs 0.3440 +0.0001 8.24 + 0.14 20.7 + 0.45
MgAC 1000 °C, 12 hrs 0.3445 + 0.0006 8.40 + 0.23 183 £ 1.95
MgAC 1000 °C, 6 hrs 0.3447 + 0.0008 8.48 + 0.28 17.7 £ 2.76
MgAC 1000 °C, 3 hrs 0.3435 + 0.0007 9.87 + 1.62 20.0 £ 6.56
MgAC 1000 °C, 30 mins 0.3445 + 0.0008 7.64 £ 0.40 17.3 £ 2.10
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Figure 3.9: Raman spectroscopy analysis of Figure 3.10: XRD analysis of graphitization
graphitization of petcoke with magnesium at of petcoke with magnesium at various dwell

various dwell times. times.

Table 3.4 : Intensity ratios of D and G peaks of graphitized petroleum coke at 1000 °C for various
dwell times.

Sample In/IG ratio

MgPC 1000 °C, 24 hrs 0.61+0.15
MgPC 1000 °C, 12 hrs 0.67 +£0.27
MgPC 1000 °C, 6 hrs 0.58 +£0.22
MgPC 1000 °C, 3 hrs 0.86 £0.25
MgPC 1000 °C, 30 mins 0.51+0.17
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Table 3.5: XRD analysis of graphitized petroleum coke at 1000 °C for various dwell times.

Sample (002) doz) (nm) L (nm) L. (nm)
peak (Stacking (Crystallite
position height) size)

26 (°)

MgPC 1000 °C, 24 hrs 25.8 0.3450 = 0.0001 8.5+0.7 17.1+2.7

MgPC 1000 °C, 12 hrs 25.8 0.3456 + 0.0005 7.2+3.1 16.5+3.5

MgPC 1000 °C, 6 hrs 25.7 0.3468 + 0.0005 48=+1.7 13.5+0.0

MgPC 1000 °C, 3 hrs 25.5 0.3485 = 0.0004 41+1.6 15.0+1.2

MgPC 1000 °C, 30 mins 25.6 0.3477 = 0.0002 6.3+2.0 16.6 3.6

Commercial graphite 26.4 0.3371 15.0 28.2

The effect of dwell time on the degree of graphitization of MgPC was investigated at 1000 °C
using the same time profile as MgAC. Raman spectra of MgPC samples graphitized at 1000 °C
for different dwell times are depicted in Figure 3.9. It is clear at first glance that an intense 2D
peak appears and the D peak diminishes, indicating a decrease in disorder and the formation of
thin layers after just 30 minutes at a moderate temperature. The Ip/Ig ratio varied slightly with a
significant standard deviation, as shown in Table 3.4. The Ip/Ig ratio was recorded at 0.51 + 0.17
after 30 minutes and at 0.61 + 0.15 after 24 hours of graphitization. The narrow range of the Ip/Ig
ratio, even at longer dwell times, could be due to the irregular structures in petroleum coke and
contaminants like sulfur. On the other hand, MgPC samples exhibit a lower level of disorder
compared to MgAC samples. The difference between MgAC and MgPC samples is probably due
to the porosity level in graphitized samples, which will be discussed further in Section 3.3.2. The
same set of samples was analyzed using XRD to examine the characteristics of their graphitic
structure. The XRD spectra of MgPC samples graphitized at 1000 °C for various durations are
shown in Figure 3.10. Each spectrum shows a sharper (002) peak, indicating an improvement in

the degree of graphitization.
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Further analyses are presented in Table 3.5, which provides analyzed values of the d-spacing
(d(o2)), stacking height (Lc), and crystallite size (La) for each sample based on three replications.
All graphs were fitted with Voigt profiles (combining Lorentzian and Gaussian peak functions)
using Origin 2024b software. The Lc and L. values recorded were (6.3 =2.0) nm and (16.6 + 3.6)
nm, respectively, after just 30 minutes of graphitization. The L. value remained nearly consistent,
considering the standard deviation, up to 6 hours. Notably, after 24 hours of graphitization, the L.
value further increased to (8.5 £ 0.7) nm. Here, the lower standard deviation highlights the
uniformity of the structure at longer dwell times. Moreover, L. ranged from (13.5 + 0.0) nm to
(17.1 £ 2.7) nm during the 30-minute to 24-hour dwell period. Overall, there is no significant
improvement in either L, or Lc after 24 hours of graphitization compared to 30 minutes. However,

the reduction in standard deviation should be considered when optimizing the graphitization time.

3.2.3.3.  Effect of particle size of carbon precursor on the graphitization

The influence of the precursor material's particle size on graphitization was investigated using
activated carbon in three particle size distributions. Few studies have explored the impact of metal
particle size on the synthetic graphitization process. Hunter et al. investigated the ability of metal
nanoparticles to graphitize amorphous carbon at a temperature lower than the melting point (Tr).
31Tt is established that molten metal particles exhibit liquid-like characteristics, allowing them to
move around amorphous carbon at high temperatures and form crystalline structures. When the

size of the molten metal particles exceeds 100 nm, the fused particles inhibit mobility.'**

However, no study has shown the impact of the particle size of the carbon precursor. Figure 3.11
shows the Raman spectroscopy analysis of graphitized activated carbon samples made from sized
activated carbon particles with diameters of < 116.8 pm, 228.6 um - 381.0 um, and > 381.0 um.
The magnesium particle size ranged from 53.3 pm to 116.8 um. Growing graphene sheets
encapsulate molten metal particles during the synthetic graphitization process.’! This highlights
the potential significance of particle size. According to the Raman analysis, activated carbons with
small particle sizes (AC< 116.8 um) exhibit a higher degree of disorder: broad peaks, an extremely
low 2D peak, and a high Ip/Ig ratio of 1.17 £ 0.15. The size ratios of carbon particles and metal
particles, both of which are less than 116.8 pm in this context, make the size ratios nearly equal.

The medium-sized activated carbon exhibited the lowest degree of disorder (Ip/lg ratio: 0.79 +
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0.20). Additionally, the presence of a strong 2D peak indicates the presence of graphene sheets. In
comparison, larger activated carbon particles exhibit moderate graphitic features in Raman
analysis. The XRD spectra of the samples shown in Figure 3.12 display a sharp (002) peak in the

spectrum of the medium-sized activated carbon samples, which aligns with the results of the

Raman analysis.
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Figure 3.11: Raman spectra of graphitized
activated carbons in three particle sizes, which
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Figure 3.12: XRD analysis of graphitized
activated carbons in three particle sizes, which

were heated at 1000 °C over 24 hours.

Table 3.6: Crystal structure analysis of graphitized activated carbons in various particle sizes.

Sample (002) peak | d(o2) (nm) Lc (nm) La(nm)
position (Stacking (Crystallite
20 (°) height) size)

MgAC > 0.3810 mm 26.0 0.3430 + 0.0006 7.7+0.1 15.6+0.5

1000 °C, 24 hrs

0.3810 mm < MgAC< 25.8 0.3456 + 0.0003 8.8+ 0.0 19.1+0.3

0.2286 mm_

1000 °C, 24 hrs

MgAC <0.1168 mm 25.8 0.3449 + 0.0006 54+0.1 122+0.2

1000 °C, 24 hrs
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The XRD analysis of the small activated carbons revealed a minimal graphitic structure, as shown
in Table 3.6. These small-sized activated carbons exhibited minimal graphitic ordering with
magnesium, indicated by a low stacking height (5.4 + 0.1) nm and small crystallite size (12.2 +
0.2) nm. The lattice structure data align with Raman results, since medium-sized activated carbons
produce the largest crystals, with a stacking height of (8.8 £ 0.0) nm and a crystallite size of (19.1
+ 0.3) nm. Although the crystal structure formation is slightly less developed in large-sized
activated carbon particles compared to medium-sized ones, the d-spacing value decreases to

(0.3430 = 0.0006) nm.

Activated carbon particles larger than magnesium particles showed better graphitization outcomes
compared to smaller particles. This phenomenon remains without sufficient explanation. Analysis

combining TEM with XRD results would provide additional insight into this mechanism.

3.2.3.4.  Effect of seeding technique on the graphitization

The section investigated how adding small amounts of graphite to activated carbon before the
graphitization process influenced synthetic graphitization. The hypothesis suggests that crystalline
carbon will encourage synthetic graphitization by creating additional nucleation sites. Synthetic
graphitization forms its initial graphene layer by building successive layers during this process.
This approach has the potential to accelerate the graphitization process by providing additional

essential nucleation sites.

Raman spectroscopy data for graphitized carbon samples with 0 wt.%, 1 wt.%, 3 wt.%, and 5 wt.%
graphite seeding ratios in 1:1 carbon-to-magnesium systems are presented in Figure 3.13. The
thermal graphitization was conducted at 1000 °C for 24 hours under a nitrogen atmosphere. The
Raman spectroscopy results showed D and G bands, with the D band always being less intense
than the G band across all samples, indicating low levels of structural disorder. The peaks become
more distinct, showing increased graphitic ordering as the seeding amount increases. Quantitative
assessment using the Ip/Ig ratio further supports this trend, indicating improved graphitization as
graphite seeding ratios increase, as reported in studies.!®!**” The Raman spectra revealed In/Ig
ratios of 0.7+ 0.1 for the unseeded sample, while the seeded samples showed ratios of 0.7+ 0.2,
0.8+0.2, and 0.6 £0.2 for 1 wt.%, 3 wt.% and 5 wt.% graphite seeding, respectively. Although

these values show minor differences in structural disorder, the overlapping standard deviations
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demonstrate that the differences are not statistically significant. The Ip/Ig ratio is inadequate as a
reliable indicator for detecting changes in graphitic ordering caused by graphite seeding due to its
limited sensitivity. This ratio cannot accurately assess the subtle structural modifications resulting

from seeding.
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Figure 3.13: Raman spectra of activated Figure 3.14: 2D bands of graphitic carbon
carbon graphitized with magnesium at 1000 °C  heated with different seeding ratios.
for 24 hours, showing the effect of varying

graphite seeding ratios.

The 2D band in graphitic materials reveals its shape and structural features through changes in
stacking order, which become evident in these spectra.'*1* Significant variations in their spectral
profiles are apparent in the Raman 2D bands (Figure 3.14) of graphitized carbon produced with
different ratios of graphite seeds. The 2D band shows a single Lorentzian shape without seeding,

with a full width at half maximum (FWHM) of about 35 cm™. According to Eliel et al. the FWHM
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of the 2D band in turbostratic carbon is generally around 42 cm™!, while in single-layer graphene
it narrows to about 30 cm™.'*® L.G. Cancado and colleagues further clarified that the presence of
a single, unsplit 2D peak indicates weak interlayer interactions. In such cases, the m-electron
dispersion remains unsplit, confirming the turbostratic nature of the material.'> Practically,
distinguishing graphene from turbostratic graphite can be challenging since both materials produce
a symmetrical Lorentzian 2D peak.'*4!46 However, based on moderate Ip/IG ratios in synthesized
samples compared to graphene (In/Ig <0.1), this profile is typical of the 2D band that appears in
turbostratic graphite, where the graphene layers lack long-range stacking order along the c-

aXiS.13’144

As the graphite seed content increases in Figure 3.14, particularly at 3 wt.% and 5 wt.%, the 2D
band in the Raman spectrum begins to exhibit a bi-Lorentzian profile, indicating a change in
structural properties. The 2D band shape changes from a symmetrical Lorentzian in single-layer
graphene to a more complex form involving multiple bands in multi-layer graphite. 44146 This
change reflects the transition from a turbostratic or disordered stacking to a more organized,
multilayered graphitic structure. In multilayer graphene and bulk graphite, the 2D band typically
splits into two Lorentzian components due to stronger interlayer interactions and the development

of three-dimensional stacking.

The appearance of this dual-peak structure indicates improved stacking order in the graphitic
carbon due to seeding. However, it is crucial to consider that the graphite seeds themselves might
also contribute to the observed 2D band features, potentially affecting the peak splitting and overall

spectral shape.
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Table 3.7: XRD analysis of graphitization with the seeding technique.

Sample Peak d(002) (nm) Lc¢ (nm) La(nm)
position (Stacking | (Crystallite
“) height) size)

MgAC 1000 °C 24 hrs with 5 wt% 259 10.3439+£0.0001 | 7.3+£0.1 21.8+0.6

graphite seeding

MgAC 1000 °C 24 hrs with 3 wt% 259 ]0.3437+£0.0007 | 7.8+0.0 20.9+0.1

graphite seeding

MgAC 1000 °C 24 hrs with 1 wt% 25.8 10.3450+0.0002 | 8.3+0.0 21.7+0.4

graphite seeding

MgAC 1000 °C 24 hrs with 0 wt% 259 10.3400+0.0001 | 82+0.1 20.7+£0.5

graphite seeding
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The XRD analysis of graphitic carbon synthesized via the seeding technique is shown in Figure
3.15 and Table 3.7. At first glance, all the spectra display the (002) peak, along with the (100),
(101), and (004) reflections, indicating the formation of graphitic carbon. The spectral profiles are

relatively consistent among the samples in terms of peak sharpness and intensity.

Table 3.7 offers additional details on the structural features of the synthesized carbon. The (002)
peak appears between 25.8° and 25.9° in all samples, indicating a turbostratic structure. The
narrow range of peak positions, along with similar full widths at half maximum (FWHM) values,
yields comparable stacking heights of 7 nm to 8.25 nm, as calculated by the Scherrer equation.
The lateral crystallite sizes range from 20 nm to 22 nm, suggesting that the seeding method does

not influence the crystallite size.

3.2.3.5.  Effect of microwave technology on synthetic graphitization
In our investigation, microwave technology was employed to evaluate the degree of graphitization
in comparison to traditional synthetic graphitization methods. The graphitization process, achieved
through microwave heating, has shown promise as an alternative to traditional methods.?”!48
Microwave electromagnetic waves transmit energy to target materials at the speed of light while

reducing energy loss in the surrounding medium.'*

The XRD patterns of carbon samples treated with microwave-assisted graphitization at a 2:1
weight ratio of activated carbon to magnesium appear in Figure 3.16. The XRD patterns in
subfigures (a), (b), and (c) show different graphitization conditions at 1200 °C for 3 hours, 1200 °C
for 1 hour, and 1000 °C for 3 hours. The X-ray diffraction patterns display the (002) peak and
(100), (101), and (004) reflections, which confirm graphitic features.

The (002) peak positions and interlayer spacing (d-spacing) values calculated by Bragg’s law are
shown in Table 3.8. The d-spacing measurements are greater than those of commercial graphite
(approximately 0.33 nm), mainly indicating amorphous material. The significant disorder in the

material prevented further structural testing.

The Raman spectra of these samples are shown in Figure 3.17. They display both a broad, intense
D band and a broad G band, indicating disordered carbon structures. The presence of the 2D band

indicates that some layered structure persists. The Raman analysis included the Ip/Ig ratio
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measurements, which are recorded in Table 3.9. Based on the calculations, the Ip/Ig ratio was

above 1.0 for all three samples, indicating they mainly contained amorphous carbon structures.
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Figure 3.17: Raman spectroscopy analysis of

Figure 3.16: XRD analysis of graphitized

activated carbon with magnesium (2:1 wt/wt) graphitized activated carbon with magnesium
(2:1 wt/wt) using microwave technology at
various conditions: a) 1200 °C, 3 hrs, b) 1200

°C, 1 hr, ¢) 1000 °C, 3 hrs.

using microwave technology at various
conditions: a) 1200 °C, 3 hrs, b) 1200 °C, 1 hr,

¢) 1000 °C, 3 hrs.

The 2:1 (wt/wt) activated carbon to magnesium ratio produced minimal graphitization; therefore,
the magnesium content was increased to establish a 1:1 (wt/wt) ratio, which represents the
composition of the conventional graphitization method discussed in Chapter 3. The research aimed
to determine if higher magnesium content would improve microwave absorption and result in
better graphitization. The evaluation of structural changes and improvements in graphitic ordering
was conducted using XRD and Raman spectroscopy, following the same procedures as in previous

experiments.
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The XRD patterns of microwave-treated carbon samples with a 1:1 weight ratio of activated carbon
to magnesium are shown in Figure 3.18. The three subfigures (a), (b), and (c) represent different
graphitization conditions, including 1200 °C for 3 hours, 1200 °C for 1 hour, and 1000 °C for 3
hours. The XRD patterns display both (002) and (100), (101), and (004) reflections, confirming

graphitic features.

Compared to the samples with lower magnesium content shown in Figure 3.18, the (002) peak in
the microwave-graphitized samples with higher magnesium content exhibits a slight blue shift to
25.8° after a 1200°C treatment for 1 hour. The structure maintains its disordered nature because

the d-spacing remains large but shows a slight reduction compared to the low-magnesium samples.

Raman analysis results, summarized in Table 3.9, show the lowest Ip/Ig ratio of 0.75 £ 0.07 after
3 hours of microwave treatment at 1200 °C, indicating a slight improvement in structural order.
The broad and poorly separated D and G bands in all spectra confirm that the carbon remains

primarily in an amorphous state.

The XRD and Raman analysis results indicate that microwave-assisted graphitization under these

conditions failed to produce rapid or significant graphitic ordering.

Table 3.8: XRD analysis of microwave-assisted graphitization.

Sample (002) Peak d(o02) (nm)
position (°)

MW graphitized AC with Mg (1:1) 1000 °C 3 hrs 25.83 0.3446
MW graphitized AC with Mg (1:1) 1200 °C 1 hr 25.83 0.3446
MW graphitized AC with Mg (1:1) 1200 °C 3 hrs 25.79 0.3452
MW graphitized AC with Mg (2:1) 1000 °C 3 hrs 25.67 0.3468
MW graphitized AC with Mg (2:1) 1200 °C 1 hr 25.73 0.3460
MW graphitized AC with Mg (2:1) 1200 °C 3 hrs 25.34 0.3512
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Table 3.9: Raman analysis of microwave-assisted graphitization.
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Figure 3.19: Raman spectroscopy analysis of

graphitized activated carbon with magnesium

(1:1 wt/wt) using microwave technology at
various conditions: a) 1200 °C, 3 hrs, b) 1200
°C, 1 hr, ¢) 1000 °C, 3 hrs.

Sample In/Ic ratio
MW graphitized AC with Mg (1:1) 1000 °C 3 hrs 0.75+0.07
MW graphitized AC with Mg (1:1) 1200 °C 1 hr 1.28 £0.16
MW graphitized AC with Mg (1:1) 1200 °C 3 hrs 0.71 £0.19
MW graphitized AC with Mg (2:1) 1000 °C 3 hrs 1.19£0.05
MW graphitized AC with Mg (2:1) 1200 °C 1 hr 1.24 £0.15
MW graphitized AC with Mg (2:1) 1200 °C 3 hrs 1.09+0.14
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3.2.4. Textural characterization

N “?::\

H U
- Ol 1

FlexSEM1000 20.0kV 5.7mm X2.30k SE

i

FlexSEM1000 20.0kV 5.0mm X500 SE

Figure 3.20: SEM images of a) heated petroleum coke without magnesium, b) graphitized
activated carbon, c) graphitized petroleum coke at 1000 °C for 3 hours, d) graphite (Sigma
Aldrich).

The surface morphology and structural arrangement of graphitic carbon were studied using SEM
imaging. Figure 3.20 compares the morphology of heated petroleum coke without magnesium,
magnesium-assisted graphitized products, and commercial synthetic graphite. SEM analysis
effectively improves our understanding of the effect of magnesium on the graphitization process.
The surface of heated petroleum coke without magnesium, heated at 1000 °C for three hours,

appears coarse. Many small particles cluster on the surface, aligning with Raman and XRD
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observations of this material’s amorphous characteristics. The surface of graphitized activated
carbon (MgAC 1000 °C, 3 hours) appears smoother, with fewer tiny particles visible. The
appearance of a more pronounced lamellar structure indicates the formation of graphitic structures.
Figure 3.20c shows the surface morphology of graphitized petroleum coke (MgPC 1000 °C, 3
hours), where cracks are visible, although the rest of the surface area is smoother than that of the
heated petroleum coke blank. The cracks may result from sulfur removal, as petroleum coke
contains 5-7 wt% sulfur.! Figure 3.20d shows a scanning electron micrograph of commercial
graphite, emphasizing its smooth surface and the fine, tightly packed layers. This microstructure
indicates a highly ordered crystalline structure, typical of well-graphitized carbon materials. The

absence of visible porosity, cracks, or irregular features,!%2-15

Graphitic area

Partially
graphitic areas

Figure 3.21: TEM images of graphitized activated carbon sample at 1000 °C for 24 hours
(MgAC 1000 °C, 24 hours).

TEM images were taken of the graphitized activated carbon sample (MgAC 1000 °C, 24 hours),
which showed the highest degree of graphitization and a lower level of disorder as determined by
XRD and Raman spectroscopy analyses. Figure 3.21 illustrates the formation of graphitic ribbons
forming layered structures. Additionally, partially stacked layers are visible as lighter layered
structures, indicating polycrystallinity. However, amorphous carbon structures coexist with

graphitic structures, supporting the structural analyses.
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Table 3.10: Surface area analysis of graphitized activated carbon with magnesium at different
dwell times.

Sample BET surface | Total pore | Micropore Mesopore
area (m?%/g) volume volume volume
(cm¥/g) (em¥/g) (cm¥/g)
MgAC 1000 °C, 24 hrs 473+1.0 0.1£0.0 | 0.002£0.000 | 0.06+0.00
MgAC 1000 °C, 12 hrs 192.7 £29.2 0.2+0.0 0.02 +0.01 0.15+0.03
MgAC 1000 °C, 6 hrs 262.7+9.5 0.2+0.1 0.05 +£0.01 0.17+0.06
MgAC 1000 °C, 3 hrs 259.6 £9.2 0.3+£0.1 0.04 +0.00 0.26 +£0.05
MgAC 1000 °C, 30 mins 2773+04 0.2+0.0 0.04 +0.00 0.18+0.00
Activated carbon (precursor) 1260.3 0.5 0.43 0.10
Commercial graphite 7 Non- Non- Non-
grap detectable detectable detectable

The surface area, total pore volume, and micropore volume were measured to gain further insights
into the arrangement of the porous structure and the graphitization process. Table 3.10 presents the
characteristics of graphitized activated carbon (MgACs) samples heated at 1000 °C for different
durations. Overall, the surface area decreased during the graphitization process, which aligns with
the inherently low surface area of commercial graphite (~7 m%g), indicating the formation of more
ordered, compact structures. The activated carbon precursor has a surface area of 1260.3 m?/g,
which drops to (277.3 + 0.4) m*g after just 30 minutes of graphitization with magnesium. This
decrease in surface area occurs because pores collapse during graphitization, which lowers the
level of disorder. Overall, the surface area decreases with more graphitization time. Notably, there
is no significant change in surface area until 6 hours. However, the graphitization of activated

carbon after 12 hours shows a substantial reduction in surface area to (192.7 + 29.2) m%g.
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Interestingly, the standard deviation increases again at this stage. The lowest surface area is
recorded as (47.3 £ 1.0) m?/g after 24 hours of graphitization at 1000 °C. The transition stages of
porous structure reduction, such as 12 hours of graphitization, contain a wider range of porous
structures as indicated by the standard deviation. Additionally, the plateau of graphitization was
supported by the lowest standard deviation observed at 24 hours. The average total pore volume
and micropore volume measurements also follow the same pattern. Specifically, there is a sharp
drop in micropore volume from 0.43 cm’/g to (0.04 + 0.00) cm’/g after 30 minutes of
graphitization. Interestingly, the MgAC 1000 °C, 24 hours sample exhibits the lowest average total
pore volume and micropore volume, measuring (0.1 £ 0.0) and (0.002 + 0.00) cm?/g, respectively.

The zero standard deviation here highlights the uniformity of the structure.

In contrast, the surface area and pore volume analysis agree with the Raman spectroscopy results.
The MgAC sample heated to 1000 °C for 24 hours had the lowest Ip/Ig ratio and, consequently,
the lowest surface area and pore volume. This indicates that as the carbon structure reorganizes

and the level of disorder decreases, both the surface area and pore volume decline.

3.2.5. Electrical Conductivity
Table 3.11: Electrical conductivity of MgAC and MgPC pellets.

Sample Conductivity Sample Conductivity
(S/m) at 10 mA (S/m) at 10 mA
MgAC 1000 °C, 24 hrs 3552+ 79 MgPC1000 °C, 24 hrs 1118+ 0
MgAC 1000 °C, 12 hrs 2548 + 40 MgPC 1000 °C, 12 hrs 1061 +0
MgAC 1000 °C, 6 hrs 1485 £+ 35 MgPC 1000 °C, 6 hrs 1014+£0
MgAC 1000 °C, 3 hrs 1252 £8 MgPC 1000 °C, 3 hrs 870+ 0
MgAC 1000 °C, 30 mins 1258 + 14 MgPC 1000 °C, 30 mins 830+5
Activated carbon Non-conductive Petroleum coke Non-conductive
(precursor) (precursor)
(ol gmhic | 4z
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The electrical conductivity increases as the degree of graphitization in carbon products rises,
although contaminants can affect conductivity. The formation of a graphitic structure creates
pathways for electrical conductivity through delocalized electrons. Table 3.11 shows that the
increase in electrical conductivity of pelletized MgAC and MgPC samples coincides with longer
dwell times. In MgAC pellets, the lowest electrical conductivity measured is (1252 + 8) S/m after
3 hours of graphitization at 1000 °C. A higher level of disorder, as indicated by Raman and surface
area analysis, can impede conductive pathways. The electrical conductivity reaches a plateau at 3
hours and only slightly increases after 6 hours of graphitization (1485 + 35) S/m. The highest
electrical conductivity is expected in the graphitized activated carbon sample that has been
processed for 24 hours. This pellet recorded an electrical conductivity of (3552 £ 79) S/m, nearly
half of a commercial graphite pellet's conductivity (7374 + 0) S/m. It’s crucial to attain high

electrical conductivity through a moderate temperature graphitization process.

In contrast, graphitized petroleum coke samples show relatively lower electrical conductivity at
each graphitization time compared to graphitized activated carbon pellets. For example, the MgPC
1000 °C, 24 hrs sample exhibited nearly one-third of the electrical conductivity of the MgAC 1000
°C, 24 hrs pellet. It is worth noting that the graphitized petroleum coke sample, heated to 1000 °C
for 24 hours, exhibited a lower degree of disorder, as determined by Raman spectroscopy analysis.
However, despite these similarities, the activated carbon samples demonstrated better crystallite
development, which enhances electron mobility through the delocalized m-electron cloud, a key
factor in electrical conductivity.”!!1**!151 Additionally, a significant percentage of contaminants,
especially sulfur in petcoke, impairs the electrical conductivity of graphitic carbons. The chemical
composition of petroleum coke is discussed thoroughly in Chapter 5. In summary, the purity and
structural refinement of graphitized carbon materials are crucial for their electrical conductivity,

with activated carbon having a clear edge in crystallite formation and electron transport efficiency.

3.3. Summary
This chapter aims to identify the specific performance of magnesium as a metal catalyst in the
graphitization of petroleum coke and activated carbon, thereby reducing process time and heat
requirements. The research examines multiple variables, including temperature, duration, particle
size, seeding methods, and microwave-assisted heating, to assess their effects on both

graphitization levels and the structural transformations of carbon materials.
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The low melting point of magnesium makes it a suitable choice because it promotes the
graphitization process at moderate temperatures. Research data showed that graphitization with
magnesium is effective at 1000 °C, where prolonged heat exposure (up to 24 hours) increases the
carbon's structural order to turbostratic levels. Raman spectroscopy combined with XRD analysis
revealed that graphitic domains formed more prominently in petroleum coke than in activated

carbon, based on Ip/Ig ratios and structural crystallinity measurements.

Medium-sized carbon precursor particles generated the most advantageous graphitic structures
because they created a perfect link between surface area and metal-carbon bond strength. The
seeding approach, which included small additions of synthetic graphite, showed limited nucleation
but improved stacking order. However, the 2D band profiles indicated more noticeable
enhancements in stacking layers than changes in the Ip/Ig ratio. The analysis of microwave-
assisted graphitization showed limited structural ordering even when the magnesium content was

increased under current conditions.

The morphological investigations using SEM and TEM were conducted only on MgAC and MgPC
samples produced by conventional heating. Spectroscopic analyses indicate that graphitized
activated carbon with magnesium forms layered graphitic structures, while its porosity gradually
decreases. Electrical conductivity measurements reveal a direct correlation with the degree of
graphitic ordering. The 24-hour graphitization process at 1000 °C produced activated carbon
samples with conductivities approximately half those of commercial graphite. In contrast,

petroleum coke samples maintained lower conductivities due to sulfur-based impurities.

Overall, the findings of this chapter confirm magnesium as an effective catalyst for moderate-
temperature graphitization, offering valuable insights into process improvements and material

behaviour for future energy storage and conductive carbon applications.
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4. Raney nickel alloy-assisted graphitization of activated
carbon: Efficacy of bimetallic mediators in
graphitization

4.1 Introduction
This section assesses the efficacy of bimetallic alloys using the aluminum-nickel (Al-Ni) system
in promoting synthetic graphitization and enhancing structural ordering in carbon materials.
Bimetallic alloys have attracted broad interest because of their versatile uses’ across hydrogen

production,’® production of carbon nanotubes and hydrodeoxygenation reactions.®’

A notable example is the Raney nickel catalyst, which is produced by selectively leaching
aluminum from binary Al-Ni alloys using aqueous alkaline solutions.”® This process produces a

high surface area nickel structure that greatly enhances catalytic activity.'!°

Our focus is on the binary Al-Ni precursor alloy with an equal (1:1) ratio of aluminum to nickel.
The performance of this alloy in promoting graphitization was examined using activated carbon
(purified petroleum coke), which was previously shown in Chapter 3 to outperform untreated

petcoke in facilitating graphitic transformations.

In this chapter, we assess the efficacy of Raney nickel alloy as a metal mediator in the
graphitization of activated carbon. A detailed overview of experimental methods, including
synthesis procedures and characterization techniques used to evaluate the resulting graphitic
materials, is provided. For clarity, the AI-Ni precursor alloy will be designated as Raney nickel
alloy, and graphitic materials synthesized from mixtures of activated carbon and Raney nickel
alloy will be referred to as Raney nickel alloy-assisted graphitized activated carbon (RNiACs)

throughout the discussion.

4.1.1 Bimetallic mediator: Raney nickel alloy
Raney nickel, first developed by Murray Raney in 1927, is synthesized by dissolving nickel in
molten aluminum using pyrometallurgical methods at a 1:1 mass ratio, followed by a rapid
quenching step. Next, aluminum is selectively leached from the nickel-aluminum alloy with
concentrated bases such as sodium hydroxide or potassium hydroxide. The resulting nickel product

is highly porous and exhibits a unique metallic framework. This process creates a three-
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dimensional metallic nickel matrix embedded with residual aluminum and voids resulting from
the removal of aluminum, leading to an extensive surface area. This high surface area (~53 m?/g)
significantly contributes to the exceptional catalytic performance of Raney nickel, especially in

the heterogeneous hydrogenation of organic reactions.”®!1?

Beyond hydrogenation, nickel has also shown a significant effect on the graphitization of
disordered carbon, while aluminum’s role in such processes has been minimal. Before leaching,
the Raney nickel alloy contains roughly equal weight fractions of nickel and aluminum (50 wt.%

each), making it a promising bimetallic system for synthetic graphitization.®3>>

In Chapter 3, we established that activated carbon (purified petcoke) enables the formation of
ordered carbon structures at a relatively modest temperature of 1000 °C, significantly lower than
the typical synthetic graphitization conditions (>2500 °C). Building on these findings, Chapter 4
introduces the use of Raney nickel alloy in promoting the graphitization of activated carbon. To
our knowledge, this represents a novel application of Raney nickel alloy in the synthesis of
graphite. This chapter thoroughly analyzes the efficacy of Raney nickel alloy in improving the

structural order and graphitic content of activated carbon.

4.2. Experimental

4.2.1. Synthesis of graphite incorporating Raney nickel
Activated carbon was ground for 15 minutes with Raney nickel alloy (Sigma-Aldrich) in a 1:1
carbon-to-metal mass ratio using a mortar and pestle. The schematic diagram of the graphitization
process is displayed in Figure 4.1. These resulting mixtures were placed in closed alumina
crucibles and heated in nitrogen at 1400 °C, 1500 °C, and 1600 °C in the tube furnace
(CARBOLITE GERO) to determine the optimal working temperature. Graphitization was further
refined by adjusting dwell times from 1 hour to 12 hours at the chosen temperature. The heating
and cooling rates were set to 4 °C per minute. For the post-graphitization treatment, approximately
8 g of heated RN1AC mixture was reacted with 150 ml of 3M HCI (prepared from 37 wt.% HCI,
Sigma Aldrich) and stirred for 2 hours at 80 °C. Afterwards, the products were vacuum filtered
and thoroughly washed with deionized water. This was followed by a base treatment, where 50 ml
of 20% KOH (~4.31 M) was reacted at 80 °C for 2 hours to remove any residual aluminum or

aluminum oxide. Subsequently, the products were filtered and washed repeatedly with deionized
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water until the pH of the supernatant reached about 6.5 to 7. Finally, the products were air-dried

overnight at 120 °C.

0000

Graphitization

P

Drying i] Separating the

carbon product

Figure 4.1: Schematic diagram of Raney nickel-assisted graphitization process.

4.2.2. Electrical conductivity
Pelletization and electrical conductivity measurements were performed using the same procedure

outlined in Section 3.2.2.

4.2.3. Characterization
The synthesized carbon products were characterized using several techniques, including Raman
spectroscopy, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area analysis, X-
ray photoelectron spectroscopy (XPS), and four-point probe. These techniques are

comprehensively discussed in Chapter 2.

4.3. Structural Characterization

4.3.1. Effect of temperature on the graphitization process
The study on temperature optimization aimed to identify the optimal conditions for enhanced
graphitization. The temperature must exceed the metal's melting point to enable the dissolution-
precipitation mechanism.’! Although pure nickel melts at 1455 °C, the exact melting point of
commercial Raney nickel alloy has not been reported. Therefore, the experimental temperature
range started at 1400 °C and increased to 1600 °C. The heat treatment was performed at 1400 °C,

1500 °C, and 1600 °C to observe potential changes across this temperature range. The resulting
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materials are named RNiAC 1400 °C 3hrs, RNiAC 1500 °C 3hrs, and RNiAC 1600 °C 3hrs,

indicating their synthesis temperatures and processing durations.

The Raman spectral analysis of Raney nickel alloy-assisted graphitization of activated carbon at
different temperatures for three hours appears in Figure 4.2. The Raman spectrum of the 1400 °C-
treated sample (RNi AC 1400 °C 3hrs) revealed two broad peaks, indicating the graphitic structure

was not well developed at this temperature.

Interestingly, the structural order improved significantly when the temperature reached 1500 °C,
as indicated by the D and G bands becoming more distinct and sharper. The corresponding Ip/Ig
ratio measured 0.84 + 0.22, indicating a decrease in disorder. Although the Ip/Ig ratio increased to
0.91 £ 0.19 at 1600 °C, the improvement in graphitic order remained minimal after 1500 °C. The
results suggest that the optimal graphitization occurs at 1500 °C, and heating beyond this

temperature does not provide substantial benefits under the current treatment duration.
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carbon over various temperatures.
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Table 4.1: Crystal structure analysis of Raney nickel alloy-assisted graphitization over temperature

based on XRD.
Sample Peak position | do2) (nm) Lc (nm) La(nm)
of (002) peak (Stacking (Crystallite
® height) size)
RNi AC, 1400 °C, 3 hrs 25.8+0.5 0.3457 £0.0007 | 6.7+0.0 147+1.1
RNi AC, 1500 °C, 3 hrs 26.1+0.2 0.3413 + 0.0006 13.6 £0.2 189+2.1
RNi AC, 1600 °C, 3 hrs 26.1 £0.4 0.3418 + 0.0009 13.1+1.3 18.0+3.8

Figure 4.3, the X-ray diffraction (XRD) patterns of activated carbon samples subjected to Raney
nickel alloy-assisted graphitization across various temperature profiles. Structural parameters,
including interlayer spacing (d0o2)), the stacking height (L.), and the crystallite size (L.), were
evaluated and summarized in Table 4.1. To obtain these values, the (002) peak and (100) diffraction
peaks were analyzed using Voigt profile fitting. The stacking height (Lc) was derived from the
(002) reflection, while the crystallite size (L.) was obtained from the (100) peak.'>!

A significant reduction in the average interlayer spacing (d(002)) was observed at 1500 °C, reaching
(0.3413 £0.0006) nm after 3 hours of thermal treatment. In contrast, a broader spacing of (0.3457
+ 0.0007) nm was recorded at 1400 °C, indicating the presence of amorphous carbon. When the
temperature was increased to 1600 °C, the d(o02) value increased slightly to (0.3418 + 0.0009) nm,
compared to 1500 °C. Although the change in d(o02) was minimal, this can be attributed to the
structural inconsistency of the precursor and the limited extent of amorphous-to-crystalline

transformation during the fixed 3-hour dwell time.

This trend is also reflected in the crystallographic parameters: both the average stacking height
(Lc) and the average crystallite size (La) showed a similar progression. The lowest values for these
parameters were observed in the sample treated at 1400 °C, which aligns well with the Raman
spectroscopy findings, indicating minimal graphitic ordering at this temperature. As the

temperature increases, both the average L. and L. values improve significantly, stabilizing around
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1500 °C. Under this optimal condition, the highest average L. and L. values recorded were (13.6
+0.2) nm and (18.9 = 2.1) nm at 1500 °C, respectively.

These results verify a strong correlation between the XRD and Raman analyses, as both indicated
that 1500 °C is the most effective temperature for promoting graphitic structure formation in the
presence of Raney nickel alloy. Based on these findings, 1500 °C was chosen for further studies

on dwell time optimization, which are discussed in detail in the next section.

4.3.2. Effect of dwell time on the graphitization process
The Raman spectra of activated carbon treated with Raney nickel alloy at 1500 °C are shown in
Figure 4.4, where the sample undergoes various dwell time durations. All carbon products
underwent a washing treatment before Raman spectroscopy to eliminate remaining metallic
substances. The graphitization of the activated carbon mixture with Raney nickel alloy was carried
out for 1, 3, 6, and 12-hour periods. The G peak, along with the 2D peak, indicates the formation
of crystalline carbon structures. The one-hour sample shows a low-intensity, broad 2D peak, along
with wide D and G bands. The corresponding Ip/Ig ratio is recorded at 1.15 £+ 0.11. The broad
peaks and minimal 2D peak intensity result from insufficient graphitization and the formation of
small graphene structures. The higher Ip/Ig ratio is consistent with the fact that the first hour of the

process did not produce significant graphitization.

Raman spectroscopy reveals that the 2D peak intensity increases over time at 1500 °C, indicating
the formation of graphene-like structures. Heat treatment for three hours results in a decrease in
the Ip/Ig ratio to 0.84 £+ 0.22, indicating a reduction in structural disorder. Notably, the ratio ranges
from 0.58 to 1.10, suggesting that the sample contains both ordered and disordered carbon

domains.

The Raman bands became more intense and sharper over longer heating times, indicating better
structural ordering. The Ip/Ig ratio was recorded at 0.64 + 0.53 after 6 hours; however, this value
varied widely across five measured samples, ranging from O to 1.34. The ratio close to zero
suggests the formation of highly ordered carbon domains matching pristine graphite structures for
the first time in this series. The Ip/Ig ratio showed a decrease in standard deviation after 12 hours,
with an average value of 0.74 + 0.23. The improved consistency, along with reduced intensity

ratios of the D peak and the G peak, occurred between 0.48 and 0.98.
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The extended graphitization process at 1500 °C, using a Raney nickel alloy (1:1 wt./wt.), produces

structurally ordered carbon with improved reproducibility, as indicated by consistent D and G peak

intensity ratios.
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Figure 4.4: Raman spectroscopy analysis of Raney nickel-assisted graphitization over time.

Figure 4.5 (a) displays the XRD analysis of the Raney nickel alloy-assisted samples. The (002)
peak and (100) peaks were fitted using Voigt profiles to determine the stacking height (L¢) and
crystallite size (La), respectively. The (002) peaks in Figure 4.5 (b) were fit using the Voigt
functions between the angles 22° and 29°, with a combination of multiple Voigt peaks with
positions in the range of 25.5°-26.5°, indicating the polycrystallinity in the synthesized carbon
products. Interestingly, a sharp Voight peak appears at 26.5° of the 20 position after 6 hours of
graphitization, which is characteristic of pristine graphite. These results align with the Raman

spectroscopy analysis of the samples, which showed signals of pristine graphite.
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Table 4.2: Crystal structure analysis of Raney nickel alloy-assisted graphitization over time

based on XRD.
Sample Peak d(002) (nm) Lc¢ (nm) La(nm)
position of (Stacking (Crystallite
(002) peak height) size)
)
RNi AC, 1500 °C, 1 hr 25.9+0.0 0.3441 £+ 0.0003 5.7+0.0 9.6+0.2
RNi AC, 1500 °C, 3 hrs 26.1+0.2 0.3413 £ 0.0006 | 13.6+0.2 189+2.1
RNi AC, 1500 °C, 6 hrs 26.0+0.3 0.3417£0.0002 | 20.2+11.3 11.4+1.1
RNi AC, 1500 °C, 12 hrs 26.0+0.4 0.3417 +£0.0000 | 20.5+7.3 11.0+£0.6
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Figure 4.6: a) the average stacking height (L.), and b) the average crystallite size (La).

Based on the fitting results, key structural parameters, including interlayer spacing (d(oo2)), stacking
height (L.), and crystallite size (L), were evaluated and are presented in Table 4.2 and Figure 4.6.
As the heat treatment duration increased, a higher degree of graphitization was achieved. Table 4.2
shows how the interlayer spacing (do2)) values vary at different dwell times at 1500 °C. The
decrease in d(po2) from 1-hour to 3-hour dwell time was 0.0028 nm. After 6 hours, the average d(o2)

stabilizes at around 0.3417 nm. However, there was a significant standard deviation, attributed to
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the polycrystalline nature of the synthesized products. For example, at the 6-hour point, d(oo2)

ranges from 0.3369 nm to 0.3480 nm, indicating a coexistence of pristine and amorphous carbon.

The standard deviation of d(o2) shows a slight decrease after 12 hours of heat treatment, indicating
improved structural uniformity. The development of structural parameters such as the average
stacking height (Lc) and the average crystallite size (L.) values, as shown in Figure 4.6 a) and
Figure 4.6 b) respectively. The average L. appeared to level off after 6 hours of heat treatment,
reaching (20.24 + 11.34) nm. A significant standard deviation persisted in L. analysis, ranging
from 5.60 nm to 33.42 nm, again indicating the polycrystalline nature of the material. After 12
hours of graphitization, the standard deviation decreased slightly, with an average L. of (20.46 +
7.28) nm.

The crystallite size (La) generally increased with longer dwell times. The highest average value of
La, (18.90 + 2.05) nm, was observed after 3 hours of graphitization. However, this value did not
follow the expected trend and was not seen at 6 or 12 hours. As a result, the 3-hour data points
were considered outliers and excluded from trend analysis. Such deviations may result from the
intrinsic polycrystallinity of the samples and limitations in peak fitting, where even minor
discrepancies in XRD analysis can lead to significant variations in calculated parameters. Overall,

the average L. stabilized after 6 hours of heat treatment at 1500 °C.

4.4, Textural characterization
The analysis of surface area, total pore volume, and micropore volume of Raney nickel alloy-
assisted graphitization of activated carbon products at 1500 °C (RNi AC, 1500 °C) is summarized
in Table 4.3 with the average specific surface area, average total pore volume, and average

micropore volume of synthesized carbon products over various dwell times.

The average surface area of activated carbon decreased markedly from 1260.3 m*g to (280.0 £
7.3) m?/g after just 1 hour of Raney nickel alloy-assisted graphitization at 1500 °C. As the heating
time increased, the specific surface area further decreased to (205.8 £ 0.8) m?/g after 3 hours of
graphitization. A higher standard deviation indicates a partial collapse of pores in activated carbon.

The overall pattern shows that the specific surface area decreases with increasing dwell time. The
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lowest average surface area was recorded at 12 hours, measuring (185.3 & 6.2) m?/g. Interestingly,

the average surface area after 6 hours of graphitization (optimal conditions) is (196.6 £ 10.5) m?/g.

Table 4.3: Surface area analysis of graphitized activated carbon with Raney nickel alloy at

different dwell times.

Sample Specific Total pore Micropore Mesopore
surface area | volume volume (cm3/g) | volume (cm?/g)
(m*/g) (em*/g)
RNi AC, 1500 °C, 1 hr 280.0+7.3 0.26 £0.03 0.03 +0.00 0.23+0.03
RNi AC, 1500 °C, 3 hrs 205.8+£0.8 0.18 £0.05 0.02 +0.00 0.14 £0.05
RNi AC, 1500 °C, 6 hrs 196.6 + 10.5 0.20+£0.03 0.02 +0.00 0.19+0.03
RNi AC, 1500 °C, 12 hrs 185.3+6.2 0.20+0.03 0.01 £0.00 0.18 £0.03
Activated carbon 1260.3 0.53 0.43 0.10
(precursor)

The average total pore volume stabilized at about 0.2 cm?/g after 3 hours of graphitization. By 12
hours, the average total pore volume remained unchanged, indicating stability in the pore network
structure. In contrast, the initial micropore volume of activated carbon was measured at 0.43 cm®/g.
A significant reduction in microporosity was observed following graphitization, as presented in
Table 4.3. After just 1 hour of heat treatment, the micropore volume decreased by about 90%,
indicating that the Raney nickel alloy-assisted graphitization process begins rapidly within the first

hour.

The evolution of micropore volume with increasing dwell time mirrored the trend observed for the
specific surface area. Both parameters showed a significant decline with prolonged heat treatment,
especially up to 3 hours. By 12 hours, the micropore volume reached a minimum of 0.01 cm?/g.
This steady reduction indicates structural densification and pore collapse commonly linked to
graphitization. Notably, the consistency in micropore volume across three experimental replicates

demonstrates the reproducibility of the graphitization process.
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4.5. Electrical Conductivity

The electrical conductivity of graphitized carbon products is a crucial parameter for their use as

electrode materials in energy storage devices.

Table 4.4: The electrical conductivity of graphitized carbons with Raney nickel alloy at 1500 °C

over various dwell times.

Sample Conductivity (S/m) at 10 mA
RNi AC, 1500 °C, 1 hr 1208 £0
RNi AC, 1500 °C, 3 hrs 959+ 7
RNi AC, 1500 °C, 6 hrs 2472 £ 8
RNi AC, 1500 °C, 12 hrs 2314 +£2

Activated carbon

Non-conductive

Commercial graphite (Sigma Aldrich)

7375+0

Graphite has an anisotropic structure, characterized by high in-plane electrical conductivity due to
delocalized = electrons within graphene layers, and significantly lower conductivity perpendicular
to the layers, resulting from weak van der Waals interactions between them.!>> Activated carbon is

non-conductive as measured by the process described in section 2.5.

The results of electrical conductivity measurements are summarized in Table 4.4. Notably, the
sample subjected to 1 hour of graphitization showed an electrical conductivity of 1208 S/m.
Although there was a general trend of increasing conductivity with longer graphitization times,
deviations were observed in the 3-hour and 12-hour samples. Compared to the surface area analysis
in the previous section, the 12-hour sample showed the lowest specific surface area, indicating a
higher level of structural organization. The electrical conductivity characterization aligns with the
XRD analysis, as the highest electrical conductivity was observed at 6 hours of graphitization,

with a value of (2472 £ 8) S/m.

Understanding the sources of variability in electrical conductivity is essential. One contributing

factor may be the presence of residual impurities in the structure, which can interfere with electron
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transport. Variations in the concentration and distribution of these impurities may significantly
affect the bulk electrical properties and conductivity. XPS analysis, as shown in Table 5.4, confirms
the presence of residual aluminum and nickel, both at concentrations below 1 atomic%. A more
detailed examination reveals the formation of nickel aluminate (NiAl,O4) during heat treatment.
While forming an electrically insulating oxide layer can decrease overall conductivity, its impact

may be negligible at impurity levels below 1 atomic%.

4.6. Benchmarking graphitic carbon against commercial electrode
materials

The structural and surface analysis showed that both magnesium-treated graphitic carbon and
Raney nickel alloy-based graphitic carbon exhibit turbostratic carbon characteristics. Comparing
our materials with standard electrode materials that have similar traits would be beneficial. Vulcan
XC-72 carbon black and commercial graphite stand out as promising electrode materials because
of their structural and conductive properties. The stable, fluffy structure of carbon black allows
electron tunnelling to be the primary contributor to its electrical conductivity.'>* Vulcan XC-72 has

155156 an electrical conductivity of 277 S/m,'*° and a high Ip/Ig ratio

a surface area of 236-250 m?/g,
of 1.43.1%° The previous sections showed that Sigma Aldrich commercial graphite has a minimal
surface area of 7 m?/g and a high electrical conductivity of 7374.6 S/m. The Raney nickel alloy
treated graphitic carbon produced a surface area of 196.6 + 10.5 m?/g, comparable to Vulcan XC-
72. However, the synthesized graphitic carbon showed better electrical conductivity at 2472.3 +
8.4 m?*/g and improved crystallinity (In/Ig: 0.64 £+ 0.53) compared to Vulcan XC-72. Its surface
area is in the middle range, while its electrical conductivity reaches about one-third of that of
commercial graphite. Magnesium-assisted graphitized carbon samples achieved a surface area of
47.3 £ 1.0 m?*/g, which is lower than that of Raney nickel alloy-assisted samples, primarily due to
the longer 24-hour treatment. Interestingly, its electrical conductivity (3552.0 £ 78.5) S/m is
approximately half that of commercial graphite. Overall, the characteristics of our graphitic carbon

materials fall between those of amorphous Vulcan XC-72 and commercial graphite electrode

materials, opening up new opportunities for electrode material development.
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4.7. Summary
This chapter explored the performance of Raney nickel alloy as a catalyst for converting activated
carbon into graphite. The study built on magnesium results by examining the ability of Raney
nickel alloy to enhance the structural organization of carbon materials while improving their

electrical properties during high-temperature processing.

Raney nickel alloy combined with activated carbon was thermally treated at temperatures ranging
from 1400 °C to 1600 °C. The optimal temperature was 1500 °C, yielding the greatest structural
improvements and development of graphitic content. Raman spectroscopy revealed a decrease in
the Ip/Ig ratio and the emergence of a distinct 2D band, while XRD analysis confirmed the

formation of layered carbon structures with graphite-like interlayer distances.

The graphitic structures formed were mainly turbostratic, characterized by disordered stacking of
graphene layers along the c-axis. The turbostratic nature was evident through broad (002) peaks
and irregular d-spacing measurements, indicating limited three-dimensional crystallinity despite
the presence of partially ordered structures. The combination of Raman spectroscopy features and
XRD diffraction patterns in some samples treated at 1500 °C for six hours showed initial signs of

ordered graphitic structures, although turbostratic features remained predominant.

The graphitization process led to a gradual collapse of micropores, resulting in a decrease in BET
surface area measurements over extended treatment durations. The electrical conductivity results
aligned with the observations, as the 6-hour treated sample exhibited the highest conductivity of
2472 S/m and the most improved structural order. Some variability was observed, likely due to
residual impurities and inconsistencies in the pelletization process. Overall, the trend confirmed
that Raney nickel alloy-assisted graphitization significantly improves the electrical performance

of carbon materials.

In summary, treating activated carbon at 1500°C with Raney nickel alloy resulted in the formation
of turbostratic graphite structures. The process significantly improved structural order and
electrical properties without achieving full graphitization, but it provided a valuable method for

producing conductive carbon materials with moderate processing demands.
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5. Metal removal in post-graphitization

5.1 Introduction
Building on earlier findings, metallic mediators such as magnesium and Raney nickel alloy
significantly reduce the temperature and duration needed for synthetic graphitization compared to
traditional thermal treatments. Conventional methods often need temperatures above 2500 °C and
extended dwell times that can last several days or even weeks.?®*° In contrast, extensive studies
have shown that catalytic graphitization, usually carried out between 900 °C and 1600 °C, can be
effectively achieved using transition metals, their salts, and oxides as catalysts. These materials
help reorganize disordered carbon structures into graphitic domains by increasing atomic mobility

and lowering the activation energy needed for the crystallization process.>

Despite their effectiveness, a major drawback of transition metal mediators is the difficulty in
removing them after graphitization. Residual metallic contaminants are especially problematic in
applications that require high-purity graphite, such as nuclear materials, battery anodes, or high-
performance electronic devices.® In this context, magnesium offers a clear advantage: it can be
removed relatively easily through acid leaching techniques after graphitization, making it a more

appealing candidate for scalable and environmentally friendly production processes.>*’

We further examined the efficacy of Raney nickel alloy in the synthetic graphitization process.
Raney nickel alloy consists of a 1:1 mass ratio of aluminum to nickel. To our knowledge, there is
no existing literature on the use of Raney nickel alloy in graphitization. However, Raney nickel
catalysts are often produced by leaching aluminum from the aluminum-nickel alloy using a strong
base wash.”® Based on this information, experiments with both acid and base treatments were
conducted and discussed in this section regarding the removal of Raney nickel alloy in the post-

graphitization process.

The effective removal of metals after graphitization is therefore crucial in achieving high-purity
graphitic carbon. Various decontamination methods have been developed, most often involving
acid leaching at room temperature or under heated or refluxing conditions to improve metal
solubilization.'*!"!57 However, the effectiveness of these methods heavily depends on the chemical

properties and structure of the metal species that are incorporated.
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This section explains the post-graphitization metal removal strategies designed explicitly for

magnesium and Raney nickel alloy.

5.2. Experimental

5.2.4. Magnesium extraction
To facilitate the removal of residual magnesium from the graphitized carbon matrix, an acid
leaching protocol was employed with hydrochloric acid as the leaching agent. For that, 4 g of the
synthesized magnesium-carbon composite was treated with 100 mL of 2M HCI under magnetic

stirring. To improve the leaching efficiency, two experimental conditions were tested.

In the first approach, the mixture was maintained at room temperature (23 °C) while being stirred
at 400 rpm for extended periods, up to 66 hours. This low-temperature, extended process allowed
magnesium to dissolve gradually through proton-mediated surface reactions. In the second
approach, the suspension was heated to 70 °C to accelerate the kinetics of the acid-metal reaction,
and leaching was performed over different time intervals to evaluate the impact of thermal

treatment on metal removal.

After acid treatment, the carbonaceous material was carefully washed with deionized (DI) water
using a Biichner filtration setup. Washing continued until the pH of the filtrate remained stable
between 6.5 and 7.0, confirming the removal of residual acid and soluble metal ions. The samples

were then oven-dried at 120 °C overnight to produce dry powders for further characterization.

The efficiency of magnesium removal was first evaluated using X-ray Photoelectron Spectroscopy
(XPS). X-ray Diffraction (XRD) was conducted to confirm the XPS results by detecting any

crystalline magnesium-containing phases that might remain after treatment.

5.2.5. Raney nickel extraction
The removal protocol involved a two-step chemical treatment process, starting with acid leaching
followed by alkaline digestion. The carbon-Raney nickel composite underwent the initial chemical
stage, where it was treated with 3M hydrochloric acid (HCI) at 80 °C with continuous stirring at
400 rpm. Acid leaching served as the first step to break down nickel compounds dissolved in
solution while also disrupting surface-bound metal structures through proton-mediated

complexation reactions.
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The base treatment was applied to acid-treated samples to remove aluminum-nickel residues,
which had formed stable or passivated states. To optimize alkaline conditions, two different
solutions of 20% sodium hydroxide (NaOH) and 20% potassium hydroxide (KOH) were used at
80 °C with matching stirring parameters. After each chemical washing step and upon completing
the entire process, the samples were subjected to vacuum-assisted filtration with deionized (DI)
water until the filtrate pH was stabilised between 6.5 and 7.0, indicating the effective removal of

residual acids and bases. The dried carbon products were then dried overnight at 120 °C.

The efficiency assessment of Raney nickel alloy removal primarily relied on X-ray Photoelectron
Spectroscopy (XPS). X-ray Diffraction (XRD) analysis supported XPS results and verified the

remaining crystalline phases after the analysis.

5.3. Results

5.3.4. Magnesium extraction
The main reason for using magnesium as a metallic reactant in petcoke and activated carbon
graphitization is its anticipated easy removal after the process. The authors Zhao et al.
demonstrated that magnesium removal was facilitated after graphitization, particularly from
structures featuring Voronoi tessellations and spheroidal shells composed of hexagonally arranged
graphite platelets, as determined by XRD analysis.® Tsoufis T. successfully extracted magnesium

t.% The research

oxide from synthesized carbon nanotubes (CNTs) through an acid treatmen
employed X-ray photoelectron spectroscopy (XPS) alongside X-ray diffraction (XRD) to evaluate
magnesium extraction through acid washing. The elemental analysis of magnesium-assisted
graphitized petcoke samples presents the percentages of carbon (C atomic%), oxygen (O
atomic%), and magnesium (Mg atomic%) in Table 5.1. Moreover, Table 5.2 presents the elemental

composition results for magnesium-assisted graphitized carbon samples and acid-treated samples.
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Table 5.1: XPS results of graphitized petcoke samples after the magnesium removal treatments

at various conditions.

Temperature | Time of Carbon Oxygen Magnesium Minor elements
(°O) acid wash | Atomic% | Atomic% Atomic% Atomic%
(hrs)
23 12 90.65 6.34 Non-detectable S-1.1 Si- 0.86 N-0.43
88.61 6.68 Non-detectable | S-1.08 Si- 1.55 N-1.32
87.88 545 1.15 S-1.19 Si- 1.61 N-1.12
23 66 87.38 6.69 Non-detectable | S-1.14 Si- 2.41 N-1.53
87.63 7.04 Non-detectable | S-0.88 Si-2.47 N-1.06
89.65 5.39 0.71 S-0.78 Si- 1.94 N-1.03
70 0.5 93.99 4.09 Non-detectable S-1.01 Si10.91
92.10 4.11 Non-detectable | S-0.98 Si- 0.94 N-1.84
88.94 7.81 0.43 S-1.08 Si- 1.55 N-1.32
70 1 90.16 5.90 Non-detectable | S-0.64 Si- 1.79 N-1.30
92.37 4.80 Non-detectable | S-0.62 Si- 1.40 N-0.80
91.32 5.25 Non-detectable | S-1.31 Si- 1.11 N-1.02
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Table 5.2: XPS results of graphitized activated carbon samples after the magnesium removal
treatments at various conditions.

Temperature | Time of Carbon | Oxygen | Magnesium Minor elements
O acid wash Atomic | Atomic | Atomic% Atomic%
(hrs) % %
23 12 97.92 2.08 Non-detectable Non-detectable
96.22 2.71 Non-detectable Si-1.07
98.44 1.39 Non-detectable Si- 0.17
23 66 97.67 1.88 Non-detectable Si-0.45
97.05 2.29 Non-detectable Si-0.35 S-0.32
97.75 1.66 Non-detectable Si-0.58
70 0.5 98.40 1.38 Non-detectable Si-0.22
98.63 1.37 Non-detectable Non-detectable
95.66 3.37 Non-detectable Si-0.28 S — 0.68
70 1 96.96 1.98 Non-detectable S-0.14 Si-0.38 N-0.53
96.87 2.13 Non-detectable S-0.25 Si-0.27 N-0.49
98.28 1.44 Non-detectable S-0.14 Si-0.13

The acid leaching tests were conducted under four different conditions varying in treatment
duration and temperature to assess magnesium extraction efficiency. The data analysis required
multiple independent sample sets because each condition needed three samples to verify both data
reproducibility and robustness. The acid treatment process reduced magnesium content from 1.15

atomic% after 12 hours to 0.71 atomic% after 66 hours of acid leaching.

The combination of a higher temperature of 70 °C with a leaching period of 1 hour was chosen as
the method for removing magnesium residues because it reduced processing time without losing
effectiveness. XPS results indicated that this increased temperature completely removed all
magnesium traces. The 70 °C, 1-hour acid treatment procedure was selected for subsequent

experiments based on these results.

The graphitized petcoke samples contained sulfur ranging from 0.62 atomic% to 1.31 atomic%
across all treatment conditions. This was attributed to sulfur contamination in the raw petcoke

feedstock, as revealed by the XPS survey of unprocessed material (Figure 5.2). In contrast, the

75



XPS analysis of activated carbon (Figure 5.1 ) demonstrated that the sulfur content was minimal
at 0.13 atomic%, which matched the results for the final graphitized activated carbon samples. The
acid treatment proved successful in removing any remaining magnesium residues from the

graphitized carbon materials based on these findings.

XPS Survey
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Figure 5.1 : XPS survey of activated carbon.
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Figure 5.2: XPS survey of petcoke.
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Figure 5.3: XPS survey of commercial graphite.
X-ray diffraction (XRD) patterns shown in Figure 5.4 illustrate the graphitized carbon samples
after purification. The most intense peak at 26°-26.5° corresponds to the (002) reflection of

graphitic structures, accompanied by observable (100), (101), and (004) planes at 42°, 44°, and
54°, respectively.
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Figure 5.4: XRD spectra of washed carbon samples at 70 °C for 1 hour with 2M HCI: a)
graphitized activated carbon, b) graphitized petcoke.
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The diffraction pattern of the acid-washed graphitized activated carbon sample in Figure 5.4a
showed a well-ordered graphitic framework with minimal contaminants. However, the graphitized
petcoke in Figure 5.4b revealed several diffraction peaks that remain visible after washing. The
additional reflections observed in the spectra are caused by impurities, which include sulfur and

silicon, since they are present in large amounts in the original petcoke material.
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Figure 5.5: XRD spectra of magnesium-assisted graphitization at 1000 °C after a) the complete
purification process b) just the graphitization process before washing, and c¢) magnesium and

activated carbon composite before the graphitization process.

The efficacy of magnesium removal using 2 M HCl at 70 °C for 1 hour is shown in Figure 5.5.
The mixture of magnesium and activated carbon in Figure 5.5¢ experienced significant changes
when heated. Notably, the formation of magnesium oxide (MgO) during graphitization is evident

in Figure 5.5b.°® The presence of side oxidation reactions caused by oxygen impurities in the
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precursor carbon material remains possible because magnesium exhibits high reactivity at elevated

tempera‘[ures.3

The XRD analysis showed nickel diffraction signals in graphitized carbon products containing
magnesium. These contaminants likely resulted from equipment cross-contamination, as the same
crucibles were used for both the Raney nickel alloy and the magnesium-based graphitization. The

nickel contaminants were removable through acid treatment, as demonstrated in Figure 5.5a.

The XRD analysis reveals that acid leaching effectively removes both magnesium and magnesium
oxide from the carbon matrix, confirming the success of the purification method. The data
indicated that treating at 70 °C for 1 hour with acid successfully eliminates magnesium-based

phases while producing purified graphitic carbon through a simple post-treatment process.

5.3.5. Raney nickel alloy extraction
As outlined in the introduction, Raney nickel alloy is typically composed of aluminum and nickel
ina 1:1 mass percent ratio. In its as-cast form, this alloy typically contains a heterogeneous mixture
of intermetallic phases, including Al3Ni, AlsNiz, AINi, as well as Al-Al3Ni eutectic structures.”®
The melting point of the aluminum-nickel bimetallic system was experimentally determined to be
approximately 1500 °C. According to the mechanism of carbon dissolution precipitate, the
graphitization temperature must be higher than the melting point of the metal mediator to enable
effective graphitic transformation.'® Besides the melting and re-solidification of the metallic
mediator during heat treatment, there is a risk of oxidation or other parasitic reactions. Particularly
if residual impurities are present in the carbon precursor or if atmospheric contaminants occur

during processing.

Considering the factors mentioned above, the washing process started with 3M HCI, following the
procedure outlined in the section 5.2.5. Theoretically, aluminum-nickel alloy dissolves in HCI

through the following possible chemical reactions.

Equation 5.1 : Al;Ni) reaction in HCI1
ZAlgNl(S) + ZZHCl(aq) 4 6AlCl3(aq) + ZNlClz(aq) + 11H2(g)

Equation 5.2: Al3Niy) reaction in HCI
ZAlgle(S) + 26HCl(aq) i 6AlCl3(aq) + 4'NlClz(aq) + 13H2(g)
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Equation 5.3 : AINi) reaction in HCI

2AINis) + 10HCl gy = 2AlCl3(0q) + 2NiClyaq) + SHa(y)

Equation 5.4: Als+Al3Nig) reaction in HCI
Al + Al3Nig + 14HCL - 4AlCl3(aq) + NiClz(aq) + 7Hyg)

These reactions are thermodynamically possible, where heating could increase reactivity.

Table 5.3: XPS analysis of washed carbon products only with 3M HCI at 80 °C.

Trial | Carbon Oxygen Nickel Aluminum | Minor elements Atomic%
Atomic% | Atomic% | Atomic% | Atomic%

1 64.62 17.65 0.26 11.95 nitrogen 4.46, chlorine 0.35,
silicon 0.72

2 60.04 19.87 0.36 13.10 nitrogen 5.58, chlorine 0.49,
silicon 0.56

3 58.34 20.06 0.35 14.41 nitrogen 5.58, chlorine 0.48,
silicon 0.77

Table 5.3 displays the percentages of residual elements in the acid-washed carbon products. A
significant amount of aluminum (11-14 atomic%) and oxygen (17-20 atomic%) indicates the
formation of aluminum oxide, which remains even after the acid wash. Aluminum oxide (Al,O3)
has an amphoteric nature, reacting with both acids and bases.!* Therefore, a subsequent base wash
was performed using potassium hydroxide (KOH) and sodium hydroxide (NaOH) separately. The

base treatment was conducted at 80 °C for 2 hours.

Table 5.4 presents the XPS analysis of carbon products after a hydrochloric acid wash followed by
a base wash. Potassium hydroxide and sodium hydroxide were used to enhance the metal removal
process. In each experimental trial, samples treated with potassium hydroxide (KOH) showed only
trace amounts of residual aluminum and nickel, each less than 1 atomic%, which can be considered
negligible. Additionally, the carbon content consistently exceeded 93 atomic%, closely

approaching the typical purity level of carbon in commercial-grade graphite (~95 atomic%).
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Table 5.4: XPS analysis of carbon products after a two-step washing process.

Type of base Carbon Oxygen Nickel Aluminum
wash Atomic% Atomic% Atomic% Atomic%
93.79 5.30 0.12 0.79
20% KOH 94.24 4.50 0.26 0.46
94.28 4.75 0.30 0.50
85.39 10.75 0.48 3.01
20% NaOH 86.77 9.77 0.47 2.87
86.82 10.15 0.40 2.41

The presence of minor silicon impurities is due to the intrinsic composition of petcoke. In contrast,
samples treated with 20% sodium hydroxide (NaOH) retained over 2 atomic% of aluminum and
less than 0.3 atomic% nickel, indicating less effective leaching performance. Based on these
comparative results, the 20% potassium hydroxide (KOH) solution was selected as the optimal

reagent for the second stage of the Raney nickel alloy removal process.

This decision is further supported by the XRD profile of the final purified carbon product, shown
in Figure 5.6a, which reveals the near-complete disappearance of characteristic diffraction peaks
associated with the Raney nickel alloy following sequential treatment with HCl and KOH. The
remaining low-intensity peaks are due to trace amounts of residual Al-Ni intermetallic phases, as

previously discussed in this section.
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just mixing Raney nickel alloy and activated carbon before the graphitization process.

The XRD analysis shown in Figure 5.6b demonstrates that NiAl.Os formed during the
graphitization process. The spinel phase detected in the XRD patterns indicates that metallic
species may have undergone oxidation, possibly due to the residual oxygen in the activated carbon

precursor and during the heat treatment for metal removal. This aligns with the previously

discussed magnesium removal process, where similar oxidative behaviour was noted.
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Figure 5.7: Aluminum scan from XPS analysis of residual aluminum species in Raney nickel-

assisted graphitization.

Further confirmation was provided by XPS analysis in Figure 5.7, which showed that aluminum
was chemically bonded with the NiAL.Os phase.'> Additionally, XRD signals for pure metallic
nickel were clearly visible in the spectrum.'®® The XPS and XRD results together demonstrated
that oxygen in the carbon matrix caused the formation of complex oxides at high temperatures,
even when the experimental conditions appeared inert. The washing process with potassium
hydroxide may also cause metal oxidation, in addition to the known effects of oxygen in the carbon

matrix.

5.4. Summary
This chapter investigates the post-graphitization leaching behaviour of magnesium and Raney
nickel alloy. The removal of metal mediators and surface contamination was primarily assessed
with X-ray Photoelectron Spectroscopy (XPS). The X-ray Diffraction (XRD) measurements were
used to verify the XPS results.

The results confirmed the complete removal of magnesium after a 2 M HCl acid wash at 70 °C for
1 hour. The thermal process caused partial oxidation of magnesium, and XRD analysis further
confirmed the formation of MgO during the graphitization process. A two-step purification process
removed most of the Raney nickel alloy. Treating with optimized conditions of 3 M HCl followed
by 20% KOH at 80 °C for 2 hours resulted in negligible detection of nickel and aluminium, which
were considered insignificant. As observed in magnesium-assisted graphitization, oxidation of the

Al-Ni alloy during the process was detected.
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6. Conclusion

6.1. Summary
This thesis focused on petroleum coke and activated carbon derived from petroleum coke, which
underwent metal-assisted synthetic graphitization under moderate temperatures. Research on the
graphitization process was conducted using magnesium and Raney nickel alloy based on a

comprehensive literature review.

Chapter 1 offered an overall introduction to the thesis, including a literature review. Background
information was provided on research while reviewing current studies focused on this specific
area. The high-temperature synthetic graphitization process converted amorphous carbon into
crystalline graphite. Metal-assisted graphitization techniques reduce the energy required and
shorten the time needed for graphitization compared to the traditional graphitization process. The
post-treatment process of magnesium has become easier, while the introduction of Raney nickel
alloy introduces a new bimetallic system that may produce synergistic effects. This research
evaluated microwave-assisted graphitization because of its rapid heating properties. The main
precursor in this study is petroleum coke, a carbon-rich byproduct, with efforts focused on
improving its graphitization and purity. The chapter laid a foundation for evaluating magnesium
and Raney nickel alloy as metal mediators and their potential methods for post-graphitization
removal. The research focus and main objectives of the thesis were presented at the end of Chapter

1.

Chapter 2 provided a detailed overview of research characterization methods used for
graphitization analysis. The research employed X-ray diffraction (XRD) to determine crystallinity
and interlayer spacing, utilizing Bragg's law and the Scherrer equation for calculating structural
parameters. Raman spectroscopy was used to assess molecular vibrations and disorder levels by
analyzing the D, G, and 2D peaks. SEM and TEM techniques offered surface morphology analysis
by producing high-resolution images of surface features and internal structures. The four-point
probe technique measured electrical conductivity while minimizing contact resistance. Surface
area and pore features were analyzed using nitrogen adsorption isotherms, as determined by the
Brunauer-Emmett-Teller (BET) technique. X-ray photoelectron spectroscopy (XPS) was used to

examine the elemental composition and oxidation states of surface materials through quantitative
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chemical measurements. These evaluation methods allowed researchers to gain a comprehensive

understanding of the structural, chemical, and functional properties of graphitized carbon samples.

Chapter 3 evaluated magnesium's role as a monometallic catalyst in the graphitization of petroleum
coke and activated carbon, with a focus on achieving efficient structural changes at moderate
temperatures. The study investigated the impact of various factors, including temperature, dwell
time, particle size, graphite seeding, and microwave-assisted heating, on the degree of
graphitization. Raman and XRD analyses revealed that longer dwell times at 1000 °C significantly
enhance graphitic ordering, particularly in medium-sized carbon particles. Microwave-assisted
graphitization had limited success, with higher magnesium content providing slight improvements.
Morphological studies using SEM and TEM confirmed the formation of layered structures, while
BET analysis indicated a decrease in surface area and pore volume associated with increased
graphitization. Electrical conductivity measurements supported these results, demonstrating that
longer dwell times and greater structural order improve conductivity, although petroleum coke
samples performed lower due to residual impurities. Overall, magnesium proved to be an effective

catalyst for producing graphitic carbon with promising structural and functional properties.

Chapter 4 examined the use of Raney nickel alloy, a bimetallic system made of aluminum and
nickel, in graphitizing activated carbon derived from petroleum coke. The study examined the
impact of temperature and dwell time on the structural transformation of carbon, with a focus on
1500 °C as the optimal temperature for promoting graphitic growth and ordering. Raman and XRD
analyses indicated that longer dwell times, especially 6 to 12 hours, improve crystallinity and
decrease structural disorder, with signs of pristine graphite signals appearing after 6 hours of
graphitization, despite the average analysis showing polycrystallinity. BET surface area and pore
volume measurements demonstrated a consistent decline with increasing graphitization, indicating
pore collapse and densification. Electrical conductivity increased with structural ordering,
reaching 2472 S/m after 6 hours of graphitization; however, deviations arose due to residual
impurities and inconsistencies in pelletization. Overall, Raney nickel alloy demonstrated strong
potential as a bimetallic mediator for producing conductive, graphitized carbon at moderate

temperatures.

Chapter 5 covered the post-graphitization purification of carbon materials made using magnesium

and Raney nickel alloy as metal catalysts. While both metals effectively promoted graphitization
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at moderate temperatures, removing them is essential for obtaining high-purity graphite.
Magnesium was successfully extracted through a simple acid leaching process using 2 M HCI at
70 °C for one hour, as confirmed by XPS and XRD analyses. Raney nickel alloy required a more
detailed two-step process: initial acid leaching followed by a 20% KOH wash, which effectively
removed residual aluminum and nickel to nearly undetectable levels. The study also showed that
metal species can oxidize during heat treatment due to residual oxygen in the carbon precursors,
forming compounds such as MgO and NiAl:Os. These findings highlighted the necessity of
specific purification methods to eliminate metal contaminants and produce structurally ordered,

high-purity graphitic carbon.
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6.2. Future work

1. Magnesium-assisted graphitization was evaluated considering temperature, dwell time, and
particle size of the precursor. Additionally, microwave graphitization and seeding
techniques were employed to further enhance the degree of graphitization. The latter
techniques were performed with a dwell time of 24 hours, which was the maximum
duration used in the process. Further experiments could be designed to optimize the dwell

time, although such experiments might take months.

2. Both magnesium and Raney nickel alloy were combined with a carbon precursor at a
consistent ratio of 1:1 (wt./wt.%) to limit the scope of the thesis. Investigating the metal-

to-carbon ratio could further improve the graphitic properties of the produced materials.

3. The graphitization process could be further enhanced by applying heat treatment under

high pressure, which promotes the rearrangement of organized carbon structures.'®!

4. Structural characterizations were primarily conducted using Raman spectroscopy and XRD
analysis. However, some studies suggested that relying on conventional Bragg’s law,
Scherrer’s equation, and empirical formulas might not be effective for analyzing
turbostratic carbon. Therefore, implementing an advanced model for evaluating

turbostratic carbon is advisable.

5. This thesis focuses on the material synthesis or graphitization of petroleum coke and
activated carbon. Developing experiments to perform electrochemical analysis will help

assess the effectiveness of the synthesized graphitic products for energy storage.
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6.3. Contribution to Science

Conference Presentations

1.

Exploring the synergistic effect of Raney nickel alloy on low-energy graphitization of

petroleum coke, The World Conference on Carbon (Carbon 2025); France, 2025
Magnesium-Assisted Synthetic Graphitization of Petroleum Coke: Mechanistic Insights,
Carbon Structural Evolution, And Identification of Process Limitations. Canadian Chemistry

Conference and Exhibition (CSC 2025); Canada, 2025

Moderate Temperature Graphitization of Petroleum Coke with Magnesium. Canadian

Chemistry Conference and Exhibition (CSC 2024); Canada, 2024
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